Nano- and Microencapsulation for Foods

Nano- and
Microencapsulation
for Foods
Edited by

Hae-Soo Kwak
Sejong University, South Korea

This edition first published 2014 © 2014 by John Wiley & Sons, Ltd
Registered office: John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex,
PO19 8SQ, UK
Editorial offices: 9600 Garsington Road, Oxford, OX4 2DQ, UK
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK
111 River Street, Hoboken, NJ 07030-5774, USA
For details of our global editorial offices, for customer services and for information about how to apply for
permission to reuse the copyright material in this book please see our website at
www.wiley.com/wiley-blackwell.
The right of the author to be identified as the author of this work has been asserted in accordance with the
UK Copyright, Designs and Patents Act 1988.
All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,
except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission of
the publisher.
Designations used by companies to distinguish their products are often claimed as trademarks. All brand
names and product names used in this book are trade names, service marks, trademarks or registered
trademarks of their respective owners. The publisher is not associated with any product or vendor
mentioned in this book.
Limit of Liability/Disclaimer of Warranty: While the publisher and author(s) have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. It is sold on the understanding that the publisher is not
engaged in rendering professional services and neither the publisher nor the author shall be liable for
damages arising herefrom. If professional advice or other expert assistance is required, the services of a
competent professional should be sought.

Library of Congress Cataloging-in-Publication Data
Nano- and microencapsulation for foods / edited by Hae-Soo Kwak.
pages cm
Includes bibliographical references and index.
ISBN 978-1-118-29233-4 (cloth)
1. Food addititives. 2. Microencapsulation. 3. Functional foods. 4. Controlled release preparations.
I. Kwak, Hae-Soo, editor of compilation.
TX553.A3N254 2014
641.3’08–dc23
2013045013
A catalogue record for this book is available from the British Library.
Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not
be available in electronic books.
Cover image: Food Background © iStock/ fcafotodigital
Healthy Oils © iStock/Rinelle
Cover design by www.hisandhersdesign.co.uk
Set in 10/12pt TimesTenLTstd-Roman by Laserwords Private Limited, Chennai, India.
1

2014

Contents

List of Contributors

xiii

Preface

xvii

1 Overview of Nano- and Microencapsulation for Foods
Hae-Soo Kwak
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

Introduction
Nano- or microencapsulation as a rich source of delivery of functional components
Wall materials used for encapsulation
Techniques used for the production of nano- or microencapsulation of foods
Characterization of nano- or microencapsulated functional particles
Fortiﬁcation of foods through nano- or microcapsules
Nano- or microencapsulation technologies: industrial perspectives and applications in
the food market
Overview of the book
Acknowledgments
References

Part I Concepts and rationales of nano- and microencapsulation
for foods
2 Theories and Concepts of Nano Materials, Nano- and microencapsulation
Jingyuan Wen, Guanyu Chen, and Raid G. Alany
2.1
2.2
2.3

2.4

Introduction
Materials used for nanoparticles, nano- and microencapsulation
2.2.1 Polymers
Nano- and microencapsulation techniques
2.3.1 Chemical methods
2.3.2 Physico-chemical methods
2.3.3 Other methods
2.3.4 Factors inﬂuencing optimization
Pharmaceutical and nutraceutical applications
2.4.1 Various delivery routes for nano- and microencapsulation systems

1
1
3
3
4
5
6
6
8
12
12

15
17
17
19
19
20
20
23
25
28
30
30

vi

2.5

CONTENTS

Food ingredients and nutraceutical applications
2.5.1 Background and deﬁnitions
2.5.2 Nanomaterials, nano- and microencapsulation in nutraceuticals
Conclusion
References

35
35
36
37
38

3 Rationales of Nano- and Microencapsulation for Food Ingredients
Sundaram Gunasekaran and Sanghoon Ko

43

2.6

3.1
3.2

Introduction
Factors affecting the quality loss of food ingredients
3.2.1 Oxygen
3.2.2 Light
3.2.3 Temperature
3.2.4 Adverse interaction
3.2.5 Taste masking
Case studies of food ingredient protection through nano- and microencapsulation
3.3.1 Vitamins
3.3.2 Enzymes
3.3.3 Minerals
3.3.4 Phytochemicals
3.3.5 Lipids
3.3.6 Probiotics
3.3.7 Flavors
Conclusion
References

43
45
45
47
48
49
50
50
51
52
53
54
55
55
56
57
58

4 Methodologies Used for the Characterization of Nano- and Microcapsules
Minh-Hiep Nguyen, Nurul Fadhilah Kamalul Aripin, Xi G. Chen, and Hyun-Jin Park

65

3.3

3.4

4.1
4.2

4.3

Introduction
Methodologies used for the characterization of nano- and microcapsules
4.2.1 Particle size and particle size distribution
4.2.2 Zeta potential measurement
4.2.3 Morphology
4.2.4 Membrane ﬂexibility
4.2.5 Stability
4.2.6 Encapsulation efﬁciency
Conclusion
Acknowledgements
References

5 Advanced Approaches of Nano- and Microencapsulation for Food Ingredients
Mi-Jung Choi and Hae-Soo Kwak
5.1
5.2
5.3

5.4

Introduction
Nanoencapsulation based on the microencapsulation technology
Classiﬁcation of the encapsulation system
5.3.1 Nanoparticle or microparticle
5.3.2 Structural encapsulation systems
Preparation methods for the encapsulation system
5.4.1 Emulsiﬁcation

65
67
67
75
77
80
82
83
88
88
88

95
95
96
97
97
100
106
106

CONTENTS

5.5
5.6

5.4.2 Precipitation
5.4.3 Desolvation
5.4.4 Ionic gelation
Application of the encapsulation system in food ingredients
Conclusion
References

Part II Nano- and microencapsulations of food ingredients
6 Nano- and Microencapsulation of Phytochemicals
Sung Je Lee and Marie Wong
6.1
6.2

6.3
6.4

6.5

6.6

Introduction
Classiﬁcation of phytochemicals
6.2.1 Flavonoids
6.2.2 Carotenoids
6.2.3 Betalains
6.2.4 Phytosterols
6.2.5 Organosulfurs and glucosinolates
Stability and solubility of phytochemicals
Microencapsulation of phytochemicals
6.4.1 Spray-drying
6.4.2 Freeze-drying
6.4.3 Liposomes
6.4.4 Coacervation
6.4.5 Molecular inclusion complexes
Nanoencapsulation
6.5.1 Nanoemulsions
6.5.2 Nanoparticles
6.5.3 Solid lipid nanoparticles (SLN)
6.5.4 Nanoparticles through supercritical anti-solvent precipitation
Conclusion
References

7 Microencapsulation for Gastrointestinal Delivery of Probiotic Bacteria
Kasipathy Kailasapathy
7.1
7.2

7.3
7.4

7.5
7.6

Introduction
The gastrointestinal (GI) tract
7.2.1 Microbiota of the adult GI tract
7.2.2 Characteristics of the GI tract for probiotic delivery
Encapsulation technologies for probiotics
Techniques for probiotic encapsulation
7.4.1 Microencapsulation (ME) in gel particles using polymers
7.4.2 The extrusion technique
7.4.3 The emulsion technique
7.4.4 Spray-drying, spray-coating and spray-chilling technologies
7.4.5 Microencapsulation technologies for nutraceuticals incorporating probiotics
Controlled release of probiotic bacteria
Potential applications of encapsulated probiotics
7.6.1 Yoghurt
7.6.2 Cheese

vii

107
108
109
109
110
111

117
119
119
120
120
124
126
127
128
129
130
131
135
136
138
141
146
147
148
150
152
153
153

167
167
169
169
170
173
175
175
175
177
179
182
182
183
184
185

viii

7.7

CONTENTS

7.6.3 Frozen desserts
7.6.4 Unfermented milks
7.6.5 Powdered formulations
7.6.6 Meat products
7.6.7 Plant-based (vegetarian) probiotic products
Future trends and marketing perspectives
References

8 Nano-Structured Minerals and Trace Elements for Food and Nutrition
Applications
Florentine M. Hilty and Michael B. Zimmermann
8.1
8.2
8.3
8.4

8.5
8.6

Introduction
Special characteristics of nanoparticles
Nano-structured entities in natural foods
Nano-structured minerals in nutritional applications
8.4.1 Iron
8.4.2 Zinc
8.4.3 Calcium
8.4.4 Magnesium
8.4.5 Selenium
8.4.6 Copper
Uptake of nano-structured minerals
Conclusion
References

9 Nano- and Microencapsulation of Vitamins
Ashok R. Patel and Bhesh Bhandari
9.1
9.2

9.3

9.4

10
10.1
10.2

Introduction
Vitamins for food and nutraceutical applications
9.2.1 Vitamins: nutritional requirement and biological functions
9.2.2 Vitamins: formulation challenges and stability issues
Colloidal encapsulation (nano and micro) in foods: principles of use
9.3.1 Solid-in-liquid dispersions
9.3.2 Liquid-in-liquid dispersions
9.3.3 Dispersions of self-assembled colloids
9.3.4 Encapsulation in dry matrices
9.3.5 Molecular encapsulation of vitamins in cyclodextrins
Conclusion and future trends
References

Nano- and Microencapsulation of Flavor in Food Systems
Kyuya Nakagawa
Introduction
Flavor stabilization in food nano- and microstructures
10.2.1 Application of encapsulated ﬂavors
10.2.2 Interactions between ﬂavor compounds and carrier matrices
10.2.3 Flavor retention in colloidal systems
10.2.4 Flavor retention in food gel
10.2.5 Flavor inclusion in starch nanostructure

186
186
187
187
188
189
191

199
199
200
202
202
202
207
209
210
211
211
212
213
214

223
223
224
224
224
227
229
232
234
238
239
240
241

249
249
250
250
251
251
252
253

CONTENTS

10.3

10.4

10.5

11

Flavor retention and release in an encapsulated system
10.3.1 Mass transfer at the liquid–gas interface
10.3.2 Mass transfer at a solid–gas interface
Nano- and microstructure processing
10.4.1 Spray-drying
10.4.2 Freeze-drying
10.4.3 Complex coacervation
Conclusion
Acknowledgements
References

Application of Nanomaterials, Nano- and Microencapsulation to Milk and
Dairy Products
Hae-Soo Kwak, Mohammad Al Mijan, and Palanivel Ganesan

11.1
11.2

Introduction
Milk
11.2.1 Microencapsulation of functional ingredients
11.2.2 Microencapsulation of vitamins
11.2.3 Microencapsulation of iron
11.2.4 Microencapsulation of lactase
11.2.5 Nanofunctional ingredients
11.2.6 Nanocalcium
11.3 Yogurt
11.3.1 Microencapsulation of functional ingredients
11.3.2 Microencapsulation of iron
11.3.3 Nanofunctional ingredients
11.4 Cheese
11.4.1 Microencapsulation for accelerated cheese ripening
11.4.2 Microencapsulation of iron
11.4.3 Nanopowdered functional ingredients
11.5 Others
11.5.1 Microencapsulation of iron
11.6 Conclusion
References

12
12.1
12.2

12.3

12.4

Application of Nano- and Microencapsulated Materials to Food Packaging
Loong-Tak Lim
Introduction
Nanocomposite technologies
12.2.1 Layered silicate nanocomposites
12.2.2 Mineral oxide and organic nanocrystal composites
12.2.3 Material properties’ enhancement of biodegradable/compostable polymers
Intelligent and active packaging based on nano- and microencapsulation technologies
12.3.1 Product quality and shelf-life indicators
12.3.2 Nano- and microencapsulated antimicrobial composites
12.3.3 TiO2 ethylene scavenger for shelf-life extension of fruits and vegetables
Conclusion
References

ix

254
254
258
259
260
262
264
266
267
267

273
273
274
274
278
279
281
285
287
287
287
288
289
291
291
292
292
293
293
293
294

301
301
302
302
305
306
307
308
312
317
318
319

x

CONTENTS

Part III Bioactivity, toxicity, and regulation of nanomaterial,
nano- and microencapsulated ingredients
13
13.1
13.2
13.3
13.4
13.5
13.6

13.7

14

14.1
14.2
14.3
14.4
14.5

Controlled Release of Food Ingredients
Sanghoon Ko and Sundaram Gunasekaran
Introduction
Fracturation
Diffusion
Dissolution
Biodegradation
External and internal triggering
13.6.1 Thermosensitive
13.6.2 Acoustic sensitive
13.6.3 Light-sensitive
13.6.4 pH-sensitive
13.6.5 Chemical-sensitive
13.6.6 Enzyme-sensitive
13.6.7 Other stimuli
Conclusion
References

Bioavailability and Bioactivity of Nanomaterial, Nano- and
Microencapsulated Ingredients in Foods
Soo-Jin Choi
Introduction
Bioavailability of nano- and microencapsulated phytochemicals
Bioavailability of other nano- and microencapsulated nutraceuticals
Bioavailability of nano- and microencapsulated bioactive components
Conclusion
References

325
327
327
328
329
331
333
334
335
336
337
338
339
339
340
340
340

345
345
347
352
355
357
358

15

Potential Toxicity of Food Ingredients Loaded in Nano- and Microparticles
Guanyu Chen, Soon-Mi Shim, and Jingyuan Wen

363

15.1
15.2

Introduction
Factors inﬂuence the toxicity of nano- and microparticles
15.2.1 Size of the nano- and microparticles
15.2.2 Shape of the nano- and microparticles
15.2.3 Solubility of the nano- and microparticles
15.2.4 Chemical composition of the nano- and microparticles
Behavior and health risk of nano- and microparticles in the gastrointestinal (GI) tract
15.3.1 Absorption
15.3.2 Distribution
15.3.3 Excretion/elimination
Toxicity studies of nano- and microparticles
15.4.1 Oral exposure studies for toxicity
15.4.2 In vitro studies for toxicity
15.4.3 Lack of an analytical method model to evaluate the safety of micro- and
nanoparticles

363
365
366
367
367
367
370
370
371
371
371
371
372

15.3

15.4

373

CONTENTS

15.5
15.6

16

Risk assessment of micro- and nanomaterials in food applications
15.5.1 Risk assessment
Conclusion
References

Current Regulation of Nanomaterials Used as Food Ingredients
Hyun-Kyung Kim, Jong-Gu Lee, and Si-Young Lee

16.1
16.2

Introduction
The European Union (EU)
16.2.1 Deﬁnition
16.2.2 The EFSA Guidance
16.2.3 Regulation
16.3 The United Kingdom (UK)
16.4 France
16.5 The United States of America (USA)
16.6 Canada
16.7 Korea
16.8 Australia and New Zealand
References

Index

xi

374
375
377
377

383
383
384
384
385
386
388
389
389
391
392
393
393

395

List of Contributors

Raid G. Alany
Department of Pharmaceutical Science, The School of Pharmacy, University of
Auckland, Auckland, New Zealand
Nurul Fadhilah Kamalul Aripin
Department of Biotechnology, School of Life Sciences and Biotechnology, Korea
University, Seoul, South Korea
Bhesh Bhandari
Food Processing Technology and Engineering, School of Agriculture and Food
Sciences, The University of Queensland, Brisbane, Australia
Guanyu Chen
The School of Pharmacy, Faculty of Medical and Health Sciences, University of
Auckland, Auckland, New Zealand
Xi G. Chen
College of Marine Life Science, Ocean University of China, Qingdao, People’s Republic
of China
Mi-Jung Choi
Department of Bioresources and Food Science, College of Life and Environmental Science, Konkuk University, Seoul, South Korea
Soo-Jin Choi
Department of Food Science and Technology, Sejong Women’s University, Seoul,
South Korea
Palanivel Ganesan
Department of Food Technology, Universiti putra Malaysia, Serdang, Malaysia
Sundaram Gunasekaran
Department of Biological Systems Engineering and Food Science, University of
Wisconsin-Madison, Madison, WI, USA

xiv

LIST OF CONTRIBUTORS

Florentine M. Hilty
Laboratory for Human Nutrition, Swiss Federal Institute of Technology Zurich, Zurich,
Switzerland
Kasipathy Kailasapathy
School of Science and Health, University of Western Sydney, NSW, Australia and
School of Biosciences, Taylor’s University, Subang Jaya, Malaysia
Hyun-Kyung Kim
Korea Ministry of Food and Drug Administration, Chungcheongbuk-do, South Korea
Sanghoon Ko
Department of Food Science and Technology, Sejong University, Seoul, South Korea
Hae-Soo Kwak
Department of Food Science and Technology, Sejong University, Seoul, South Korea
Jong-Gu Lee
Korea Ministry of Food and Drug Administration, Chungcheongbuk-do, South Korea
Si-Young Lee
Korea Ministry of Food and Drug Administration, Chungcheongbuk-do, South Korea
Sung Je Lee
Institute of Food, Nutrition and Human Health, Massey University, Auckland,
New Zealand
Loong-Tak Lim
Department of Food Science, University of Guelph, Ontario, Canada
Mohammad Al Mijan
Department of Food Science and Technology, Sejong University, Seoul, South Korea
Kyuya Nakagawa
Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto
University, Kyoto, Japan
Minh-Hiep Nguyen
Department of Biotechnology, School of Life Sciences and Biotechnology, Korea
University, Seoul, South Korea
Hyun-Jin Park
Department of Biotechnology, School of Life Sciences and Biotechnology, Korea
University, Seoul, South Korea

LIST OF CONTRIBUTORS

xv

Ashok R. Patel
Vandemoortele Centre, Laboratory of Food Technology and Engineering, Faculty of
Bioscience Engineering, Gent University Gent, Belgium
Soon-Mi Shim
Department of Food Science and Technology, Sejong University, Seoul, South Korea
Jingyuan Wen
The School of Pharmacy, Faculty of Medical and Health Sciences, University of
Auckland, Auckland, New Zealand
Marie Wong
Institute of Food, Nutrition and Human Health, Massey University, Auckland,
New Zealand
Michael B. Zimmermann
Laboratory for Human Nutrition, Swiss Federal Institute of Technology Zurich,
Zurich, Switzerland

Preface

Nano- or microencapsulation technology is a very innovative and emerging technology
which will have a great impact on bioactive food product development in the coming
years. The technologies are already well known in the fields of medicinal, pharmaceutical, and cosmetic product development. For the last 30 years, food science text books
have been written about chemistry or microbiology of food. Now nano and medical science are joining with food science to increase the nano food market value and open up a
new focus on the delivery of functional ingredients with high activity. These functional
ingredients provide additional benefit to the consumers, aged from infants to senior
citizens, by providing healthy enhancement of bodily functions.
This book contributes important information to world food science by detailing what
nano- or microencapsulation of foods is, the bioactive ingredients of which contribute
significantly to human health. There has not been such a comprehensive book published
on nano- or microencapsulation previously, and this text covers the whole principle
of encapsulation, the technologies involved in encapsulation, the characterization of
encapsulation, the functional products containing vitamins, minerals, probiotics, and its
regulations for its development in the world.
This book will be of interest to students, academics, and scientists who are involved
in the development of functional food using encapsulation technologies. Nano- or
microencapsulation of functional compounds provides an alternative technology in
the protection of these compounds and offers efficient delivery to the target site.
Uniquely this book covers the encapsulated products from nano- to microsize with
significant bioactive functions. Thus, this work will be an important reference book on
microencapsulation and is intended to present up-to-date information on the state of
the art as the contributors are world authorities in this field.
Only a few books discuss nano- or microencapsulation and deal with the production,
characterization, and toxicity of capsules. However, most books deal with the fragment
information of encapsulation and none of them cover the micro- or nanoencapsulation
for foods. I hope that this book will be unique in offering in-depth knowledge of nanoor microencapsulation, particularly with a focus on foods.
It has been quite challenging to produce a book with the broad scope covering the
scientists all over the world. A special thanks to the publisher for giving me the chance
to publish the work. My special thanks goes to Dr. Palanivel Ganesan, as well as the
lab students involved in editing of this publication. Finally, I am deeply indebted to my
wife and sons for their strong support in the completion of this work.
Hae-Soo Kwak
Editor

1
Overview of Nano- and
Microencapsulation for
Foods
Hae-Soo Kwak
Department of Food Science and Technology, Sejong University, Seoul, South Korea

1.1

Introduction

Nano- or microencapsulation technology is a rapidly expanding technology offering
numerous beneficial applications in the food industries. Nano- or microencapsulation
technology is the process by which core materials enriched with bioactive compounds
are packed within wall materials to form capsules. This method helps to protect many
functional core compounds, such as antioxidants, enzyme, polyphenol, and micronutrients, to deliver them to the controlled target site and to protect them from an adverse
environment (Gouin, 2004; Lee et al., 2013). Based on the capsule size, the name and
the technology of the encapsulation are different: the capsules which range from 3 to
800 μm in size are called microcapsules and the technology is called microencapsulation technology (Ahn et al., 2010). If the particle size ranges from 10 to 1,000 nm,
these are called nanospheres and the technology involved to encapsulate the bioactive
compounds within the nano size range is termed nanoencapsulation technology (Lopez
et al., 2006). Nanocapsules differ from nanospheres when the bioactive systems are dispersed uniformly (Couvreur et al., 1995). The development of the nanotechnology on
the nanometer scale has led to the development of many technological, commercial,
and scientific opportunities for the industry (Huang et al., 2010).
Application of nanotechnology in the food industry involves many characteristic
changes on the macroscale, such as texture, taste, and color, which have led to the
development of many new products. This also improves many functions, such as oral
bioavailability, water solubility, and the thermal stability of functional compounds
(McClements et al., 2009). It is claimed that the functional compounds provide many
health benefits in the prevention and treatment of many diseases, and these compounds
can easily be seen on the market in various forms. However, the sustainability of the
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
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W: β-cyclodextrin
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Coacervation

Emulsiﬁcation–solvent
evaporation

Inclusion
complexation
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Hadaruga et al.,
2006
Cheong et al., 2008
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Curcumin (L)
MCT (L)
DHA (L)

W: Eudragit L 100-55

Pine seed oil (L)

Emulsiﬁcation

Coating materials

Functional
compounds

Techniques

Table 1.1 Nano-encapsulation techniques of various functional materials.
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delivery of functional bioactive compounds to the target site is very low, particularly
lipophilic compounds. Improving the availability of the functional compounds enhances
the absorption of the functional compounds in the gastrointestinal tract, which is a critical requirement. The development of nano- or microencapsulation technologies offers
possible solutions to improve the bioavailability of many functional compounds (Chau
et al., 2007). The methods used to develop the encapsulation technologies, to enclose
the functional compound encapsulated along with its applications in food, and its regulatory framework are described in various chapters in this volume.

1.2

Nano- or microencapsulation as a rich source
of delivery of functional components

Nano- or microencapsulation techniques are one of the most interesting fields in
that they can act as a carriers or delivery systems for functional components, such
as antioxidants, flavor, and antimicrobial agents (Wissing et al., 2004; Sanguansri and
Augustin, 2006; McClements et al., 2009; Weiss et al., 2008). The major functional compounds that often need to be incorporated in foods can be divided into four categories:
(1) fatty acids (e.g., omega three fatty acids); (2) carotenoids (e.g., β-carotene);
(3) antioxidants (e.g., tocopherol); and (4) phytosterols (e.g., stigmasterol). Table 1.1
shows a list of functional compounds that have been encapsulated into nano- or
microemulsion systems, their expected benefits, and their fields of application. Applications of the nano- or microencapsulation technologies in the food industries are
mainly based on the stability of the capsules. During various environmental conditions,
such as chilling, freezing, and thermal processing, which commonly occur during
food processing, the capsules are susceptible to instability. The properties of physical
stability are at different levels during the encapsulation process, such as stability
required in the food ingredients or in the food matrix. Furthermore, stability also varies
with the type of food system in which it is incorporated (McClements et al., 2009).

1.3

Wall materials used for encapsulation

Nano- or microencapsulation techniques are mainly used in the delivery of functional
compounds to the target sites and largely depend on the carrier wall materials used.
The effectiveness of the functional compounds wholly depends on the preservation of
the compounds (Chen et al., 2006). Microencapsulation greatly helps in the delivery
with a suitable wall material, however, reducing the particle size to the nanosize greatly
increases the delivery properties due to the increase in surface area per unit volume
(Shegokar and Muller, 2010). Based on solubility, the functional compounds used
for encapsulation can be classified as either lipophilic or hydrophilic. Water-soluble
functional compounds which are insoluble in lipids or organic solvents are termed
hydrophilic functional compounds. The hydrophilic functional compounds are listed as
polyphenols, ascorbic acids (Lakkis, 2007; Dube et al., 2010). Functional compounds
which are insoluble in water and soluble in lipids and organic solvents are termed
lipophilic which includes lycopene, and β-carotene (Zimet and Livney, 2009; Leong
et al., 2011). In the polymeric matrix system, the solubility also determines the release

4
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rate of their functional compounds. A hydrophilic compound shows a faster release
rate and low permeability, which is absorbed by active transport. Lipophilic compounds
show high permeability through the intestine and are absorbed by active transport,
and facilitate diffusion with a lower release rate (Varma et al., 2004; Kuang et al.,
2010). Various kinds of wall materials are used in the delivery of functional lipophilic
or hydrophilic compounds for nano- or microencapsulation techniques. The polymers,
such as albumin, globulin, maltodextrin, chitosan, ethylcellulose gelatin, starch, and
chitosan are used in the delivery systems (Reis et al., 2006). Bioavailabilities of
functional compounds were greatly increased with the development of the nanocarrier
system, such as whey protein. Nanotechnology also greatly increases the delivery of
vitamins and minerals to the mucosal systems (Chen et al., 2006).

1.4

Techniques used for the production of nano- or
microencapsulation of foods

Functional compounds and wall material properties, such as particle size, size distribution, encapsulation efficiency, shape, and solubility, are altered by the techniques used
for the encapsulation. Therefore, it is important to select the proper technique based on
the requirement of either nano- or microencapsulation. Nanoencapsulation techniques
are more complex than the microencapsulation process. Numerous techniques have
been used in the preparation of the microencapsulation process (Figure 1.1). However,
coacervation, nano-precipitation, inclusion complexation, and supercritical fluid

Phytochemicals

Probiotics

Flavors

Enzymes
Microencapsulation
Lipids

Vitamins

Encapsulation of
Foods

Lipids

Vitamins
Nanoencapsulation
Flavors

Enzymes
Phytochemicals

Figure 1.1 Schematic representation of encapsulation of foods.
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extraction techniques are considered the nanoencapsulation techniques which can
produce capsules in the nano range. The size reduction of the capsules is mostly
achieved by the emulsification and emulsification solvent evaporation which has no
impact on any other factor, such as pH and temperature. Coacervation, the supercritical
fluid technique, and the inclusion complexation also help size reduction; however, it
largely depends on other factors, such as pH and temperature. Coacervation and supercritical fluid extraction are used for encapsulation of both hydrophilic and lipophilic
compounds, whereas emulsification-solvent evaporation and inclusion complexation
are largely used for the lipohilic compounds (Reis et al., 2006; Leong et al., 2009).
The major problems of the micro- or nanocapsules are irreversible aggregations and
leakage of functional compounds, and that it is necessary to dry the compounds for
better stability of these compounds. Freeze-drying and spray-drying techniques are the
most commonly used techniques for the stable release of functional compounds (Choi
et al., 2004). Drying increases greater stability compared to the original suspension,
and it can sustain the functional compounds for long storage periods (Guterres, 2009).

1.5

Characterization of nano- or microencapsulated
functional particles

Characterization of nano- or microcapsules is an important way to understand the
functional aspects of the bioactive compounds. A number of techniques are involved
in the characterization of both kinds of capsules, such as high performance liquid
chromatography (HPLC), field flow fractionation, laser diffraction, online photon
correlation spectroscopy, mass spectrometry, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), etc. Every technique has its own advantages
and disadvantages in the characterization of the capsules. Laser techniques can be used
to measure the particle size and particle size distribution in a wide range from 0.02 μm
to a few millimeters with rapid accuracy. A dynamic light scattering technique (DLS) is
usually applied to measure the particle size of emulsions, micelles, polymers, proteins,
nanoparticles, or colloids in the range from 5–1000 nm. Acoustic spectroscopy is able
to determine the particle size of nano- and microcapsules at high concentrations from
1 to 50% (v/v) depending on the nature of the system, due to the use of sound waves,
which interact with particles in a similar manner to light, but have the advantage
that they can travel through concentrated suspensions. Nuclear magnetic resonance
(NMR) is a powerful and complex analytical tool that allows the study of compounds
in either a liquid or a solid state, and serves equally in quantitative as in structural
analysis. Small-angle X-ray scattering (SAXS) is a technique for the study of structural
features of colloidal size particles where the elastic scattering of X-rays in a sample
that has non-homogeneities in the nanometric range, is recorded at very low angles
(typically 0.1–10∘ ). The morphology of both nano- or microcapsules is observed by
various microscopy techniques which have various limitations on the size view, such as
an optical microscope that has a resolution limit of about 100–200 nm, and TEM has a
resolution limit of <1 nm to ∼100 nm. Thus, imaging techniques enable the various sizes
of the nano- or microcapsules to be measured accurately. Detailed characterization of
nano- or microcapsules is listed in Chapter 4.
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Fortiﬁcation of foods through nano- or
microcapsules

Nano- or microtech companies are trying to enhance their food products with nanoor microencapsulated nutrients; the taste and appearance are enhanced by the
nano- or microencapsulated functional ingredients or by reducing the original nutrient
content of fat or sugar and by improving the mouth feel of the product. The fortification
of foods with functional food ingredients will soon be seen on the market with an
increase in nutritional claims, such as medically beneficial nano- or microcapsules as
alternative healthy foods. Nanoparticles will also enable the production of healthy
junk foods, that now are rich in fats, such as ice-cream and chocolate, by preventing the
absorption of fats and sugar. They can enhance the market share of calorie-rich foods
fortified with vitamins and fibre-fortified as a health enhancer by weight reducing
(Miller, 2008). Most food polymers are nanosized, which include lipids and polysaccharides composed of linear polymers, whereas proteins are of globular polymers of a size
of 1–10 nm. Their functionality is greatly enhanced by the encapsulation or reduction of
their size to nanoforms of self-assembled nanostructures (Chen et al., 2006). Recently
nanoceuticals have claimed to have more health benefits in the food industries; some
recent health claims includes fortification of carotenoids’ nanoparticles in fruit drinks,
enhancement of selenium intake by Chinese nanotea, and enhancement of mineral
uptake by nanosilver or nanogold. Although nano- or microencapsulation technologies
have been used for several years in other sectors, food utilization is very limited and
it is compromised by the very limited array of functional, generally recognized as safe
(GRAS) encapsulating agents and technologies.

1.7

Nano- or microencapsulation technologies:
industrial perspectives and applications in the
food market

Over the last few decades, nano- or microencapsulation technology has developed into
a large-scale business, becoming a multimillion market with the impact of nano- or
microtechnology. It will employ more than 1.5 to 2 million workers and the expected
business trade will come to about 0.5 to one trillion U.S. dollars by 2015 (Neethirajan
and Jayas, 2011). From the evidence of various analyses, patent applications, and paper
reports, the nano- or microencapsulation technologies have a large impact on different
food aspects and associated industries (Neethirajan and Jayas, 2011). Research also
differs based on the companies and location, according to the research by Lux, the
nanotechnology industry was expected to grow about 2.6 trillion US$ in manufactured
products by the year 2014. According to the U.S. Department of Agriculture (USDA),
the global impact of nanoproducts will be 1 trillion US$ annually by 2015. In the food
and drink sector, it might reach about 3.2 billion US$ in 2015 (UK, 2010). A recent
report suggested that there may be about 400 companies involved in the nanosize
production of food materials (Neethirajan and Jayas, 2011). This number was expected
to reach about 1000 by 2015 (Joseph and Morrison, 2006). The sale, the growth, the
types, and the benefits of functional food are shown in Figures 1.2, 1.3 and 1.4. Nano- or
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microencapsulation production for the encapsulation of various functional compounds
is one of the emerging fields in encapsulation applied to the food industry. Some of the
applications are given below and detailed studies are provided in the chapters in this
volume. Various functional compounds, such as vitamins A and E, isoflavones, phytosterols, lycopene, and lutein are available (NutraLease, 2011a). Their main technology
involves the self-assembled nanoemulsions for their higher bioavailability to the human
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Figure 1.4 Beneﬁt from functional foods sale growth from 2007 to 2012 (US$).

body, and better encapsulation can be achieved (NutraLease, 2011b). In addition to
the availability of their functional compounds, nanotechnology can also protect the flavor compounds under various pHs and temperatures with higher stability (NutraLease,
2011c). Another company called Aquanova has produced novel beverage solutions with
healthy functional compounds rich in co-enzymes, vitamins, and natural colorants. The
novel encapsulated beverages are also stable under various environmental conditions
with the standardized additive concentrations. Some multinational companies, such as
Nestlé and Unilever, which are well known worldwide, are also developing functional
foods using the encapsulation technologies, and their well-known products are low fat
ice cream with 1% fat content.
In spite of various nano- or microencapsulation technologies being applied in the
nano-industries, various countries lack regulatory systems and a framework in relation
to the nanomaterials. The reason for most concern is their minute scale which can make
them go deeper into the human body, thus being unable to be detected. Before various
health risks from consumption of nanoproducts surface, the countries where regulations are still lacking regarding these technologies should be identified. Even though
legislation is still being adapted, other actions may be taken to improve consumer trust
in the food encapsulated with nano-sized particles.

1.8

Overview of the book

There have been very few publications available on the nano- or microencapsulation
of bioactive and nutraceutical compounds in food, and the characterization of nanoencapsulated foods, therefore, toxicity studies, and their regulations have not received
much research attention. This book is therefore unique as it also extensively covers
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bioactivity, toxicity, and the regulations regarding nano- or microencapsulated foods by
internationally renowned scientists who are at the forefront of research into nano- or
microencapsulated foods and their toxicity and regulations. It represents the best available current knowledge and up-to-date information written by world authorities and
experts in the field of nano- or microencapsulation of various functional compounds.
This book will be of interest to readers around the world, including health-conscious
consumers, students, and scientists who are looking for valuable scientific information
on functional compound encapsulations with regards to health benefits. It not only
contains rich compilations of a variety of current research data on nano- or microencapsulation for foods, but it also describes the functional compounds’ benefits to health in
consumption. Other integral aspects of regulations and toxicity are also included, such
as the regulations on nano- or micro encapsulation of functional compounds in food in
various countries.
Part I presents an overview of nano- or microencapsulation of various functional
food materials, the wall materials used for the encapsulation, its characterization and
its application in various food types. This part covers the rationales and concepts used
in nanomaterials, nano- or microencapsulation of foods.
Chapter 2 by Jingyuan Wen, Guanyu Chen, and Raid G. Alany focuses on the
concepts involved in nano- or microencapsulation for food, to present up-to-date
references, research data, and scientific information in the field of encapsulation of
food ingredients with respect to those beneficial to health. They discuss the technology,
its significant advantages, the commonly used materials, fabrication techniques, and
the factors influencing delivery system optimization for nutraceuticals. Some representative studies of nano- and microencapsulation of food ingredients via different
delivery routes are reported.
Chapter 3 by Sundaram Gunasekaran and Sanghoon Ko discusses the rationales for
the use of nano- or microencapsulation for foods.
Chapter 4 by Minh-Hiep Nguyen, Nurul Fadhilah Kamalul Aripin, and Hyun-Jin
Park deals with common techniques used for determining the characteristics of nanoencapsulation. In particular, techniques, such as laser diffraction, dynamic light scattering,
acoustic spectroscopy, sedimentation, microscopy, or image analysis, can be applied
to measure particle size and particle size distribution. Electrophoretic light scattering
and the electroacoustic technique are commonly used to determine the zeta potential
of nano- and microcapsules. In addition, optical microscopy, confocal laser scanning
microscopy, transmission electron microscopy, or scanning electron microscopy can be
applied to observe the morphology of nano- and microcapsules. On the other hand,
the membrane flexibility can be measured using fluorescence anisotropy, extrusion,
or electron spin resonance. Moreover, the methods used to determine the stability of
nano- and microcapsules are also discussed in this chapter. Finally, to measure encapsulation efficiency, there are two major steps (separation and analysis). However, the
separation stage, in which nano- and microcapsules are separated from unencapsulated
active ingredients, is usually more difficult than the analysis stage. Therefore, common
techniques used in separation, such as centrifugation, filtration, size exclusion chromatography, and dialysis, are also introduced in this chapter. This chapter not only
supplies general information about the common techniques used in the characterization
of nano- and microcapsules, but also indicates that each technique has its advantages
and disadvantages.

10

CH 1

OVERVIEW OF NANO- AND MICROENCAPSULATION FOR FOODS

Chapter 5 by Mi-Jung Choi and Hae-Soo Kwak deals with the current strategies
involved in the development of nano-materials, nano- or microencapsulation of foods.
It presents an overview of current and projected applications of nano- or microencapsulation for food ingredients in the food and agricultural sectors. Overall, Part I deals with
the encapsulation development from the micro-size to the nano-size from its beginnings
to the current technologies used in its applications.
Part II looks closely at the various functional compounds for encapsulation, such as
phytochemicals, probiotics, minerals, vitamins, and flavors and its application in various
food products. Chapter 6 by Sung Je Lee and Marie Wong deals with the current trends
in the encapsulation of phytochemicals and their application in the development of various functional beverages without affecting their physicochemical properties. Chapter 7
by Kasipathy Kailasapathy deals mainly with the microencapsulation of probiotics and
its potential applications in various food products, including beverages, dairy products,
meat products, and some vegetarian foods. Since probiotic bacteria are micro-sized,
this chapter focuses mainly on microencapsulation. The current microencapsulation
trends reduce the main problem of the survival rate of the microbes and in the near
future these will overcome this and open the door to the marketing of these products.
Chapter 8 by Florentine M. Hilty and Michael B. Zimmermann is mainly focused on
the nanostructured minerals used in food and nutritional applications. Mineral deficiencies (e.g. iron, zinc, and calcium) are major global health problems affecting both
low- and high-income countries. Correction of these deficiencies through food fortification and/or supplementation requires the application of mineral compounds that
are stable when added to reactive food matrices and that are well absorbed. Nanostructuring of minerals may provide these performance characteristics. For example,
the nanostructuring of poorly soluble iron compounds that cause little color change in
foods, such as iron and zinc-containing phosphates, and oxides, sharply increases their
solubility and their iron bioavailability. Similarly, nanostructured selenium and calcium
compounds have characteristics that may allow them to be used as food fortificants and
nutritional supplements. However, for most nanostructured minerals, there is a lack
of data on potential gastrointestinal toxicity as well as long-term shelf-life in potential
food vehicles. Future research will clarify whether these nanostructured minerals will
prove useful for nutritional applications.
Chapter 9 by Ashok R. Patel and Bhesh Bhandhari covers the encapsulation
of vitamins in foods. The encapsulation and stabilization of micronutrients, such
as vitamins, have received increased attention from academic researchers and in
particular from industrial scientists, due to their ease in industrial feasibility. In today’s
modern scenario, with increased consumer awareness and resultant increase in the
demands for modern fortified food products, nano- and microencapsulation are
considered an integral part of the product development in the food manufacturing
industries. In this chapter, an overview of the formulation and delivery challenges
associated with vitamins is discussed with respect to the need for their encapsulation in
micro-/nanostructures. In addition, some of the latest developments in encapsulation
of vitamins are detailed with the help of illustrated examples.
Flavor plays an important role in the appeal of food: It motivates us to eat and provides satisfaction during food consumption. Chapter 10 by Kyuya Nakagawa deals with
the engineering aspects of nano- and microencapsulation of flavors in food systems. Flavor control is a challenge in food engineering; specifically, it is difficult to maintain the
flavor at a desired level during processing and storage and to release it with the desired
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kinetics during consumption. Therefore, we must study the relationships between the
nano- and microstructures in food systems and the flavor components. These investigations cover a wide variety of topics, including the chemistry of encapsulates and flavor
molecules, the physical chemistry of the substances, the transport phenomena of flavors, the rheology of food systems, etc. We must also develop a technique to incorporate
these functionalities into industry. In this chapter, methods of flavor stabilization in food
nano- and microstructures first are reviewed, and then, mass transfer models that can be
adapted to flavor components are explained. Finally, on the basis of practical encapsulation processes (i.e., spray-drying, freeze-drying, and coacervation), the relationships
between nano- and microstructure formation and flavor retention are discussed.
Chapter 11 by Hae-Soo Kwak, Mohammad Al Mijan, and Palanivel Ganesan deals
with the application of encapsulated food ingredients in the dairy foods industry. Dairy
foods are a large sector where the application of encapsulated foods is employed. For
the past few decades microencapsulated dairy foods have been well known in the world.
Recently nanoencapsulated foods provide greater benefits by reaching the target site
without affecting their properties. This chapter deals with the application of various
plant-, and animal-derived functional ingredients in dairy foods, such as milk, yogurt,
and cheese. However, still this field has some limitations due to toxicity and it is still at
an early stage of development.
Chapter 12 by Loong-Tak Lim deals with the application of nano- and microencapsulated materials to food packaging. It covers the broad range of materials that are
involved in packaging to protect the food materials with longer shelf-life, enhanced flavoring and color of the food product. Even though innovative technologies are involved
in the smart packaging of the food, a regulatory framework is still needed to prevent
toxic effects. Overall, Part II is the core section of this book and covers encapsulated
food ingredients in a variety of its applications in the food industry.
Part III covers the controlled release, bioactivity, toxicity and regulation of nanomaterials and nano- and microencapsulated ingredients and discusses the regulations
of nanoencapsulated foods in the major developed countries in the world. This
provides an international perspective on the current knowledge of regulations for
nano-supplemented foods in various countries. Chapter 13 by Sanghoon Ko and Sundaram Gunasekaran mainly deals with the controlled release of functional compounds
to various target sites. The controlled release may be triggered by one mechanism, but
it is involved in complex reactions and these are presented in full.
Chapter 14 by Soo-Jin Choi deals with recent development of nano- and microencapsulation systems for functional ingredients and nutraceuticals, focusing on enhancement
of their oral bioactivity and bioavailability in vivo. Diverse materials and techniques
have been applied to improve the oral absorption and the physiological functions of
bioactive molecules that are generally insoluble in water and rapidly excreted from
the body, though most studies have been limited to demonstrating physico-chemical
characterization and in vitro stability experiments of the prepared nano- and microencapsulated nutraceuticals. This chapter will provide a new perspective on the design of
efficient food ingredient delivery systems to enhance the bioavailability of functional
food components.
Chapter 15 by Guanyu Chen, Soon-Mi Shim, and Jingyuan Wen is the only chapter
which mainly deals with the toxicity of food ingredients loaded with nano- and microfood particles. Some basic factors can influence the toxicity of nano- and microparticles,
such as the size, shape, solubility, and chemical components of the particles. Second, it
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discusses the behavior and health risk of nano- and microparticles in the gastrointestinal
tract, including the behavior of the particles in the processes of absorption, distribution,
metabolism, and elimination that influence toxicity. Third, the potential health implications associated with the use of nano- and microtechnology in the nutraceutical sector
with representative in vitro and in vivo toxicity studies are reported. Lastly, the risk
assessment of nano- and micromaterials in food applications, including hazard identification, hazard characterization and risk characterization, is also reviewed. However,
as methods for detection and characterization of nano- and microencapsulation of food
ingredients are not readily available, therefore, the claimed nano- and microscale character of the applications in the nutraceutical field cannot be verified, and the knowledge
regarding recent products made with nano- and microencapsulated food ingredients
relies on information provided by the producers or manufacturers.
In Chapter 16, Hyun-Kyung Kim, Jong-Gu Lee, and Si-Young Lee present the current knowledge of regulations of nanomaterials in the food systems in the world. The
regulations differ between nations and these are clearly described in this chapter. Most
regulations for nanomaterials will need to be unified across the different nations of the
world in future.
In conclusion, this book highlights recent innovations in nano- or microencapsulation
and the various functional ingredients in the food systems. In addition, it also provides
some regulations developed for the encapsulation of functional ingredients in various
food systems. Furthermore, it describes the controlled release mechanisms of functional
ingredients encapsulated at various sizes in the food systems. This book also presents
the future new possibilities of encapsulation of functional ingredients which will have a
lot of economic implications in modern food processing technologies.
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2.1

Introduction

Microencapsulation was first studied in 1931 by Barrett K. Green using the coacervation
technique to prepare gelatine spheres (Swapan, 2010). The pharmaceutical industry
later investigated the coating materials and the technique to generate various dosage
forms, such as powders, capsules, tablets, creams, ointments, gels, suspensions, and
emulsions. In 1953, the first commercial product developed by using microcapsules was
carbonless copy paper by Barrett at the National Cash Register (NCR) of America
(Remunan and Alonso, 1997). Carbonless paper was a major breakthrough product of
the microencapsulation technique, which was developed after many years of research
on microencapsulation. The product ran through the 1950s. Microencapsulation technology continued to be studied by pharmaceutical scientists leading to the discovery of
nanoencapsulation, using it to encapsulate active pharmaceutical ingredients in order
to enhance their stability and bioavailability. Since then, encapsulation technology has
been constantly improved, modified, and adapted for a wide range of purposes and
uses (Remunan and Alonso, 1997; Swapan, 2010).
Nano- and microencapsulation are defined as a process of enclosing particles of solids
or droplets of liquids or gases with micron size in an inert shell, which in turn protects
and isolates them from the external environment. The product obtained from this process is called a nano- and microencapsulation, which includes nano- and microspheres
as well as nano- and microcapsules, and they are differentiated by their morphology
and internal structure. The particles having a diameter between 1–800 μm are known
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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as microparticles, microspheres, and microcapsules. When the particle size is smaller
than 1 μm, they are known as nanoparticles, nanospheres, or nanocapsules, respectively
(Thiess, 1996; Remunan and Alonso, 1997). The definition of nano- and microencapsulation has been expanded, and now includes most foods and nutraceutical products. The
technique of nano- and microencapsulation is dependent on the physical and chemical
properties of the ingredients to be encapsulated (Thiess, 1996).
The nano- and microencapsule consists of two components: the core or filling material and the shell or coat material (Figure 2.1). The core material contains the active
ingredient while the shell material surrounds the core material and protects the active
ingredient. Different types of filling materials, such as active pharmaceutical ingredients
include proteins, peptides, food ingredients, dyes, pigments, catalysts, monomers, etc.
They are usually encapsulated with different types of shell materials, such as ethylcellulose (EC), methylcellulose (MC), hydroxyl propyl methyl cellulose (HPMC), sodium
carboxy methyl cellulose, chitosans, poly(lactic-co-glycolic acid) (PLGA), polyesters,
and gelatine. Most nano- and microcapsules, however, bear little resemblance to these
simple spheres. The core can be a crystal, an emulsion, a suspension of solids, or a
jagged adsorbent particle. Some capsules can also have multiple walls (Thiess, 1996).
The important parameters of micro- and nano-encapsulation include particle size, size
distribution, morphology, entrapment efficiency, and drug release profile, etc.
Nano- and microencapsulation techniques are used to do the following: (1) to mask
the organoleptic properties such as taste, color, odor of the substance; (2) to protect
the active components from the external environment, such as preventing the active
components from enzymatic degradation in the gastrointestinal tract; (3) to generate
sustained, or targeted, or controlled release of the active components; (4) to avoid
adverse effects, such as gastric irritation of the active components; and (5) to provide
safe handling of toxic materials (Thiess, 1996).
Until recently, the protection of bioactive agents was studied exclusively using the
nano- and microencapsulation technique. However, to generate controlled release at
the specific site is a major functionality that can be provided much more efficiently
by applying the nano-encapsulation technique. The target site delivery of bioactives
and their release properties is directly affected by their particle size. Compared to
micron-sized carriers, nanocarriers provide more surface area, thus increasing their
solubility and improving bioavailability. As a result, the systems improve the stability
and targeting, so the amount of active components required to exert a particular effect

Matrix / Fill material

Shell

Matrix
particle

Nano and microsphere Nano and microcapsule

Figure 2.1 The structural diagram of nano/microsphere and nano/microcapsule. Source: Swapan
(2010). Reproduced with permission of John Wiley & Sons.
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when encapsulated inside the nanocarrier is much less than the amount required when
unencapsulated (Mozafari, 2006). The important parameters of the characterization
of nano- and microencapsulation include particle size, size distribution, morphology,
entrapment efficiency, and release profile studies. Detailed information of methodologies used for the characterization of micro and nanocapsules is introduced in Chapter 4
in this volume.

2.2

Materials used for nanoparticles, nano- and
microencapsulation

2.2.1 Polymers
Polymeric nano- and microparticles can be fabricated from biodegradable or
non-biodegradable polymers. Examples of non-biodegradable polymers are polyamide,
polymethyl methacrylate, and polystyrene. Biodegradable polymers are preferred as
filling materials because the release from a non-biodegradable matrix is very low.
Biodegradable polymers would not lead to polymer accumulation in the body as the
polymers are degraded to non-toxic metabolites that can be excreted from the body
(Aulton, 2002).

2.2.1.1 Biodegradable polymer Biodegradable polymers can be categorized into
synthetic or natural polymers. The synthetic polymers that have been used to formulate
nano- and microparticles are poly(D,L-lactide) (PLA), poly(𝜀-caprolactone), polyaminoacids, polyanhydrides, poly(D,L-lactide-co-glycolide) (PLGA), and polyalkyl
cyanoacrylates. Chitosan, gelatine, collagen, and alginates are some of the natural
polymers that have been used to fabricate nano- and microparticles (Gad, 2008; Zhou
et al., 2012).
Natural polymers are inexpensive and are readily available which is an advantage if
costs and time are restricted (Pillai and Panchagnula, 2001). However, synthetic polymers are preferred as they provide a more sustained release of the active components
over a period of days to weeks in comparison to natural polymers. This is because synthetic polymers have a slower rate of degradation (Sinha et al., 2004). Other advantages
of synthetic polymers are their high product purity, less inter-batch variation, and lack
of immunogenicity issues (Mittala et al., 2007).
2.2.1.2 PLA and PLGA The polyesters, PLA, and PLGA, are the synthetic biodegradable polymers that have been most extensively studied for nano- and microparticles
preparation and they are approved for human use by the FDA (Anderson and Shive,
2006). They are biocompatible, safe and have low immunogenicity (Sodergard and
Stolt, 2002). PLA is a chain of lactic acids connected by ester linkages and PLGA
is a copolymer which consists of glycolic acids and lactic acids. PLA is mechanically
stronger and degrades slower than PLGA (Sodergard and Stolt, 2002). Both PLA
and PLGA have a glass transition temperature that is higher than 37 ∘ C which means
that they are glassy and have high mechanical strength at room temperature. This is
important as the polymers need to be mechanically strong enough to withstand the
harsh processing conditions (Wiedhaup, 1981).
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Figure 2.2 Chemical structure of PLGA and PLA. Source: Wiedhaup (1981). Reproduced with permission
of Elsevier.

PLA exists as two stereo-isoforms. The optically active form (L-PLA) exists in a
semi-crystalline form, while the optically inactive form (D, L-PLA) is amorphous in
nature. For this reason, D, L-PLA is preferred as it allows a more homogenous active
component distribution in the polymer matrix. PLA is soluble in chlorinated and fluorinated organic solvents, such as dichloromethane, chloroform, and dioxane, and is not
soluble in water and alcohol (Wiedhaup, 1981). Figure 2.2 illustrates the chemical structure of PLGA. PLGA is hydrolysed via cleavage of the ester linkages to form lactic acids
and glycolic acids in the body. Lactic acids enter the Krebs cycle and are metabolized
into carbon dioxide and water. Glycolic acids are either excreted renally unchanged or
enter the Krebs cycle as well (Wiedhaup, 1981).

2.3

Nano- and microencapsulation techniques

There are different techniques for the encapsulation of core materials, and all these
techniques are generally categorized into three types: (1) chemical methods; (2)
physico-chemical methods; and (3) physico-mechanical methods. These methods
are widely used for nano- and microencapsulation of various pharmaceutical and
nutraceutical components these days. In Table 2.1, showing these techniques, the
methods indicated with an * are widely used. Depending on the physical nature of the
core substance to be encapsulated, the technique used will vary (Bakan et al., 2000).

2.3.1 Chemical methods
2.3.1.1 Interfacial polymerization (IFP) In interfacial polymerization (IFP), the
capsule shell can be formed at or on the surface of the droplet by polymerization of
Table 2.1 Different micro-and nanoencapsulation methods.
Chemical methods

Physico-chemical methods

Physico-mechanical methods

Interfacial polymerization

*

*

In situ polymerization
Poly condensation

Coacervation and phase
separation
Sol-gel encapsulation
Supercritical CO2 assisted
microencapsulation

Spray drying and congealing

Fluid bed coating
Solvent evaporation

Note: * indicates the most commonly used methods.
Source: Swapan (2010). Reproduced with permission of John Wiley & Sons.
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Figure 2.3 Schematic representation of microencapsulation via interfacial polymerization. Source:
Saihi et al. (2006). Reproduced with permission of Elsevier. See plate section for color version.

the reactive multifunctional monomers (Figure 2.3). The common monomers used are
multifunctional acid chlorides and multifunctional isocyanates, and normally can be
used in combination or individually. The monomer is dissolved in a liquid core material
and dispersed in an aqueous phase containing a dispersing agent. Then a co-reactant
multifunctional amine is added which leads to rapid polymerization at the interface
generating the capsule shell (Scher, 1983). When isocyanate reacts with amine, it will
form a polyurea shell; a polyurethane shell will be formed when isocyanate reacts with
a hydroxyl-containing monomer, when acid chloride reacts with amine it generates the
polynylon or polyamine shell (Scher, 1983; Saihi et al., 2006).
This technique is based on the classical technology involved in IFP which is widely
used to produce synthetic fibres, such as polyester, nylon, and polyurethane, and is characterized by wall formation via the rapid polymerization of monomers at the surface
of the droplets or particles of dispersed core material. A multifunctional monomer is
dissolved in the core material, and this solution is dispersed in an aqueous phase. A
reactant to the monomer is added to the aqueous phase, and polymerization quickly
ensues at the surfaces of the core droplets, forming the capsule walls. IFP can be used
to prepare bigger microcapsules, but most commercial IFP processes produce smaller
capsules with a diameter in the 20–30 μm range, or even smaller 3–6 μm in diameter
range for carbonless paper ink.
In IFP, the two reactants in a polycondensation meet at an interface and react rapidly.
The basis of this method is the classical Schotten-Baumann reaction between an acid
chloride and a compound containing an active hydrogen atom, such as an amine or alcohol, polyesters, polyurea, and polyurethane. Under the right conditions, thin flexible
walls form rapidly at the interface (Scher, 1983; Remunan and Alonso, 1997). Another
example was reported that di-ammonium hydrogen phosphate (DAHP) was encapsulated by a polyurethane-urea membrane using the IFP technique. An increased yield of
synthesis (22%) of a powder form of microcapsules was obtained with a filling of DAHP
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content of 62% w/w as determined by elementary analysis. This can be explained by
the large amount of DAHP added in the aqueous phase. The average size of DAHP
microcapsules measured was 13.35 μm, and 95% of the sized particles have a diameter
smaller than 30.1 μm (Saihi et al., 2006).

2.3.1.2 In situ polymerization Similar to IFP, the capsule shell is formed due to
polymerization of monomers introduced to the encapsulation reactor. There is no
reactive agent introduced into the core material in this method, polymerization occurs
exclusively in the continuous phase and on the continuous phase side of the interface
formed by the dispersed core material and the continuous phase. Polymerization of
reagents located there generates a low molecular weight prepolymer, and as time goes
on, the prepolymer grows in size, it is deposited onto the surface of the dispersed core
material being encapsulated, where polymerization with cross-linking continues to
occur, thus producing solid capsule shells (Cakhshaee et al., 1985).
Examples of this method include urea-formaldehyde (UF) and melamine formaldehyde (MF) encapsulation systems (Figure 2.4). Typically an oil-phase is emulsified in
water using water-soluble polymers and high shear mixers yielding a stable emulsion
at the required droplet size. A water-soluble melamine resin is added and dispersed.
The pH is then reduced by the addition of acid, initiating the polycondensation, which
yields cross-linked resins that are deposited at the interface between the oil droplets
and the water phase. During the hardening of the wall material, the microcapsules form
and the aqueous dispersion of polymer-encapsulated oil droplets is produced (Gemma
et al., 2011). In another study, carboxyl-functionalized magnetic microspheres were
made by using in situ polymerization of methyacrylic acid and styrene at 85 ∘ C with
nano-Fe3 O4 in styrene, the lauroyl peroxide was used as an initiator in this process
(Wang et al., 2003).

50 °C
Water-soluble
melamine resin

pH

5–20 μm

Oil

Aqueous phase

Water and protective
colloid melamine resin

Figure 2.4 Schematic representation of the melamine resin microencapsulation process. Source:
Qiangbin et al. (2003). Reproduced with permission of Journal of Chemical Engineering of Japan. The
Society of Chemical Engineers, Japan; Saihi et al. (2006). Reproduced with permission of Elsevier. See
plate section for color version.
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2.3.2 Physico-chemical methods
2.3.2.1 Coacervation and phase separation A coacervate is a tiny spherical droplet
of assorted organic molecules (specifically, lipid molecules) which is held together by
hydrophobic forces from a surrounding liquid. Coacervates range generally in size from
1 to 100 μm, possess osmotic properties and form spontaneously from certain dilute
organic solutions. Their name derives from the Latin word coacervare, meaning “to
assemble together or cluster” (Lachman et al., 2010).
Coacervation refers to the phase separation of a liquid phase, when solutions of
two hydrophilic colloids are mixed under suitable conditions (Figure 2.5). The general
outline of the processes consists of three steps carried out under continuous agitation
(Miller et al., 1967; Lachman et al., 2010). The three major steps involved in coacervation
are: (1) formation of three immiscible phases; (2) coating deposition; and (3) coating
rigidization.
The first step is to form three immiscible phases which are the core material, the liquid manufacturing vehicle, and the coating material. The core material is dispersed in a
coating polymer solution. The coating material phase, an immiscible polymer in a liquid
state, can be formed by adding salts, nonsolvent or incompatible polymer to the polymer solution or by changing the temperature of the polymer solution. The second step
involves deposition of the liquid polymer upon the core material. This is done by physical mixing of the coating material and the core material in the manufacturing vehicle.
Deposition of the liquid polymer coating around the core material occurs if the polymer
is adsorbed at the interface formed between the core material and the liquid polymer,
and this adsorption phenomenon is a prerequisite to effective coating. Lastly, the prepared microcapsules are stabilized by desolvation, thermal treatment or cross-linking
(Green and Schleicher, 1960; Heistand et al., 1966; Miller et al., 1967).
Cross-linking refers to the formation of a chemical linkage between molecular chains
in order to create a three-dimensional structure of connected molecules (Stevens, 1999).
Washing
Crosslinking
50 °C

Microparticles
Oil
Gelatin solution

Addition of
gum arabic

Figure 2.5 Schematic representation of microcapsules preparation by coacervation using gelatine and
gum arabic. Source: Alhassane et al. (2011). Reproduced with permission of Taylor and Francis. See plate
section for color version.

24

CH 2

THEORIES AND CONCEPTS OF NANO MATERIALS, NANO- AND MICROENCAPSULATION

The strategy of covalent cross-linking is commonly applied in various technologies of
scientific and commercial interest to improve the properties of the resulting polymer
system, such as thermosets and coatings (DeBord and Schick, 1999; Stevens, 1999; Wicks
et al., 1999). Cross-linking has been used in the synthesis of ion-exchange resins (Dyson,
1987) and stimuli-responsive hydrogels (Lowe and McCormick, 1999) made from polymer molecules containing polar groups. As hydrogels, polyelectrolytes are inherently
hydrophilic, and to make them hydrophobic, they are chemically cross-linked during
manufacture (Klärner, 1999).
A previous study that prepared microcapsules by coacervation involved the phase
separation of one or more hydrocolloids from the initial solution and the subsequent
deposition of the newly formed coacervate phase around the active ingredient suspended or emulsified in the same reaction media. After being hardened, the wall of the
microcapsules forms a cross-linked structure, thus the microcapsules have good thermal
and moisture-resistant properties and can be used for controlled release application.
The oil phase was dispersed in a solution of a surface active hydrocolloid which was a
gelatine solution in this case. Precipitation of the hydrocolloid onto the oil phase was
by adding a non-solvent or by changing the temperature or the pH to lower the solubility of the hydrocolloid. To induce the formation of the polymer–polymer complex,
a second complexing hydrocolloid gum arabic was added, followed by cross-linking in
order to stabilize the microparticles. Finally, the material was washed and dried to form
microparticles with size from 10–250 μm (Health Canada, 2011).

2.3.2.2 Polymer encapsulation by rapid expansion of supercritical ﬂuids Supercritical fluids are highly compressed gases that possess several advantageous properties
of both gases and liquids. Supercritical carbon dioxide (CO2 ), alkanes (C2 to C4 ), and
nitrous oxide (N2 O) are the most widely used supercritical fluids. A change in the density of supercritical fluids near the critical point can be caused by a minor change in
pressure or temperature. Supercritical CO2 is most commonly used here due to its low
critical temperature value, highly pure, non-toxic and non-flammable properties, as well
as being readily available and cost-effective. This method is also widely used to formulate nanoparticles (Ya et al., 2007). Moreover, the most widely used methods are rapid
expansion of supercritical solution (RESS); gas anti-solvent (GAS); and particles from
gas-saturated solution (PGSS) (Matsuyama et al., 2003; Ya et al., 2007) (Figure 2.6).

CO2

Polymer

Core
particles

Dissolution

Microcapsules

Figure 2.6 Microencapsulation by rapid expansion of supercritical solutions (RESS).
Source: Matsuyama et al. (2003). Reproduced with permission of John Wiley & Sons; Ya et al. (2007).
Reproduced with permission of Elsevier.
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2.3.3 Other methods
2.3.3.1 Spray-drying and congealing Nano- and microencapsulation by spraydrying is a low-cost method which is commonly applied in the encapsulation of oils, flavors, and fragrances. Core materials are dispersed in a solution of polymer and sprayed
into a hot chamber. The solidification of the shell materials around the core particles
occurs as the solvent evaporates so that the microcapsules obtained are of the matrix
type or polynuclear (Desai and Park, 2005a). Chitosan microspheres cross-linked with
three different cross-linking agents – formaldehyde (FA), tripolyphosphate (TPP), and
gluteraldehyde (GA) – have been prepared by the spray-drying process. The particle
size of the prepared chitosan microspheres is approximately between 4.1 and 4.7 μm
and the encapsulation efficiencies are between 95.12 and 99.17%. The percentage
of water uptake, the percentage of erosion, the surface morphology, and the drug
release characteristics of the spray-dried chitosan microspheres were remarkably
influenced by the type (chemical or ionic) of the cross-linking agents. Cross-linking
TPP with spray-dried chitosan microspheres exhibited a higher percentage of water
uptake, swelling capacity, percentage of erosion, and faster drug release rate at both
the cross-linking extent (1 and 2% w/w) when compared to those cross-linked with
GA and FA. The physical state of the drug in chitosan cross-linked with TPP, chitosan
cross-linked with GA, and chitosan cross-linked with FA matrices was confirmed by
the X-ray diffraction (XRD) and this shows the drug remaining in a crystalline form
even after its encapsulation (Bakan, 1973; Desai and Park, 2005b).
Spray-congealing can be processed by spray-drying equipment and the protective
coating is used as a melt. Core particles were dispersed in a coating material melt instead
of a coating solution in this case. Solidification of the coat around the core particles is
accomplished by spraying the hot mixture into a cool air stream. For instance, polymers, waxes, alcohols, and fatty acids which are solids at room temperature but melt
at higher temperature are suitable for the spray-congealing method (Desai and Park,
2005a). A study of the ability of a maltodextrin/pectin (M/P) matrix to carry sensitive
polyphenol-rich extracts via spray-drying was reported. The use of a 10:1 M/P weight
ratio (11% w/v) led to encapsulating 3% w/v polyphenol-rich extracts that formed stable powders made up of microparticles that were suitable for storage and handling
with better stability. The final products showed improved technological characteristics
suitable for functional food and nutraceuticals manufacturing. The method may be generally applied to carry and deliver sticky and unpleasant extracts in powdered form with
improved stability and optimized functional characteristics (Francesca et al., 2011).
2.3.3.2 The ﬂuidized-bed method Fluidized-bed technology refers to when the liquid coating is sprayed onto the particles and evaporation occurs immediately which
helps in the formation of an outer layer of coating around the particles. The thickness
and formulations of the coating can be varied as desired. Three main types of fluid-bed
coaters are top spray, bottom spray, and tangential spray (see Figure 2.7). In the top
spray system, the core particles are sprayed downwards onto the fluid bed so that the
solid or porous particles become encapsulated while they move to the coating region.
Preventing cluster formation as well as improving the encapsulation efficiency can be
achieved by opposing flows of the core particles. Additionally, dripping of the coated
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Figure 2.7 Schematics of a ﬂuid-bed coater. (a) top spray; (b) bottom spray; (c) tangential spray.
Source: Wurster (1953). Reproduced with permission of John Wiley & Sons.

particles depends on the formulation of the coating shell material. Of the three methods, top spray fluid-bed coaters give rise to higher yields of encapsulated particles than
both the bottom and tangential sprays (Wurster, 1953).
The bottom spray is also called Wurster’s coater (Wurster, 1953). A coating chamber
that has a perforated bottom plate and a cylindrical nozzle was applied in this technique.
The shell material for coating is sprayed out by the cylindrical nozzle, as the particles
are encapsulated by the shell material while they move upwards through the perforated
bottom plate and pass the nozzle area. The shell material adheres to the particle surface by cooling of the encapsulated particle or evaporation of the solvent. This process
continues untll the specific weight of the coated particles and the required thickness of
the shell are obtained (Wurster, 1953).
The tangential spray includes a rotating disc at the bottom of the coating chamber,
with the same diameter as the chamber. During the process the disc is raised to create a
gap between the edge of the chamber and the disc. The tangential nozzle is positioned
above the rotating disc through which the coating shell material is released. The particles are encapsulated while moving through the gap into the spraying zone. A higher
yield of encapsulated particles is obtained when they travel a minimum distance within
the equipment (Wurster, 1953).

2.3.3.3 Solvent evaporation Here the coating shell polymer is dissolved in a volatile
solvent, and the core material to be encapsulated is dispersed into the polymer solution.
This mixture is then introduced to the liquid vehicle with constant stirring, followed by
the heating process for solvent evaporation. During the solvent evaporation process, the
shell material shrinks around the core material, thus the core particles are encapsulated
(Mahmoud et al., 1990).
Pseudoephedrine HCl, a very hydrophilic drug, when dissolved in water, forms an
aqueous drug solution, followed by dispersing within a poly (methyl methacrylate)
organic solvent to form a primary emulsion, then this primary emulsion is introduced
into an external aqueous phase containing surfactant with further emulsification, forming microcapsules by a water-in-oil-in-water (w/o/w) emulsification-solvent evaporation
method. The middle organic solvent was used to separate the internal drug-containing
aqueous phase from the continuous phase. Microspheres were formed after solvent
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evaporation for a few hours and polymer precipitation occurred overnight. Cooling
down the mixture can lead to better solidification of the encapsulated particles (Rainer
and Roland, 1990).
A study using this method showed that when using lactoferrin-loaded microparticles
by adding a lactoferrin aqueous solution to dichloromethane containing PLA, a waterin-oil (w/o) emulsion formed after sonication, then this was added to a PVA aqueous
solution, and sonicated to form a w/o/w double emulsion. The resulting emulsion was then left stirring at atmospheric pressure to allow the evaporation of the
dichloromethane and the solidification of the microparticles. The microparticles were
then separated from the supernatant by centrifuging the microparticle suspension and
freeze-dried to generate the final products (see Figure 2.8) (Samrata et al., 2010).

Solution

Probe sonication

Primary emulsion is poured
into PVA solution
PVA solution

Poly(D,L-lactic acid
dissoved in
dichloromethane

Primary W/O emulsion
Probe sonication

Secondary W/O/W
double emulsion
Solvent evaporation
by constant stirring

Centrifugation
Wash with water
Freeze-dry
Microparticles

Figure 2.8 Schematic representation of the double emulsion solvent evaporation method. Source:
Samrata et al. (2010). See plate section for color version.
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2.3.4 Factors inﬂuencing optimization
2.3.4.1 Solubility of polymer in the organic solvent A study investigating the
effect of solubilities of different PLGA polymers in methylene chloride compared them
by determining the methanol cloud point (Cs): the greater the Cs, the more soluble
are the PLGA polymers in methylene chloride. The study found the PLGA polymers
with a high L/G ratio (75/25) were more soluble in methylene chloride than PLGA
(L/G ratio = 50/50). The more hydrophobic end-capped polymers were shown to have
higher solubility in methylene chloride than non-end-capped polymers. Moreover, a
lower molecular weight polymer was less soluble in methylene chloride than a higher
molecular weight polymer (Mehta et al., 1996). It was also found that the use of relatively hydrophilic PLGA with free carboxylic end groups would lead to significantly
greater encapsulation efficiency compared to that of an end-capped polymer. Since
hydrophilic PLGA has lower solubility in the organic solvent and precipitates more
quickly than the end-capped one, a higher rate of solidification will result in an increase
in the encapsulation efficiency (Johansen et al., 1998).
2.3.4.2 Solubility of the organic solvent in water It was reported that the organic
solvent methylene chloride had a higher encapsulation efficiency than benzene or
chloroform, even though methylene chloride was a better solvent for PLGAs. Since
methylene chloride is more soluble in water than chloroform or benzene, it allows
faster mass-transfer between the dispersed and the continuous phases, and results in
relatively faster precipitation of the polymer (Bodmeier et al., 1988).
Another study reported on lysozyme-loaded PLGA microparticles by using the o/w
single emulsion method. Methylene chloride was used as an organic solvent to dissolve
PLGA. A co-solvent system containing dimethyl sulfoxide (DMSO) was introduced,
varying the ratio of the component solvents. As a result, the presence of DMSO
improved the hydrophilicity of the solvent system and allowed fast extraction of the
solvent in the continuous phase, which resulted in a bigger particle size and higher
encapsulation efficiency (Park et al., 1998).
2.3.4.3 Concentration of the polymer An increase in polymer concentration leads
to an increase in encapsulation efficiency (Li et al., 1999). A study reported that if the
concentration of the polymer increased from 20.0 to 32.5%, this resulted in an increase
of encapsulation efficiency from 53.1 to 70.9% (Mehta et al., 1996). Additionally, high
viscosity and fast solidification of the dispersed phase contributed to lower the porosity
of the microparticles (Schlicher et al., 1997). The concentration of the polymer influences the encapsulation efficiency. Higher concentration of the polymer leads to faster
precipitation on the dispersed phase surface and avoids drug diffusion across the phase
boundary, thus higher encapsulation efficiency (Rafati et al., 1997). Also the higher concentration of the polymer enhances the viscosity of the solution and delays the drug
diffusion within the polymer droplets, thereby leading to higher encapsulation efficiency
(Bodmeier and McGinity, 1988).
2.3.4.4 Ratio of dispersed phase to continuous phase (DP/CP ratio) An increase
in the volume of the continuous phase leads to an increase in particle size and
encapsulation efficiency (Mehta et al., 1996; Li et al., 1999). A study found that encapsulation efficiency increased more than twice as the ratio of the dispersed phase to the
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continuous phase (DP/CP ratio) reduced from 1/50 to 1/300 (Mehta et al., 1996). This
demonstrated that the higher volume of continuous phase led to a high concentration
gradient of the organic solvent across the phase boundary by diluting the solvent,
resulting in a faster rate of particle solidification (Sah, 1997). It is also found that a
higher DP/CP ratio led to an increase in porosity, resulting in a large specific surface
area (Jeyanthi et al., 1997). This apparent discrepancy can be explained by the fact that
low bulk density is not a true reflection of porosity but a result of the large particle size
(Mehta et al., 1996).

2.3.4.5 Rate of solvent removal The rate and method of solvent removal influence
the morphology of the nano- and microparticles as well as the solidification rate of
the dispersed phase (Sah, 1997). In the emulsion-solvent system, the solvent can be
removed by general evaporation or by extraction into the continuous phase. The solvent
removal rate is influenced by the temperature during the process and also controlled by
the volume of the dilution medium in solvent extraction into the continuous phase.
PLGA microparticles containing salmon calcitonin (sCT) were prepared by emulsification, followed by different solvent removal processes (Mehta et al., 1994; Sah, 1997). In
the temperature-dependent solvent evaporation method, the organic solvent was evaporated by raising the temperature from 15∘ to 40 ∘ C. As a result, the particles appeared
to have a hollow core and a porous wall. In controlled extraction of the organic solvent,
the solvent was removed steadily by dilution of the continuous phase, which left the particles in the soft state for a longer time. As a result, the particles showed a highly porous
honeycomb-like internal structure without a hollow core. Since the porosity was a function of the amount of water diffused from the continuous phase into the dispersed phase,
this could only occur before the dispersed phase solidified completely (Li et al., 1995).
2.3.4.6 Interaction between drug and polymer Interaction between protein and
polymer can influence the level of encapsulation efficiency (Boury et al., 1997). In
general, proteins are capable of ionic interactions and are better encapsulated within
polymers that carry free carboxylic end groups than the end-capped polymers. However, if hydrophobic interaction is a dominant force between the protein and the
polymer, hydrophobic end-capped polymers are more advantageous in improving
the encapsulation efficiency in this case (Mehta et al., 1996). A study reported that
encapsulation efficiencies of higher than 60% were achieved for salmon calcitonin
(sCT) microparticles despite the high solubility of sCT in the continuous phase
(Jeyanthi et al., 1997). This is attributed to the better affinity of sCT to hydrophobic
polymers, such as PLGA. However, such interactions between protein and polymer
can limit the protein release from the micro and nanoparticles (Crotts and Park, 1997;
Park et al., 1998; Kim and Park, 1999).
2.3.4.7 Solubility of the drug in the continuous phase Drug loss in the continuous
phase occurs while the dispersed phase stays in a semi-solid state. If the drug is more soluble in the continuous phase than in the dispersed phase, the drug will be more likely to
dissolve in the continuous phase during this stage. Moreover, the pH of the continuous
phase has a significant influence on the solubility of the drug (Bodmeier and McGinity,
1988). A study found that the encapsulation efficiency of quinidine sulfate was 40 times
higher in the alkaline continuous phase (pH 12, in which quinidine sulfate is insoluble)
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Table 2.2 Summary of parameters inﬂuencing encapsulation efﬁciency.
Higher encapsulation efﬁciency

Lower encapsulation efﬁciency

Lower solubility of polymer in organic solvent
Higher solubility of organic solvent in water
Higher concentration of polymer
Smaller DP/CP ratio
Faster solvent removal rate
Faster solidiﬁcation of micro and nano-particles

Higher solubility of polymer in organic solvent
Lower solubility of organic solvent in water
Lower concentration of polymer
Greater DP/CP ratio
Slower solvent removal rate
Slower solidiﬁcation of micro and nano-particles

than in the neutral continuous phase (pH 7, in which quinidine sulfate is very soluble)
(Bodmeier and McGinity, 1988).

2.3.4.8 Molecular weight of the polymer A study was carried out to investigate the
encapsulation efficiency that was influenced by the molecular weight of the polymer.
The morphology of the microspheres was investigated by a scanning electro-microscope
(SEM). The distribution of the drug within microspheres was determined by a confocal laser scanning microscope. The results indicated the encapsulation efficiency of the
microspheres improved as the concentration of polymer increased in the oil phase and
the concentration of polyvinyl alcohol (PVA) decreased in the aqueous phase. Additionally, the initial burst release could be controlled by reducing the concentration of
polymer. The temperature of the evaporation also had an influence on the drug release
profiles. The ideal temperature was shown to be controlled under 30 ∘ C. Moreover, with
the reduction of the particle size, the encapsulation efficiency decreased, and the drug
release rate increased (Fu et al., 2005). The encapsulation efficiency of the nano- and
microcapsules is affected by different factors. Table 2.2 is a summary of the factors
influencing encapsulation efficiency.

2.4

Pharmaceutical and nutraceutical applications

2.4.1 Various delivery routes for nano- and
microencapsulation systems
Delivery refers to the process of introducing an active component into the body by
means of a formulation or device, with the aim of achieving a therapeutic effect. For
many active components, the choice of delivery route can affect their efficacy and
safety, and this choice depends on the disease, the desired therapeutic effect, and the
properties of the active component. Nano- and microencapsulation methods have
been attracting increasing interest as vehicles for drug delivery via the various routes.
Particular emphasis has been put on the oral, transdermal, ocular, and parenteral
routes. Additionally, these systems have been studied and applicable in other relevant
fields in pharmaceutics, such as chemical, biological, and food sciences. The following
section highlights some of the main delivery routes where nano- and microencapsulation systems have been studied as potential drug or nutrient carriers, and indicates
the related advantages as well as their disadvantages. Moreover, these delivery routes
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are also applicable for nutraceutical substances delivered by nano- and microparticles.
Selecting an appropriate delivery system is crucial in order to obtain the optimal
absorption of the nutraceutical ingredients, thus achieving maximum bioavailability
which leads to promising effects.

2.4.1.1 Oral delivery Of all the delivery routes, the oral delivery is the most widely
used route of drug delivery. Its advantages are that it is painless and convenient,
good for self-administration, and there is large gastrointestinal mucosal surface area
for drug administration, and finally, it has low production costs. However, the oral
delivery route is not suitable for patients who have difficulty in swallowing, and
degradation by enzymes in the gastrointestinal tract can reduce the effectiveness of
the oral administration of many active components including peptides, protein or food
ingredients (Alexander, 2005; Costas et al., 2006).
Research was carried out to assess the bioreactivity of polymeric nanoparticles specifically designed for oral delivery of biologically active food ingredients, with a focus on
quantifying the bioreactivity as a function of the nanoparticle properties and dose, and
the type of entrapped active food ingredient was evaluated. The results were critical in
building the knowledge base required to design nanoparticulate systems for efficient
and safe oral delivery of food ingredients. Another study was to improve the scientific
understanding of engineered nanoscale additives and ingredients that may be intentionally introduced into food for oral delivery of important micronutrients and modification
of sensory attributes (Sabliov et al., 2010).
For nutraceutical application, a study reported that vitamin C-loaded Eudragit microcapsules were used as encapsulation devices for oral delivery to treat colorectal cancer.
The spray-drying method was used to prepare vitamin C/Eudragit microcapsules. They
were first characterized by size and morphology by SEM, then in vitro release kinetics
by means of the dialysis method was studied. These microcapsules showed a good size
distribution and morphology that suggest proposing them as candidates for the delivery
of vitamin C as associated therapy to treat colorectal cancer by the oral route (Elisabetta
et al., 2001).
2.4.1.2 Parenteral delivery Nano- and microencapsulation systems intended for
parenteral application have to be formulated using non-toxic and biocompatible
ingredients. The major features of this delivery system are the good bioavailability,
the fact that larger doses are applicable, the rapid response (i.e., intravenous) or the
sustained/prolonged therapeutic effect (i.e. intramuscular and subcutaneous routes).
However, disadvantages also are present, such as low patient acceptability, the need
for trained personnel to administer injections, the high costs associated with the
production of sterile products and the potential for infection or irritation at the site of
the injection (Robinson and Mauger, 2008). Polyester-based nanoparticles were used
to deliver taxanes by the parenteral route (Gaucher et al., 2009). Block copolymer
nanoparticles possess a core-shell structure generated through the self-assembly of
amphiphilic copolymers in aqueous media. Although these systems were demonstrated
to have enhanced tolerability compared to formulations generated by using surfactants of low molecular weight, in some cases the system failed to retain their cargo
following parenteral administration, and this has hindered their capacity to deliver
taxanes to tumor cells. While polyester-based nanoparticles have been shown to have
greater drug-targeting capacity and stability, they also display a significant burst effect,
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whereby a major portion of the cargo is immediately discarded from the carrier upon
injection (Gaucher et al., 2009).
A study of parenteral nutrition was carried out. This demonstrated an interesting
textural property of the nutraceuticals-loaded double emulsion nanoparticles which
made them of interest in the development of reduced fat products. They also showed
nanocapsules in the protection of active food ingredients during manufacturing, distribution, and storage. Nanoparticulate coloring agents were used for beverages and silica
nanoparticles serve as flow aids for powdered food ingredients. Examples of nanoscale
nutraceutical supplements, such as herbs, vitamins, and minerals, that are currently on
the market, were also introduced (Sabine et al., 2010).

2.4.1.3 Topical delivery Topical delivery can be defined as the application of active
components containing a formulation directly to the skin to treat cutaneous disorders
(e.g. acne) or the cutaneous manifestations of a general disease (e.g. psoriasis) with the
aim of containing the effect of the active components on the surface of the skin or within
the skin (Stan, et al., 1998). Topical delivery offers important benefits for improving the
therapeutic effect and reducing systemic side effects of the administered active components. These benefits include avoidance of GI incompatibility, the first-pass metabolism,
as well as the risks and inconveniences of intravenous therapy. It is also convenient to
apply, and has a relatively large area of application and is capable of selectively delivering to a specific site, and using active components with short half-life, and with a
narrow therapeutic window. The use of biopolymeric material-based systems is crucial
in developing new topical dosage forms and their applications. The disadvantages of
this delivery route include possible skin irritation, it can only be used for drugs which
require a very small plasma concentration for action, and the enzyme in the epidermis
may degrade the drug, as well as the larger particle size of the drugs are limited for
absorption (Agarwal et al., 2000).
A study reported that PLGA microparticles loaded with acyclovir (ACV) were
prepared by using the solvent evaporation method. ACV-loaded microparticles were
distributed into porcine skin after topical application, samples were obtained from
horizontal slicing of the skin at 6, 24, and 88 hours to compare the ACV control
suspension. After 88 hours, the ACV amount in the basal epidermis was greater
with microparticles compared with the ACV suspension. This phenomenon showed
the controlled drug release was produced by the microencapsulation vector in the
basal epidermis. Moreover, at 88 hours, the amount of ACV detected in the receptor
chamber of the diffusion cells was much lower with the microparticles than with
the control suspension. Thereby, microencapsulation was shown to improve topical
therapy of ACV since it increased drug retention in the basal epidermis, thus longer
intervals between doses were required (Elena et al., 2008).
For nutraceutical application, a study of an anti-wrinkle nanofibre face mask
containing vitamin C (L-ascorbic acid), collagen, and gold nanoparticle was carried
out. Nanotechnology was applied to this novel face mask which would only be wetted
when applied to the skin, thus enhancing product stability. Once moistened, the active
components-loaded nanoparticles of the mask will penetrate the skin and gradually
release the nanocapsules under the skin and ensure maximum skin penetration as well
as sustained release of the active components (Anahita et al., 2010).
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2.4.1.4 Transdermal delivery Transdermal delivery of various compounds to the
systemic circulation is one of the oldest routes that have been exploited using nanoand microencapsulation systems. Similar to topical delivery, this route provides distinct
advantages of avoidance of first-pass metabolism, ease of application, the potential of
sustained and controlled release, and the capability of immediate withdrawal of treatment when needed, while the disadvantages to be considered are limited application
to APIs of suitable lipophilicity and a low molecular weight (less than 500Da) because
of the physical barrier effect of the skin (Barry, 2002; Kreilgaard, 2002). Transdermal
drug delivery aims at maximizing drug flux into the systemic circulation through the
skin, whereas dermal drug delivery aims at targeting either the dermis or the epidermis of the skin. The major challenge of this delivery system is to provide sufficient drug
flux into the systemic circulation with least irreversible alteration to the skin barrier
function (Kreilgaard, 2002).
A study of formulating and characterizing testosterone (TS) solid lipid microparticles (SLM) to be applied as a transdermal delivery system by using an emulsion melt
homogenization method was reported. The results indicated the type of lipid affected
the particle size of the SLM and a relatively high entrapment efficiency with a range
from 80.7–95.7% was obtained. A plastic flow characteristic of the prepared formulations was determined by DSC. Moreover, sustained drug release profiles were generated by the formulations, and the optimal formulation was shown to permeate through
the cellophane membrane (El-Kamel et al., 2003).
Another study of nutraceutical-loaded nanoparticles for transdermal delivery was
carried out. Solid lipid nanoparticles (SLNs) of coenzyme Q10 (CoQ10 ) were formulated by a high-pressure homogenization method. A simple cream of CoQ10 and a cream
containing CoQ10 -loaded SLNs were prepared and compared on volunteers aged 20–30
years. Particle size was determined with a range from 50–100 nm which exhibited the
most suitable stability. In vitro release profiles of CoQ10 -loaded SLN cream showed
sustained release for SLNs compared with the simple cream. The release studies also
demonstrated that CoQ10 -loaded SLN possessed a biphasic release pattern compared
to the simple cream. In vivo skin hydration and elasticity studies on 25 volunteers suggested good dermal penetration and useful activity of Q10 on skin as an anti-wrinkle
and hydratant cream (Effat et al., 2011).
2.4.1.5 Pulmonary delivery In the search for needle-free drug delivery, the pulmonary delivery route is another popular non-invasive alternative for systemic drug
delivery, owing to the unique physiological features of the lungs, such as a large alveolar surface area, the low thickness of the epithelial barrier, extensive vascularization,
low proteolytic activity, and avoidance of first-pass hepatic metabolism (Turker et al.,
2004; YanZhen et al., 2010). However, disadvantages are also found, such as the requirement for specific inhalation devices, the potential drug loss by mucociliary clearance,
the deactivation by enzymes, binding to lung components, and the degradation by particular pulmonary cells (e.g., macrophages) in the respiratory tract, also the potential
for APIs and excipients to damage the fragile and vulnerable lung epithelium (Turker
et al., 2004). Several protein-based drugs, such as human growth hormone (Jalalipour
et al., 2008), deslorelin (YanZhen et al., 2010), insulin (Ungaro et al., 2006), and calcitonin (Salama et al., 2010), were studied and shown to reach the systemic circulation by
aerosol administration.
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Dry powder inhalers (DPIs) used to deliver insulin (Exubera, Pfizer) to Type 1
and Type 2 diabetic patients were granted FDA approval and introduced onto the
market. However, due to its safety and efficacy issues, the product was withdrawn in
2006 (Ungaro et al., 2006). The FDA approval of this insulin DPI product provides a
major boost for research on DPIs. In a recent study by Yan et al. (2010), an inhalable
microparticle as a carrier for pulmonary delivery of thymopentin (TP5)-loaded solid
lipid nanoparticles (SLNs) was investigated. W/o/w drug-loaded nanoparticles were
initially formulated by solvent evaporation, then the microparticles were prepared
by co-spray-drying the TP5-loaded SLNs with bulking agents. The results showed a
high aerosol efficiency with 98.0 ± 1.2% for emitted dose and a respirable fraction of
51.1 ± 1.2%. Moreover, from the pharmacokinetic and pharmacodynamic studies,
it was shown that the bioavailability and therapeutic efficacy of TP5 were more
remarkably strengthened by using pulmonary administration of microparticles than by
using i.v. TP5 solution (Yan et al., 2010).
Another study of this system to deliver food ingredients via pulmonary delivery was
reported. Vitamin E succinate was attached to rifampicin-loaded nanoparticles for pulmonary delivery to treat tuberculosis (TB) respiratory disease. Nano-sized particles
with a diameter 100 to 200 nm were prepared by a flash nanoprecipitation process followed by spray-drying. They appeared to have a well-controlled size and narrow size
distribution, high entrapment efficiency, stability, were highly dispersible, easy to handle, and efficiently aerosolized to be deposited in the respiratory tract to sustain drug
release (Ying et al., 2010).

2.4.1.6 Rectal delivery Rectal delivery is a way of administering drugs or other
ingredient compounds into the rectum to be absorbed by the rectum’s blood vessels
and into the body’s circulatory system. It generates a faster onset, avoids the first-pass
metabolism, promising bioavailability, shorter peak, shorter duration than the oral
route, and less alteration of the active components in reaching the circulatory system.
But this delivery route has a lack of fluid for the active components’ dissolution, also
only a small area for components’ absorption as well as including erratic absorption
and low patient acceptability (American Academy of Paediatrics, 1997).
The pH-sensitive polymer Eudragit S100-coated microparticles containing curcumin
for colon targeting were evaluated. The solvent evaporation method was used to prepare the microparticles with different ratios of curcumin and Eudragit (1:1 to 1:3).
Various characterization studies were carried out, such as active components loading,
encapsulation efficiency, angle of repose, SEM morphology, DSC, in vitro drug release
studies, and stability studies. The particle size was between 29.21 and 31.27 μm, and SEM
showed the uniform size of the particles. The encapsulation efficiency was between 21.73
and 43.75% and the drug content was between 14.83 and 18.36%. The in vitro release
study showed that active components’ release was between 66.12 and 71.87% for 10 hrs
and was controlled by the Fickian diffusion mechanism. It is concluded from the present
investigation that Eudragit S100 microspheres were shown to be promising controlled
release carriers for colon-targeted delivery of curcumin (Josephine et al., 2010).
2.4.1.7 Buccal/sublingual delivery The oral route is unsuitable for patients who
have difficulty in swallowing, and the enzymatic degradation in the GI tract can reduce
the effectiveness of oral administration of many APIs, including peptides and protein
(Amir, 1998). Thus, in order to prevent pre-systemic degradation or metabolism of
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swallowed active components, oral transmucosal drug delivery routes, such as delivery
via buccal or sublingual avenues provide promising alternatives. Moreover, the buccal or sublingual delivery routes have been shown to be easy and convenient, with
low enzymatic activities involved, and easy entry of active components into the bloodstream once they have permeated through the sublingual mucosal epithelium. The rapid
absorption leads to higher bioavailability of the drug, also ease in stopping administration to avoid overdose or side effects. However, the need for mucoadhesive materials
to prolong drug retention at the mucosal surface is required, also only small doses can
be accommodated, and a small administration site is available for this delivery route
(Toma et al., 1992; Amir, 1998).
A study of solid lipid nanoparticles’ (SLNs) uptake and compound retention evaluation employed the phagocytic control human monocyte cell line and monolayer-culture
human oral squamous cell carcinoma (OSCC) cell lines. It was found that SLNs were
internalized by OSCC cells and support the premise that SLNs-based delivery provides
higher final intracellular levels relative to bolus administration. Additionally, the penetration and subsequent internalization of SLNs within the proliferating basal layer
cells indicate the feasibility of SLNs for local delivery and oral chemo-preventive compounds (Andrew et al., 2010). Nanotechnology can be used to deliver nutraceuticals
via this route. A marketed product, NanoGlutathione™, is one such example; it is
used to deliver glutathione-loaded nanoparticles via the buccal route. Glutathione is an
antioxidant which is widely used as a nutritional supplement these days, and the product was formulated in gel dosage form by using the patent-pending NanoBioSpheres™
Delivery System that allows glutathione to permeate through the oral mucosa into the
circulatory system by using highly permeable lipid nanoparticles that increase bioavailability and actively carry the payload to target tissues (Richard, 2012).

2.5

Food ingredients and nutraceutical applications

2.5.1 Background and deﬁnitions
Recent researchers generally agree that a growing body of evidence from epidemiology, modern nutritional biochemistry, and clinical trials underlines the connection
between health and diet. This impact is not just in the short term, but also in the development and management of chronic diseases, such as arthritis, asthma, Parkinson’s disease,
Alzheimer’s disease, diabetes, and HIV/AIDS (Gerard, 2004).
Health Canada Organization recognizes that diet may have an influence on the risk
of developing or exacerbating certain chronic diseases. The individual ingredients of
foods, whether they are nutritious or non-nutritious, both can influence certain risk factors for diseases. This observation is not new: for centuries, people have attributed a
functional role in health to diet and foods. What is new is the terminology and the scientific evidence (Therapeutic Products Programme, 1998).
Nutraceutical, a portmanteau word combining “nutrition” and “pharmaceutical,”
is a food ingredient or food that provides health and medical benefits, including the
treatment or prevention of diseases. Such products may be nutritional supplements,
isolated nutrients, herbal products, specific diets, or genetically engineered foods,
and processed foods, such as cereals, beverages, and soups. In recent studies on
cellular-level nutraceutical ingredients, medical practitioners and researchers have
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been investigating templates for integrating and assessing information from clinical
trials on complementary and alternative therapies with a view to introducing them into
responsible medical practice (Arshad et al., 2003). The term nutraceutical was initially
defined by Dr. Stephen L. DeFelice, who was the founder and chairman of the Foundation of Innovation Medicine (FIM) of New Jersey (Health Canada, 2011). Then the
definition was modified by Health Canada Organization, which defines nutraceutical as:
a product isolated or purified from foods, and generally sold in medicinal forms not usually
associated with food and demonstrated to have a physiological benefit or provide protection against chronic disease. Examples are beta-carotene and lycopene.
(Arshad et al., 2003)

The definition of nutraceutical that appears in the recent edition of the Merriam-Webster
Dictionary is as follows: “A food stuff (as a fortified food or a dietary supplement)
that provides health benefits. Nutraceutical foods are not subject to the same testing
and regulations as pharmaceutical drugs” (Health Canada, 2011). The American
Nutraceutical Association works with the US Food and Drug Administration (FDA)
in consumer education, developing scientific and industrial standards for the products
and for the manufacturers, and producing other related protection roles for consumers.
The FDA provides a list of nutritional supplement manufacturers who have received
warning letters about their products (Shahidi and Weerasinghe et al., 2004).

2.5.2 Nanomaterials, nano- and microencapsulation in
nutraceuticals
Nanomaterials, nano- and microencapsulation in nutraceuticals, have been used as
a means to understand how physicochemical properties of nano- and micrometric
materials can influence the structure, texture, and quality of the food ingredients.
Nano- and microtechnologies are applied in the formulation and production of
nutraceuticals and are beneficial in many aspects, such as improving the taste, color,
flavor, texture, and consistency of food ingredients, as well as increasing the absorption
and bioavailability of food ingredients and health supplements. Moreover, research is
under way on the development of food anti-microbials, which are new food packaging
materials with improved mechanical, barrier, and anti-microbial properties, and
monitoring the condition of the nutraceutical products during transport and storage,
and encapsulation of food ingredients or additives (Chaudhry et al., 2008).
The range of applications for nano- and microencapsulation in the nutraceuticals
field has been expanding due to the list of advantages that these technologies can confer
on the encapsulated food ingredients. These comprise improving the stability of the
encapsulated food ingredients by protecting them from various environmental, chemical
and enzymatic changes or degradation, also providing a buffer against either a very acidic
or basic environment, or against different temperatures, and supplying various ionic
strength, as well as masking unpleasant tastes or odors (Yurdugul et al., 2004). There is a
range of types of encapsulation methods that are applicable in the nutraceutical industry.
These include surfactant micelles, nano- and microemulsions, nano- and microparticles,
nano- and microspheres, nano- and microcochleates, liposomes, and nanoliposomes.
In order to improve the nutraceutical characteristics, the immobilization of food
ingredients in an appropriate polymer or use of anti-microbial agents are common
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practices in the nutraceutical field (Cha et al., 2002, 2003; Choi et al., 2002). For
instance, a major bacteria used in the nutraceutical industry, lactic acid bacteria, was
first immobilized in 1975 on Berl saddles and Lactobacillus lactis was encapsulated in
alginate gel beads years later (Abadias et al., 2001). Seiss and Davies (1975) concluded
that immobilized lactic acid bacteria could be used to continuously produce yogurt
(Linko, 1985). However, the alginate gel beads leaked a large number of cells.
The use of nano- and microencapsulated nutraceuticals allows them to be carefully
tailored to the particular release site through the choice of nano- and microencapsulation variables, specifically, the filling materials, the polymer ratio and the preparation
methods (Seiss and Davies, 1975). The total amount of administration and the kinetics
of the food ingredient release are variables that can be manipulated to achieve
promising results (Seiss and Davies, 1975; Kirby, 1991). By using innovative nanoand microencapsulation methodologies, and varying the food ingredients and copolymer ratio, various molecular weights of the polymer, etc., nano- and microcapsules
can be developed into an ideal optimal food ingredient carrier (Seiss and Davies,
1975). Therefore, nano- and microcapsule-based systems increase the life span of
nutriceuticals as well as control the release of nutriceuticals.
Chitosan is a water-soluble polysaccharide of low toxicity, as well as being biocompatible and biodegradable. It has been very widely applied in the development of
oral-controlled drug delivery systems in recent years. Moreover, it is also a popular
nutritional food additive itself. A study of cross-linked chitosan as a capsule material to
encapsulate vitamin C by a spray-drying method was reported. Vitamin C, a representative water-soluble vitamin, has a variety of well-known biological, dermatological,
and pharmaceutical functions. Vitamin C is commonly used in a wide range of types
of foods as an antioxidant and a vitamin supplement (Desai et al., 2005). From their
studies, the authors found that vitamin C-encapsulated chitosan microparticles of
different particle size, zeta potential, surface morphology and loading efficiency with
controlled-release characteristics could be obtained by varying the parameters of the
production process, such as inlet temperature, flow rate during manufacture, and using
various concentration and molecular weights of chitosan (Bakan, 1973; Desai and Park,
2005). Therefore, the study illustrates that microencapsulation of vitamin C improves
and broadens its applications in the nutraceutical industry.

2.6

Conclusion

Nanomaterials and nano- and microencapsulation represent exciting opportunities for
pharmaceutical and nutraceutical scientists. They are easy to prepare and are thermodynamically stable. They can also accommodate drugs or food ingredients with different physicochemical properties and improve their stability and prolong their shelf-life.
Moreover, they enhance the bioavailability of the drug or food components and reduce
patient variability. The fabrication techniques reviewed in this chapter can serve as a
forerunner in the quest to develop novel drug and food ingredients delivery systems
while ensuring beneficial effects. The factors influencing their optimization provide an
overall concept for the development of an appropriate delivery system, not only for the
pharmaceutical industry but also in nutraceutical applications. Careful consideration
of the above-mentioned factors would ensure reproducibility in both laboratory and
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manufacture. A critical look at the current literature shows that promising and exciting research is taking place. It is only a matter of time before advanced nanomaterials,
nano- and microencapsulation-based products will find their way onto the market.
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3.1

Introduction

Microencapsulation has been defined as “the technology of packaging active materials
in small containers that release their contents at controlled rates over time” (Champagne and Fustier, 2007), which has been applied in several domains, such as the food
industries, cosmetics, and pharmaceutics. The capsule sized in micrometres or larger is
called a microcapsule while that on a nanoscale is called a nanocapsule.
The nano- and microencapsulation process has great potential in the food industry
since it can be used to provide numerous benefits to the active material. In food
applications, the nano- and microencapsulation technique improves the physical,
chemical, and biological properties of the food ingredients entrapped in a variety of
ways: (1) in the control of bioactive release; (2) in the stabilization of the encapsulated
product against damage caused by external conditions, such as light or heat, during
processing and storage in the food matrix; (3) in the separation of reactive species;
or (4) in producing a homogeneous color in food stuffs (Champagne and Fustier,
2007; Loveday and Singh, 2008; De Vos et al., 2010). The controlled release of food
ingredients such as flavors and colors from nano- and microcapsules has resolved
some of the major problems of the food industries. Proper selection of the wall
materials applicable as core materials for the encapsulation and an appropriate
microencapsulation technique are needed especially to maximize the encapsulation
benefits. Furthermore, while nano- and microencapsulation raises the dispersibility of
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Table 3.1 Factors affecting quality loss of food ingredients.
Destabilization Bioactive
factors
compounds
Oxygen

Destabilization principle,
mechanism or case

Insoluble Vitamins, Encapsulation of vitamin A in liposomes
ﬂavonoids,
made of a puriﬁed phospholipid fraction
essential oils
with 90% of phosphatidyl-choline,
protects vitamin A-palmitate against
oxidative processes caused by UV
radiation.
Entrapment of retinoids in the lipid
bilayers of multi-lamellar liposomes has
been shown to improve their stability in
the presence of oxygen. W/O/W
emulsions appeared to be highly
effective at retarding lipid oxidation in
the ﬁsh oil emulsions.

Light

Vitamins
(β-carotene)
oils

Carotene and the other carotenoids are
oxidized by light during food processing
due to the presence of conjugated
double bonds in their molecules,
Oil oxidation is accelerated by light,
especially in the presence of sensitizers
such as chlorophylls.
Sensitizers in singlet state absorb light
energy very rapidly and become excited.

Temperature

Soluble vitamins,
proteins, lipids

Vitamin A concentrations dropped rapidly
during storage after pasteurization.

References
Insoluble vitamin
(Arsić and
Vuleta, 1999)
Flavonoids (Lee
et al., 2002)
Essential oils
(Choi et al.,
2009)

Vitamins
(β-carotene)
(Fernandez
et al., 2009;
Pingret et al.,
2013)
Oil (Pingret et al.,
2013)
Vitamin A (Lau
et al., 1986),

Whey protein has denatured characteristics Whey protein
such as loss of solubility and
(Pelegrine and
aggregation by temperature and pH.
Gasparetto,
2005),
At lower temperatures, the evolution of
the oxidation of edible oils and the
Lipids (Guillen
nature and proportion of the compounds
and Goicoechea,
can be different from that at higher
2009)
temperatures.
Adverse
interaction

Taste masking

Vitamins,
probiotics,
herbs, reducing
sugars

The possibility of combining a herb and
anticancer drugs which can be produced
by protein-binding displacement,
metabolism, and excretion, Maillard
reaction between reducing sugars and
amino acids

Herbs (Lawson
et al., 1992),

Whey protein
hydrolysate
(WPH)

Spray drying WPH using maltodextrin or
maltodextrin/β-cyclodextrin mixture

WPH (Yang et al.,
2012),
Indeloxazine
hydrochloride
(Hiroya, 1998)

Indeloxazine
hydrochloride

Coating indeloxazine hydrochloride with a
mixture comprising of hydrogenated oil
and surfactants using the side-spray
method

Reducing sugars
(Tomida and
Saeki, 1999)
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poor water soluble compounds, it should not modify the sensory properties, flavor or
color of food products (Sauvant et al., 2012).
The delivery system should be compatible with the surrounding food matrix. This
means that it must not adversely affect the appearance, flavor, texture, or stability
of the products. In addition to above all, the delivery system must control the bioactivity or bioavailability of the encapsulated compounds (Matsuno and Adachi, 1993;
McClements et al., 2008). The nano- and microencapsulation technique has been
used to protect entrapped active compounds from environmental conditions involving
oxygen, light, temperature, and adverse interaction during processing and storage, and
to mask the unpleasant taste during eating for a variety of food applications.
In the following section, some studies of the factors such as oxygen, light, temperature, adverse interaction, and unpleasant taste affecting the quality of food ingredients
are reviewed (Table 3.1). In addition, nano- and microencapsulation for food ingredients such as vitamins, enzymes, minerals, phytochemicals, lipids, probiotics, and flavors
are rationalized due to the numerous benefits in terms of protection, processing, storage,
taste, digestion, bioavailability, etc. for a variety of food applications.

3.2

Factors affecting the quality loss of food
ingredients

3.2.1 Oxygen
Oxygen is one of the important causes of food spoilage and affects the growth of
microorganisms; aerobes require oxygen for growth, while anaerobes can grow only in
the absence of oxygen. Some bacteria are adapted for oxygen conditions in the environment; facultative anaerobes can grow under sufficient or empty oxygen conditions.
Molds and most yeast require oxygen to grow and can grow on the surface of foods
when oxygen is sufficient. Oxidizing enzymes such as catalase and peroxidase cause
the darkening of color in diced and sliced vegetables. The catalase and peroxidase
induce browning, off-flavors and odors in fruits and vegetables which severely affect
food quality. A simple heat treatment such as blanching has been used to inactivate
these enzymes to prolong the shelf-life of fruit and vegetable products.
Oxygen can also cause spoilage of foods voluntarily. Oxidative reaction is one of the
main causes of quality loss in oil and fat in foods. Oxidation of unsaturated fatty acids is
the main reaction of the degradation of lipids (Muik et al., 2005) and proceeds through
a free-radical chain mechanism involving initiation, propagation, and termination steps
(Gray, 1978).
Initiation
RH + O2 → R⋅ + ⋅OH
Propagation
R⋅ + O2 → ROO⋅
ROO⋅ + RH → ROOH + R⋅
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Termination
R⋅ + R⋅ → R
R⋅ROO⋅ → ROOR
ROO⋅ + ROO⋅R⋅ → ROOR + O2
where RH refers to any unsaturated fatty acid in which the H is labile by reason of
being on a carbon atom adjacent to a double bond. R refers to a free radical formed by
removal of a labile hydrogen (Gray, 1978).
Oxygen can have unique reactivity for potential food quality loss. Oxygen may
enhance the activity of the Lewis acid sites of the molecules, and highly reactive oxygen
such as positively charged oxygen species like O+⋅ or O2 +⋅ can be generated in a
high-temperature reaction (Leu and Roduner, 2004). Moreover, lipids, some minerals,
and vitamins are changed by oxidation in a variety of reactions.
Non-enzymatic browning is a major factor in quality deterioration (Fustier et al.,
2011), which involves the formation of brown pigments as a result of the reactions
between amino acids and reducing sugars (called Maillard reactions), the aerobic and
anaerobic degradation of the ascorbic acid (Azadouz and Puigserver, 1999), and further reactions of the carbonyl compounds via aldol condensation or reactions with the
amino acids to yield brown pigments. A sugar solution at the appropriate pH or with a
low concentration of amino acids and phenolic compounds can also undergo oxidation
to yield brown pigments (Ciliers and Singleton, 1989).
Lipids are one of the ingredients that should be protected from oxygen.
Water-in-oil-in-water (W/O/W) emulsions appeared to be highly effective at retarding
lipid oxidation in the fish oil emulsions (Choi et al., 2009). When fish oil droplets
were produced in the form of W/O/W emulsions, formation of the thiobarbituric
acid-reactive substances decreased compared to fish oil droplets alone (Choi et al.,
2009). Milk products should be protected from oxygen since the peroxidation of milk
fat causes a change in the nutritive components. Microencapsulation has the potential
to be applied in nutrient fortification by blocking the oxidative reactions in dairy
products. Iron fortification is recommended when manufacturing milk products since
conventional milk products contain very little iron. However, iron fortification in dairy
products has been difficult due to oxidized off-flavor, the color change, sedimentation,
the metallic flavor, and lipid peroxidation in milk (Edmondson et al., 1971; Jackson
and Lee, 1991; Hekmat and McMahon, 1997; El-din et al., 2012). Ascorbic acid
is known to improve the bioavailability of iron in the gastrointestinal tract but is
unstable and is easily destroyed during processing by oxygen. The polyacyl glycerol
monostearate-coated ascorbic acid and iron complex showed excellent retardation of
lipid oxidation in milk, regardless of the iron content (Lee et al., 2004).
An important aspect of protection is the chemical stability of the active ingredient
to survive oxidation and the effect of the barrier or matrix on oxygen transport
(Whitcombe et al., 2005). Permeability or solubility of oxygen is a major contributor to
the barrier properties of wall materials to protect against the oxidation of encapsulated
materials. Polysaccharides, proteins, emulsifiers, and biopolymers have been used as
barrier materials or as a matrix for the encapsulation of active ingredients against
oxygen. In conclusion, the nano- and microencapsulation process protects food ingredients from oxidative reactions, which results in increased stability during handling
and storage.
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3.2.2 Light
Forms of light, such as ultraviolet and visible light, play an important role in
light-induced reactions and oxidation reactions, resulting in various degradations and
quality loss (Duncan and Chang, 2012). Especially, light-induced food oxidation results
in the destruction of nutrients and bioactive compounds, the formation of off-odors
and toxic substances, and the loss of color in foods. In addition, oxidation of oil and fat
is accelerated in the presence of light, exclusively with the help of sensitizers such as
chlorophylls. Sensitizers in a singlet state absorb light energy very quickly and become
excited. Excited singlet and excited triplet states of sensitizers may take protons
or electrons from the components in foods and subsequently produce prooxidative
radicals (Choe and Min, 2006). Light of shorter wavelengths appears to have more
harmful effects on oils than longer wavelengths (Pingret et al., 2013).
Light can affect the food quality of a variety of agricultural commodities. In dairy
products, riboflavin degradation and loss of vitamins C and A through light exposure
are the major defects in food quality in terms of essential nutrients during storage. The
photosensitized oxidation of β-carotene and tocopherol induces quality loss in oils and
fats in a variety of food products, resulting in undesirable odors and nutrient loss. In the
case of meat products, light affects the visual appearance which seems to be one of the
most important aspects; the oxidized pigment metmyoglobin is formed from oxymyoglobin upon light exposure (Bekbolet, 1990).
Nano- and microencapsulation has been used to protect food ingredients from
light-induced reactions. Degradation of lycopene upon exposure to light was lower in
oil-in-water (o/w) microemulsions than that in an organo solvent (Garti et al., 2003).
Szymula studied the effect of the emulsion structure on the stability of β-carotene
by light illumination (Szymula, 2004); the concentration of β-carotene affected the
light-dependent stability of emulsions; the high concentration of β-carotene in oil
droplets of the o/w microemulsion promoted degradation. Similar results have been
reported in a retinol study in the form of liposomes (Tesoriere et al., 1997; Loveday and
Singh, 2008). A light subtle β-carotene has been successfully encapsulated in ultrafine
fibers of zein prolamine using a sustainable agropolymer by means of electrospinning
(Fernandez et al., 2009). The antioxidant property of the β-carotene was stable in the
zein fibers and its stability was validated using UV-Vis irradiation. In another study, the
entrapment of vitamin A in liposomes formed using a purified phospholipid protected
it against oxidation induced by UV radiation (Arsić and Vuleta, 1999).
Oxidative degradation of retinoids is relatively fast in the presence of a catalyst such
as light or free radicals (Failloux et al., 2004) but is lowered after the addition of antioxidants (Yoshida et al., 1999). Multi-lamellar liposomes have entrapped retinoids in the
lipid bilayers and have improved their oxidative stability in the aqueous condition over
time (Lee et al., 2002). Retinoids could be found to be more stable in an aqueous phase
than in lipid droplets because oxygen is less soluble in water than in lipids (Loveday
and Singh, 2008).
As a result, nano- and microencapsulation provides an excellent application in the
stabilization of light-sensitive food ingredients. Protection against light-induced oxidation of food ingredients such as vitamins and phytochemicals keeps the food quality
and the nutrient values stable.
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3.2.3 Temperature
Heat changes protein, carbohydrates, vitamins, and lipids in various mechanisms by
interrupting hydrogen bonds, by non-polar hydrophobic interactions, and others. These
physical and chemical changes occur because temperature increases the kinetic energy
and causes the molecules to vibrate rapidly so that the bonds are disrupted. In the case
of protein, heat denatures protein reversibly and irreversibly. The denatured proteins
can show a wide range of characteristics, such as loss of solubility and aggregation.
Pelegrine and Gasparetto’s (2005) study shows the effects of temperature and pH
on the solubility of whey proteins. At temperatures below 75 ∘ C, the aggregates of
β-lactoglobulin formed were small and weak compared with the large strong aggregates
formed at higher temperatures. Growth of the aggregates is caused by both protein
denaturation and aggregation depending on temperature and other conditions such
as shear field (Simmons et al., 2007). Foods are cooked to denature the proteins to
make it easier for the enzymes to digest while other food materials such as vitamins
are damaged by heat processing.
Vitamins are organic complexes that are indispensable in very minor amounts in
the diet. High temperature has to be taken into account to limit loss of vitamins. It
is reported that most vitamins are unstable and lose their bioactivity at temperatures
between 70 ∘ C and 150 ∘ C during processing (Gonnet et al., 2010). Cooking loss of
L-ascorbic acid has been studied and relies on the degree of heating, leaching into the
cooking medium, surface area disclosure to water and oxygen, pH, the presence of transition metals, and any other factors that enable oxidation (Lešková et al., 2006). Most
vitamins during the cooking process are damaged by heat processing. Vitamin A concentrations dropped rapidly during the first two weeks of storage after pasteurization
(Lau et al., 1986). In another study, liposomes have been reported to be suitable in protecting vitamins and retaining their activity in aqueous foods, particularly in the case of
the thermo-labile vitamin C (Marsanasco et al., 2011).
Encapsulation of glucose oxidase with polyelectrolyte exhibited higher thermostability and improved storage stability (Vikartovská et al., 2007). In another application, the
use of encapsulated enzymes improved its activities in juice clarification and removal
of polyphenol compounds. Pectin with polyacrylamide keeps ligninolytic enzymes from
inactivation at higher temperatures (Gassara-Chatti et al., 2013).
Temperature affects lipid oxidation which is one of the important parameters that
influence the quality and acceptance of a product. Deterioration of oil and fat not only
reduces both shelf-life and nutritional value, but also produces toxic compounds. At
lower temperatures, not only the development of the oxidation of edible oils and the
nature of the compounds formed but also their proportion can be different from that
at higher temperatures (Guillen and Goicoechea, 2009). Chitosan has been proposed
as a particularly effective ingredient for encapsulating fats because it is one of the few
food-grade biopolymers that has a positive charge across a wide pH range. Park et al.
suggested that lipid digestibility was not inhibited by emulsification of fat nor by encapsulation of fat droplets with chitosan in vivo and encapsulating technology (Park et al.,
2007). In another study, a combination of wall materials improved encapsulation efficiency and minimized the lipid oxidation of flaxseed oil during spray-drying at high
temperature (Carneiro et al., 2013).
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3.2.4 Adverse interaction
Ingredients in the food matrix are able to react together homogeneously and heterogeneously, which gradually degrade and lose their activity, or they change into hazardous
materials through undesirable reactive pathways. The reaction of some products to the
ingredients in the food matrix is expected to decrease bioavailability, or change the
color or taste of a product. Additionally, in many cases, some food components in
the food matrix may interfere with the bioactivity of the added bioactive ingredients. It
is therefore necessary that the encapsulation techniques remain stable for the bioactive
ingredients during processing, storage and transportation, and until prior to the intake
of foods (Gibbs et al., 1999).
Some molecules in herbs may be a major cause of adverse interaction with prescription drugs, for example, altering their pharmacokinetic properties and leading to clinical
problems. In the United States, more than 100,000 deaths per year can be attributed to
drug interaction, which ranked between the fourth and sixth leading cause of death
(Lazarou et al., 1998), and one of the major drug interactions is presumed to be linked
to taking herbs (Zhou et al., 2003). When a herb combines with anticancer drugs, all the
pharmacokinetic features, such as protein-binding displacement, the metabolism, and
excretion might be affected by the absorption rate or oral bioavailability of molecules
in the herbs. The representative herb–drug interactions can occur with garlic. Allicin, a
sulfur compound in garlic, has an effect on drug-metabolizing enzymes. A sulfur compound and the active ingredient in garlic are produced from alliin in the presence of the
enzyme alliinase when fresh garlic is crushed or chewed. This also produces other sulfur
compounds, including aloene, allyl sulfides, and vinyl dithiins (Lawson et al., 1992).
A nano- and microencapsulation technique has been tested to overcome these
challenges by reducing adverse interactions and improving stability (Schrooyen et al.,
2001). For example, ascorbic acid (vitamin C) has been used broadly in a variety of
food products as either an antioxidizing agent or as a vitamin supplement (Kirby et al.,
1991). An adverse reaction reduces the bioactivity and stability of vitamin C in solution.
Encapsulating water-soluble ingredients, including ascorbic acid, protects them against
deterioration by external factors that degrade quality, and prolongs the shelf-life of the
food product.
A Maillard reaction results from the chemical combinations of amino acids and
reducing sugars, and it can occur in the non-enzymatic browning at high temperature
when processing food or drugs, and has a negative effect on food quality. One example
of encapsulation which has been used to prevent the browning reaction is given.
Nitrogen-containing material in powdered acacia may react with heat-inverted sucrose
which helps the Maillard reaction to form brown substances in the smoothing layer.
As a result, the reactive products between the nitrogen-containing material and the
heat-inverted sucrose conceal the accumulation of the Maillard-reacted pigments in
the smoothing layer and therefore restrict the browning phenomenon (Tomida and
Saeki, 1999).
The nano- and microencapsulation technique has been useful in avoiding adverse
interactions and improving stability for highly reactive molecules in foods. As a result,
nano- and microencapsulation can preserve the oral bioavailability of bioactives, color,
taste, stability, etc. during processing, storage, and transport of the food products.
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3.2.5 Taste masking
Masking undesirable taste is a huge challenge relating to consumer appeal in foods,
pharmaceuticals, and beverages. Among the many undesirable tastes, several research
groups have studied the reduction of bitter or astringent taste in functional food or
beverage applications. These foods and beverages possess inherent off-tastes due to fortification with healthy but poor-tasting elements if any processing or treatment is not
applied properly (Ley, 2008). Recently, improvements in the taste and flavor of functional food or beverages which have bitter or bad taste have been sought. In addition
to these cases, reduction in sugar, fat, and sodium for nutrition can accentuate sourness, bitterness, and astringency in the base matrices. Many artificial sweeteners have
an astringent or bitter aftertaste. Potassium chloride as a salt or sodium replacer is commonly used in many applications, which can leave a very metallic bitter taste that most
people do not like. Healthy food ingredients such as polyphenols, soy products, phytosterols, vitamins, and fish oil used for nutritive fortification in food formulation can
cause serious off-taste and reduce the consumers’ acceptance of such products (Eckert
and Riker, 2007).
Masking undesirable taste originating from the use of novel ingredients in a
recipe has been a big challenge for the food and beverage industry. For example,
though whey protein hydrolysates (WPH) have good physiological functionality,
their bitter taste and hygroscopic property make their direct utilization limited in
food ingredients. The encapsulated WPH through spray-drying using maltodextrin or
maltodextrin/β-cyclodextrin mixture as wall materials could mask the bitter taste and
enhance its physicochemical stability in food and beverage products (Yang et al., 2012).
A major flavoring material in Agaricusbisporus, 1-octene-3-ol is made by the reaction
of linolenic acid in the presence of an enzyme resulting in a reduction in bitterness (Liu
et al., 2004).
Various taste-masking techniques, such as capsule filling or coating the tablets or
granules with a polymer have been widely employed. The bitterness of drugs was
masked using sodium alginate and calcium gluconate which formed a water-barrier gel
on the surface of the drug tablet (Kaoru et al., 1997). Microcapsules usually have good
organoleptic properties, acceptable flow, compressibility, and stability characteristics.
Deasy (1984) reported a microencapsulation technique using a phase separation
method. Plasticizers are incorporated into a polymeric solution and dispersions used
in film coating in order to obtain better workability, flexibility, and distensibility of
the polymer by modifying its thermal and mechanical properties (Bodmeier and
Paeratakul, 1994; Hutchings and Sakr, 1994; Wang et al., 1997).
Masking a bitter or astringent taste and inherent off-flavor due to fortification
with healthy bioactives still remains a challenge for the food and beverage industries.
Nano- and microencapsulation has the potential to mask undesirable taste and flavor
originating in food ingredients to improve consumer acceptance.

3.3

Case studies of food ingredient protection
through nano- and microencapsulation

Table 3.2 shows the various encapsulation techniques used, depending on the type of
food ingredient to be encapsulated.
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Table 3.2 Encapsulation techniques depending on the type of food ingredients.
Food ingredients

Encapsulation techniques

References

Vitamins

Solvent evaporation, spray-drying,
spray chilling, melt extrusion
Polyelectrolyte complexes, silica and
aluminosilicate gels, gum Arabic
nanoparticle, hydrophobically
modiﬁed hydrogel
Encapsulation, W/O/W multiple
emulsion, coacervation
Spray-drying, coacervation, inclusion,
W/O/W multiple emulsion

Jacobs et al., 2001; Esposito et al.,
2002; Gonnet et al., 2010
Buisson et al., 2001; Yi et al., 2002;
Ramakrishnan et al., 2007; Briones
and Sato, 2010

Enzymes

Minerals
Phytochemicals

Lipids

Probiotics

Flavors

Spray-drying, double emulsion,
enzymatic gelation, zein/CS
nanocomplex, coacervation
Calcium-alginate beads, two-polymer
encapsulation (mixed with alginate
solution and resistant starch),
alginate/starch capsules,
cross-linked chitosan membrane
polymer, emulsion
Spray-drying, electrostatic extrusion,
gelatin, starch and pectin gels

Hatamie et al., 2009; Manoharan and
Singh, 2009; Wang et al., 2010
Kosaraju et al., 2006; Xiong et al.,
2006; Lucas-Abellán et al., 2007;
Hemar et al., 2010
Cho et al., 2003; Jimenez et al., 2006;
Pardo et al., 2008; Talab et al.,
2010; Luo et al., 2011
Groboillot et al., 1993; Yoo et al.,
1996; Jankowski et al., 1997; Shah
and Ravula, 2000; Adhikari et al.,
2003; Rinaudo, 2006

Kim and Morr, 1996; Reineccius et al.,
2002; Boland et al., 2004; Krishnan
et al., 2005; Soottitantawat et al.,
2005; Manojlovic et al., 2008

3.3.1 Vitamins
Water-soluble vitamins (vitamin B group, vitamin C, and so on) and fat-soluble vitamins
(vitamins A, D, E, and K) have many benefits to health. Vitamins are essential nutrients
for humans and additionally can also be used to treat skin problems and regulate oxidative stress in the body. However, vitamins are sensitive to oxidation and thus nano- and
microencapsulation might provide a suitable means to improve their physicochemical
stability and even enhance their physiological potencies (Gonnet et al., 2010). Vitamin C
is a significant antioxidant that may decrease the risk of cancer by neutralizing reactive
oxygen species or other free radicals that can harm the DNA (Jacobs et al., 2001).
For egg-white protein (HEW)-encapsulated α-tocopherol (α-TOC) and β-lactoglobulin (BLG), the released amount of α-TOC under simulated gastric fluid (SGF)
(HCL solution, pH 1.2) condition decreased whereas that under simulated intestinal
fluid (SIF) (a phosphate buffer in a saline solution, pH 7.4) condition increased with
increasing concentration of sodium alginate. For BLG-encapsulated α-TOC, the
encapsulation efficiency was increased with the increase in the concentration of alginate because the emulsion stability was improved through the formation of interfacial
complications between the protein and alginate (Azzam and Omari, 2002; Somchue
et al., 2009). In the case of solid lipid nanoparticles, it was shown that the manufacturing
method, the surfactant system used to stabilize the emulsion, and the lipid type can
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affect the core and membrane structure of solid lipid nanoparticles, their morphology
and size (Loveday and Singh, 2008). This results in different possible vitamin localizations in the solid lipid nanoparticles, that is, in the outer shell, in the lipid matrix
or the inner core and thus in differences in the vitamin release pattern. The emulsion
formulation regarding the surfactants used also greatly affects all-trans-retinol acetate
retention with release ranging from 3.9 to 99.5% after 30 minutes (Taha et al., 2004).

3.3.2 Enzymes
Enzymes are biological catalysts which regulate (or accelerate) both the rate and
specificity of reactions in foods and the human body. Enzymatic reactions dramatically
depend on temperature, pH and the ionic strength at which an enzyme is dissolved.
Enzymes are denatured at high temperature and in appropriate pH conditions due to
their protein attribute.
Encapsulation offers an effective method to cover an enzyme with a protective wall
material and thus offers various advantages. Some of the chief benefits are: protection of
various actives against evaporation, chemical reactions or migration in food, controlled
delivery and conservation of stability of the bioactive compounds during processing
and storage, and prevention of unwanted interactions with other components in food
products (Nedovic et al., 2011).
The encapsulation of enzymes in polymeric nanostructures is mostly a prospective
future method, as the flexibility in designing structures of the polymers offers enormous
possibilities for tailoring enzymes for various applications, such as non-aqueous catalysis, bionanodevices, and artificial cells (Börner, 2009). Encapsulation of enzymes in
food gum gels (k-carrageenan and gellan) for enhanced cheese ripening is reasonable.
Encapsulated enzyme in gum capsules can be successfully incorporated into the cheese
matrix. Gum gel capsules showed more advanced retention than milk fat capsules and
the enzyme losses from the gum gel capsules were also lower (Kailasapathy and Lam,
2005). Encapsulation of the enzyme protected its bioactivity in the presence of detergents which usually lower the activity by inducing structural change in the binding site
in the enzyme. The encapsulated enzyme sustained complete biocatalytic activity and
exhibited a move in the optimum temperature 50–55 ∘ C, and significant increase in the
pH and temperature stabilities as compared with the free enzyme (Ramakrishnan et al.,
2007). Briones and Sato et al. encapsulated glucose oxidase via polyelectrolyte-induced
ionic gelation of chitosan and carrageenan (j, i, k) and prolonged its release (Briones
and Sato, 2010).
Hydrophobic micellization could improve the encapsulation yield and increase the
activity of chlorophyllase entrapped in an alginate matrix (Yi et al., 2002). This may be
the result of the higher retention of the low molecular weight amphipathic enzyme, and
the improved partition coefficient of the chlorophyll into the gel, in comparison to pure
alginate hydrogel. Lipase was encapsulated in silica and aluminosilicate gels using CO2
supercritical drying, which produced enzymes encapsulated in aerogels (Buisson et al.,
2001). The enzyme is encapsulated within the micellar phase in a highly well-ordered
mesoporous matrix that is self-assembled with silica and has been used for the transesterification reaction of triolein. The silica matrix does not increase the thermal stability
and alcohol resistance of the enzyme, but allows an increase in the transesterification
rate owing to its ability to absorb triglycerides (Macario et al., 2009).
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For the juice clarification process, encapsulated ligninolytic enzymes increased their
activities in juice clarification and polyphenol compounds removal (Gassara-Chatti
et al., 2013). Chitosan/carrageenan complexes at charge ratios of 3 and 5 can allow
entrapment of glucose oxidase (GOD) and control its release. Electrostatic interaction
is the main mechanism involved in the incorporation of the protein into the complex.
The controlled release of GOD from the complex is due to the swelling mechanism
of the chitosan/carrageenan complex. The chitosan/carrageenan complex can be a
promising agent for peptides and proteins delivery (Briones and Sato, 2010). The
encapsulation process of α-chymotrypsin is based on the electrostatic entrapment
of the protein inside the capsules filled with the alginate gel. The release rate of
α-chymotrypsin from the alginate microcapsules was able to be regulated by the
additional layer of polyelectrolytes onto the microcapsules with encapsulated protein
to form a multilayer effect (Tiourina and Sukhorukov, 2002).

3.3.3 Minerals
Encapsulation of cobalt nanoparticles within polyvinyl alcohol (PVA) cross-linked
cages can be anticipated and also confirmed by its non-oxidation capacity as evidenced
by vibrating sample magnetometry (VSM) as well as the magnet test (Hatamie et al.,
2009). The carrier capacity of gelatin-coated magnetic iron oxide nanoparticles was
higher when the loading process was done by a desolvation/cross-linking technique
compared to the absorption process only (Gaihre et al., 2009). The improvement of
the UV resistance of silica-coated zinc oxide-filled polypropylene indicated that the
photo-catalytic effect could be effectively suppressed by the introduction of a kind
of inert material between the active zinc oxide and the polypropylene chains as an
isolation layer (Wen et al., 2011). Also, the polypropylene nanocomposites filled with
silica-coated zinc oxide and hindered amine light stabilizers together exhibit the best
UV stabilities (Wen et al., 2011).
Zinc salts can help successfully encapsulate insulin in higher amounts in poly
(lactic-co-glycolic acid) microspheres by using the conventional W/O/W methods without affecting its stability (Manoharan and Singh, 2009). The silica-coated zinc oxide
nanocomposites showed reduced photocatalytic activity with increased silica-layer
thickness (Wang et al., 2010). This silica coating process allows control of the photocatalytic activity of the zinc oxide nanoparticles and enables the applications of zinc oxide
as a safe UV-blocking material (Wang et al., 2010). Selenium was encapsulated in a
chitosan matrix which increased the retention content in the cells and decreased the
cellular sensitivity and DNA damage if exposed to selenium (Zhang et al., 2011). In
addition, the selenium encapsulated with a layer of polystyrene in nanoscale dramatically increased the resilience of the selenium from corrosion (Wang and Gates, 2012).
The shrinkage of calcium alginate capsules at low pH enables the encapsulated drug
to be released into the gastrointestinal tract (Hari et al., 1996). Besides, the acid treatment of alginate enhances the dissolution rate at neutral pH (Hari et al., 1996). The
employment of calcium carbonate particles with captured protein as a template for the
electrostatic layer-by-layer assembly of multilayered polyelectrolyte shells, followed by
dissolving the calcium carbonate in an ethylenediaminetetraacetic acid solution, results
in the release of the substance into the interior of hollow polyelectrolyte microcapsules
(Petrov et al., 2005).
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3.3.4 Phytochemicals
Phytochemicals are minor plant metabolites that have received a lot of attention
because of their potential. They are helpful in lowering blood pressure and the risk
of cancer, prohibiting DNA damage, restoring DNA, and preventing the onslaught of
virus and bacteria. However, the phytochemicals’ effect is decreased because of many
external and internal factors. For example, physiochemical factors of phytochemicals
are various, but the majority of all phytochemicals lack solubility in water. Furthermore, anthocyanidins, such as those known as phytochemicals, are highly sensitive to
temperature, oxidation, pH, and light.
Kosaraju et al. studied olive leaf extract encapsulated in chitosan by spray drying
(Kosaraju et al., 2006). Also, Kosaraju et al. studied three different kinds of extract
encapsulated in sodium caseinate-soy lecithin by the same method to focus on the process of the antioxidant activity of the polyphenolic antioxidants after encapsulation
(Kosaraju et al., 2008). Blackcurrant extract has been encapsulated in bead-shaped glucan matrix by dropping the mixture of blackcurrant extract and glucan into oil (Xiong
et al., 2006). The antioxidative efficiency of the entrapped anthocyanins was higher than
bare anthocyanin. The protective shell-core structure prevented the deterioration of the
entrapped anthocyanins.
Lycopene extract has been encapsulated in gelatin and poly γ-glutamic acid as a
carrier for food and beverage applications (Chiu et al., 2007). Fang et al. aimed to estimate the practicability of using liposomes for intratumor circulation of EGCG and its
derived, (+)-catechin. Epigallocatechin gallate (EGCG) is the main active polyphenol and is related to antioxidant and anticancer effects. The results suggest that the
intratumor insertion of liposomes comprising EGCG with restrained modification is an
operative approach for increasing EGCG sedimentation in BCCs (Fang et al., 2006).
Carotenoid pigment contains yellow to red color in food. Moreover, carotenoid pigments are a varied group of lipophilic compounds. Carotenoids are unstable due to
their oxidative deprivation caused by light, temperature, and/or extreme pH in the
existence of oxygen. Santos and Meireles (2010) tried to make carotenoid stable, they
used supercritical fluids to encapsulate carotenoid. Resveratrol is a naturally involving
polyphenolic compound contained in many plants, such as mulberries, peanuts, and red
grapes. It has imperfect solubility in water. Resveratrol is also delicate to oxidation and
suffer a light-induced modification from the trans to the cis isomer. So it is important to
use encapsulation approaches to protect and aim delivery of resveratrol. Hemar et al.
(2010) experimented to assess the potential of W/O/W multiple emulsions to encapsulate resveratrol. Ferreira et al. (2009) aims to use encapsulation of anthocyanins from
the blackberry to estimate the capsules’ physical characteristics and release. Blackberries display an attractive color due to the existence of anthocyanins which are easily
discolored. As a result, anthocyanins were successfully encapsulated in their colorful
form by gelation of curdlan (Ferreira et al., 2009). Flavonoids are the major group of
polyphenols contained in fruits and vegetables, such as cocoa, wine, and tea. They prevent cardiovascular disease and cancer. Enzymatically highly degradable quercetin and
myricetin have been encapsulated using cyclodextrins (Lucas-Abellán et al., 2007). The
result revealed that the flavonols quercetin and myricetin are able to be included in
cyclodextrin at acid pH to prevent their enzymatic oxidation.
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3.3.5 Lipids
Lipids are one of the food ingredients (e.g. fish oil, linolenic acid, rice bran oil, palmitic
acid, peanut oil, sunflower oil, corn oil, seal blubber, etc.) that have a preferred mode of
encapsulation such as spray drying, freeze drying, and vacuum drying (Desai and Park,
2005). These applications prevent oxidative degradation during storage and processing. Carbohydrate-based materials such as gum acacia, modified starch, and maltodextrins have been used to encapsulate various phytochemicals. Proteins, such as whey
proteins, and other polysaccharides, such as guar gum and alginate, etc. can be used
(Taylor, 1983). Fat-soluble vitamins (vitamins A, D, E, and K) are usually encapsulated using other methods, such as coacervation, inclusion complexation, and liposome
entrapment. These applications are to reduce off-flavors, to control the time release of
nutrients, to enhance the stability in extreme temperatures or moisture, and to reduce
the interaction of each nutrient with other ingredients (Gharsallaoui et al., 2007).
Conjugated linoleic acid (CLA) has been encapsulated with three different materials: gum arabic, whey protein concentrate (WPC), and maltodextrin, and a blend of
WPC (Jimenez et al., 2006). Of the wall materials, CLA microencapsulation with WPC
showed strong barrier to lipid oxidation and CLA degradation. So the authors revealed
that WPC microcapsules have the advantage in the encapsulation efficiency, morphology, and the lowest CLA degradation.
Fish oil containing docosahexaenoic acid has been encapsulated using enzymatic gelation with microbial transglutaminase cross-linked proteins (Cho et al., 2003). They want
to achieve controlled release and improve the storage stability. As a wall material,
isolated soy protein was selected due to its emulsion stability and higher reactivity.
Through this method, the prepared sustained-releasable fish oil microcapsules showed
low water solubility and a highly oxidative stability. The stability of fish oil added
to bread products was improved using encapsulation technologies with four different
types of wall material such as methyl cellulose, calcium-gelatin casein, soybean protein
isolates, and whey protein concentrate (Pardo et al., 2008). Luo et al. (2011) studied
encapsulation and the delivery system of a hydrophobic nutrient. For enhanced bioactivities of α-tocopherol, it was encapsulated into a zein/chitosan complex by self-assembly.
Due to the microstructure responsible for complex formation, the α-tocopherol was
released via a burst effect and its release was controlled at slow rate (Luo et al., 2011).
The effects of the cross-linking agent and stirring on the formation and size of the
microcapsule were investigated during hypophthalmichthys molitrix oil encapsulation; gelatin/gum arabic formed a capsule structure via complex coacervation and
the cross-linking agent helped form the smooth and spherical microcapsules with
a narrower particle size distribution (Talab et al., 2010). The microencapsulation
process is recommended when considering the various processing factors in order to
prevent unexpected transfer phenomena taking place during microcapsule formation
(Gharsallaoui et al., 2007).

3.3.6 Probiotics
Food products containing probiotics have increased these days since they are recognized
to be able to promote health or prevent diseases. Probiotics are defined as live microorganisms that contribute to the good health benefit for the host when administered in
adequate amounts (Sanders, 2008).
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Many studies indicate that poor viability of probiotics is a big problem since the entire
health benefit from the probiotic bacteria is not delivered to the human body. Encapsulating living probiotics cells with a physical protection against adverse environment
has been the focus of research for several decades. Protecting probiotics by encapsulation promotes their viability as well as keeping the functionality in food products.
Finally, the surviving probiotics are released in specific parts of the gut to maximize
their health benefits. Different kinds of encapsulation methods such as spray drying,
emulsification, and extrusion are effective in the protection of probiotics (De Vos et al.,
2010). However, these studies need to improve the efficiency of encapsulation to deliver
probiotics and their protection and controlled release in the digestive system (Kailasapathy, 2002; Choi et al., 2005). For probiotic encapsulation, several wall materials such as
acacia gum, carrageenan, locust bean gum, starch, whey protein, chitosan, gelatin, and
alginate have been used for research and commercial applications. Of the foregoing,
𝜅-carrageenan and Na-alginate had excellent bead forming ability (Choi et al., 2005).
Sheu and Marshall (1993) reported that lactobacilli were encapsulated in calcium alginate gels which formed a mixture of the probiotics and sodium alginate solution via
emulsification. In this study, L. acidophilus and Bifidobacterium spp. culture cells were
mixed with alginate solution and resistant starch. Lactobacillus casei subsp. rhamnosus
(Yoo et al., 1996) and another lactic acid bacteria (Jankowski et al., 1997) were encapsulated in alginate capsules and alginate/starch capsules, respectively. Groboillot et al.
(1993) reported on chitosan, which is an acidic-soluble polymer that has been used to
encapsulate Lactococcuslactis. This study is that a cross-linked chitosan membrane was
polymerized by biocompatible reagents with oil-soluble agents. The foregoing cause low
concentrations to reduce cell contact. However, chitosan is hardly used for the encapsulation of microorganisms due to its antibacterial characteristics (Groboillot et al., 1993;
Rinaudo, 2006). Adhikari et al. published an emulsion method that is 𝜅-carrageenan for
encapsulation of Bifidobacterium longum (ATCC 14708) in the manufacture of incorporated yogurt. The method used in this study is that vegetable oil was added to a mixture
of probiotics and 𝜅-carrageenan, and stirred. Potassium chloride solution was added to
the emulsion. And then the oil phase was removed in the top portion of the solution
by an aspirator. Encapsulated probiotics were produced from the potassium chloride
solution by tender centrifugation (Adhikari et al., 2003).

3.3.7 Flavors
Flavor compounds in food products are closely related to consumers’ satisfaction (i.e.
their preference or acceptability). Desirable food flavors fulfil customers’ demands but
unwanted flavor compounds are shunned by consumers. However, flavors are difficult
to control during food processing and storage because they are volatile and highly
temperature-dependent. Therefore, nano- and microencapsulation techniques can be
used to protect flavors against undesirable phenomena such as volatilization, reaction,
or migration in a food during processing and storage. Properly preserved flavors are
released at the proper time and rate in the mouth when consumers eat the food products. Flavor compounds can be encapsulated in variety of forms which depend on the
wall materials used and the processing conditions (Madene et al., 2006).
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Poor quality of flavor and reduction of its intensity are associated with loss of flavor compounds by physical and chemical processes. The physical reaction is mainly
diffusion of the flavor out of the product and the physical combination of flavor compounds by ingredients in the food matrix. On the other hand, the chemical reactions
are caused by degradation of the flavor by oxidation, formation of offensive flavor,
and hydrolysis, or interaction with food components (Winkel, 2009). Thus, the aims
of the encapsulation techniques for flavor compounds are to conserve the flavor during storage, to guard against undesirable reactions, to prevent light-induced reactions
and oxidation, to minimize interaction between flavors, to extend the flavors’ shelf-life,
and to allow a controlled release (Reineccius, 1991; Tari and Singhal, 2002). The retention and controlled release of flavors are controlled by factors, such as the characteristics of core and wall materials, and the parameters of the encapsulation method
(Madene et al., 2006).
Encapsulated D-limonene was prepared by spray drying for the oxidation stability
of D-limonene, and used gum arabic, maltodextrin, and modified starch as the matrix
(Soottitantawat et al., 2005). In addition, cardamom oleoresin was encapsulated by
spray-drying, using maltodextrin, gum arabic, and a modified starch as the wall materials
for improving sensitivity to light, heat, and oxygen of oleoresins (Krishnan et al., 2005).
Whey protein isolates have shown a good barrier against the oxidation of orange oil
(Kim and Morr, 1996), and they provide an effective basis for entrapment of volatiles by
spray-drying. Jouquand et al. (2004) studied the retention of flavor compounds encapsulated with polysaccharide matrices at 60, 70, and 80 ∘ C. In a maltodextrin solution,
the showed increase in retention depends on the hydrophobicity of the flavor and the
increase in temperature (Jouquand et al., 2004). Reineccius et al. investigated the comparison of the retention of variety of flavor compounds by encapsulation using α-, β-,
and γ-cyclodextrins. They reported that cyclodextrins were found to stabilize several
problematic and less stable flavor compounds, with α- and β-cyclodextrins showing the
best overall retention during spray drying and storage (Reineccius et al., 2002). Manojlovic et al. studied the development of flavor alginate formulations aimed at thermally
processing foods by electrostatic extrusion. They used ethyl vanillin as the model flavor
and investigated controlled release properties under heating conditions (Manojlovic
et al., 2008). The humidity-dependent flavor release of maltodextrin/gum arabic and
soy powders over time was studied (Yoshii et al., 2001). According to the results, the
release of ethyl butyrate was shown to decrease as the concentration of maltodextrin
in the feed liquid increased. Boland et al. investigated the release of 11 flavor compounds from gelatin, starch and pectin gels. These authors showed that flavor release
was significantly affected by the texture of the gels (Boland et al., 2004).

3.4

Conclusion

Encapsulation is a procedure to contain an active material within wall material or a
matrix. Encapsulation is a useful method to protect the active material during processing and digestion but also to control its release in the human body. Many researchers
have studied for several decades how to preserve the stability of the active materials
during food processing and to deliver them at the targeted organ at a controlled rate by
using nano- and microencapsulation technologies. In addition, researchers have found
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different ways to obtain proper characteristics by adjusting the structures of the wall
materials.
Today, important research to improve encapsulation technologies at the nano- and
micro scale still remain to be done. Highly efficient protection technologies to avoid oxygen, light, temperature, adverse interaction, and unpleasant taste needs to be developed
since they are still major factors affecting the loss of quality of the active compounds in
the nano- and microcapsules. In addition, active compound-dependent release control
should be achieved at the targeted place and the right rate in the human body while
minimizing the loss of stabilization. Properly designed and well-prepared nano- and
microcapsules may improve the nutritional quality and healthy functions of food ingredients for human health.
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Improvement of the stability of glucose oxidase via encapsulation in sodium alginatecellulose sulfate-poly (methylene-co-guanidine) capsules. Enzyme and Microbial Technology
41, 748–755.
Wang, C.-C., Zhang, G., Shah, N.H., Infeld, M.H., Malick, A.W., and McGinity, J.W. 1997. Influence of plasticizers on the mechanical properties of pellets containing Eudragit® RS 30 D.
International Journal of Pharmaceutics 152, 153–163.
Wang, J., Tsuzuki, T., Tang, B., Cizek, P., Sun, L., and Wang, X. 2010. Synthesis of silica-coated
ZnO nanocomposite: The resonance structure of polyvinyl pyrrolidone (PVP) as a coupling
agent. Colloid and Polymer Science 288, 1705–1711.
Wang, M.C.P. and Gates, B.D. 2012. Synthesis of selenium nano-composite (t-Se@PS) by surface
initiated atom transfer radical polymerization. Chemical Communications 48, 8589–8591.
Wen, B., Wang, F., Xu, X., Ding, Y., Zhang, S., and Yang, M. 2011. The effect of encapsulation of
nano zinc oxide with silica on the UV resistance of polypropylene. Polymer-Plastics Technology
and Engineering 50, 1375–1382.
Whitcombe, M.J., Parker, R., and Ring, S.G. 2005. Oxygen solubility and permeability of carbohydrates. Carbohydrate Research 340, 1523–1527.
Winkel, C. 2009. Stability of aroma chemicals. In Chemistry and Technology of Flavors and Fragrances. Oxford: Blackwell Publishing Ltd., pp. 244–260.
Xiong, S., Melton, L.D., Easteal, A.J., and Siew, D. 2006. Stability and antioxidant activity of
blackcurrant anthocyanins in solution and encapsulated in glucan gel. Journal of Agricultural
and Food Chemistry 54, 6201–6208.
Yang, S., Mao, X.-Y., Li, F.-F., Zhang, D., Leng, X.-J., Ren, F.-Z., and Teng, G.-X. 2012. The
improving effect of spray-drying encapsulation process on the bitter taste and stability of whey
protein hydrolysate. European Food Research and Technology 235, 91–97.

64

CH 3 RATIONALES OF NANO- AND MICROENCAPSULATION FOR FOOD INGREDIENTS

Yi, Y., Kermasha, S., L’Hocine, L., and Neufeld, R. 2002. Encapsulation of chlorophyllase
in hydrophobically modified hydrogel. Journal of Molecular Catalysis B: Enzymatic 19–20,
319–325.
Yoo, I.-K., Seong, G.H., Chang, H.N., and Park, J.K. 1996. Encapsulation of Lactobacillus casei
cells in liquid-core alginate capsules for lactic acid production. Enzyme and Microbial Technology 19, 428–433.
Yoshida, K., Sekine, T., Matsuzaki, F., Yanaki, T., and Yamaguchi, M. 1999. Stability of Vitamin
A in oil-in-water-in-oil-type multiple emulsions. Journal of the American Oil Chemists’ Society
76, 1–6.
Yoshii, H., Soottitantawat, A., Liu, X.-D., Atarashi, T., Furuta, T., Aishima, S., Ohgawara, M.,
and Linko, P. 2001. Flavor release from spray-dried maltodextrin/gum arabic or soy matrices
as a function of storage relative humidity. Innovative Food Science and Emerging Technologies
2, 55–61.
Zhang, S., Luo, Y., Zeng, H., Wang, Q., Tian, F., Song, J., and Cheng, W.-H. 2011. Encapsulation of selenium in chitosan nanoparticles improves selenium availability and protects cells
from selenium-induced DNA damage response. The Journal of Nutritional Biochemistry 22,
1137–1142.
Zhou, S., Gao, Y., Jiang, W., Huang, M., Xu, A., and Paxton, J.W. 2003. Interactions of herbs with
cytochrome P450. Drug Metabolism Reviews 35, 35–98.

4
Methodologies Used for
the Characterization of
Nano- and Microcapsules
Minh-Hiep Nguyen1 , Nurul Fadhilah Kamalul Aripin1 , Xi G. Chen2 , and
Hyun-Jin Park1
1

Department of Biotechnology, School of Life Sciences and Biotechnology, Korea
University, Seoul, South Korea
2 College of Marine Life Science, Ocean University of China, Qingdao, People’s Republic of
China

4.1

Introduction

The characteristics of nano- and microcapsules are strongly affected by their application and stability. Seven main characteristics are commonly used to evaluate nano- and
microcapsules, including particle size, particle size distribution (PSD), zeta potential,
morphology, fluidity, encapsulation efficiency, and stability. The smaller nano- and
microcapsule size gives larger surface area to volume ratio and prevents creaming,
sedimentation, flocculation, and coalescence during storage (Figure 4.1) (Delgado
et al., 2012). In addition, the small capsule size also prevents rapid clearance from
the bloodstream by phagocytosis (Manson et al., 2006; Hwang et al., 2011). The large
polydispensity index (PSD) indicates a wide range in the particle size of the nano- and
microcapsules in the dispersion. An increase in PSD will reduce the viscosity of the
formulation, while the viscosity of the formulation tends to be greater with a smaller
particle size (Werff and Kruif, 1989; Ganguly and Chakraborty, 2009). The viscosity of
the formulation indicates the interaction of the particles in the dispersion, so gives an
effect to the agglomeration (Ganguly and Chakraborty, 2009). Zeta potential indicates
the charge on the surface of the nanocarriers. A higher zeta potential gives a strong
repulsive electrical force to prevent the fusion of two droplets, leading to a more
stable formulation of nanocarriers. Moreover, some studies reported that the zeta
potential of nanocarriers also influenced the penetration into the skin or absorption
to the target site (Essa et al., 2004; Aripin et al., 2012). Besides, the morphology of
nano- and microcapsules also affects the drug release, transport in the body, and the
targeting ability (Champion et al., 2007). Moreover, Hamishehkar et al. reported that
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 4.1 Instability process in nanocarriers. Source: Delgado et al. (2012). Reproduced with
permission of Elsevier.

the morphology of PLGA microcapsules affected aerosolization (Hamishehkar et al.,
2010). A higher degree of both smoothness and roughness of microcapsules caused
a decrease in aerosolization behavior. The fluidity also plays an important role in the
application of nano- and microcapsules. The study by Nagayasu et al. showed that the
antitumor activity of nanocarriers depends on their fluidity and particle size (Nagayasu
et al., 1994). Moreover, the high fluidity of the nano- and microcapsules also enhanced
drug penetration into the skin (Aripin et al., 2012). Encapsulation efficiency is also
one of the most important characteristics of nanocarriers because it indicates the
easy incorporation of an active compound into carriers. This is very important from
a commercial point of view when scaled up to industrial scale. In addition, the high
encapsulation efficiency in drug carrier particles can achieve a stronger therapeutic
effect as well as minimizing side effects (Fegui et al., 2012). Finally, stability is also
an important characteristic of nanocarriers. The stability of nanocarriers is usually
evaluated under storage conditions or applied conditions (low or high pH or high
temperature). The higher stability leads to a higher number of nanocarriers reaching
the target site, therefore, enhancing the activity of active-compounds at the target
site (for example, it enhances the accumulation of drugs in the tumor) (Barea et al.,
2012; Watanabe et al., 2012). Therefore, the determination of the characteristics
of nanocarriers is very important. There are a lot of techniques used to determine
these characteristics. However, in this chapter, only common techniques will be
introduced.
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Methodologies used for the characterization of
nano- and microcapsules

4.2.1 Particle size and particle size distribution
One of the most important characteristics of nano- and microcapsules is the particle size.
As mentioned in the introduction, it plays a very important role in the stability of the
nano- and microcapsules and the enhancement of the activity of the encapsulated active
ingredients (Hwang et al., 2011; Delgado et al., 2012). For example, nanocapsules with
diameters of 59 nm exhibited 2.5 times higher tumor uptake compared to nanocapsules
greater than 100 nm in diameter (Uchiyama et al., 1995). On the other hand, particle
size affects the texture and feel of food ingredients, and affects the viscosity of the prepared formulations as well (Kathy and Persis, 2008). In the measurement of the particle
size, particle size distribution (PSD), known as the polydispersity index (PDI), is always
determined. The PDI indicates the uniformity in size of nano- and microcapsules in
the dispersions. In practice, a lot of nano- and microcapsules with different sizes are
found simultaneously present in the dispersion. Therefore, a single number result (mean
value) of nano- microcapsule size is required. The large PDI value indicates a wider
range in size distribution of nano- and microcapsules in the dispersions. It is very important to note that the nano- and microcapsules are three-dimensional objects and they
do not always have a perfect spherical shape. As a result, they cannot be fully described
by a single dimension, such as a radius or diameter. However, the description using two
or more dimensions is complicated and generates some data analysis challenges. Therefore, to simplify the measurement process, the concept of equivalent spheres is used. In
this concept, the capsule size is defined by the diameter of an equivalent sphere having
the same property as the actual capsule, such as volume, mass, surface area, sedimentation rate, etc. (Figure 4.2) (Jennings and Parslow, 1988; Kippax, 2005). The different
measurement techniques will use different equivalent sphere models. This will lead to a
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Figure 4.2 Various equivalent sphere interpretations for an irregularly shaped particle. Source: Kippax
(2005). Reproduced with permission of Malvern Instruments Ltd.
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various different results for the capsule size. Therefore, consideration of the appropriate technique for the capsule size measurement is necessary. There is a wide range of
measuring techniques for measuring the particle size of nano- and microcapsules, each
of which has capability over a certain range of particle size. Common techniques used
for measuring particle size and PSD of micro-nanocapsules such as laser diffraction,
dynamic light scattering, acoustic spectroscopy, sedimentation, and image analysis will
be briefly introduced in the following sections.

4.2.1.1 Laser diffraction This technique can be used to measure the particle size
and particle size distribution in a wide range from 0.02 μm to a few millimeters with
rapid efficiency (the results are generated in less than a minute), high repeatability, high
sample throughput (hundreds of measurements per day), and ease of verification using
standard reference materials (calibration is not necessary) (Ha, 2003; Kippax, 2005).
The method is non-destructive and non-intrusive, so the samples can be recovered after
the measurement. The size distribution is reported as a volume equivalent sphere diameter which is equal to the weight distribution if the density is constant (Faust, 2001).
A typical system includes a laser, a light source with an intense light of a fixed wavelength, a series of detectors to measure the light pattern produced over a wide range of
angles, and some kind of sample presentation system to ensure that the material under
test passes through the laser beam as a homogeneous stream of particles in a known,
and reproducible state of dispersion. Depending on the modernization of the instruments, the angular range of the scattering measurement is in the range of 0.02–beyond
140 degrees. In addition, the wavelength of light is also important because the smaller
wavelength will improve the sensitivity to smaller particles (Merkus, 2009a).
The principle of this technique relies on the fact that nano- and microcapsules passing through a laser beam will scatter light at an angle that is directly related to their
size. Larger particles scatter light at small angles but stronger intensity, while smaller
particles scatter light at a wide angle but lower intensity. After that, the angular scattering intensity data is analyzed to calculate the capsule size and capsule size distribution
using the Fraunhofer diffraction theory or the Mie theory.
4.2.1.1.1 The Fraunhofer diffraction theory The Fraunhofer diffraction theory is
popularly used for large particles (>20 μm) and does not require information on the
refractive index of the nano- and microcapsules. This theory assumes that all particles are circular, two-dimensional, opaque disks, and scatter light at narrow angles. The
application of this theory is relatively simple, requires no knowledge of optical properties of the particulate material, and allows calculations from scattering patterns for
non-spherical objects (Merkus, 2009a; Felix et al., 2012). However, this theory also gives
an incorrect assessment of fine fractions if the dispersion contains particles less than 2
μm (Felix et al., 2012).
4.2.1.1.2 The Mie theory The Mie theory was developed to overcome the limitations
of the Frauhofer theory. This theory combines diffraction and scattering, so it is a
better choice when the particle size is smaller than the wavelength of laser light.
This theory assumes that the particles are spherical, the ensemble is homogeneous,
and the refractive index (RI) of the particles and the surrounding medium, and the
coefficient of the light absorptivity of particles should be known (Tinke et al., 2008).
The Mie theory accounts for all types of interactions between light and the particle,
such as the diffraction of light at the contour of the particle; the reflection of light at
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Figure 4.3 Interactions between light and a particle. Source: Merkus (2009). Reproduced with
permission of Springer.

the particle’s surface, and both inside and outside the particle; the refraction of light
at the interface of the particle and the dispersion medium; the absorption of light
inside the particle (Figure 4.3) (Merkus, 2009a). Therefore, the Mie theory predicts
the scattering intensity of all particles (small or large, transparent or opaque). As a
result, the Mie theory provides a more accurate solution for the calculation of particle
size and particle size distribution from light scattering data. The disadvantage of this
theory in particle size analysis is that the RI is often not well known because of the
crystal structure and impurities in the particles. In addition, the non-sphericity and
surface roughness also generate errors when we apply this theory to particle size
analysis (Merkus, 2009a).
Many machines are used to measure the particle size and the particle size distribution of nano- and microcapsules, and these are developed based on the laser diffraction
technique. For example, in the study by Mokarram et al., the particle size of alginate
microcapsules was measured by the laser diffraction technique using the laser diffraction particle size analyzer (the SALD-2101 SHIMADZU, Japan) (Mokarram et al.,
2009), while in the study by Martins et al., the laser diffraction technique was also used to
measure the particle size of microcapsules using a different machine (the Laser Diffraction Particle Size Analyzer LS 230 (Beckman-Coulter)) (Martins et al., 2011).

4.2.1.2 Dynamic light scattering The dynamic light scattering (DLS) technique is
usually applied when measuring the particle size of emulsions, micelles, polymers, proteins, nanoparticles, or colloids in the range 5–1.000 nm (Merkus, 2009b). Compared to
the laser diffraction technique, DLS provides an absolute measurement without any further information about the composition and the optical properties of the particles in suspension (Shekunov et al., 2006). This technique requires a small quantity of sample and
allows it to be completely recovered after measurement. Moreover, DLS is an accurate,
reliable and repeatable technique with fast analysis, and high through put (Shekunov
et al., 2006; Merkus, 2009b). In the suspensions, the particles are constantly moving due
to Brownian motion. Brownian motion is the movement of particles due to the thermally induced collisions between particles with molecules of the liquid that surrounds
the particles (Shekunov et al., 2006). The velocity of the particles is size-dependent. The
smaller particles move faster compared to large particles and the Brownian motion of
the dispersed particles determines the rate of change of the scattered light intensity
(Schätzel, 1987).
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Figure 4.4 Typical intensity ﬂuctuations of large (slow ﬂuctuation) and small (fast ﬂuctuations) particles. Source: Reproduced with permission of Malvern Instruments Ltd. (website: www.malvern.com).

The principle of this technique is that the sample is illuminated by a laser beam and
the fluctuation of the scattered light is detected at a given angle as a function of time by
a fast photon detector. The scattered light intensity is not constant but fluctuates around
a mean value (I) (Figure 4.4) (Clark et al., 1970; Myhra and Rivière, 2012). The temporal
intensity changes of scattered light due to the Brownian motion of the dispersed particles are converted to a mean translational diffusion coefficient. The relation between the
translational diffusion coefficient and the particle size can be obtained from a force balance between the thermodynamic osmotic force and the fluid friction (Schätzel, 1987;
Merkus, 2009b). This is illustrated in the Stokes–Einstein equation:
D=

kB
6𝜋𝜂R

(4.1)

where kB is the Boltzman–Konstant; T is the absolute temperature and 𝜂 is the viscosity
of the continuous phase of particles. From equation 4.1, the diffusion coefficient D is
related to the diameter (2R) of the particles (Schätzel, 1987; Merkus, 2009b). However,
it is important to note that the diameter measured by DLS is called the hydrodynamic
diameter and this diameter indicates that the colloid particles in dispersions contain an
attached layer of ions and molecules from the dispersion medium that moves with the
particles. Therefore, the hydrodynamic particle size is usually larger than the size of the
particles and it depends on the concentration and type of ions of the dispersing medium
as well (Hackley and Clogston, 2011).
Moreover, the concentration of particles in dispersion also affects the measurement
results. For good operation, a very low particulate concentration is required of at least
500 particles in the measurement zone (the typical concentration range is around
10−2 –10−3 (v/v)). A high concentration (above 10−2 (v/v)) will cause the increase in
particle–particle interaction and multiple scattering effects, resulting in biased results.
Extremely low concentrations (less than 500 particles in the measurement zone) may
degrade the signal-to-noise ratio and subject the analysis to the effects of extraneous
particles that might be present in the dispersion, so this also leads to a biased result
(Hackley and Clogston, 2011). Moreover, very small particles (smaller than the size
range of the DLS) exhibit poor scattering behavior. In addition, very large particles
also cause bias because they may settle out of the measurement zone to the bottom
of the cell and thus will gradually be out of reach for measurement. In addition, the
maximum allowable concentration in a view of multiple scattering can be achieved by
only few very large particles and the Brownian motion of these particles is very slow,
leading to a longer measurement time (Merkus, 2009b).
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Based on the principle of the dynamic light scattering technique, many machines have
been developed to measure the particle size of nano- and microcapsules. For example,
in the study by Baier et al., the particle size of polymeric nanocapsules was measured
by dynamic light scattering using a PSS Nicomp Particle Sizer 380 (Nicomp Particle
Sizing Systems) (Baier et al., 2012). In other research, the particle size of nanocapsules
was determined by dynamic light scattering using ZetaPALS with BI-9000AT digital
autocorrelator (Brookhaven) with two common mathematical models to fit the autocorrelation function (Non-Negatively constrained Least Squares (NNLS) and CONTIN)).
Of these, NNLS provides a better fit for multimodal distributions and CONTIN is more
accurate for a unimodal distribution (Yu et al., 2010).

4.2.1.3 Acoustic spectroscopy Different from laser diffraction and dynamic light
scattering techniques, which require the transmission of light to determine the size
and size distribution of particles, the acoustic spectroscopy technique employs ultrasound to measure the size and the size distribution of particles in dispersions. The
drawback of laser diffraction and dynamic scattering techniques is the samples need
to be diluted several times before measurement (Alba et al., 1999). However, many systems are unstable on dilution and have to be measured at high concentration. Therefore,
the acoustic spectroscopy technique has been developed to solve this problem (Tinke
et al., 2006; Merkus, 2009c). Acoustic spectroscopy is able to determine the particle
size of nano- and microcapsules at high concentrations from 1 to 50% (v/v), depending
on the nature of the system due to the use of sound waves, which interact with particles in a similar manner to light but have the advantage that they can travel through
concentrated suspensions (Schoelkopf et al., 2008).
In acoustic spectroscopy, a monochromatic longitudinal ultrasound wave
(1–160 MHz) is passed through a colloidal dispersion, and the attenuation spectra and the ultrasonic velocity of the colloidal dispersion are measured to predict the
particle size distribution and dispersed phase concentration (Alba et al., 1999). The
acoustic spectroscopy technique is capable of rapid measurements and can be used to
measure the size of particles in the range from 0.01–1000 μm without destruction or
invasion of particles, and is also suitable for optically opaque dispersions (McClements,
2006). However, the limitations of this technique are that large bubbles can interfere
with the measurements and a large amount of information about the thermophysical
properties of the component phases are needed in order to interpret ultrasonic spectra
properly (McClements, 2006).
Based on the principle of acoustic spectroscopy, many machines were developed
to measure the particle size and particle size distribution. For example, in the study
by Degen et al., particle size was measured using a DT-1200 Acoustic spectrometer
(Dispersion Technology, New York). This study also reported that the particle size
obtained from acoustic spectroscopy was smaller than that of the light scattering
techniques because acoustic spectroscopy measures only the core of the particles
(Degen et al., 2008).
4.2.1.4 Sedimentation The sedimentation technique is one of the longest established and most widely used and referenced methods of particle size analysis, in which
sedimentation of particles in a fluid has long been used to characterize particle size
distribution. Sedimentation can be either gravitational (1 g-force) or centrifugal (many
g-force). A single particle settling in fluid has a terminal settling velocity which is
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uniquely related to its diameter. The terminal settling velocity is affected by downward
force (gravitational force due to particle mass, related to volume and effective density
of the particle), upward force (buoyancy of the liquid, related to the volume of
displaced liquid by the particle, and the liquid density), and the other upward force
(resisting drag force on the particle, related to settling velocity, particle cross-section
and shape, and liquid viscosity) (Merkus, 2009d). The relationship between the terminal settling velocity of particles and the particle size is determined by Stokes’ equation,
which assumes particles that are rigid, spherical, and smooth, have similar density, are
separated from each other and large enough so that settlement is not governed by
Brownian motion and is only applicable to fluids having laminar flow patterns with
Reynolds number = <1 (Allen, 1990; Sawyer et al., 2008). The diameter determined in
this technique is called Stokes’ or hydrodynamic diameter which may include a layer
of attached ions and molecules from the dispersion medium, so the sizing results are
usually bigger than real size of particle (Allen, 1990). Stokes’ equation is:
√
18𝜂H
(4.2)
Dst =
(ρp − ρL )gt
where H is settling height; t is time for settling over height H; ρp is effective particle
density; ρL is liquid density; g is gravitational acceleration constant; Dst is Stokes’ diameter of particle and 𝜂 is liquid viscosity. Stokes’ equation illustrates that the settling rate
of particles under viscous-flow conditions is proportional to the square of the diameter
of the particle.
In addition, gravitational sedimentation cannot be used for high concentrations of
particles in the dispersion because the particle–particle interaction may influence the
sizing results. This technique also takes a very long time for measurement (approximately 0.25–8 h) depending on instrumentation and particle size (Merkus, 2009d). And
in this case, the Stokes’ equation is modified so that it is suitable for centrifuge sedimentation (Allen, 1990; Scott et al., 2005). The modified equation is as follows:
√
18η ln(Rd ∕Ri )
(4.3)
Dst =
(ρp − ρL )ω2 t
where Dst is the Stokes’ diameter of the particle; 𝜂 is the liquid viscosity; Rd is the
distance between the detector and the center of rotation; Ri is the distance between
the injected sample layer and the center of rotation; ρp is the effective particle density;
ρL is the liquid density; ω is the angular velocity of centrifuge (2ρN/60), radians/s; t
is the sedimentation time and N is the centrifuge speed (rpm). As it is in gravitational
sedimentation, in the modified Stokes’ equation, the gravitational constant g is replaced
by the equivalent factor in centrifugal sedimentation, which depends not only on the
rotational speed but also on the distance of measurement point to the center of rotation.
Centrifugal sedimentation can measure particle size with a wider range (0.02–10 μm)
compared to gravitational sedimentation (0.3–200 μm) and the measurement time is
short (about 10–20 min.). However, the particle–particle interactions at high concentrations of particles in dispersion also influence the sizing results (Merkus, 2009d). Two
methods used to operate the measurement are homogenous-start and the line-start
(Allen, 1990; Scott et al., 2005; Merkus, 2009d). In the homogenous-start method, a
detector is placed at a known distance from the fluid surface and the homogenous

4.2

METHODOLOGIES USED FOR THE CHARACTERIZATION OF NANO- AND MICROCAPSULES

Measurement zone

Homogenous start

73

Measurement zone

Line start

Figure 4.5 Operation schematics for sedimentation analysis. Source: Allen (1990). Reproduced with
permission of Taylor & Francis.

suspension is used (Scott et al., 2005; Merkus, 2009d). Therefore, in the beginning, the
concentration of particles is at the maximum, so the initial intensity of the detector beam
light is minimum. The larger and heavier particles settle faster than the smaller ones.
After some time they have disappeared from the upper section and are concentrated
at the bottom (Figure 4.5) (Allen, 1990). As the concentration of particles remaining in
the dispersion falls, the intensity of the light reaches the detector and increases. Stokes’
equation is applied to calculate the size of particles that sediment out of the fluid as a
function of time, and a particle size distribution is generated by plotting the measured
concentration of particles against the calculated particle diameter (Scott et al., 2005).
In the line-start method, a sample of particles is placed on top of a column of clear
liquid at the start of the analysis. The sedimentation rate depends on particle mass (size
and/or density). The same particle size will reach the measurement zone at the same
time (Figure 4.5) (Allen, 1990). In this method, a detector is placed at the bottom of
the column (Scott et al., 2005; Merkus, 2009d). Therefore, the detector initially reads
the maximum intensity, and when the particles reach the detector, the light intensity
decreases. The reduction in light intensity of the detector can be used to calculate the
particle concentration and particle diameter (Scott et al., 2005). It is important to note
that, in centrifugal sedimentation, the detector is usually placed at the bottom in both
cases of homogenous-start and line-start (Scott et al., 2005; Merkus, 2009d).
Compared to the other techniques, such as laser diffraction, dynamic light scattering,
or acoustic spectroscopy, this technique seems to be rarely used for determining particle size of nano- and microcapsules, but it was still used in some studies. For example,
the study by Provder et al. mentioned that photosedimentation with an optical
detector fixed at 560 nm (HORIBA instrument) was used to measure the particle size
(Provder, 1993).

4.2.1.5 Microscopy This technique is able to directly look at the particles, so the
shape of particles can be seen and the agglomeration can be distinguished from single
particles. In addition, if is coupled with image analysis, the particle size distribution can
be obtained. The principle of this technique is the inspection of images after magnification. Calibration is required for all types of this technique. There are three types of
microscopic techniques, such as light microscopy, scanning electron microscopy (SEM),
and transmission electron microscopy (TEM).
4.2.1.5.1 Light microscopy This is the oldest method and relatively cheap method of
measurement. The maximum magnification is about 500–1,500 times. In some cases, the
microscopes can be equipped with dark field, fluorescence, interference, or phase
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contrast possibilities (Buxbaum, 2011a). Light microscopy technique can be used to
measure particles size in a range of 3–500 μm. For qualitative analysis, the consumed
time is about a few minutes, while it takes at least 1 hour for quantitative analysis. For
the determination of particle size distribution, microscopy is not suitable due to the
fact that only a limited number of particles are allowed in a field of view to avoid overlapping particles, so only a few hundred particles are measured. This leads to a limited
range of particle size distribution being measured. Moreover, sometimes overlapping
particles may be seen as single large particles, and this is also one of the limitations
of this method. This method also has very low throughput and does not generate
information on 3D shape and strongly depends on the operator (Merkus, 2009e).

4.2.1.5.2 Scanning electron microscopy (SEM) SEM was developed by Manfred
von Ardenne in 1937. In this method, the images of a sample are generated by scanning it with a high-energy (usually 20–30 keV) beam of primary electrons (McMullan,
1995). The image is formed on the screen, which looks similar to an optical microscope,
but with much larger magnification possibilities and much larger depth of field and resolution (Méndez-Vilas and Díaz, 2010). In nanocarrier research, SEM is usually used
to supply general information about the particle size, particle shape and even the shell
thickness of the nano- and microcapsules (Wang et al., 2008; Liu and Park, 2009). The
maximum effective magnification is about 100,000 times and it can be used to measure
particle size in the range from 10 nm to 500 μm with very high resolution (about 5 nm)
(Hafner, 2007; Merkus, 2009e). This method also requires calibration and the time for
a qualitative measurement is about 5 min. and the time for a quantitative measurement
is about at least 1 hour. This method is also very expensive and needs a long time for
sample preparation, has low throughput, and requires the particles’ surfaces to be conductive during analysis, and bias may result from taking overlapping particles as single
particles (in automated procedures) (Merkus, 2009e).
4.2.1.5.3 Transmission electron microscopy (TEM) TEM is a microscopy technique whereby a beam of electrons (100–1,000 keV) is transmitted through a thin
specimen (≤ 0.2 μm) to form an image of the internal and external structures of
the particles due to differences in interaction between the electrons and the atomic
constituents of the sample. As a result, the information on particle size, shape, and
internal structure is generated, and the photographic images of the particles can also
be obtained (Shchukin et al., 2003; Fuchigamin et al., 2012). The maximum useful magnification of TEM is about 1,000,000 times, so this technique can measure the particle
size in the range of 1 nm to 5 μm with very high resolution (about 0.5 nm). A qualitative
measurement require about 5 min, while a quantitative measurement requires at least
1 hour (Merkus, 2009e). However, this technique also has some drawbacks, such
as it is very expensive, the higher resolution leads to worse sampling abilities of the
instrument, calibration is required, and overlapping particles may be seen in automated
procedures as single large particles (Merkus, 2009e; Williams and Carter, 2009).
4.2.1.6 Image analysis The principle of this technique is the extraction of meaningful information (particle shape, particle size, and particle size distribution) from images
(2D or 3D images) using specific stand-alone image analysis softwares (King, 1984). In
image analysis, particle size distribution is produced using volume (i.e., mass-based),
area, or number of particles (Janaka et al., 2012). This technique complements the
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microscopy technique and light scattering technique for particle characterization
(Burgess et al., 2004). For example, microcapsules’ size and distribution were determined by the microscopic imaging analysis using an Olympus BH-2 microscope,
equipped with a computer-controlled imaging analysis system (Optomax V, Cambridge) (Filipović-Grěić et al., 1996). In addition, Tinke et al. (2006) reported that
quantitative analysis using SEM image analysis help to interpret the laser diffraction
data. The image analysis procedure usually has four steps. First, a two-dimensional
image of the sample is produced by transmitted or reflected light, and a lens system
which magnifies and focuses the images on a CCD or CMOS camera. To generate statistically relevant data, a large number of particles are scanned by movements between
the sample and the magnification lens. Second, imperfect detector, non-uniform illumination, defocused optics, or motion blur can be corrected; brightness and contrast
of the image can be optimized; noise is also reduced. Third, images are extracted using
algorithms, whereby particles and background are separated on the basis of the gray
values of pixels. More complex algorithms, known as segmentation algorithms, are
used to distinguish a single particle or multiple touching particles. Finally, multiple
shape parameters are then calculated for each individual particle and collated into distributions with all the associated distribution parameters (King, 1984; Merkus, 2009e).
The measurement time is typically from 1–60 min. and depends on the number of particles to be measured and the degree of automation. In contrast to manual microscopy,
image analysis generates statistically relevant data with no subjective bias, therefore,
it can be used to systematically study shape and its effects. This technique strongly
depends on the fatigue and skills of the operator, and the quality of any image analysis
procedure depends on the quality of the images. In addition, adequate magnification of
particles is also required (Tinke et al., 2006; Merkus, 2009e). However, in this technique,
overlapping particles, changing conditions of contrast and sharpness in the image, and
improper threshold setting are the main reasons for biased results (Merkus, 2009e).

4.2.2 Zeta potential measurement
Zeta potential is a key factor used in the preparation or destruction of colloidal dispersions and in manufacturing processes, and it is also employed across a broad spectrum of
industrial and academic sectors to monitor and tune the behavior of colloidal systems
(Xu, 2002). In the solution, particles have two layers (stern layer and diffuse layer),
which are usually called an electrical double layer (Figure 4.6) (Mitri et al., 2011). The
stern layer indicates a layer of ions (of opposite charge) strongly bound to the surface
of particles, while the diffuse layer is the outer layer and comprises loosely associated
ions. The zeta potential of the particles is defined as the electrostatic potential at the
boundary dividing the compact layer and the diffuse layer (the slipping plane) (Sze
et al., 2003; Mitri et al., 2011). The colloidal particles in dispersion with a zeta potential between −10 and +10 mV are considered approximately neutral, while colloidal
particles with zeta potentials of greater than +30 mV or less than −30 mV are considered strongly cationic and strongly anionic, respectively (Clogston and Patri, 2011). For
example, a higher zeta potential gives the stronger repulsive force (like an electrical
charge) to prevent the fusion of two droplets into a single large droplet. Zeta potential
with a value (positive or negative) above 40 mV indicates good stability of particles in
the dispersions (Salopek et al., 1992). As a result, zeta potential has been recognized
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Figure 4.6 Illustration of a particle, having a negative surface potential, a Stern layer composed of
negative ions, a diffuse layer surrounding both the particles and the measured zeta potential is located
at the slipping plane. The course of the potential curve is plotted as a function of the distance from the
particle surface. Source: Mitri et al. (2011). Reproduced with permission of Elsevier. See plate section
for color version.

as a very good index of the magnitude of the interaction between colloidal particles,
and measurements of zeta potential are commonly used to assess the stability of colloid
systems (Kirby and Hasselbrink, 2004).
The zeta potential of particles depends not only upon the particle surface but also
on its environment. It can be affected by small changes in the pH or ionic strength
of the medium. It also depends on surface morphology for hairy or even non-smooth
particles. Many techniques are used to measure the zeta potential based on the principle of electrophoresis, electroosmosis, streaming potential and sedimentation potential
(Evans and Wennerström, 1999; Guzelsu et al., 2010). Streaming potential refers to an
electric field generated when a liquid is forced to flow past a stationary charged surface
(Guzelsu et al., 2010). Sedimentation potential is an electrical potential generated by
the movement of charged particles through a liquid by gravity (Carrique et al., 2001).
In this section, the two common techniques widely applied in most of the machines for
measuring the zeta potential of particles (electrophoretic light scattering and electroacoustic) will be discussed.

4.2.2.1 Electrophoretic light scattering This technique is based on the electrophoresis and dynamic light scattering principles. It is an automated method and
widely used to measure zeta potential based on the analysis of the light (laser)
scattered by moving particles in dispersion which is proportional to the zeta potential.
In particular, an electric field is introduced through a dispersion containing colloidal
particles. The velocity is measured using the technique of laser Doppler anemometry
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(Takagi, 1993). This technique is very fast, statistically accurate, suitable for measuring
zeta potential of particles in range of 5 nm to 30 μm in diluted dispersions, and also
allows measurement of the zeta potential of particles in high concentration (Xu,
2002; Delgado et al., 2005). However, dilution of the sample may be required in this
technique, and therefore the sample preparation technique becomes very important.
Moreover, the refractive index of the colloidal dispersion phase has to differ from
that of the continuous phase. In addition, the viscosity of the medium will reduce the
mobility of the particles, and thus may require longer observation times together with
the increase in risk of Joule heating (Xu, 2002; Delgado et al., 2005).

4.2.2.2 Electroacoustic technique This technique is based on two kinds of phenomena. First, when a standing sound wave passes through a colloidal dispersion, it
generates colloid a vibration current (ICV ) and colloid vibration potential (UCV ) in the
colloidal dispersion. The manifestations of this electromotive force may be measured
in a way depending on the relation between the impedance of suspension and the properties of the measuring instrument, either as ICV (for small impedance of the meter) or
as UCV (for large one) (Dukhin and Goetz, 1996, Hunter, 1998).
Besides, when an alternating electric field is applied to the dispersion, electrokinetic
sonic amplitude (ESA) arises as a result of the motion of the particles caused by their
AC electrophoresis (Dukhin and Goetz, 1996; Hunter, 1998; Delgado et al., 2005). From
UCV , ICV , and the amplitude ESA (AESA ), the zeta potential can be estimated using the
dynamic electrophoretic mobility method, which is based on the symmetry relation to
express both kinds of electroacoustic phenomena (colloid vibration potential/current
and ESA) in terms of the same quantity (O’Brien, 1990; O’Brien et al., 1990). Besides
that, the other method can also be used to estimate the zeta potential, based on the
direct evaluation of ICV without using the symmetry relations, and hence it is not necessarily based on the concept of dynamic electrophoretic mobility (Delgado et al., 2005).
This is a non-intrusive and fast technique, and can measure both particle sizing distribution and the zeta potential (O’Brien et al., 1990; Dukhin and Goetz, 1996). However, a
calibration with a known colloid and the absence of the electroacoustic theory valid for
the concentrated system are the limitations of this technique (Dukhin and Goetz, 1996).

4.2.3 Morphology
The morphology of nano- and microcapsules is of considerable importance in determining the overall properties of the colloidal systems. Many colloidal systems have spherical
or nearly spherical shapes though some may show non-spherical shapes such as a rod,
disc, or coil. There are several techniques to study the morphology of the nano- and
microcapsules which all involve the use of the microscopy technique.

4.2.3.1 Optical microscopy Colloidal particles at the nano- and microscales are too
small for normal optical microscopy analysis. The limitation of the microscope lies in
the source of light used for the illumination. Optical microscope permits a resolution
limit of about 100–200 nm.
4.2.3.2 Transmission electron microscopy (TEM) TEM is one of the most commonly applied techniques to study the morphology of nano- and microcapsules
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these days. TEM provides high resolution images due to the use of an electron beam
instead of the imposition of the visible light’s wavelength, like the one used in a
conventional microscope. This allows TEM to examine fine details of the samples
from the nano- (<1 nm to ∼100 nm) to the microscale. A TEM image is the result of
electron scattering on the samples, which depends on the thickness and on the atomic
number of the atoms forming the sample (Shaw, 1992). In this case, a sample containing
heavy metals shows a better contrast with the background compared to organic-based
samples.
Most TEM sample preparations for colloid particles use the direct method where the
sample is put on a thin grid and is directly observable under the microscope. However,
an indirect method is sometimes used to characterize the surface topography or internal
surface morphology e.g. the lamellarity of a vesicle. According to Ayache et al. (2010),
there are many techniques for indirect method sample preparation. However, only a
few techniques are used as follows.

4.2.3.2.1 Negative staining Negative staining is used to enhance the contrast of the
sample that is too transparent, such as organic-based colloid particles. Negative staining
agents contain heavy metallic atoms that act as the electron barriers, resulting in a bright
image of the sample against the dark background, thus enabling the observation of the
structures. The negative staining technique provides information on the size and shape
of single particles and also analysis of certain surface details. Common negative staining
agents are phosphotungstic acid (PTA), sodium silicotungstate, ammonium molybdate,
methylamine tungsate, uranyl acetate, and aurothioglucose. Samples can be prepared
in three ways:
First, a drop of sample solution and a drop of staining agent solution are placed on
a Petri dish. The grid is turned over onto the sample solution drop for 1–2 min. Excess
solution is carefully removed using the tip of a piece of filter paper and the grid is immediately turned over the staining agent solution drop for 20–30 s. Again the excess is
removed with the filter paper. Second, the sample solution is directly dropped onto the
grid which is held using a tweezer. The liquid in the solution is evaporated to dry and
the grid is turned over the staining agent solution drop on the Petri dish similar to the
previous method. Third, both sample solution and staining agent are mixed together in
a small quantity and then dropped onto the grid.
4.2.3.2.2 Freeze fracture This technique enables a topographical print resulting from
a fracture in a frozen hydrated sample. The sample can be observed in its hydrated state
without deformation or displacement during preparations that use chemicals. Shadowing of the fracture can present a 3D view of the morphology. Since the technique shows
the mold of sample’s surface in the fracture area, it is often difficult to find an image that
represents the fractured sample which sometimes may lead to false interpretation. The
sample needs to be fractured at 123 K, thus, it has to be very small so that ultra-rapid
freezing can happen at the sample core. A single fracture can be done using a metallic
knife on the sample surface, and a double fracture is obtained from opening a sandwich clamped in between two coppers or gold metal cuples. After that, the sample will
be coated with a carbon layer and rinsed at room temperature using an appropriate
chemical solvent. There are two methods to prepare a freeze-fracture TEM sample: the
sandwich technique with double cuples and the razor blade fracture technique. Detailed
explanation of these methods can be found in Ayache et al. (2010).
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4.2.3.2.3 Cryo-fixation Cryo-fixation is a technique where the sample is immobilized in its hydrated state by the vitrification of the aqueous phase. Lowering the temperature rapidly transforms the water into vitreous ice, enabling direct observation of
the sample in the frozen phase. This technique is different from the freeze-fracture technique because the resulting images represent the structure of the real sample instead of
the fracture of the sample. Despite that, this technique has a few drawbacks: it requires
an expensive high-pressure freezing device; due to the instability of vitreous ice, the
handling temperature must never be higher than 153 K, and if the freezing is not fast
enough, ice crystals will form that decrease the contrast for sample observation. A freezing agent is used to decrease the temperature, which can be a liquefied gas or metal
cooled by a liquefied gas. Liquid helium, liquid nitrogen, liquid propane, and liquid
ethane are among the good freezing agents. Liquid freezing agents are selected based
on their thermal conductivity which corresponds to the quantity of heat transferred per
unit of surface area. As for gases, diffusivity will determine how fast the sample can be
cooled. There are several freezing techniques available for sample preparation, which
depend on the type of observation performed. Although for the colloidal system, only
these apply:
• immersion freezing (direct freezing under atmospheric pressure) – immersion
directly in liquid nitrogen or slush nitrogen;
• jet freezing – the sample is projected on one side of a grid with holes, while a freezing
agent is projected from the other side.
• jet freezing in cooled ethane – the sample is projected into cooled ethane at approximately 98 K and rapidly moved into the freezing liquid.

4.2.3.3 Scanning electron microscope (SEM) SEM is another electron microscopy
technique that is widely used to study the morphology of colloid particles. Similar to
TEM, SEM also makes use of the electron beam focusing by the electromagnetic condenser lens onto the sample, making it able to detect particles in the same nano- and
microscale range. An image is produced from the interactions of the electron beam
and the sample in two types of interactions: elastic, and inelastic (Zhou et al., 2006).
A back-scattered electrons (BSEs) signal is an elastic interaction in which the incident
electron is being deflected by the sample’s atomic nucleus or by the outer shell electron
of similar energy. BSEs provide information on the composition and topography of the
sample. Inelastic interaction is the result of substantial energy transferred by the primary beam electrons to the atoms of the sample through various interactions between
incident electrons and the atoms of the sample. A secondary electrons (SE) signal is
produced by inelastic interaction and this is widely used for topographic contrast in
SEM. The SE detector is a standard detector installed in SEM. There are also other
types of signals like characteristic X-rays, cathodoluminescence, specimen current, and
transmitted electrons.
Basically, sample preparation of colloid particles needs to involve some extensive
preparation processes before it can be observed with SEM. Since colloid particles are
nonconductive, they need to be coated with metal. A hydration shell is needed to keep
the colloid particle in its natural state since all samples in SEM must be dried of fluids
for stable imaging. In order to do this, the cryo-fixation or freeze fracture technique
is applied as sample fixation before the metal coating. Extensive explanations of the
sample preparation can be obtained from Echlin (2009).
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4.2.3.4 Confocal Laser Scanning Microscopy (CLSM) CLSM is also used to study the
morphology of colloid particles. However, CLSM relies on fluorescence, thus a sample
must contain a fluorescent material to enable observation using CLSM. The principle of
SEM is the detection of new photons of lower wavelength than the incoming photons’
wavelength generated by the interaction of the illumination photons and the sample
atoms. The advantage of CLSM lies in the use of point illumination in which the pinhole spatially filters out the out-of-focus light and allows only focused light to reach the
detector. Focused light originates from the emitted light produced by the interaction
of the illuminating beam with the small sample illumination at the focus of the microscope objective, which is focused by a diffraction-limited spot surrounded by a narrow
pinhole (Lu, 2005). Application of CLSM for the study of colloid particles is due to the
capability of CLSM to analyze the photons’ interaction with nanoscale structure.

4.2.4 Membrane ﬂexibility
Membrane flexibility provides information on the molecular interactions among the
membrane components. Based on this information, how increasing the amount of
cholesterol can decrease the flexibility of the membrane or how the presence of an
edge activator will increase the flexibility of the membrane can be measured. Below
are techniques applied to measure the membrane flexibility.

4.2.4.1 Fluorescence anisotropy The fluorescence anisotropy method has been
widely applied to study the microviscosity of the interior of ionic micelles (Shinitzky
et al., 1971). A series of micelle solutions of quaternary ammonium salts with
range of aliphatic chain of 12–18 carbons were labeled with two fluorescent probes,
2-methylanthracene and perylene, in which perylene was found to be most efficient
probe.
Basically, when a compound possessing fluorescent characteristics, such as fluorophore or a fluorescent probe, is exposed to the polarized light, it will be excited
due to the partial orientation resulting in a polarized emission (Lakowicz, 2006). This
only happens when the fluorophore is in an anisotropic state. The orientation of the
fluorophores in an isotropic state is random, thus no polarization occurs when exposed
to polarized light. The anisotropy value reflects the restriction of the probe motions
in the anisotropic membrane environment instead of the rate of probe rotation in
the membrane (Lakowicz, 2006). Fluorescence anisotropy can be calculated by the
following equation:
I|| −I⟂
(4.4)
r=
I|| + 2I⟂
where I|| and I⟂ were the fluorescence intensity of the emitted light polarized parallel
and perpendicular to the exciting light, respectively. However, in the earlier publications, the term polarization is more commonly used. The polarization is determined by:
P=

I|| −I⟂
I|| + I⟂

(4.5)

which in general provided the same information but anisotropy is preferred over polarization because the total intensity is normalized, IT = I|| + 2I⟂ , simplifying the equation.
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A large number of fluorophore or fluorescent probes have been employed to
sense the fluidity or flexibility within the membrane. Fluorescent probes should have
well-defined spectral and physical characteristics (Shinitzky et al., 1971). Fluorescent
probes can be embedded in the lipid region of membranes or covalently attached to fatty
acids or phospholipids (Shinitzky and Barenholz, 1978). 1,6-Diphenyl-1,3,5-hexatriene
(DPH) is a common probe used in membrane studies, being the most efficient probe
to study the fluidity in the hydrocarbon region of the membrane (Thulborn et al., 1979;
Kutchai et al., 1983; Engelke et al., 2001; Kepczyński et al., 2008; Tokudome et al.,
2009; Di Marzio et al., 2011). The fluorescence intensity of DPH is dependent on the
viscosity of the medium in which, in a very viscous medium, the fluorescence quantum
yield of DPH can approach 1 (Shinitzky et al., 1978). Due to the lipophilic nature of
DPH, it is localized almost exclusively in the hydrocarbon core of the lipid (Shinitzky
and Barenholz, 1978). Comparison between DPH and 12-AS (12-(9-anthroyloxy
stearic acid)) to study the membrane phase transition temperature for DPPC vesicles,
as both were located at the same position in the lipid, showed that DPH showed
more significant change in polarization value than 12-AS (Thulborn and Beddard,
1982). Table 4.1 shows other fluorescent probes used for measuring fluidity at specific
positions in the membrane.

4.2.4.2 Extrusion The extrusion technique is often used to measure the elasticity or
the deformability of a vesicle (Cevc, 1995; Touitou et al., 2000; van den Bergh et al.,
2001; Gupta et al., 2005; Mishra et al., 2007; Dubey et al., 2006; El-Zaafarany et al.,
2010; Manconi et al., 2010). In order for a vesicle of large size to go through a barrier
with smaller diameter, the bilayer membrane of the vesicle has to deform. Deformation
of the bilayer membrane requires it to be elastic or flexible enough since the elasticity
depends on the system’s capability to sustain or respond to a mechanical stress (Cevc
et al., 1995). Elasticity or deformability is calculated using:
(

r
Elasticity = j v
rp

)2
(4.6)

Table 4.1 Fluorescent probes used for measuring ﬂuidity at speciﬁc positions in the bilayer
membrane.
Membrane position

Fluorescent probe

Reference

Close to the
membrane
surface
Intermediate

2-(9-anthroyloxy) palmitic acid (2-AP)
Nile red

Inoue, 1988; Sekiguchi, 1995; Tilley,
1979 Kepczyński, 2009; Hungerfold,
2006
Inoue, 1988; Kutchai, 1983
Kutchai, 1983
Kutchai, 1983

Near the bilayer
center

7-(9-anthroyloxy) stearic acid (7-AS)
9-(9-anthroyloxy) stearic acid (9-AS)
16-(9-anthroyloxy) palmitic acid
(16-AP)
12-(9-anthroyloxy) stearic acid (12-AS)
1,6-Diphenyl-1,3,5-hexatriene (DPH)

Inoue, 1988; Sekiguchi, 1995; Tilley,
1979 Kutchai, 1983; Thulborn, 1979;
Kepczyński, 2009; Engelke, 2001; Di
Marzio, 2011; Tokudome, 2009

82

CH 4

METHODOLOGIES USED FOR THE CHARACTERIZATION OF NANO- AND MICROCAPSULES

where j is the rate of penetration through the permeability barrier, rv is the size of the
vesicles and rp is the diameter of the permeability barrier (Cevc et al., 1995). To determine j, the weight of vesicle suspension extruded at constant pressure during a period
of time was measured (van den Bergh et al., 2001). This technique requires an extruder
equipped with an external pressure source to provide constant pressure for precise measurement with a synthetic membrane filters. The vesicle size and the size distribution
before and after the extrusion were observed using the dynamic light scattering (DLS)
instrument. Other techniques, such as electron spin resonance (ESR), are used to find
the effect of PEG-8-L on the membrane fluidity of Wasag-7 vesicles (van den Bergh
et al., 2001).

4.2.5 Stability
Nano- and microcapsules are considered stable when they show a constant particle size
and a constant level of encapsulated drug in long-term storage. Generally, colloidal
dispersions are thermodynamically unstable systems which depend on the degree of
change and time period, unless the systems possess some degree of kinetic stability
(Schramm, 2005). Factors such as physical, chemical as well as microbiological stresses
will cause the destabilization of the nano- and microcapsule formulations over time
(Weiss, 2002). These contributory factors result in changes in physical properties of the
nano- and microcapsule formulation, such as mean size, size distribution, zeta potential,
and release profile.
The instabilities are categorized by the following:
• Sedimentation, also known as creaming, occurs when there is a difference between
the density of the dispersed and continuous phases.
• Aggregation is the process whereby two or more particles clump together without
changing their individual integrity (McClements, 2000). There are two kinds of aggregation: (1) coagulation which is a term used for compact aggregates; whereas (2)
flocculation refers to the formation of a loose network of particles (Schramm, 2005).
• Coalescence is the fusion of two or more particles to form a single large unit where,
unlike aggregation, the individual particles lose their integrity by becoming part of
new species. This process happens over an extended period of time, when the small
liquid film that separates two particles will gradually thin during aggregation or flocculation (Dickinson, 1992).
• Ostwald ripening is the process where the size of the particles becomes larger because
of the transport of dispersed phase molecules from smaller to larger particles through
the intervening continuous phase (Weiss, 1999).
The most common method of measuring the stability of the colloidal systems used
in pharmaceutical, cosmeticeutical, food, and other industries is the storage stability
test. The test provides reliable, precise, and high accuracy information on the long-term
shelf-life of a colloidal formulation. The sample is stored under applicable conditions
occurring during the production or consumption, in which the primary parameter is
the temperature followed by other parameters, such as relative humidity, air pressure,
and air composition. During a period of storage time, sampling is done several times to
monitor the changes in the sample at certain points in time. Physical properties, such
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as particle size distribution, zeta potential, and encapsulation efficiency, are measured
using the methods mentioned in previous sections.
In most cases, the storage stability test is conducted for a long period of time under
normal stresses for common storage conditions. However, an accelerated storage test
is also sometimes performed to increase the stresses on the colloidal system to predict
whether the system can withstand the conditions above the normal stresses (Groves,
1970). Among the stresses accelerated are:
• Temperature stress by applying low or high temperature to the colloidal formulations.
Storage at very low temperature will determine whether the colloidal system can
recover its original form upon thawing, whereas at elevated temperatures, the ageing
of the colloidal system is accelerated to predict its long-term stability. Another way
to determine the stability of the colloidal system is to apply a cycle of freeze-thaw
between high and low temperatures because, in practical use, a product will experience fluctuations in temperature.
• Shearing stress applies increasing sheer stresses which might accelerate degradation
of some emulsion systems.

4.2.6 Encapsulation efﬁciency
In nanocarrier research, encapsulation efficiency is defined in different ways depending on the authors. Some define encapsulation efficiency as the proportion of the
encapsulated amount (the sum of the amount absorbed on the surface and the amount
inside of nanocarriers) to the initial amount of an active-compound (Kheradmandnia
et al., 2010). However, others define encapsulation efficiency as the proportion of only
the encapsulated amount inside particles to the initial amount of an active-compound
(Bang et al., 2011). High encapsulation efficiency of an active compound in nanocarriers increases the potential application of the active compounds (Fegui et al., 2012).
In addition, the high encapsulation efficiency also indicates the easy incorporation of an
active compound into particles (Fegui et al., 2012). Moreover, the higher encapsulation
efficiency not only gives a higher commercial profit, but also decreases the harmful
effects of excipients because a smaller amount of excipient is used to encapsulate the
same amount of active compounds (Nguyen et al., 2012). Therefore, determination of
encapsulation efficiency is necessary to find out the optimal formulation for nano- and
microcapsules.
There are two major steps for determining the encapsulation efficiency. First, the
nano- and microcapsules are separated from unencapsulated active ingredients using
the centrifugation technique, the filtration technique, the size exclusion chromatography (SEC) technique, or the dialysis bag diffusion technique. After separation, the
amount of the encapsulated active-ingredients is measured using different techniques,
such as high performance liquid chromatography (HPLC), gas chromatography (GC),
spectrophotometer, or chemical reactions, etc. The choice of analytical technique
depends on the physical-chemical properties of the active ingredients. It is very
important to note that the separation step usually causes problems for the scientists
during the determination of encapsulation efficiency. Therefore, in this section, the
techniques used for separating nano- and microcapsules from unencapsulated active
ingredients will be mentioned.
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4.2.6.1 Centrifugation Centrifugation is a technique that uses centrifugal force for
the sedimentation of mixtures using a centrifuge. Under the centrifugal force, particles
whose density is higher than that of the solvent will precipitate at the bottom of the
tube, while particles that are lighter than it will float (Koolman and Roehm, 2005). Two
particles of different masses will settle in the centrifuge tube at different rates. The precipitate part is called the pellet, while the remaining solution is called the supernatant.
The centrifugal force is given as multiples of the Earth’s gravitational field (9.807 m/s2 )
and the relative centrifugal field (rcf) is calculated by followed equation (Holtzhauer,
2006):
( rpm )2
r𝜔2
[× g]
(4.7)
rcf =
= 119r
g
1000
𝜔 = 2π(rpm)∕60

(4.8)

where r is a distance of a particle or part of a centrifuge rotor from the axis of rotation
(mm), ω is an angular velocity (radian s−1 ); g is the Earth’s gravitational field (m.s−2 );
rpm is revolutions per minute (min−1 ). In many studies, rpm is used to indicate the
centrifugal force (Liu and Park, 2009; Kheradmandnia et al., 2010). This is not correct
because based on the above equation, the radius of the rotors, which are different from
various manufacturers, also affect the centrifugal force. Therefore, the most exact unit
to illustrate the centrifugal force is rcf (Holtzhauer, 2006; Buxbaum, 2011a). Depending
on the particular purposes of separation, fractionated centrifugation, isopycnic centrifugation, or rate zonal centrifugation will be applied (Figure 4.7) (Buxbaum, 2011b).
Fractionated centrifugation is based on the difference of the sedimentation constants of
particles in the dispersion. The particles can be separated by spinning the dispersion at
a specific speed sufficient to pellet one component, but not the other component. Isopycnic centrifugation is used to separate particles of different density. The centrifugation
tubes are filled with a density gradient that encompasses the whole range of densities
of particles found in the dispersion. Centrifugation is continued until all the particles
of the sample reach their equilibrium position, where the density of the medium equals
the density of the particle. Further centrifugation has no effect. Rate zonal centrifugation is used to separate particles by the sedimentation constant which is determined
by their size and shape. The density gradient in the tube is designed so the density of
medium at the bottom is lower than the density of all the particles in the sample. Thus,
all the particles move toward the bottom of the tube, but with different velocity. Big and

Fractionated centrifugation

Rate zonal centrifugation
(based on size and shape)

Isopycnic centrifugation

Figure 4.7 Centrifugation methods. Source: Buxbaum (2011). Reproduced with permission of Springer
Science and Business Media. See plate section for color version.
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heavy particles move faster than small, light ones. In many studies, a specific solvent is
usually added to the dispersion of particles before centrifugation to dissolve both the
unencapsulated active ingredients (in the dispersion) and the active ingredients binding on the surface of the nano- and microcapsules without disrupting the nano- and
microcapsules (Bang et al., 2011). The applied RCF should be optimized sufficiently
to precipitate the nano- and microcapsules but not be too strong to disrupt the nanoand microcapsules (Zhang et al., 2007; Bang et al., 2011). In this case, the encapsulation
efficiency is calculated based on the second definition as mentioned earlier.

4.2.6.2 Filtration Filtration is a common method to separate unencapsulated active
ingredients, which are not soluble (in solid form), from the dispersion containing
nano- and microcapsules using a porous medium, or membrane through which only
the dispersion phase and continuous phase can pass. The choice of filtration medium or
membrane is based on the size of the solids (unencapsulated active ingredients) and the
range of the nano- and microcapsule size distribution in the dispersion. The porous size
of the membrane (or filtration medium) should be smaller than the size of the solids
(non-soluble unencapsulated active ingredients) but bigger than the biggest nanoand microcapsules contained in the dispersion (Nguyen et al., 2012). By this method,
during filtration, the solids (the unencapsulated active ingredients) are retained on the
filtration medium or membrane, and all the nano- and microcapsules pass through. A
membrane with large pores has low resistance to flow, therefore, filtrate flow is rapid,
but a membrane with small pores has high resistance to flow and filtrate flow is slow
(Toledo, 2007). Therefore, when the small pores of a filtration membrane are used, the
filtration system usually connects to the pump for generating the low pressure in order
to assist the fluid to pass easily through the membrane. When the solids cover the
pores of the filtration medium or membrane, the filtrate flow will slow down or stop.
In this case, the filter must be replaced. When using the filtration method to separate
the unencapsulated active ingredients from the nano- and microcapsules, if the active
ingredients are non-soluble in the continuous phase, the encapsulation efficiency is
calculated using the first definition (as mentioned above) (Maruyama et al., 2012;
Nguyen et al., 2012). On the contrary, if the unencapsulated active ingredients are
soluble in the continuous phase, the encapsulation efficiency will be calculated using
the second definition (Sahoo et al., 2013).
4.2.6.3 Size exclusion chromatography Size exclusion chromatography (SEC),
also known as gel permeation chromatography, separates dissolved molecules on the
basis of differences in hydrodynamic volume. The separation depends on the different
permeation properties of the molecules through a porous carrier matrix (spherical
gel particles, such as Sephadex, cross-linked polyacrylamide, agarose gel, or Styragel)
with a distinct pore size (Rapley and Walker, 1998; Kontermann and Dübel, 2010).
Conversely, larger analytes spend less time in the pores, therefore they are eluted
quickly (Figure 4.8) (Trathnigg et al., 2004). However, the very large analytes will not
be retained in the gel particles, so they are eluted with the free volume outside of
the particles. On the contrary, very small analytes are completely retained in the gel
particles, so they are eluted with the volume of solvent held in the pores. Depending
on the packing materials (gel), SEC will have a specific limited range for separation.
SEC can separate the solutes in a range from 500 to several hundred thousand Da
(Table 4.2) (Rapley and Walker, 1998; Kontermann and Dübel, 2010). Sometimes
the markers can be used in this method, such as β-amylase (200 kDa), bovine serum
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(2)

(3)

(4)

Figure 4.8 Size exclusion chromatography separation of two macromolecular sizes: (1) sample mixture before entering the column packing; (2) sample mixture upon the head of the column; (3) size
separation begins; (4) complete resolution. Source: Trathnigg (2004). Reproduced with permission of
John Wiley & Sons.

albumin (66 kDa), or carbonic anhydrase (29kDa) (Beattie, 1998). A slower flow
rate results in a sharper elution profile, but this takes a longer time for running the
sample. The optimal loading volume of samples should be less than 5% (typically
2% or from 2–20 mg/mL) of the column volume in order to maximize the resolution
(Cutler, 2004). SEC has been widely used in nanocarrier research. For example, in
the study by Kong et al., SEC with Sephadex G25 gel column was used to separate
the nanocapsules from unencapsulated vitamin E in the dispersion to measure the
encapsulation efficiency (Kong and Park, 2011). In another research study, SEC
with a Sephadex G-50 gel spin column was used to separate the unencapsulated
doxorubicin from nanocapsules-encapsulated doxorubicin (Chiu et al., 2005). In the
SEC technique, there is a low chance of analytes loss because the gel column does not
interact chemically or physically with the analytes. It takes less than 1 hour to separate
or analyze one sample. However, this technique also has some drawbacks (Cutler,
2004; Kontermann and Dübel, 2010). First, the retention of molecules depends not
only on the size but also on the shape of the molecules and the amount of water bound
to them (the hydrodynamic volume). Second, never let the gel column run dry because
the efficacy of the separation will be affected, and repacking of the gel column usually
takes a long time. In addition, the air bubbles have to be removed by washing with the
degas buffer before running the sample. The column should be cleaned to remove all
contaminants, which still are retained in the column before running the next sample.

4.2.6.4 Dialysis Dialysis is a purification technique adapted from the protein purification technique. Dialysis is a process to remove small, low molecular weight solutes
by passing them through a semi-permeable membrane (Rosenberg, 2005). This is done
by selective and passive diffusion. In dialysis, only small molecules are able to diffuse
through the membrane into the dialysate solution, whereas the large molecules will be
retained in the sample side of the membrane. Diffusion of these small molecules into
the dialysate solution will happen until both sides’ concentration reaches equilibrium.
Thus, for the removal of small molecules to acceptable or negligible levels, the dialysate
solution must be changed several times.
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Table 4.2 Commonly used preparative size exclusion matrices.
Supplier/matrix
Sephadex
G25
G50
G75
G100
G150
G200
Sepharose
6B
4B
2B
Superdex
30
75
200
Sephacryl
S100HR
S200HR
S300HR
Biogel
P-2
P-4 gel
P-10 gel
P-60 gel
P-100gel

Material type (pH stability)a

Separation rangeb, kDa

Dextran (20–100)d

1–5
15–30
3–80c
4–100c
5–150c
5–600c

Agarose (30–130)

10–4000
60–20000
70–40000

Agarose/dextran (30–120)

0–10
3–70
10–600

Dextran/bisacrylamide (30–110)

1–100
5–250
10–1500

Polyacrylamade (20–100)

01–18
08–4
15–20
3–60
5–100

a

In aqueous buffers.
For globular protein.
c Different grades are available that effects performance.
d pH stability may vary depending on grade and exclusion limit.
b

Dialysis is a simple technique used to separate the colloid particles from the unencapsulated compound. Purification using dialysis is cheaper than other purification techniques but it could take an extremely long time to complete. The time required (Thermo
Scientific n.d.) to complete the purification depends on several factors, such as:
• temperature – a higher temperature increases the diffusion rate;
• the concentration of the molecules in the solution – a higher concentration speeds
diffusion;
• molecular weight – a high molecular weight of the molecule decreases the rate of
diffusion.
Apart from time, large volumes of dialysate solution required for dialysis will also
cause problems when some compounds need special disposal.
Generally, the dialysis procedure for the purification of colloid system is as follows:
1. Prepare the dialysis membrane using the suitable membrane treatment method.
2. Load the sample into the dialysis tube.
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3. Dialyse for 1–2 hours at a suitable temperature.
4. Change the dialysate solution and dialyse for another 1–2 hours or more.
5. Change the dialysate solution until the unwanted compound is completely removed.

4.3

Conclusion

Although many techniques have been developed to determine the characteristics of
nano- and microcapsules, only accurate, reliable and repeatable techniques with fast
analysis, high sample throughput are commonly used. In this chapter, the general
information on these techniques was introduced. However, each technique has its
advantages and disadvantages. Therefore, depending on the properties of the nanoand microcapsule formulations such as the concentration and the nature of the particles
(the refractive index, the coefficient of light absorptivity, etc.) and the nature of the
dispersion medium (the refractive index, the concentration and type of ions, etc.), the
range of particle size or particle weight, the range of densities of particles, etc., and also
depending on the conditions of each laboratory, suitable techniques should be chosen
before the characterization.
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5.1

Introduction

The initiation of nanotechnology has produced immense expectations for the development of new products and applications in a wide variety of industrial and consumer
sectors. The emerging technology has already created a billion-dollar industry (Roco
and Bainbridge, 2001). In particular, a number of recent reviews have discussed the
current and short-term projected applications of nanotechnologies for the food sector
(Kuzma, 2005; Bouwmeester et al., 2007; Chaudhry et al., 2008). The main areas of
application include food packaging and food products that contain nanosized or
nanoencapsulated ingredients and additives. While nanotechnology offers various
innovative opportunities, the use of nanomaterials in food and agricultural applications
has raised many safety, environmental, and regulatory issues. Namely, the main concerns relate to the potential effects and impacts on human health and the environment
that might arise from exposure to nanosized materials. Nonetheless, the technology
of nanoencapsulation or microencapsulation has developed in food science in terms
of food ingredients or functional foods.
According to a report on global market trends, a large proportion of those living
in developing countries face daily food shortages as a result of environmental impacts
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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or political instability, while in the developed world there is a food surplus. In developed countries, the food industry is driven by consumer demand which is currently a
demand for fresher and healthier foodstuffs (Taylor, 2003). The prediction is that nanotechnology will transform the entire food industry, changing the way food is produced,
processed, packaged, transported, and consumed.
A key area of application of nanotechnology in food processing involves the development of nanostructures in foodstuffs. The mechanisms commonly used to produce
nanostructured food products include nanoemulsions, surfactant micelles, emulsion
bilayers, double or multiple emulsions, and reverse micelles (Weiss et al., 2006). In
addition, nanoencapsulation or microencapsulation in the form of micelles, liposomes,
or emulsion has been used in delivery systems for additives and supplements in food
and beverage products. Basically, encapsulation can be defined as a process to entrap
an active ingredient within another substance, thus forming particles with diameters of
a few nm to a few mm. The carrier material of encapsulates used in food products or
processes should be of food grade and able to form a barrier for the active agent and
its surroundings. Nanoencapsulation is the technical expansion of microencapsulation,
which has been used by the industry for food ingredients and additives for over a
decade. Nanoencapsulation offers advantages that are similar to, but better than, those
of microencapsulation, in terms of conserving the ingredients during processing and
distribution, masking unpleasant tastes and flavors, preserving the active substance for
improvement of uptake into the body, as well as the better dispersion of water-insoluble
ingredients for the processing of foods.
This chapter presents an overview of current and projected applications of nano- or
microencapsulation for food ingredients in the food and agricultural sectors. Thus, the
chapter provides information on the types and forms of nano- or microencapsulation
used in the main applications of nano- or microencapsulation in the food industry.

5.2

Nanoencapsulation based on the
microencapsulation technology

Recently, there has been a growing realization of the link between diet and human
health. Consequently, the food industry has created a new type of foods, so-called
functional foods, or nutraceutical foods. To completely conquer this challenge, the
food industry has to overcome several hurdles, creating optimal intake levels, and
ameliorating the proper food addressing substances and product processing. Conventionally, microencapsulation can be used for many applications in the food industry
involving stabilizing the core materials by protecting the oxidative reaction, controlling
the release rate of the active substance depending on environmental conditions, such
as the pH, the temperature, the relative humidity, masking unpleasant flavors, colors
or odors, to prolong the shelf-life, or protect substances against the destruction of
nutrition. Recently, there has been interest in the development of a delivery system for
encapsulation and protection of active substances of food ingredients. Nanotechnology
is the manipulation or self-assembly of individual atoms, molecules, or molecular
clusters into structures to create materials and devices with new or vastly different
properties. Regarding food science, the nanoscale, which investigates how to construct
materials on a nanometer scale, usually between 1 and 100 nm, by modifying molecules
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or atoms, has the potential to employ different properties when compared with
traditional materials. Definitely, nanoencapsulation and nanoparticles are an attractive
vehicle for the delivery of active substances.
By manipulating the molecular components, it seems possible to design particles with
different surface characteristics. These nanoparticles can encapsulate and deliver the
active substances directly to the proper sites, can economize the mass by providing a
minimal dose of suitable value for long durations of time, and protect against lethal
degradation. In addition, the nanoencapsulated ingredients and products are applied
in the development of improved or new tastes, flavors, textures, and products with
enhanced nutritional levels. The nanosizing of bioactive substances is also claimed to
provide better uptake, absorption, and bioavailability in the body compared with microsizing materials. Research contributions are already attempting to extend the application by using food-based delivery systems, such as protein coacervates, liposomes, or
multiple emulsions.

5.3

Classiﬁcation of the encapsulation system

The encapsulation system can be variously classified regarding the size of the particles,
or materials, or formulation methods in food science. Zuidiam and Nedovic (2010) classified the process into two: encapsulated ingredients and encapsulating ingredients. The
ingredient that is encapsulated may be called the core material, the active agent, the fill,
the internal phase, or the payload phase. The substance that is encapsulating may be
called the coating, the membrane, the shell, the carrier material, the wall material, the
external phase, or the matrix. The carrier material of encapsulates used in food products or processes should be of food grade and able to form a barrier for the active agent
and its surroundings.
To date, an array of nanoparticulate drug delivery systems have been investigated
including, but not limited to, liposomes, micelles, nanospheres, niosomers, nanocapsules, solid lipid nanoparticles, microemulsions, and carbon nanotubes (Figure 5.1). In
this chapter, two main types of encapsulates might be classified, i.e. the sphere (the
matrix system) and capsule types (the reservoir system) (Figure 5.2). The reservoir type
has a shell around the active ingredient, which can be called the capsule, or core type.
The active ingredient in the matrix type can be dispersed over the sphere materials or
adsorbed on the surface of matrix in the case of the sphere type. It can be formed by relatively homogeneous distribution or smaller size. Encapsulates can be defined by their
particle size, e.g., nanoparticles, microcapsules, or microreservoir, etc.

5.3.1 Nanoparticle or microparticle
The nanoparticles or microparticles system that can be mainly classified into two systems regarding the presence or absence of coating materials, such as the capsule and
sphere system as presented later. In particular, the term nanoparticle is used to define
solid colloidal particles having sizes (diameters) ranging from 10 nm to 1000 nm and to
describe both nanospheres and nanocapsules (Figure 5.2). Microparticles can be manufactured by various methods, such as spray-drying, fluid bed coating, emulsification,
coacervation, co-extrusion, inclusion complexation, and so on. On the other hand, the
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Figure 5.1

Classification of the food ingredient encapsulation system.
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Figure 5.2 Nanosphere and nanocapsules. See plate section for color version.

use of nanosized vehicles for the protection and controlled release of active ingredients is a developing area of interest to the food sciences, since these vehicles might be
applied in food products easily without aggregation with an enhanced bioavailability
(Acosta, 2009). In general, nanoparticles can be produced by the downsizing process
prepared by the high pressure homogenizing method, or spray-drying, and so on.

5.3.1.1 Nano- or microsphere A nano- or microsized sphere is composed of the
spherical particles of nano- or micrometer dimensions. A nano- or microsphere may
be defined as a matrix type, a solid colloidal particle in which food ingredients are
dissolved, entrapped, encapsulated, chemically bound, or adsorbed in the constituent
reservoir matrix. The active ingredient in the sphere type (or matrix system) is much
more dispersed or dissolved over the carrier material; it can be formed relatively as
tiny droplets or more homogeneously distributed over the encapsulate. Moreover, the
active ingredients in the nano- or microsphere of the encapsulates are in general also
present on the surface by adsorption.
5.3.1.2 Nano- or microcapsules Nano- or microcapsules are nanometer or microsized hollow spherically-shaped objects that can be used to encapsulate small amounts
of food ingredients. The active ingredients are dissolved in the inner core but may
also be adsorbed on their surface (Nakagawa et al., 2012). Nanocapsules have recently
generated much interest in controlled release with the availability of biocompatible
and biodegradable polymers. Nanocapsules are a specific class of nanoparticles composed of one or more active materials (the core) and a protective matrix (the shell).
Nanocapsules are submicroscopic colloidal drug carrier systems composed of an oily
or an aqueous core surrounded by a thin polymer membrane. The interfacial polymerization of a monomer or the interfacial nano-deposition of a preformed polymer are
the two technologies used to create such nanocapsules (Figure 5.2). The application of
shearing, pressure, or heating during food processing can cause the shell or the reservoir type of encapsulates to break, and thus to release its contents. Mono-, poly-, or
multiple-core types of encapsulates with several reservoir systems in one particle also
are found.
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5.3.2 Structural encapsulation systems
Structural encapsulation systems can be classified into several delivery systems that can
be used to encapsulate lipophilic or hydrophilic components. Some structured delivery
systems which can be prepared by food-grade ingredients and common unit operations,
which are based on the emulsion technology or polymer chemistry are presented in
Figure 5.3.

5.3.2.1 Polymeric particles Polymeric nanoparticles are composed of the most
investigated organic particles in the literature (Anton et al., 2008; Vauthier and
Bouchemal, 2009; Landfester et al., 2010; Rao and Geckeler, 2011). Although polymeric nanoparticles/microparticles can be designed for various types of applications,
their main purpose can be distinguished as the pharmaceutical areas for the purpose of
drug delivery and/or biomedical purposes (Allémann et al., 1993; Quintanar-Guerrero
et al., 1998; De Jaeghere et al., 1999). In this case, the macromolecules require
biodegradable or biocompatible properties. Furthermore, enormous synthetic or
natural polymers can be used for the purpose of drug delivery system in pharmaceutics.
In spite of the large potential of polymer chemistry, it may be limited for application
in the food industry, particularly due to the extreme limitations and requirements
which have characterized in vivo applications in terms of toxicity and biocompatibility.
In general, the use of a protein–polysaccharide interaction to form encapsulation
systems based on complex coacervation was downsized to the nanoscale by Huang and
Jiang (2004). They used coacervates formed by gelatin type A-carrageenan complexes
as an inexpensive encapsulation method for the green tea catechin epigallocatechin
gallate (EGCG) at the micro- and nanoscale level. Nanoparticles can also be formed
Conventional
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Multilayer
Emulsions
Multiple
Emulsions

Colloidomes

Micelles

Filled Hydrogel
Beads
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Hydrogel
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Figure 5.3 Classiﬁcation of the encapsulation system according to the structural designation.
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by combining the molecular inclusion of lipophilic active agents like vitamin D or
docosahexaenoic acid (DHA) by β-lactoglobulin with a complex coacervation using
electrostatic interactions between this β-lactoglobulin and polysaccharides like pectin
at pH 4.5 (Zimit and Livney, 2009).

5.3.2.2 Solid lipid nanoparticles: lipid-based nanoparticles Solid lipid nanoparticles (SLNs) are similar to conventional emulsions consisting of emulsifier-coated
lipid droplets dispersed in an aqueous continuous phase. However, the lipid phase
is either fully or partially solidified, and the morphology and packing of the crystals
within the lipid phase may be controlled. The lipid compound is prepared by a melting
temperature above 37 ∘ C to ensure solidification at a physiological temperature or
SLN are formed by homogenizing an oil and water phase together in the presence of
a hydrophilic emulsifier at a temperature above the melting point of the lipid phase
(Müller et al., 2000). Due to their high stability (several years), good biocompatibility,
and low toxicity, SLNs are considered a promising food ingredient encapsulation
system. However, the limit of this type of particles can entrap the poor solubility in
lipids. Lipid-based nanoencapsulation systems are among the most rapidly developing
field of nanotechnology applications in food systems. Lipid-based nanoencapsulation
systems have several advantages, including the ability to entrap material with different
solubilities and the use of natural ingredients on an industrial scale (Bummer, 2004;
Mozafari et al., 2006; Taylor et al., 2005).
Lipid-based nanocarriers can also be used for targeted delivery of their contents
to specific areas within the gastrointestinal tract or food matrix. When referring to
nanoscale lipids as a vesicle, the term nanoliposome has recently been introduced
(Mozafari et al., 2006) to describe lipid vesicles whose diameter ranges in tens of
nanometres. These so-called nanoliposomes have similar structural, physical, and
thermodynamic properties as liposomes. The manufacture of nanoliposomes (as of
liposomes) requires high energy for the dispersion of the lipid/phospholipid molecules
in the aqueous medium. One of the most promising lipid-based nanodelivery systems
for food applications is the development of nanosized self-assembled liquids (NSSL)
(Garti et al., 2005). Mixtures of food-grade oils (in which two or more food-grade nonionic hydrophilic emulsifiers), a cosolvent (polyol), and coemulsifiers that self-assemble
to form mixed reverse micelles (“the concentrate”) can be inverted into oil-in-water
nanodroplets. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC,
which are structured SLN) have been developed in the past two decades for mainly
pharmaceutical purposes (Müller et al., 2000; Radtke et al., 2005), but may also find
their way into foods. The cold homogenization procedure might be used to prepare
SLNs with temperature-sensitive or even hydrophilic agents.
5.3.2.3 Conventional emulsions Conventional oil-in-water (o/w) emulsions constitute a dispersed phase of emulsifier-coated lipid droplets into an aqueous continuous
phase. They can be produced by homogenizing an oil and water phase together in the
presence of a hydrophilic emulsifier. Emulsions are commonly made under high shear
with homogenizer, colloid mill, high shear mixer, or stirred vessel preferably equipped
with baffles. In the food industry, the main sources of lipids are triacylglycerols, which
may be obtained from animal, fish, or plant origins. Lipids can be used to solubilize nonpolar lipophilic substances in foods, and are commonly used in delivery systems based
on nano-emulsions or microemulsions.
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Emulsions are kinetically rather than thermodynamically stable two-phase systems
and ultimately, both the oil and water phase will separate. There are two considerations
that must be taken into account when formulating an emulsion for controlled delivery.
First, the emulsion system must be (in storage) stable right up to the point of application. Second, on application, the emulsion should behave in a manner consistent with
achieving the desired delivery. In many (but by no means all) cases, this equates to the
“making and breaking” of emulsions for stability and subsequent delivery.
Water-soluble active ingredients might be encapsulated in water-in-oil (w/o) emulsions or double emulsions of the type w/o/w (Appelqvist et al., 2007). Furthermore,
oil-in-water (o/w) emulsions may affect taste (e.g., salt) by changing the aqueous phase
volume and thus the concentration of taste molecules in water, and by suppressing
the contact of salt with taste receptors. Lipophilic active ingredients (e.g., aroma, caronenoids, such as lycopene and beta-carotene, plant sterols, vitamin E, dietary fats) might
be protected and delivered to consumers via o/w emulsions. Lipids are largely nonpolar
substances that are mainly hydrophobic.

5.3.2.4 Multiple emulsions (or double emulsions) Multiple emulsions (or double emulsions) are very complex dispersion systems which are characterized by a low
thermodynamic stability. They are “emulsions of emulsions”, e.g., water droplets-in-oil
droplets-in-water (water-in-oil-in water, w/o/w) or oil droplets-in-water droplets-in-oil
(oil-in-water-in-oil, o/w/o) (Figure 5.4). Potential applications for the controlled release
of a substance from the internal to the external phase have been applied in medicine,
pharmaceutics, cosmetics, and in industrial applications. They also have a high potential for application in the food processing industry to encapsulate or protect sensitive
and active food ingredients from environmental stress (antioxidation) (Daisuke et al.,
2004), to entrap the aroma and flavor release (Gaonkar 1994; Merchant et al., 1997;
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mixing
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Figure 5.4 Scheme of the preparation method of a w/o/w multiple emulsion.
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Masatsugu, 2005), or to produce foods with a lower oil or fat content (Takahashi et al.,
1986; Okonogi et al., 1991; Levi, 2004; Lobato-Calleros et al., 2006). They are normally
produced using a two-step procedure. First, a w/o emulsion is produced by homogenizing water, oil and an oil-soluble emulsifier. Second, a w/o/w emulsion is then produced
by homogenizing the w/o emulsion with an aqueous solution containing a water-soluble
emulsifier.

5.3.2.5 Multilayer emulsions Multilayer oil-in-water (m-o/w) emulsions constitute
small oil droplets dispersed in an aqueous medium, with each oil droplet being
surrounded by a nanolaminated interfacial layer, which usually consists of emulsifier
and biopolymer molecules (Guzey and McClements, 2006). A layer around “primary”
emulsions with an ionic emulsifier can be formed by adsorbing oppositely charged
polyelectrolytes to form “secondary” emulsions with a two-layer interface. They are
normally formed using a multiple step procedure. First, an oil-in-water emulsion is
prepared by homogenizing an oil and aqueous phase together in the presence of an
ionized water-soluble emulsifier. Second, an oppositely charged polyelectrolyte is
added into the system so that it adsorbs to the droplet surfaces and forms a two-layer
coating around the droplets. This procedure can be repeated to form oil droplets
covered by a nanolaminated interface containing three or more layers by successively
adding polyelectrolyte with opposite charges.
The main preparation method consists of the layer-by-layer (LBL) electrostatic
deposition technique (Figure 5.5). The polyelectrolyte layer is formed on a charged
surface due to the strong electrostatic attraction between the surface and the oppositely
charged polyelectrolyte molecules in solution. This encapsulation system can be used
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Add
Emulsifier
Single-Layer
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Tertiary
emulsion
+

Add
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Single-Layer
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Figure 5.5 Schematic representation of coating lipid droplets in oil-in-water emulsions by the
layer-by-layer electrostatic deposition method. See plate section for color version.
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to encapsulate, stabilize, and deliver a variety of functional food substances, e.g. flavors,
bioactive lipids, enzymes, peptides, antimicrobials, and antioxidants (Shahidi and Han,
1993; Chun et al., 2013).

5.3.2.6 Filled hydrogel particles Filled hydrogel particle emulsions consist of oil
droplets contained within hydrogel particles that are dispersed within an aqueous continuous phase. Therefore, they can be considered to be a type of oil-in-water-in-water
(o/w/w) emulsion. There are various different ways to form this kind of system based
on an aggregative or segregative phase separation of biopolymers in solutions. Filled
hydrogel particles can be assembled from mixed biopolymer systems that are capable
of phase separating. When a ternary biopolymer system consisting of two biopolymers
and a solvent are mixed together, there are three possible outcomes: miscibility, association, or segregation (Syrbe et al., 1998; de Kruif and Tuinier, 2001).
5.3.2.7 Liposomes Liposomes, or phospholipid vesicles, are self-assembled colloidal particles that occur naturally and can be prepared artificially as shown by
Bangham (Lasic, 1998). A liposome, in which a lipid bilayer encapsulates a hydrophilic
substance of the surrounding aqueous medium, is a self-assembling and cell-resembling
colloidal delivery system (Lasic and Papahadjopoulos, 1996). Liposomes are spherical
structures consisting of one or more phosphor lipid bilayers enclosing an aqueous core
(Zeisig and Cämmerer, 2001). There are many potential applications for liposomes in
the food industry, ranging from the protection of sensitive ingredients to increasing
the efficacy of food additives. However, the high cost of the purified soy and egg
phospholipids, combined with problems in finding a production method suitable for
use in the food industry, has limited the use of liposomes in foods (Watwe and Bellare,
1995; Betageri and Kulkarni, 1999; Frezard, 1999).
The standard preparation procedure is via the rotary evaporation of a chloroform
solution of phospholipid, cholesterol, and other hydrophobic compounds to produce
a thin phospholipid film (Figure 5.6). Addition of water and hydrophilic compounds
causes bilayer sheets of the lipid to separate from the bulk and form liposomes
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Figure 5.6 Mechanism of liposome formation.
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(Picon et al., 1994). Jackson and Lee (1991) stated that the large scale production of
liposomes was limited by poor encapsulation efficiencies, the lack of a continuous
production process, and the use of organic solvents. They concluded that the solution
to this problem might be the use of a microfluidization technique. The Microfluidizer
is a highpressure homogenizer that can rapidly produce a large volume of liposomes in
a continuous and reproducible manner (Chen et al., 2001), without use of sonication,
detergents, solvents, or alcohols. The liposome population produced appears to be
relatively stable without rapid aggregation or fusion (Kim and Baianu, 1991). In
microfluidization, the phospholipid and the material to be entrapped are dispersed in
a liquid phase. This may be water, an aqueous buffer solution, or a solvent, depending
on the solubility of the components.
Liposomes are currently mainly studied and used as advanced, pharmaceutical
drug carriers (Torchillin and Weissig, 2003), and their use in foods (Were et al., 2003;
Gouin, 2004; Taylor et al., 2005; Kosaraju et al., 2006; Mozafari et al., 2006; Takahashi
et al., 2007) is quite limited due to its chemical and physical instability upon storage in
especially emulsified food products, low encapsulation yield, leakage upon storage
of liposomes containing water-soluble active agent, and the costs of raw materials
(Zuidam et al., 2003). Liposomes are now used as drug delivery systems. For food
applications, however, liposomes have mainly been studied to enhance the ripening of
hard cheeses and other applications in the food industry are very limited.

5.3.2.8 Micelles A typical micelle in aqueous solution forms an aggregate with
the hydrophilic “head” regions in contact with the surrounding solvent, sequestering
the hydrophobic single-tail regions in the micelle center. This phase is caused by the
packing behavior of single-tailed lipids in a bilayer. In aqueous solutions, amphiphilic
molecules gather together, so that the hydrophobic blocks are removed from the
aqueous environment in order to achieve a state of minimum free energy. As the
concentration of amphiphile in solution increases, the free energy of the system also
begins to increase due to unfavorable interactions between water molecules and the
hydrophobic region of the amphiphile, resulting in the structuring of the surrounding
water and a subsequent decrease in the entropy. At a specific and narrow concentration
range of amphiphile in solution, termed the critical micelle concentration (CMC),
several amphiphiles will self-assemble into colloidal-sized particles termed micelles.
Due to their nanoscopic size and the nature by which they are formed, micelles are
classified as association or amphiphilic colloids, but should not be considered solid particles. Micelles typically have diameters ranging from 10 nm to 100 nm, and are characterized by a core–shell architecture in which the inner core is composed of the hydrophobic
regions of the amphiphiles creating a cargo space for the solubilization of lipophilic
substances.
Kamiya et al. (2006) used casein to form nano-sized protein micelles to hold
hydrophobic substances. This method is useful for manufacturing transparent supersaturated solutions through the solubilization of hydrophobic substances in functional
foods and pharmaceuticals. Semo et al. (2007) used self-assembled casein micelles
as a nanocapsular vehicle. These authors realized that casein micelles are in effect
nanocapsules created by nature to deliver nutrients, such as calcium, phosphate, and
protein, to the neonate. Thus, they suggested using casein micelles, as a self-assembled
system for the nanoencapsulation and stabilization of hydrophobic nutraceutical
substances for enrichment food products. The vitamin concentration in the micelle was
about 5.5 times more than in the serum.
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Preparation methods for the encapsulation
system

5.4.1 Emulsiﬁcation
For a long time, methods to prepare suitable emulsions with nanoscaled droplets to
design organic nanoparticles have developed considerably due to the technological
advances in emulsification devices and due to the expansion of low-energy stirring
routes in constant progress, thanks to environmental constraints. Indeed, low- and
high-energy emulsification techniques constitute two strategies to obtain nanodroplets
and consequently nanoparticles. Several technologies have been developed to produce
highly uniform emulsion droplets (Link et al., 2004; McClements, 2005), such as the
reduction of polydispersity of the already formed emulsions (including the repeated
fractionation and shearing of immiscible fluids between uniformly separated plates;
Mabille et al., 2003), or single-drop technologies like microfluidics. Monodispersed
emulsions have a more defined behavior and release pattern of entrapped active agents
than polydispersed ones. This can be very important in pharmaceutics and when the
emulsions are used as a template to make new materials for, e.g., electronics. Currently,
it is not clear whether this would constitute a real advantage in food systems.
Chen and Wagner (2004) produced a 100 nm vitamin E nanoparticle product based
on modified starch that was stable in a beverage and did not alter the beverage’s appearance. Particles were produced by dissolving starch sodium octenyl succinate in distilled
water with vitamin E acetate added slowly and homogenized with a high shear mixer
until the emulsion droplet size was below 1.5 μm. The crude emulsion was then further
homogenized until the emulsion droplets reached the target particle size, and then were
spray-dried to yield a powder containing about 15% vitamin E acetate.

5.4.1.1 Low-energy emulsiﬁcation methods Low-energy emulsification techniques
can be prepared by spontaneous emulsification (Becher, 1965; Ruschak and Miller,
1972; Mittal and Lindman, 1984; Becher, 1985; Miller, 1988) obtained from the rapid diffusion of a water-soluble solvent, solubilized first in the oily phase, and moving toward
the aqueous one when the two phases are mixed. This phenomenon, presented as a good
alternative to high-energy methods, has been described in several works as a solvent displacement method where nanoemulsions are obtained from the rapid diffusion to the
aqueous phase. Direct o/w emulsion as well as inverse w/o emulsion can be produced
in this way.
5.4.1.2 High-energy emulsiﬁcation methods Most methods of nanoemulsion
preparation are based on mechanical processes related to high-energy stirring techniques. In this field, the most common device consists of a rotor–stator apparatus in
which a shear stress is applied to induce deformation of pre-emulsion droplets leading
to their breaking up into smaller ones of uniform size. In the past few years, other
machines have been designed to obtain droplets with more reproducible calibrated
sizes and well-defined characteristics from the point of view of large-scale production.
Sonication is also a process widely used in the literature for nanoemulsification (Higgins
and Skauen, 1972; Li and Fogler, 1978; Griffin, 1979; Johnson, 1979; Reddy and Fogler,
1980) and in the generation of polymer or lipid nanoparticles (Wood and Loomis, 1927;
Eberth and Merry, 1983; Walstra, 1993; Abismail, et al., 1999; Mongenot et al., 2000;
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Corzo-Martinez et al., 2011). This process of ultrasound emulsification is performed
under high frequency where large drops are generated by the instability of interfacial
waves (Li and Fogler, 1978). The drops are subsequently broken up into smaller ones
through a cavitation mechanism. Some authors have shown that optimal conditions for
size reduction and better nanoemulsion stability are obtained using high-power setting
for short exposure times.

5.4.2 Precipitation
Macromolecules dissolved in the dispersed phase (mainly the oily one) of the emulsion can undergo precipitation upon the removal of the organic, often volatile solvent.
To perform this solvent extraction, several methods, such as solvent evaporation, solvent diffusion, or salting-out procedures have been developed and constitute by far the
most common routes carried out in the field of organic nanoparticles’ formation from
emulsified systems. The versatility of this method means that it can be applied to a
wide range of organic compounds including synthetic polymers and natural bioorganic
macromolecules, such as chitosan, polysaccharides, alginate, or gelatin.

5.4.2.1 Solvent evaporation The method consists of the preparation of a nanoemulsion formulated with a polymer dissolved in a volatile solvent solution (Gurny et al.,
1981). Dichloromethane and chloroform are the most widely used solvents but are often
replaced by ethyl acetate, which is less toxic and hence much more adapted to the synthesis of controlled release systems where drug encapsulation is generally involved. In
this method, performed under vacuum, suspension is produced by the evaporation of
the polymer solvent from emulsion droplets which is allowed to diffuse through the
continuous phase.
5.4.2.2 Solvent diffusion The solvent diffusion method, also called solvent displacement method (Figure 5.7) requires a polymer solvent that is partially soluble in

Water
1
2
3
4

5

6

Figure 5.7 Scheme of preparation of nanoparticles by the emulsion-diffusion procedure. (1) partially
water-miscible solvent saturated with water; (2) water saturated with solvent; (3) solvent saturated
with water + dissolved polymer; (4) water saturated with solvent + surfactant; (5) emulsiﬁcation; (6)
dilution with water and formation of polymeric nanoparticles from emulsion. See plate section for color
version.
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water (Moinard-Checot et al., 2006; Choi et al., 2009; Choi et al., 2010). The preparation
of the emulsion involves two immiscible phases, but where the oil dispersed phase
is composed of water saturated with the polymer solvent, and where the continuous
phase is composed of oil saturated with water. This can be obtained from mixing the
polymer solvent and water, and waiting for decantation to obtain a two-phase system.

5.4.2.3 Salting-out This process, very similar to the solvent diffusion method,
involves emulsification with a polymer solvent, generally acetone that is normally
totally miscible with water. Actually, the process used to emulsify the water and
acetone is to dissolve the high contents of salt or sucrose in the aqueous phase to
provoke a strong salting-out effect by modifying the solubility of water with the solvent
(Ibrahim et al., 1992). The emulsion can hence be formed with a polymer dissolved
in the solvent droplets. Particle precipitation is induced, as in the solvent diffusion
process, by diluting the emulsion and adding a large amount of water in the continuous
phase to reduce the salt concentration and to cause extraction of the solvent out of the
droplets.
5.4.2.4 Polymerization The formation of polymeric nanoparticles actually involves
two parts: (1) the micronization of a material into nanoparticles; and (2) the stabilization of the resultant nanoparticles. As for the micronization, one can start with
either small monomers or a bulk polymer. Emulsion polymerization as a conventional
preparation method can make polymeric particles in the size range 102 –103 nm which
has been gradually increased. For example, the seeded emulsion polymerization was
developed to make latexes larger than 103 nm, while the miniemulsion and microemulsion polymerizations were invented to prepare particles in the ranges 50–200 nm and
20–50 nm, respectively. It is known that in microemulsion polymerization, a large
amount of surfactant/cosurfactant has to be added to make small nanoparticles.
The addition of surfactant limits not only the polymer solid content in the dispersion
but also their applications. The removal of surfactant from the resultant dispersion
without affecting its stability is extremely difficult, if not impossible. Of all the techniques used in the generation of nanoparticles from emulsions, polymerization is
the most common subject in the abundant literature since well-defined and desired
nanoparticle properties for a particular application can be attained through this process
(Arshady, 1988; Asua, 2002; Chern, 2006; Landfester, 2006; Thickett and Gilbert, 2007;
Landfester, 2009). In this case, instead of the previously described techniques for
which a solution of a preformed polymer is prepared, macromolecules form through
the polymerization of monomers. The major emulsion polymerization techniques can
be classified into different methods, such as conventional emulsion polymerization,
surfactant-free emulsion polymerization, as well as mini- (or nanoemulsions) and
microemulsions polymerizations which differ from kinetically and thermodynamically
different emulsion behaviors.

5.4.3 Desolvation
Desolvation is a thermodynamically driven self-assembly process for polymeric
materials to prepare nanoparticles (Kommareddy and Amiji, 2007; Landfester, 2009).
The polymeric molecules form particles of different sizes depending on the preparation
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conditions, such as the protein content, the pH, the ionic strength, the concentration
of the cross-linking agent, the agitation speed, and the amount of desolvating agent,
etc. The protein or polysaccharide from an aqueous phase can be desolvated by a
pH change, or a change in the temperature by adding an appropriate amount of
counter-ions. Cross-linking may be produced simultaneously or subsequent to the
desolvation step.
This method, rather similar to the other nanoprecipitation methods based on a loss
of solubilization of the polymer, is, however, often associated with the generation of
biopolymeric nanoparticles. Indeed, the desolvation process is generally employed in
the production of nanoparticles of different types of proteins, such as human serum
albumin (Weber et al., 2000; Langer et al., 2003, Wartlick et al., 2004; Mo et al., 2007;
Langer et al., 2008), bovine serum albumin (Li et al., 2008), and gliadin (Duclairoir
et al., 1999).

5.4.4 Ionic gelation
Synthesis of nanoparticles by ionic gelation is commonly performed with biopolymers,
especially charged polysaccharides in an aqueous medium in a very diluted solution.
Indeed, the polymer is dissolved in water with a concentration below the gel point, and
can react with small ions of the opposite charge to form clusters. These clusters can be
stabilized subsequently using oppositely charged polyelectrolytes. For instance, using
alginate, gelation is typically carried out in the presence of calcium ions, leading to a
pregel phase which is then stabilized with polycations, such as polylysine (Rajaonarivony et al., 1993) or chitosan (De and Robinson, 2003). It is noted that alginate can
react with polylysine without the addition of cations to form a simple polyelectrolyte
complex, but a pregel phase ensures a more compact structure of the nanogel. Furthermore, the size of the nanoparticles obtained greatly depends on the concentration of
the biopolymers and is also influenced by the molecular weight of the opposite charged
macromolecule.

5.5

Application of the encapsulation system in food
ingredients

One of the most important reasons for the encapsulation of food ingredients is to provide improved stability in final products and during processing. For example, probiotics
are highly sensitive to variations in pH, to mechanical stress, to transport conditions,
and to digestive enzymes in the stomach. At present, probiotics are a representative
substance in the design of functional foods, especially in dairy products, preserving
their functional role in maintaining human health (Vos et al., 2010). The encapsulation
technique increases not only their bioavailability, but more importantly, their functionality. A choice of an encapsulation system is always essential, since it has to be efficient
and easily incorporated into the food without interfering with the texture and taste of
the food.
Another advantage of encapsulation is that it completely entraps volatile actives,
such as aroma, which usually entraps a mixture of volatile and odorous organic
molecules. In addition, flavors are not cheap and therefore food manufacturers are
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generally concerned about the preservation of aromatic additives (Milanovic et al.,
2010). Thanks to encapsulation, a food compound, such as aroma, is encapsulated in a
protective wall material and protected against evaporation, chemical reactions (such
as light-induced reactions, oxidation) or diffusion in a food (Madene et al., 2006).
Flavor encapsulation can be accomplished by a variety of methods: spray-drying,
spray-chilling or spray-cooling, spray bed drying, and others. Examples of carrier
material used for spray-drying are mono- and disaccharides, maltodextrin, corn syrup
solids, modified starches, gum arabic, larch gum, milk or soy proteins, hydrolyzed
gelatin, and their various combinations.
Furthermore, encapsulation is used to mask unpleasant tastes during eating, such as
the bitter taste and astringency of polyphenols and other compounds that show high
antioxidant activities. The utilization of encapsulated polyphenols, instead of free compounds, can effectively alleviate some taste problems (Bell, 2001).
Another problem is that only a small proportion of the molecules remain available
following oral administration, due to insufficient gastric residence time, low permeability, and solubility within the gut. In addition, their instability in the conditions encountered in food processing and storage (temperature, oxygen, light), or in the gastrointestinal tract (pH, enzymes, presence of other nutrients), limit the activity and potential
health benefits of the components like polyphenols. Therefore, manufacturers have to
provide protective mechanisms that can maintain the active ingredients until the time
of consumption, enabling delivery to the physiological target in an organism. It is predicted that, with a deeper comprehension of the health benefits of active substances
and new strategies for the stabilization of fragile nutraceuticals, encapsulated active
ingredients will play an important role in increasing the efficacy of functional foods.
Besides, another goal of employing encapsulation is to prevent a reaction with other
components in food products, such as oxygen or water, e.g., in the case of essential oils.
Essential oils are slightly soluble in water and they transfer their odor and taste to the
water. Essential oils contain terpenes, phenols, alcohols, aldehydes, esters, ketones, and
other compounds.
Essential oils have a wide spectrum of biological activities, including growth inhibition of bacteria, yeasts, and fungi. The encapsulation of essential oils in different
nanospheres has been used as a controlled release vehicle with site-specific delivery
properties to maximize the antimicrobial activity of the oils (Parris et al., 2005).

5.6

Conclusion

Encapsulation provides an effective method of coating an active ingredient with a protective wall material and thus provides a number of advantages. These active ingredients
include lipids, vitamins, peptides, fatty acids, antioxidants, minerals, and living cells, such
as probiotics. Some of the main benefits are the protection of various actives against
evaporation, avoidance of chemical reactions or migration in food, controlled delivery,
and preservation of stability of the bioactive compounds during processing and storage,
the prevention of undesirable interactions with other components in food products, and
masking unpleasant feelings during eating. Encapsulation is an important approach to
meet all the requirements by delivering the bioactives in food components at the right
time and the right place. An attractive option is to use a methodology where two or more
bioactive components can be combined to have a synergistic effect. It is anticipated that
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encapsulated bioactives will play a significant role in increasing the efficacy of functional
foods in the future. With advanced strategies for stabilization of food ingredients and
development of new approaches, we will be able to improve nutritional properties and
health benefits of food compounds.
Future research should focus on overcoming the gap between conditions at research
level and demands for large-scale applications, improving the existing manufacturing
technologies, choosing new processing conditions, and new carrier materials. Also,
future studies should be oriented to preservation and storage techniques that could
easily be adopted at the industrial level.
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6.1

Introduction

Phytochemicals are defined as chemical compounds naturally occurring in plants
which possess biological activities beneficial to human health. The prefix “phyto”
in phytochemicals originates from a Greek word meaning “plant.” Epidemiological
studies have shown that phytochemicals have high potential for health promotion and
disease prevention due to their multiple mechanisms of biological activities, such as
their antioxidant, anti-inflammatory, anti-cancer, antiviral and antibacterial properties,
their stimulation of the immune system, the modulation of enzyme activities, gene
expression, regulation of cholesterol synthesis, and blood pressure (Day et al., 2004;
Herber, 2008; Puri et al., 2012). Consequently, a high intake of fruits and vegetables rich
in phytochemicals has been associated with a lower incidence of many chronic diseases,
such as heart disease, stroke, cancer, and age-related diseases (Craig, 2001; Schreiner
and Huyskens-Keil, 2006; Herber, 2008; Scalbert et al., 2011; Tokusoglu and Hall III,
2011). The distribution and content of phytochemicals in plants vary considerably,
depending on the species, cultivar, time of harvest and postharvest handling, and
storage. The major dietary sources of phytochemicals are fruits, vegetables, legumes,
and whole grains (Tokusoglu and Hall III, 2011).
In the past few decades, the potential of phytochemicals to benefit health and
prevent disease has attracted enormous interest in diverse scientific disciplines and
industrial sectors, such as food, nutrition, medicine, cosmetics, and pharmaceutics.
Some phytochemicals also impart colors to fruits and vegetables, thus playing an
important role as natural coloring agents in foods, and they also have unique tastes
and aromas. Phytochemicals can be extracted from plants by chemical and physical
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
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methods, including solvent extraction, cold pressing, super-critical fluid extraction, and
ultrasonication (Puri et al., 2012). The high pure concentrates or extracts of phytochemicals in a liquid or a dry powder form are available commercially for use as natural
ingredients. In general, many phytochemicals are insoluble in an aqueous solution and
their oil solubility is also poor. They are chemically unstable and degrade rapidly when
exposed to the external environment, such as oxygen, temperature, light, pH, and
some other reactive substances. For these reasons, the production of phytochemicals as
food ingredients and their incorporation into foods are limited. It has been shown that
these problems can be overcome by using encapsulation technologies. In this chapter,
the nano- and microencapsulation techniques for phytochemicals that have been used
to protect them against degradation and enhance their solubility, bioavailability, and
applicability are described. A brief review of phytochemicals is also given, focusing on
their classification, chemical, and biological properties as well as their dietary sources.

6.2

Classiﬁcation of phytochemicals

Phytochemicals have been of great interest to many disciplines because of their wide
distribution in nature, their diverse biological activities, and beneficial health effects.
A large number of phytochemicals have been found and identified in fruits and vegetables, including legumes, whole grains, nuts, and seeds (Craig, 2001; Yannai, 2003).
Phytochemicals can be classified broadly into polyphenols (flavonoids and nonflavonoid polyphenols), carotenoids, phytosterols, betalains, and organosulfurs,
according to their chemical structure (Table 6.1).

6.2.1 Flavonoids
Flavonoids constitute a large class of phytochemicals and are defined as the most common and widely distributed group of polyphenols found in fruits and vegetables. Some
polyphenolic compounds in plants that are not classified under flavonoids, because
of differences in their chemical structure, include phenolic acids (e.g., caffeic, ferulic,
and coumaric acids), resveratrol, curcumin, courmarins, proanthocyanidins, lignans, and
tannins. Epidemiological studies have demonstrated that the diets rich in flavonoids,
such as fresh fruits and vegetables, can provide potential health benefits and may reduce
the risk of cardiovascular disease, cancers, stroke, osteoporosis, and other age-related
diseases. The health benefits of flavonoids have been attributed to their strong antioxidant capacity and their biological activities in modulating the activity of some enzymes
while inhibiting others (van Acker et al., 1996). As antioxidants, flavonoids can scavenge free radicals and active oxygen species, chelate metals, and prevent the oxidation
of low density lipoproteins (LDL) (Heim et al., 2002; Ververidis et al., 2007; Sansone
et al., 2011). In addition to their antioxidant properties, some flavonoids play important
roles as pigments in imparting some colours to fruits and vegetables and have some
tastes and aromas.
More than 8000 different flavonoids have been identified from plants (Pietta, 2000).
Among the different subclasses of flavonoids, the main subclasses important from the
perspective of their dietary abundance and human health are flavones, flavanones,
flavonols, isoflavones, and anthocyanins (Hooper et al., 2008). Structurally, all flavonoid
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Table 6.1 Classiﬁcation and dietary sources of phytochemicals.
Class
Polyphenols
Flavonoids
Anthocyanins

Flavanols
Flavanones
Flavones
Isoﬂavones
Flavonols

Phenolic acids

Stilbenes
Curcuminoids
Lignans
Other polypenolics
Terpenoids
Carotenoids

Phytochemical compound

Food source

Cyanidin, pelagonidin, delphinidin,
peonidin, petunidin, malvidin and
their glycosides (anthocyanins)
Catechin, epicatechin, gallocatechin,
epigallocatechin
Hesperidin, hesperetin, eriodictyol,
naringenin, naringin
Apigenin, chrysin, luteolin,
tangeretin
Daidzein, genistein, glycitein
Kaempferol, myricetin, quercetin,
rutin

Grape, cheery, blackberry, raspberry,
strawberry, ﬂowers

Caffeic acid, coumaric acid, ellagic
acid, ferulic acid, gallic acid,
chlorogenic acid
Resveratrol
Curcumin
Matairesinol, secoisolariciresinol
Coumarins
Tannins (proanthocyanidins)
Beta-carotene
Alpha-carotene
Lutein, zeaxanthin
Lycopene

Limonoids
Saponins

Beta-crytoxanthin
Limonene

Tea, red wine, apples
Citrus fruits (orange, lemons)
Fruit, vegetables, herbs, celery
parsley
Soybeans, peanuts
Onion, apples, tea, kale, lettuce,
broccoli, leek, grape fruit,
cranberry
Fruits (berries), vegetables
(soybean, wheat, oats, rice)
Bean sprout, grapes, red wine
Tumeric, curry, mustard, ginger
Whole grains, legumes, fruits
Celery, parsnips, ﬁgs, parsley
grape seed, apple, chocolate
Carrot, sweet potatoes, cantaloupe,
mango, pumpkin, peaches
Carrot, yellow squash, red pepper,
lettuce
Corn, kiwifruit, squash, dark green
vegetables (spinach, kale)
Tomato, water melon, pink guava,
papaya
Citrus
Legumes, herbs

Phytosterols

beta-sitosterol, campesterol,
diosgenin (fenugreek, wild yam)
stigmasterol, protodioscin,
campestanol, stigmastanol

Betalains

Betacyanins, betaxanthins

Organosulfurs

Allicin, diallyl sulphide, allixin

Garlic, onion, chive, leek

Glucosinolates

Isothiocyanates allyl isothiocyanate,
phenyl isothiocyanate

Broccoli, cabbage, cauliﬂower

Seeds, legumes

Source: Adapted from Craig, 2001; Heim et al., 2002; Parada and Aguilera, 2007; Fang and Bhandari, 2010;
Gonzalez-Castejon and Rodriguez-Casado, 2011.
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Figure 6.1 Chemical structures of six major subclasses of ﬂavonoids.

compounds have a C6 -C3 -C6 carbon skeleton in which the carbon atoms are arranged
in three phenolic rings referred to as A, B, and C rings (Figure 6.1) (Saskia et al., 1996;
Pietta, 2000; Ververidis et al., 2007). The C ring is usually oxygenated. The structural
variations between different flavonoid molecules are the degree of hydroxylation
and methoxylation and the pattern of substitution around the heterocyclic rings
(Pietta, 2000; Yao et al., 2004). Some flavonoids in plants are also conjugated with
sugar moieties, hence they occur as glycosides. This hydrophilic sugar moiety with
the hydroxyl group is responsible for the water solubility of flavonoids, whereas the
substitutions by hydrophobic groups, such as methyl, impart a partial hydrophobic
character to them.
Flavonoids are one of the most powerful natural antioxidants. The strong antioxidant mechanisms driven by flavonoids are attributed to the conjugated phenolic ring
structures containing hydroxyl groups which give them redox potentials to scavenge
free radicals, quench singlet oxygen, and superoxide anion and chelate transition metal
ions (Rice-Evans and Miller, 1996). The three structural features that determine the
antioxidant capacity and radical scavenging properties are: (1) two hydroxyl groups
in the B ring; (2) the C2 -C3 double bond conjugated with a 4-oxo function (carbonyl
group) in the C ring; and (3) two hydroxyl groups in positions 5 and 7 in the A ring,
which allow the donation of hydrogen atoms to free radicals and enable the resulting
flavonoid molecules to be stabilized through electron delocalization (Benavente-Garcia
et al., 1997; Bravo, 1998). The antioxidant efficiency of flavonoids increases with the
increasing number of hydroxyl groups (Rice-Evans and Miller, 1996; Bravo, 1998) and
decreases with the presence of a sugar moiety (Bravo, 1998).

6.2.1.1 Anthocyanins Among the different classes of flavonoids, anthocyanins are
the most important polyphenolic compound as water-soluble plant pigments. They
are widespread in plants and impart a variety of colors (red, blue, and violet) in fruits,
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vegetables, and flowers. The richest sources of anthocyanins in fruits are berries (e.g.,
strawberries, cranberries, raspberries, and blueberries), cherries, black currants, grapes,
and plums. Some vegetables rich in anthocyanins are red cabbage, red onion, and
rhubarb (Peterson and Dwyer, 1998). In vitro and animal studies have demonstrated
that anthocyanins possess antioxidant, anti-inflammatory, antiallergenic, antiviral,
and anticancer activities (Craig, 2011). They have the ability to scavenge free radicals
and singlet oxygen and inhibit LDL cholesterol oxidation and platelet aggregation,
thus protecting the DNA from damage (Herber, 2008) and reducing the risk of
cardiovascular disease (Craig, 2011).
A range of different colors of anthocyanins results from some differences in the
number and position of their hydroxyl and methyl groups on the B ring of anthocyanin
molecules and also some variability in the glycosylation and acylation, all of which
cause a shift in the absorption bands of visible light (Yao et al., 2004). Anthocyanins
are glycosylated with one or more sugar moieties (e.g., glucose, galactose, arabinose,
xylose, and rhamnose) at the C3 or C5 position (Tiffany and Luke, 2007). The sugar
moieties of anthocyanins can be acylated with various acids (acetic, malonic, succinic, oxalic acids) (Tiffany and Luke, 2007). The deglycosylated anthocyanins (i.e.
aglycones) are referred to as anthocyanidins (e.g., pelagonidin, cyanidin, delphinidin,
and malvidin) which are less water-soluble and less stable than the corresponding
glycosylated anthocyanins. Anthocyanins and anthocyanidins exist stably when present
in plant cell tissues, but they become sensitive to oxidative degradation when exposed
to light, heat, oxygen, metal ions, and pH change, resulting in the structural changes
that lead to discoloration or color loss and a loss of biological activity (Bakowska et al.,
2003). The color of anthocyanins as pigments is especially sensitive to pH. They are
generally stable at low acidic pH, whereas at high pH the structural transformation
occurs causing a loss or change of their color. The instability of anthocyanins at high
pH implies that they are suitable for use as natural food colorants in low acid foods
(Azeredo, 2009).

6.2.1.2 Isoﬂavones Isoflavones are commonly known as phytoestrogens that are
similar to steroid estrogen hormones found in animals. The potential health effects of
isoflavones on heart disease, breast and prostate cancer, osteoporosis, and menopausal
symptoms have been reported (Hooper and Cassidy, 2006; Hendrich and Murphy, 2007;
Craig, 2011). Structurally, isoflavones in their B ring orientation differ from the other
subclasses of flavonoids. The isoflavones found in soybeans include daidzein, genistein,
and glycitein that occur as glycosides (Virgili et al., 2001; Craig, 2011). It is well known
that soybean is a major dietary source of isoflavones (Craig, 2011; Gonzalez-Castejon
and Rodriguez-Casado, 2011).
6.2.1.3 Other ﬂavonoids Flavonols are the most abundant flavonoids that are
widely found in fruits and vegetables, and are represented by quercetin, kaempferol,
and myricetin that differ in the number and position of hydroxyl groups on the B ring
(Yao et al., 2004). Similar to anthocyanins, flavonols in plants also occur as O-glycosides
with sugars (e.g., glucose and galactose) attached at the C3 position which are in turn
acylated with acids (acetic, glucuronic, oxalic, and caffeic) (Tiffany and Luke, 2007).
Quercetin is known as one of the most potent natural antioxidants due to its structural
elements containing all three features important as antioxidants described earlier
(Bravo, 1998).
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Flavanols are also widely found in many plant foods with catechin, epicatechin, and
gallocatechin being three major flavanols. Catechins are present in many fruits, red wine,
green tea, and chocolate (Gonzalez-Castejon and Rodriguez-Casado, 2011). In particular green tea is well known as a major source of catechins (Rice-Evans and Miller,
1996). The consumption of tea rich in catechins has been known to reduce the risk of
diseases associated with reactive oxygen species, such as cancer, cardiovascular disease,
and neurodegeneration (Herber, 2008), which is due to catechins’ strong antioxidant
activity (Virgili et al., 2001; Herber, 2008). Oligomeric and polymeric flavanols also
occur in fruits and vegetables and they are known as proanthocyanidins or condensed
tannins (Tiffany and Luke, 2007).
Flavones are much less common flavonoids found in fruits, but they are found in
cereal grains and herbs, such as parsley, rosemary, and thyme (Peterson and Dwyer,
1998). Flavanones occur predominantly in high concentrations in citrus fruits and contribute to the flavor of citrus fruits (Peterson and Dwyer, 1998).

6.2.2 Carotenoids
Carotenoids are a diverse group of water-insoluble pigmented compounds widely
distributed in nature that are synthesized by plants and microorganisms but not animals
(Rao and Rao, 2007). They provide a range of red, orange, and yellow colors to fruits
(avocado, mango, citrus, peach, pineapple, tomato, strawberries, apricot, watermelon,
and cantaloupe), and vegetables (carrot, capsicum, pumpkin, sweet potato, and sweet
corn) (Craig, 2001). The colors of egg yolks in poultry, flesh of fish like salmon and trout,
and shells of crustaceans are due to the presence of carotenoids accumulated in the
tissues of animals from their diets containing carotenoids (Delgado-Vargas et al., 2000).
It has been reported that more than 600 carotenoids differing in their chemical
structures have been identified from plants (Horn and Rieger, 2001; Namitha and
Negi, 2010). Among those, the most abundant carotenoids in the human diet are represented by β-carotene, α-carotene, lycopene, lutein, zeaxanthin, and β-cryptoxanthin
(Herber, 2008; Maiani et al., 2009). The chemical structures of carotenoids are presented in Figure 6.2 (Rodriguez-Amaya, 1990, Panasenko et al., 1997; El-Agamey,
2004; Melendez-Martinez, 2007; Rao and Rao, 2007). Chemically, the structure of
carotenoids consists of eight isoprenoid units, that is CH2 -C(CH3 )-CH-CH2 , and is
referred to as tertraterpenoids that belong to a family of terpenoids sometimes called
isoprenoids (Wildman, 2001, Herber, 2008). The basic common structural feature of
carotenoids is characterised by a long chain of hydrocarbons with conjugated double
bonds in the central part of their molecular structure (Herber, 2008). The end groups
of the hydrocarbon chain are then cyclized as a six-membered ring structure, except for
some carotenoids (e.g., open chain for lycopene and 5-membered ring for capsanthin).
Some carotenoids, such as lutein, crytoxanthin, and zeaxanthin, have hydroxyl groups
attached to the rings, whereas canthaxanthin has a keto group. These carotenoids
(e.g., lutein, crytoxanthin, zeaxanthin, and canthaxanthin) containing oxygen atoms
are also referred to as xanthophylls which are more yellow in their colour than the
carotenes, such as α- and β-carotene with orange and lycopene with red colour, that
are comprised of carbon and hydrogen atoms without oxygen (Namitha and Negi,
2010). The richest sources of carotenoids in the human diet are fruits and vegetables,
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Figure 6.2 Chemical structures of common carotenoids found in the human diet that are important
to human health and as food colorants.

for example, β-carotene in carrot, sweet potato, broccoli, kale, and spinach, lycopene
in tomato and water melon, β-crytoxanthin in persimmon, lutein in broccoli, green
leafy vegetables, and pepper (yellow, green), and zeaxanthin in pepper (orange, red)
and Chinese wolfberry (Britton and Khachik, 2009).
Carotenoids have been studied extensively through scientific research and clinical
trials for their numerous biological activities and health benefits. Some carotenoids
(e.g., β-carotene, α-carotene, and β-crytoxanthin) are well known as a precursor of the
essential nutrient vitamin A. Research studies have suggested that carotenoids have a
protective function in reducing the risk of cancer, coronary heart disease, and strokes
and play important roles in lowering age-related diseases, such as macular degeneration, and cataracts (Delgado-Vargas et al., 2000; Craig, 2011). Also, it was reported that
carotenoids reduce inflammation-associated diseases, such as obesity and atherosclerosis (Gonzalez-Castejon and Rodriguez-Casado, 2011). The consumption of tomato
products rich in lycopene leads to a reduced risk of prostate cancer (Craig, 2011),
other types of cancer and cardiovascular disease due to its strong antioxidant potential
(Herber, 2008). Lutein and zeaxanthin that are isomeric yellow-colored xanthophylls
are the essential components of the macular of human eyes in which their primary
role is to maintain the optimal function of the retina (Herber, 2008). Aged-related
macular degeneration and cataracts are associated with a poor intake and deficiency of
xanthophylls (Herber, 2008). All these diverse health benefits and biological activities
of carotenoids are related to their strong antioxidant properties which are attributed
to their chemical structure consisting of the long chain of conjugated double bonds,
hydroxyl groups, keto groups, and cyclohexane rings (Delgado-Vargas et al., 2000).
Particularly, the long π-electron systems are very mobile and have the high reducing
potential of quenching singlet oxygen and radical species (Vershinin, 1999), thereby
being effective in protecting DNA, cell membranes and other cellular components
from oxidative damage (Craig, 2001; Wildman, 2001).
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Due to the numerous health benefits and their function as natural colorants,
carotenoids are widely used in the food, cosmetic, nutraceutical, and pharmaceutical
industries (Miguel et al., 2008). There are synthetic and natural carotenoids and
carotenoid-rich extracts available commercially as food ingredients and dietary supplements. Carotenoids are very sensitive to oxidative degradation when exposed to
temperature, oxygen, and light (Barbosa et al., 2005; Miguel et al., 2008; Aissa et al.,
2012). In addition, they are water-insoluble, hydrophobic compounds and even their
oil solubility is also poor. This limits the addition of carotenoids to foods and hence
appropriate dispersion and delivery systems, such as encapsulation, may be useful.

6.2.3 Betalains
Betalains are water-soluble plant pigments containing nitrogen. In contrast to anthocyanins that are widely found in fruits and vegetables, the distribution of betalains
in plants is relatively very limited and the molecular variability is also much smaller
(Stintzing and Carle, 2007). This means that betalains and anthocyanins do not co-exist
in the same plant (Azeredo, 2009). Figure 6.3 illustrates the structures of betalains. Generally, betalains are divided into two groups: the red-violet betacyanins (e.g., betanidin
and betanin) and the yellow betaxanthins (e.g., vulgaxanthin I and II) (Strack et al.,
2003; Bohm and Mack, 2004; Stintzing and Carle, 2007; Azeredo, 2009). They differ
from each other in the pattern of substitutions, the number and position of hydroxyl
group, and the presence of glycosylation and acylation (Azeredo, 2009).
The major edible sources of betalains are red and yellow beet roots, leaf/grain amaranth, colored Swiss chard, and cactus fruits (Stintzing and Carle, 2007; Azeredo, 2009).
The content and relative proportion of betacyanins and betaxanthins in plants vary
depending on the type of betalain crops (Azeredo, 2009). The most common betacyanin
predominantly found in red beet root is betanin. Betanin is a 5-O-glucoside of betanidin which is the aglycone of betacyanins without containing a sugar unit. Betaxanthins
are conjugated with amine or amino acids and constitute only minor pigments in red
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beet but are predominant pigments in yellow Swiss chard and yellow beet (Stintzing
and Carle, 2007).
The chemical properties of betalains in contrast to anthocyanins is their relative stability to a broader range of pH from 3 to 7, which allows their application in low acidic
and neutral foods (Stintzing and Carle, 2007). In vitro cell tests and animal studies have
shown that betalains have a significant inhibitory effect against skin and lung cancer
(Kapadia et al., 1996) and have the ability to inhibit lipid peroxidation and heme decomposition at very low concentrations (Kanner et al., 2001).

6.2.4 Phytosterols
Phytosterols, also called plant sterols, are a group of steroid compounds naturally occurring in plants. The structure of phytosterols is similar to cholesterol found in animal cell
membranes. The main important functions of sterols are the maintenance of cell membrane integrity, and the regulation of membrane fluidity and permeability (Bacchetti
et al., 2011; Alexander et al., 2012). More than 200 different types of phytosterols have
been identified in plants (Bacchetti et al., 2011). The most common plant sterols are
beta-sitosterol, campesterol, and stigmasterol which account for about 65, 30, and 3%
of the total dietary intake, respectively (Moreau et al., 2002; Bradford and Awad, 2007;
Bacchetti et al., 2011). The chemical structures of major phytosterols found in vegetables are shown in Figure 6.4. In contrast to these sterols containing a double bond, the
saturated form of plant sterols also occurs naturally in small amounts and is referred to
as plant stanols (e.g., campestanol or sitostanol) which have no double bond in the sterol
ring. In addition, phytosterol esters are also found in plants as conjugates esterified with
a fatty acid or hydroxycinnamic acid to the ring hydroxyl group or glycosylated with a
hexose with or without fatty acid acylation (Bacchetti et al., 2011). As for the health
benefits of phytosterols, plant sterols are not readily absorbed by the human body and
their absorption rate is much lower than cholesterol (Berger et al., 2004). They also
inhibit the absorption of dietary cholesterol in the human body (Berger et al., 2004;
Chan et al., 2004). A number of clinical studies have shown that a high intake of phytosterols reduces the levels of low density lipoprotein (LDL) and total cholesterol in blood,
owing to their ability to reduce the absorption of cholesterol from the intestinal tract
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Figure 6.4 Chemical structures of major phytosterols found in vegetables.
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(Berger et al., 2004; Bacchetti et al., 2011; Gonzalez-Castejon and Rodriguez-Casado,
2011). In addition, it has been reported that plant sterols have other beneficial functions, including anti-cancer, anti-atherosclerosis, anti-inflammation, and anti-oxidation
activities (Berger et al., 2004).
Unlike cholesterol, plant sterols cannot be synthesized in the human body, thus an
adequate supply through the diet containing phytosterols is desired. The major dietary
sources of phytosterols include vegetable oils (especially unrefined oils), nuts, seeds, and
grains (Berger et al., 2004). During the past two decades, phytosterols have attracted
a rapidly growing interest from the food industry. The incorporation of a mixture of
extracted phytosterols into foods has occurred, including in margarine, fermented milk
drinks, salad dressing, yoghurt, sausages, breads, and snack bars (Bacchetti et al., 2011).
However, the poor solubility of phytosterols in water and oil makes it difficult for them
to be formulated into food (Leong et al., 2011a). The amount of phytosterols that can
be formulated into food is very limited and only feasible through the oil phase of a
food system. If too much is added, phytosterols may crystallize, causing a waxy, gritty
texture (Leong et al., 2011a). The formulation of phytosterols into food should thus
be achieved through a dispersion system containing phytosterols, such as emulsions
and liposomes, which may then be further processed into other types of encapsulation
systems depending on the type of food systems applied.

6.2.5 Organosulfurs and glucosinolates
Some vegetables known as Allium vegetables, such as garlic, onion, scallion, chive, shallot, and leek, contain phytochemicals classified as organosulfur volatile compounds,
such as allicin and its decomposed products (e.g., diallyl disulfide, diallyl sulphide, and
O
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Figure 6.5 Chemical structures of (a) organosulfurs and (b) glucosinolates and the conversion of
glucosinolates to isothiocyanates by the enzyme myrosinase.
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allyl methyl) (Figure 6.5a) (Holst and Williamson, 2004; Butt et al., 2009; Ernst et al.,
2011). These compounds have distinctive pungent flavor and aroma and have been suggested to provide numerous health beneficial functions. They have antibiotic (antiviral,
antibacterial, and antifungal), antioxidant, and anticancer activities, and provide the
disease-preventive and therapeutic effects on cardiovascular diseases, hypertension,
and atherosclerosis, and enhance the immune function of human body (Farhath et al.,
2004; Bhagyalakshmi et al., 2005; Rahman, 2007; Abu-Awwad, 2010).
Cruciferous vegetables, such as broccoli, cabbage, Brussels sprouts, cauliflowers, and
kale, are also rich in sulphur-containing glucosinolates (Kushad et al., 1999; Hecht,
2000). Similar to a diet rich in Allium vegetables, a high intake of cruciferous vegetables has also been suggested to be potentially associated with a reduced risk of cancer
(Kushad et al., 1999; Murillo and Mehta, 2001; Shapiro et al., 2001; Stan et al., 2008).
The mechanism of their cancer-preventive function has been proposed to be due to
the hydrolysis products of glucosinolates, such as isothiocyanates (ally isothiocyanate,
butyl isothiocyanate, and phenyl isothiocyanate), that enhance the activity and synthesis of some enzymes (e.g., glutathione S-transferase and quinone reductase) and inhibit
some other enzymes involved in the activation of carcinogens (Hecht, 2000; Talalay and
Fahey, 2001; Hayes et al., 2008; Ernst et al., 2011). The conversion of glucosinolates to
isothiocyanates occurs naturally by an endogenous enzyme termed myrosinase that is
released by disruption and damage of the plant cell during harvest or food processing
of cruciferous vegetables or when they are eaten through chewing (Mithen et al., 2000).
Figure 6.5b shows the chemical structures of some isothiocyanates and the conversion
of glucosinolates to isothiocyanates by the enzymatic action of myrosinase. It is also
reported that glucosinolates can be hydrolysed during digestion of food in the gastrointestinal tract by the gut microbial myrosinase (Rouzaud et al., 2004). Glucosinolates are
water-soluble due to the presence of sulphate and thioglucose groups, whereas isothiocyanates are relatively hydrophobic (Holst and Williamson, 2004). Isothiocyanates
are volatile and are responsible for the distinctive pungent odor and flavor of cruciferous vegetables (Murillo and Mehta, 2001). Allyl isothiocyanate is also known to have
strong antibacterial activity in its vapor form (Li et al., 2007).

6.3

Stability and solubility of phytochemicals

There is a growing trend, interest, and recommendations for the high consumption of
fruits and vegetables due to their health effects and also a move towards reducing
the consumption of foods containing food additives that are chemically synthesized.
Consequently, the demand for the incorporation into foods of natural functional ingredients (e.g., phytochemicals) that are derived from plants is continuously increasing.
However, most phytochemicals are very sensitive to degradation when exposed to oxygen, heat, light, and other environmental conditions (e.g., acids, alkalis, salts, reactive
substances, and enzymes). This causes a loss of their biological activities and beneficial
health effects. In addition, many phytochemicals are poorly soluble in both the aqueous
solution and oil, thus limiting their dispersion and incorporation in foods. For example,
carotenoids are lipophilic and water-insoluble compounds but their oil solubility is relatively low. Naringenin, a major flavonone in grapes, and quercetin, a major flavonol, are
classified as hydrophilic but their dissolution rate in water is very low (few mg/L) (Sansone et al., 2011). As a result, the bioavailability and absorption rate of these bioactive
compounds in the digestive tract of the human body have been known to be low (Garti

130

CH 6 NANO- AND MICROENCAPSULATION OF PHYTOCHEMICALS

and Yuli-Amar, 2008; Huang et al., 2010; Sansone et al., 2011). Some phytochemicals
also have unpleasant aromas and flavors at a low sensory threshold, thus adversely
affecting the sensory quality of food products when they are incorporated. One example
is plant sterols (phytosterols) which have a chalky appearance and taste (Hooper and
Cassidy, 2006). All these properties have restricted their wide applicability as functional
additives in foods as well as in other products (e.g., cosmetics and pharmaceuticals).
Micro- and nanoencapsulation technologies have been proposed and investigated to
provide a technical solution to enhance the solubility, stability, and bioavailability of
bioactive compounds, such as phytochemicals.

6.4

Microencapsulation of phytochemicals

Microencapsulation is defined as the technology by which small solid particles, liquid
droplets or gases are embedded within a matrix of polymers, enveloped, or coated with
a continuous layer of polymeric material for their protection from the surrounding environment. In the field of encapsulation, the materials being encapsulated or coated can
be referred to as the core, active, fill, internal phase, or payload while the encapsulating
materials used to protect the core are called shell, wall, carrier, encapsulant, membrane,
or external phase (Gibbs et al., 1999). The size, shape, structure, and morphology of
microcapsules vary depending on the materials and methods employed to produce them
(Jyothi et al., 2010). The size of microcapsules can range in diameter from one micron
to some millimeters (Dubey et al., 2009). Some microcapsules smaller than one micron
can be described as nanocapsules (Fang and Bhandari, 2010). The distinction between
micro- and nano-encapsulation, in terms of their size dimension, has not been clearly
differentiated and both forms have been used interchangeably in the literature. According to a recent review paper by Murugesan and Orsat (2012), the size of microcapsules
usually ranges from 0.2 to 5000 μm. The capsules larger than 5000 μm or smaller than
0.2 μm are referred to as macrocapsules and nanocapsules, respectively.
The potential for micro- and nano-encapsulation for food applications has been
reviewed and documented in the literature (Dziezak, 1988; Shahidi and Han, 1993;
Schmitt et al., 1998; Gibbs et al., 1999; Fang and Bhandari, 2010; Kuang et al., 2010;
Fathi et al., 2012). Microencapsulation is used for a number of reasons. The purposes
of microencapsulation are: (1) to protect sensitive substances from the external
environment; (2) to prevent the evaporation of volatile and flavor compounds in the
outside environment; (3) to mask unpleasant odor, taste, and flavor; (4) to transform a
liquid into a solid form which is easier to handle and blend with other dry ingredients;
(5) to enhance the solubility and dispersibility of poorly soluble materials; (6) to obtain
the controlled and/or sustained release and targeted delivery of bioactive compounds;
and (7) to enhance the bioavailability and efficacy of bioactive compounds (Dziezak,
1988; Schrooyen et al., 2001; Dubey et al., 2009; Jyothi et al., 2010; Kuang et al., 2010).
Due to these diverse applications, microencapsulation technologies have been widely
used in a variety of fields, including pharmaceuticals, chemicals, medicine, food, feed,
textile, printing, agriculture, and waste treatment.
The size, properties, and stability of microcapsules produced vary considerably,
depending on the materials and methods used to prepare them. The types of core
materials that have been encapsulated for food applications include flavors, vitamins,
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minerals, fats, oils, colorants, enzymes, microorganisms, probiotics, and other nutritional compounds (Dziezak, 1988; Shahidi and Han, 1993; Schrooyen et al., 2001).
The wall materials used for encapsulation of food ingredients include hydrocolloids
(gum arabic, agar, alginate, chitosan, pectin), carbohydrates (starch, maltodextrins,
corn syrup, cyclodextrins), cellulose (carboxy methylcellulose, methylcellulose, etc.),
proteins (casein, whey protein, gelatin, soy proteins), and lipids (oils, fats, wax, paraffin,
phospholipids). The methods for preparation of microcapsules can be divided into
physical (spray-drying, spray-chilling, freeze-drying, extrusion, fluid bead coating,
etc.), chemical (molecular inclusion complexation and interfacial polymerization),
and physicochemical (coacervation, liposome entrapment, etc.) methods (Shahidi and
Han, 1993). In the following sections, the background literature information on some
encapsulation techniques is described, focusing on their use in the encapsulation of
phytochemicals.

6.4.1 Spray-drying
Spray-drying is one of the most common encapsulation methods used in the food industry (Desorby et al., 1997; Sansone et al., 2011). As compared to other encapsulation
techniques, the use of spray-drying in the food industry has some advantages, such
as the wide availability of equipment, large-scale production, simple continuous unit
operation, easy manipulation of processing conditions, and low process cost (Lee and
Ying, 2008). The principle of spray-drying microencapsulation is based on the physical
entrapment of core materials in the wall matrix of spray-dried powders through a rapid
spontaneous evaporation of water from a mist of fine droplets that are atomized in a
spray-drying chamber from a feed solution consisting of core and wall materials (Jyothi
et al., 2010). The size of the spray-dried powders is typically in the range of 10–100 μm
in diameter (Desobry and Debeaufort, 2012). One limitation of the spray-drying technique can be the limited number of natural biopolymers available as wall materials
(Desai and Park, 2005). In general, the wall materials for spray-drying should be highly
soluble in water and low in viscosity at high solids concentration, and also have good
drying and film forming properties as well as emulsifying properties if lipid materials
are to be encapsulated (Reineccius, 1988). Typical wall materials that have been used
for spray-drying are some proteins, such as whey proteins, sodium caseinate, soybean
proteins, and polysaccharides, such as gum arabic and maltodextrin (MD) with different
dextrose equivalent (DE) values. Other wall materials include modified starch, gelatine,
gellan gum, and chitosan. These wall materials are used either alone or in combinations
of two or more at different ratios.
Among these encapsulating wall materials, MDs are one of the most commonly
used and cost-effective encapsulating agents owing to their low viscosity at high solids
concentration and their ability to form dense wall matrices, thus protecting the
encapsulated core materials from oxidation (Desorby et al., 1997). The formation of
dense wall matrices with MDs as a barrier impermeable to oxygen is based on their
ability to form a kind of amorphous glassy matrix network with the rapid removal of
water via evaporation from their dispersion medium (Laine et al., 2008). However, it
should be noted that though the use of MD with higher DE (i.e., smaller molecular
weight) can be used to form a dense compact wall matrix that is more impermeable
to oxygen, the resulting spray-dried powders can become highly hygroscopic and
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have a lower glass transition temperature, leading to stickiness and caking problems
during storage (Desorby et al., 1997). As a consequence, the structural integrity of
spray-dried powders as an encapsulation system is disrupted due to the crystallization
of carbohydrates (Drusch et al., 2006). For this reason, the use of MD with higher DE
as wall materials and the incorporation of small molecular weights of carbohydrates
(e.g., glucose, sucrose, oligosaccharides) into the wall matrices should be controlled
adequately, and the moisture absorption of spray-dried powders containing them
should be prevented during storage as a slight increase in the moisture content
lowers their glass transition temperatures below room temperature and can cause the
structural collapse and destabilization of the resulting powders (Tonon et al., 2010).
The following section describes some phytochemical compounds that have been
studied for their encapsulation using various wall materials under different spray-drying
conditions by spray-drying (Table 6.2).

6.4.1.1 Encapsulation of polyphenols by spray-drying The encapsulation of phytochemicals, particularly polyphenol extracts of berry fruits, using MDs with different
DE values as wall materials by spray-drying has been studied (Table 6.2). Berry fruits
are rich in polyphenols (e.g., anthocyanins and phenolic acids) with high antioxidant
activity. Almost all berry fruits have a very short life as they deteriorate rapidly after
harvest. To extend their shelf-life, they are frozen or processed into liquid juice concentrates. Spray-drying of polyphenol extracts of fruits can also provide long-term storage
stabilization against oxidative degradation. In addition, spray-dried encapsulated
polyphenols can increase their applicability as functional ingredients in foods and
beverages. Research studies have shown that the stability and shelf-life of polyphenols
during storage and their protection against oxidative degradation can be enhanced by
using the spray-drying encapsulation technique. However, the extent of encapsulation
yield, the efficiency and the protection of antioxidant activity of encapsulated polyphenols are affected by various factors, including type and composition of wall materials,
core to wall ratio, feed solid concentration, and inlet and outlet temperatures.
Ersus and Yurdagel (2007) have studied the encapsulation of ethanol extracts of
black carrots containing a high concentration of anthocyanins using MDs with 10, 20–23
and 28–31 DEs. The anthocyanin content of powders was affected by the types of MDs
with different DEs being higher in the order of 20–23 DE > 10 DE > 28–31 DE. However, no significant effect on the stability of anthocyanins was shown during storage
at 25 ∘ C, resulting in a gradual decrease in the content of anthocyanins from all samples. For the effects of spray-drying temperatures, the loss of anthocyanins was higher
at higher inlet air temperatures of 180–200 ∘ C than 160 ∘ C at a fixed outlet temperature
of 107 ∘ C. Also, at a constant inlet temperature of 160 ∘ C, the anthocyanin contents of
all powders were increased with decreasing outlet temperatures from 107 ∘ C to 102 ∘ C
but the rate of increase was in the order of 28–31 DE > 20–23 DE > 10 DE (Ersus and
Yurdagel, 2007). The authors suggested that the MDs with higher DE are more sensitive to higher outlet air temperatures due to their smaller MWs with shorter chains
which are more sensitive to the oxidation of aldehydes of the molecules, thus leading
to the structural deformation during heating processes.
A polyphenol extracts of black currant containing anthocyanins was encapsulated
using MDs with different DE (11, 18, and 21 DE) or inulin as encapsulating agents
by spray-drying (Bakowska-Barczak and Kolodziejczyk, 2011). The higher drying yield
and better protection for polyphenolics during storage were obtained from MD DE11
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compared to MD DE18 and DE21. Inulin revealed a similar yield to DE11 but it was
shown to provide better stabilization for anthocyanins and polyphenols than DMs during storage. Robert et al. (2010) showed the encapsulation of pomegranate juice and
ethanol extracts of pomegranate containing polyphenols rich in anthocyanins using MD
(DE 12–20) or soybean protein isolates (SPI). The encapsulation efficiency of polyphenols was significantly higher in the SPI matrix, whereas it was better for anthocyanins
in the MD matrix. On the other hand, the protection of both polyphenols and anthocyanins from degradation during storage at 60 ∘ C was found to be significantly higher
with MD than SPI (Robert et al., 2010).
The anthocyanin extracts of Cabernet Sauvignon grapes were encapsulated with
MD DE 19, MD/γ-cyclodextrin, and MD/gum arabic as wall materials by spray-drying
(Burin et al., 2011). The encapsulation efficiency and color retention were found to be
lower with a single wall material of MD than a mixture of two different encapsulating
materials. Since a single wall material does not possess all the necessary properties
required as an ideal encapsulating wall material, the use of carrier mixtures at different
ratios can be more effective (Burin et al., 2011). The film-forming ability of MD is low
as a wall material, whereas gum arabic acts as an excellent film-forming agent, thus
better entrapping the encapsulated substances (Burin et al., 2011).
An aqueous extracts of anthocyanins from Garcinia indica Choisy fruits known as
kokum was spray-dried using MDs of 6, 19, 21, and 33 DEs (Nayak and Rastogi, 2010).
The results showed that the glass transition temperature of powders decreased with
increasing MD DE value due to their smaller MWs, that resulted in more hygroscopic
powders, thus leading to less stabilization of encapsulated anthocyanins (Nayak and
Rastogi, 2010). This problem was shown to be overcome by decreasing the hydroscopic
properties and increasing the glass transition temperature of powders through the addition of gum arabic (Nayak and Rastogi, 2010; Tonon et al., 2010).

6.4.1.2 Encapsulation of carotenoids by spray-drying Microencapsulation of
water-in-soluble phytochemicals, such as carotenoids, by spray-drying has also been
reported in the literature using various wall materials: carotenoid oleoresin from
rosa mosqueta in starch or gelatin (Robert et al., 2003), carotenoid oleoresin from
red chillies in gum arabic/mesquite gum/MD 10 DE (Rodriguez-Huezo et al., 2004),
carotenoid oil extracts from chillies in gum arabic/MD 20 DE (Guadarrama-Lezama
et al., 2012), pure β-carotene in MD with various DEs (4, 15, and 25 DE) (Desorby
et al., 1997; Desobry et al., 1999), β-carotene in tapioca starch or MD 24 DE (Loksuwan,
2007), canthaxanthin in soluble soybean polysaccharide (Hojjati et al., 2011), lycopene
in gelatine/sucrose (Shu et al., 2006), and lycopene in gum arabic/sucrose (Nunes and
Mercadante, 2007). It has been shown that the encapsulation efficiency and storage
stability of carotenoids were affected by a number of factors, such as the core to wall
ratio, the composition of the wall materials, the homogenization pressure, the inlet and
outlet air temperatures, and the feed temperature.
Desobry et al. (1999) showed that the stability of β-carotene encapsulated in MDs
with 4 or 15 DE against oxidative degradation was improved by the addition of mono(glucose and lactose) and disaccharides (lactose) as the size of the pores in the matrices
of the spray-dried powders encapsulating β-carotene was reduced by filling with the
small molecular weight carbohydrates, thus limiting oxygen diffusion. Their results also
showed that MD 4 DE provided better protection and stabilization against oxidation
than MD 15 DE, and the best protection for β-carotene against oxidation was obtained
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from a mixture of MD 4 DE and glucose, resulting in a carotene half-life of 17 weeks at
25 ∘ C, whereas it was only 7 weeks with the mixture of MD 15 DE and glucose (Desobry
et al., 1999).
In a recent study by Guadarrama-Lezama et al. (2012), the carotenoid extracts of
chilli pepper were prepared using different vegetable oils (corn, sunflower, and safflower oils) as extraction media to avoid the use of non-polar organic solvents. The
mixtures of oil and carotenoids were then emulsified in an aqueous wall solution of MD
20 DE and gum arabic and then spray-dried. The antioxidant stability of encapsulated
carotenoids during storage was found to be higher when a corn oil-based carotenoid
extracts was used, which was less sensitive to oxidative degradation than sunflower and
safflower oils, due to a higher proportion of saturated fatty acids. This suggested that
the oxidation of carotenoids occurred more rapidly with sunflower and safflower oils,
due to the degradation of carrier oil where carotenoids are dissolved and entrapped
(Guadarrama-Lezama et al., 2012).
In summary, these research studies on the encapsulation of phytochemicals by
spray-drying have shown that the stability of phytochemicals from oxidation can
be protected during storage, thus enhancing their shelf-life and that the spray-dried
microcapsules can be used as natural food additives for the incorporation into functional foods, due to their antioxidant content and the presence of bioactive compounds
beneficial for human health.

6.4.2 Freeze-drying
Freeze-drying is recognized as a mild and simple encapsulation technique (Laine et al.,
2008). It is suitable for the encapsulation of highly heat-sensitive materials including
volatiles (flavor and aromatic compounds) since the dehydration process is carried
out after freezing and at low temperature under vacuum, unlike the spray-drying
technique at high temperatures (Shahidi and Han, 1993). Some disadvantages of
the freeze-drying technique in comparison to others include its high cost and long
dehydration time required. As such, freeze-drying has been less used as a method for
the encapsulation of phytochemicals than spray-drying. The freeze-dried powders are
also porous in their structure and must be crushed or ground into fine powders after
drying. This can lead to variability in their particle size and expulsion of encapsulated
core materials on the surface of powders. Nevertheless, freeze-drying is considered
one of the most important preservation techniques suitable for high value-added
encapsulated molecules (Desobry and Debeaufort, 2012).
The cloudberry extracts containing phenolics (mainly ellagitannins) was encapsulated using maltodextrins (MD) with 5–8 DE and 18.5 DE as wall materials by
freeze-drying (Laine et al., 2008). Similar to the results of spray-dried powders encapsulating the polyphenol extracts of fruits described earlier, the encapsulation yield and
efficiency of phenolics were higher in the matrix of MD with 5–8 DE (high molecular
weight) than MD with 18.5 DE (low molecular weight), which was suggested to be
due to the formation of tighter complexes between phenolics and the higher molecular
weight of MD (Laine et al., 2008). The storage stability of phenolics encapsulated in MD
with 5–8 DE was also higher than with 18.5 DE, due to the higher molecular weight of
MD, with 5–8 DE rendering the higher glass transition temperature. Cilek et al. (2012)
showed the freeze-drying microencapsulation of phenolic compounds extracted from
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cherry pomace using MD with DE 4–7 and gum arabic at different ratios (10:0, 8:2,
and 6:4) and showed that the encapsulation efficiency increased with increasing ratio of
gum arabic.
Beta-carotene has been microencapsulated by freeze-drying using native or modified
pinhão starch with 6 DE and 12 DE values and the mixture of these with gelatin as wall
materials (Spada et al., 2012). It was shown that modified starch 12 DE exhibited better
protection and higher encapsulation efficiency of β-carotene. The addition of gelatin
increased the glass transition temperature but caused an increase in the size of particles.
Kaushik and Roos (2007) showed that the microencapsulation of limonene by
freeze-drying was possible. Limonene is a major flavor compound in the essential
oils of citrus fruits and has health beneficial effects. Briefly, limonene was mixed and
homogenized with the mixtures of gum arabic, sucrose, and gelatin at different ratios
followed by freeze-drying. The results showed that a mixture of encapsulating wall
materials containing a relatively high ratio of gum arabic rendered the highest retention
of limonene due to its good emulsifying and film-forming properties. It was suggested
that gelatin was not suitable for the freeze-drying process because of the deformation
and collapse of the gelatin-based matrix during the dehydration process due to the
entrapment of ice crystals inside the gelatin gel that hindered the complete sublimation
of ice, and, as a result, gelatin was not readily dehydrated and was difficult to convert
into powder (Kaushik and Roos, 2007). Some negative aspects of microencapsulation
by freeze-drying include the presence of cracks and dents on the surface of dried
particles which affected the flowability and reconstitution properties of the powders
(Kaushik and Roos, 2007).

6.4.3 Liposomes
Liposomes are vesicles composed of a lipid bilayer enclosing an aqueous compartment.
They are prepared using phospholipids (e.g., lecithins), having both hydrophilic head
and hydrophobic tail groups. The unique structural feature of liposomes as an encapsulation system is that due to the presence of both lipid and aqueous phases in their
structure, they are able to entrap hydrophilic, lipophilic, and amphiphilic molecules
(Malheiros et al., 2010; Fathi et al., 2012). The size and structure of liposomes differ
depending on the preparation method used. Liposomes are classified as multilamellar vesicles (MLV > 400 nm), large unilamellar vesicles (LUV 80 nm−1 μm), small
unilamellar vesicles (SUV 20–80 mm), giant unilamellar vesicles (GUV > 1 um)
and multivesicular vesicles (MVV > 1 μm) (Fathi et al., 2012). A schematic diagram
illustrating the structure of liposomes is presented in Figure 6.6 (adapted with modifications from Taylor et al., 2005; Mozafari et al., 2008). In the preparation of liposomes,
cholesterol, if added to the lipid bilayer, has been shown to improve their packing and
stability (El Jastimi et al., 1999; Were et al., 2004). Liposomes have been investigated
and developed in the pharmaceutical, cosmetic, and food industries as carriers of drugs
and bioactive compounds for their protection and delivery (Mozafari et al., 2008). The
food ingredients that have been encapsulated in liposomes are flavorings, essential
oils, amino acids, vitamins, minerals, colorants, enzymes, microorganisms, antioxidants,
antimicrobial agents, preservatives, and omega-3-fatty acid (Mozafari et al., 2008).
Several recent studies have investigated the use of phytosterols in replacing cholesterol that is normally incorporated into the liposome membrane made of phospholipids
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Figure 6.6 Lipid bilayer structure and classiﬁcation of liposomes based on the size and number of
lamella: multilamellar vesicle (MVL), large unilamellar vesicle (LUV), small unilamellar vesicle (SUV)
and multivesicular vesicle (MVV). Source: Tayor et al. (2005). Reproduced with permission of Taylor &
Francis.

to increase the stability and encapsulation efficiency of liposomes (Chan et al., 2004;
Hwang et al., 2010; Alexander et al., 2012; Dong et al., 2012). In this case, phytosterols
were used as a structural component of the membrane of liposomes as a substitute for
cholesterol rather than as an encapsulating core material to improve the bilayer physical
properties of liposome. Alexander et al. (2012) used ascorbic acid as an encapsulating
model core to study the encapsulation efficiency and stability of liposome containing
phytosterols with a mean particle diameter between 115 and 150 nm, prepared using
high pressure homogenization. Bovine serum albumin and antihypertensive oligopeptides were used as an encapsulated core in liposomes using a dehydration–rehydration
method in studies reported by Chan et al. (2004) and Hwang et al. (2010), respectively.
All these studies showed higher encapsulation efficiency by the addition of plant sterols
compared to control samples which did not contain either plant sterols or cholesterol.
The oxidative stability of phospholipids containing high amounts of long chain polyunsaturated fatty acids and phytosterols in the liposome membrane was also shown to
be higher compared to the control sample (Chan et al., 2004; Hwang et al., 2010). Some
negative aspects were, however, reported when phytosterols were incorporated, including phase separation over time and larger particle size, compared to the control sample
and the physical stability of liposomes was lower than the liposome containing cholesterol (Alexander et al., 2012). The results of these studies imply that phytosterols can
be encapsulated in the membrane of liposomes not only to improve the bilayer characteristics but also to provide added health benefits reported from phytosterols, such
as reducing the risk of atherogenesis and cardiovascular disease, especially caused by
hypercholesterolaemia. In addition, encapsulation of water-soluble bioactives in the
internal aqueous phase of liposomes together with phytosterols can provide a synergistic health effect and offers the co-encapsulation of lipophilic and hydrophilic bioactive
compounds (Champagne and Fustier, 2007).
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Some other phytochemicals that have been encapsulated in liposomes include
quercetin (flavonol) (Ioku et al., 1995), catechins (flavanols: epicatechin and epicatechin
gallate) (Terao et al., 1994), and polyphenol extracts from berries (Heinonen et al., 1998).

6.4.4 Coacervation
Coacervation is a process of forming the complexes between biopolymers in solution
and it is referred to as the phase separation. De Kruif et al. (2004) have described the
complexes formed in solution as new colloidal entities. Coacervation can be used to
encapsulate water- or lipid-soluble compounds by using two different methods, called
simple and complex, depending on the number of polymers used. In simple coacervation, only a single polymer is used, while more than one polymer is used in the complex
coacervation. The polymer complex is induced by changing some variables (e.g., pH,
temperature, and addition of inorganic salt electrolytes). One of the most widely used
simple systems produced by simple coacervation is alginate beads (spheres) entrapping
active compounds by using their gelling properties to form a hydrogel in the presence
of bivalent cations, such as calcium. The surface of alginate wet beads can be coated by
an electrostatic deposition with a polymer (e.g., chitosan) of opposing charges. Chemically, alginate is an anionic polysaccharide consisting of mannuronic and glucuronic
acids and is extracted from brown seaweed. Calcium alginate beads are formed by using
two simple methods, either extrusion or emulsion. In the extrusion method, an alginate
solution containing an active compound is extruded dropwise as small droplets, using a
syringe needle or a small orifice, into a calcium chloride solution while being agitated
(Figure 6.7). In the emulsion method, the alginate solution containing core materials is

Alginate & active
compound

Calcium chloride

Secondary
polymer

Electrostatic deposition
of a polymer

Cross-linking
agent

Cross-linking capsules

Figure 6.7 Schematic representation of the simple and complex coacervation processes.
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dispersed in oil while being stirred, followed by the addition of a calcium chloride solution. Alternatively, the pre-made calcium alginate beads excluding an active compound
can be added and dispersed into a solution of active compound to induce the absorption
of active compounds. The properties (size and firmness) and encapsulation efficiency
of alginate beads are affected by various factors, including type of alginate (e.g., low,
medium, and high viscosity, the ratio of mannuronic and glucuronic acids), concentration of alginate and calcium chloride, reaction time, and agitation speed.
In complex coacervation, the pH is normally changed to below the isoelectric point
of one of the two polymers in the same reaction media to enable two polymers to carry
the opposite charges, hence leading to their association via electrostatic attraction
(Subirade and Chen, 2008; de Vos et al., 2010). Coacervation is considered to be
suitable for encapsulation of heat-sensitive compounds since this method is simple
and mild. The types of common polymers used include: (1) for simple coacervation:
gelatin, alginate, chitosan, glucan, and cellulose derivatives; and (2) for complex coacervation: gelatin/gum arabic, gelatin/caroboxymethyl cellulose, alginate/polylysine,
alginate/chitosan, albumin/gum arabic, and glucan/cellulose derivatives. Among the
complex coacervates, gelatin/gum arabic is one of the most widely used systems in
which gelatin is used as a positive polyelectrolyte and gum arabic is used as a negative
polyelectrolyte. The particle size of complex coacervates is normally in the range
between 20 nm and 300 μm (Subirade and Chen, 2008; Dubey et al., 2009). Depending
on the degree of polymer interaction and aggregation, complexes can remain soluble
or aggregate to form a dense phase in solution (i.e., phase separation) or precipitate
(Livney, 2008).
In the encapsulation of hydrophobic active compounds by complex coacervation, the
active compound is homogenized with an aqueous solution of polymer/surfactant using
a high pressure homogenizer or ultrasonicator to form an oil-in-water emulsion. A solution of secondary polymer is added to the emulsion or vice versa, which is subsequently
followed by the pH adjustment to below an isoelectric point of one polymer. This allows
two polymers to carry the opposite net charges, interact, and be deposited around the
active compound or create a layer around the active-containing emulsion droplets. The
layer of complex coacervates can then be cross-linked by using cross-linking agents to
give them the rigid and firm structural integrity.
Some phytochemicals have been studied for encapsulation by coacervation over
the past decades. Capsaicin is a major component found in hot peppers with a strong
pungent odor. It has been widely used as flavoring in some spicy cuisine. Capsaicin
has been traditionally recognized to possess some medicinal properties, such as being
anti-inflammatory and anti-arthritic (Srinivasan, 2005). It has also been known to have
antimicrobial properties (Xing et al., 2004). Xing et al. (2004) showed the preparation
of capsaicin-loaded microcapsules by complex coacervation using a 1:1 ratio of gelatin
and gum arabic. Glutaraldehyde and tannins were used to cross-link the microcapsules
after the formation of complexes which were then dried at room temperature. In
their studies, the effects of processing factors (surfactants and stirring speed) on the
size, morphology, and core content of microcapsules were determined. The content of
surfactants was shown to have a significant influence on the encapsulation efficiency
and core loading content. The dispersibility of dried microcapsules in water was
improved by the cross-linking applied with tannins prior to drying (Xing et al., 2004).
The results demonstrated spherical microcapsules with a mean diameter of 20–30 μm
and a high encapsulation efficiency of 88% and core loading content of 20% were
able to be achieved. In another study by the same authors (Xing et al., 2005), the use
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of freeze-drying to dry the microcapsules resulted in the smaller particle diameter of
300–600 nm with a similar core loading but a lower encapsulation efficiency (81%)
compared to the spray-drying used. The antimicrobial activities of microcapsules
containing capsaicin demonstrated its potential use to preserve foods from microbial
growth during storage optimally at pH 5.0 (Xing et al., 2006). It should be noted that
tannins used for the cross-linking of proteins (e.g., gelatin) are also phytochemicals
derived from plants and classified as polyphenols. They have the ability to cross-link
proteins through hydrogen bonding and hydrophobic interactions and they are safe
to use, thus being an alternative cross-linking agent to glutaraldehyde (de Kruif et al.,
2004). A simple coacervation method was also used to make gelatin nanocapsules
loaded with capsaicin using ethanol as a coacervation agent followed by cross-linking
with glutaraldehyde and drying under vacuum at 80 ∘ C (Jin Cheng et al., 2008). It
showed that the mean particle size of nanocapsules was around 100 nm and the
encapsulation and cross-linking of nanocapsules improved the thermal stability of
capsaicin. The authors also suggested the pungent odor of capsaicin could be masked
by its encapsulation through the coacervation.
Ally isothiocyanate is a phytochemical found in cruciferous vegetables, such as
cabbage and broccoli. In recent years, Zhang et al. (2011) have reported that the
gelatin-gum arabic microspheres encapsulating ally isothiocyanate, which were prepared by complex coacervation, were able to be cross-linked with tannic acid (e.g.,
polyphenol) as a natural cross-linking agent. The study demonstrated that the encapsulation efficiency was high, being as 84% encapsulation and the sustained release of
ally isothiocyanate was able to be obtained from the coacervate microspheres under
simulated gastrointestinal conditions. However, microspheres were highly clustered,
rendering a mean cluster size of 117 μm. The authors suggested the microspheres they
have developed are suitable for use as a delivery system in nutraceutical products. Ally
isothiocyanate is a pungent compound and its vapor has strong antimicrobial activity
against food poisoning bacteria including Escherichia coli, Staphylococcus aureus,
and Pseudomonas aeruginosa (Li et al., 2007; Park et al., 2012). This compound also
has multiple health beneficial properties, such as being anti-carcinogenic, preventing
gastric legion, and anti-Helicobacter pylori activity (Zhang et al., 2011). Despite
these beneficial functional roles, a widespread application of ally isothiocyanate as an
additive in foods is limited due to its high volatility, strong pungency, poor aqueous
solubility, and high lability (Li et al., 2007). For these reasons, it is necessary to use
encapsulation techniques to overcome some technical difficulties with regard to their
formulation, incompatibility, protection, and stabilization.
A water-soluble polyphenol antioxidant extracts of medicinal herbal plants (raspberry leaf, hawthorn, ground ivy, yarrow, nettle, and olive leaf) was encapsulated in alginate/chitosan hydrogel microbeads formed via electrostatic interactions by an extrusion
method (Belscak-Cvitanovic et al., 2011). In this method, an alginate solution mixed
with polyphenol extracts was added dropwise to a solution consisting of a secondary
polymer chitosan/calcium choride/polypenol extracts in which the pH was adjusted to
2.65 with ascorbic acid. The results showed that the encapsulation efficiency (80–89%)
and antioxidant activity of polyphenols and the size (50–1345 μm) of the microbeads
were affected by the microelement content of extracts from different plants (e.g., divalent cations, such as calcium, copper, strontium, and zinc) which affected the gelling
properties of alginate.
Some other phytochemicals that have been encapsulated by coacervation (phase
separation) include lycopene in gelatin/pectin (Silva et al., 2012), lutein in gelatin/gum
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arabic (Xiao-Ying et al., 2011), flaxseed oil rich in omega-3 fatty acids (α-linoleic acid) in
gelatin/gum arabic (Liu et al., 2010), polyphenol extracts of bayberry in ethyl cellulose
(Zheng et al., 2011), black currant extracts containing anthocyanins in glucan (Xiong
et al., 2006), and anthocyanin in pectin coated with shellac (Oehme et al., 2011).

6.4.5 Molecular inclusion complexes
The incorporation of hydrophobic molecules inside the ring structure of cyclodextrins
(CDs) is referred to as molecular inclusion complexation. CDs are well known for their
ability, as carriers of lipophilic molecules (guest), to form water-soluble complexes by
hosting water-insoluble compounds in their hydrophobic interior cavity (host) (Szente
and Szejtli, 2004; Astray et al., 2009; Cabral-Marques, 2010). Structurally, CDs are cyclic
oligosaccharides with a ring structure consisting of D-glucopyranose units linked by
α-1,4-glycosidic bonds (Cabral-Marques, 2010). They are derived from the partially
hydrolyzed starch via enzymatic modification by the enzyme (cyclodextrin glycosyltransferase) that is produced from certain microorganisms, such as Bacillus macerans
(Shahidi and Han, 1993). The most common naturally occurring CDs are α-, β-, and
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Figure 6.8 Chemical structures of α-, β-, and γ-cyclodextrins, and a schematic diagram of cyclodextrin
complexes.
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γ-CD which have six, seven, and eight glucose units, respectively (Figure 6.8) (adapted
with modifications from Martin del Valle, 2004; Astray et al., 2009). CDs have a hollow
truncated cone structure with the hydrophobic cavity inside and the hydrophilic exterior
(Szente and Szejtli, 2004; Astray et al., 2009). The diameter of the central cavity of α-, β-,
and γ-CD is around 0.6, 0.8, and 1.0 nm, respectively, all of them have the same height
of 0.8 nm (Cabral-Marques, 2010). In the absence of apolar guest molecules, the CD’s
cavity in aqueous solution is occupied by water molecules but they are expelled and
replaced by hydrophobic guest molecules with a suitable molecular size when they are
added to the CD solution (Polyakov et al., 2004; Mendes Ortega Lyng et al., 2005). After
penetration into the cavity, the guest molecules slightly undergo a structural change to
assist their close contact and fit inside the CD cavity (de Oliveira et al., 2011). The association between host and guest molecules is determined by their polarity as well as
their geometric shape (Cabral-Marques, 2010). The forces binding the host molecules
to the CD’s cavity include hydrophobic interaction, van der Waals, London dispersion
forces, and hydrogen bonding but covalent bonds are not involved in the interaction
(Cabral-Marques, 2010).
The use of CDs as the carrier agents for molecular inclusion (e.g., molecular
encapsulation) can be applied in various fields, such as food, pharmaceutical, biomedical, cosmetics, personal care, packaging, environmental, and agricultural industries
(Cabral-Marques, 2010; Petrovic et al., 2010). The molecular inclusion complexes can
be used: (1) to protect flavor and aroma compounds from oxidative degradation caused
by heat and light or other substances; (2) to prevent a loss of volatiles via evaporation
during processing or storage; (3) to remove or mask undesirable compounds responsible for unpleasant odors or taste; (4) to improve the physicochemical stability of labile
substances, transforming liquid compounds into powder forms; (5) to enhance the
water solubility and dissolution rate of lipophilic compounds; (6) to confer a controlled
delivery and release of drugs; and (7) to preserve foods through the incorporation of
CD complexed with antimicrobial agents into food packaging materials (Szente and
Szejtli, 2004; Astray et al., 2009; Cabral-Marques, 2010).
Of the three types of CDs, β-CD is the most commonly used because of its wider
availability and lower cost than the other two, α-CD and γ-CD (Astray et al., 2009;
Marcolino et al., 2011). In addition, the cavity size of β-CD is suitable for common guest
molecules with a range of molecular weights between 200 and 800 g/mol (Marcolino
et al., 2011). However, the water solubility of β-CD, that is 1.85 g/100 ml, is much lower
than that of α- and γ-CDs which are 14.5 g/100 ml and 23.2 g/100 ml, respectively, at
room temperature (Shahidi and Han, 1993). A number of CD derivatives have been
developed from the parent CDs through chemical modifications by replacing the
hydroxyl group of glucose units with some other hydrophilic, hydrophobic, or ionizable
groups to improve the solubility, and obtain better functionalities as carrier agents for
molecular inclusion (Szente and Szejtli, 2004). The water solubility of modified CD,
such as methyl-β-CD and 2-hydroxypropyl-β-CD, is much higher, being >50 g/100 ml
and >60 g/100 ml, respectively, than the parent native β-CD (1.85 g/100 ml) (Tommasini
et al., 2004). This implies that the total concentration of apolar molecules that can be
incorporated in aqueous solution can be significantly raised, depending on the type
of CD selected. The formation of CD inclusion complexes is generally carried out by
adding and mixing lipophilic guest molecules, dissolved in a solvent, into the aqueous
solution of CD while being stirred. The aqueous suspensions of the CD/guest molecule
complexes can be further treated by filtration and dried in an air oven under vacuum or
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freeze-dried if they need to be converted into a solid state (e.g., a powder form). Some
important parameters to be controlled to obtain the high encapsulation efficiency and
stability of encapsulated guest molecules are the ratio of host and guest molecules,
the concentration and the type of CDs, the processing conditions (reaction time and
temperature), and the type of solvent (e.g., ethanol, dichloromethane, ethyl acetate,
methanol, and acetone) used to dissolve the hydrophobic guest molecules.
In the past decade, phytochemicals have been studied for their inclusion in CDs, in
view of its contribution to an increase in their water solubility, stability, and bioavailability. Most phytochemicals studied are water-insoluble compounds or have a very low
aqueous solubility, including eugenol in β-CD and 2-hydroxypropyl-β-CD (Choi et al.,
2009), cinnamon oil in β-CD (Petrovic et al., 2010), olive leaf extract in β-CD (Mourtzinos et al., 2007), resveratrol in α-, β-, and γ-CDs, maltosyl-β-CD, hydroxypropyl-β-CD,
and dimethyl-β-CD (Bertacche et al., 2006; Lucas-Abellan et al., 2007; Lu et al., 2009;
Zhou et al., 2012), curcumin in β-CD and/or γ-CD (Marcolino et al., 2011; Lopez-Tobar
et al., 2012), catechin in β-CD (Haidong et al., 2011), phytosterols in β-CD and
hydroxypropyl β-CD (Meng et al., 2012), all-trans-lycopene in α-, β-, and γ-CDs
(Patricia Blanch et al., 2007), bixin in α-CD (Mendes Ortega Lyng et al., 2005), bixin
in β-CD (Marcolino et al., 2011), β-carotene, lutein, and canthaxanthin in β-CD (Lancrajan et al., 2001), astaxanthin in hydroxypropyl-β-CD (Yuan et al., 2008), hesperetin
and hesperridin in 2-hydroxypropyl-β-CD (Tommasini et al., 2005), naringenin in β-CD,
2-hydroxypropyl-β-CD, and methyl-β-CD (Tommasini et al., 2004), rutin in β-CD (Calabro et al., 2005), rutin in β-CD, 2-hydroxypropyl-α-CD, 2-hydroxypropyl-β-CD, and
2-hydroxypropyl-γ-CD (Tien An et al., 2013), and 3-hydroxyflavone, morin, and
quercetin in α- and β-CDs (Calabro et al., 2004). These studies have demonstrated
enhancement in the water solubility and stabilization of phytochemicals by the
inclusion complex, thus leading to an improvement in their bioavailability as well.
The term “essential oils” is defined as “volatile oils containing volatile aroma
compounds” obtained from plants (flowers, seeds, leaves, herbs, bark, fruits, and roots)
(Burt, 2004). They are widely used as flavoring agents in food, fragrances in perfumes,
antimicrobial agents in foods and some functional agents (antiviral, antimycotic, and
antioxidant) in pharmaceuticals (Burt, 2004). Due to their high volatility as well as their
sensitivity to oxidation, the flavor compounds in essential oils need to be entrapped and
protected within an encapsulation system (Choi et al., 2009). Among various techniques
available for encapsulation of flavor compounds, molecular inclusion in β-CDs can be
one of the most efficient methods. Petrovic et al. (2010) studied the inclusion complexes
of cinnamon oil containing a number of different flavor compounds with β-CD at
different ratios of oil to β-CD, and demonstrated that the highest retention of oil
volatiles of 94% was obtained from a 10:90 ratio of oil to β-CD and the maximum load
of oil in the cinnamon/ β-CD complex powder (11.7g oil/100 g β-CD) occurred at 15:85
ratio (Petrovic et al., 2010). Eugenol is a phenolic compound with the molar mass of
164.20 g/mol (Figure 6.9) which is naturally occurring as a major flavor component in
the essential oils or oil extracts of clove, cinnamon, basil, and nutmeg (Choi et al., 2009).
It is a highly volatile and labile substance with antioxidant and anti-inflammatory
activities (Choi et al., 2009). In a study on eugenol as a flavoring agent for its molecular
inclusion with β-CD and 2-hydroxypropyl-β-CD by Choi et al. (2009), the mean particle
size of the encapsulated eugenol complexes was shown to be about 320 nm in both
cases, whereas the encapsulation efficiency and oxidative storage stability of eugenol
under the light exposure were higher with β-CD than with 2-hydroxypropyl-β-CD.
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Figure 6.9 Chemical structures of some phytochemicals encapsulated by molecular inclusion
complexation.

It was suggested that the hydroxypropyl side chain of 2-hydroxypropyl-β-CD may
hinder the inclusion of eugenol in the cavity of the CD’s molecule (Choi et al., 2009).
Mourtzinos et al. (2007) studied the molecular encapsulation of olive leaf extract rich
in oleuropein (MW = 540.51 g/mol) (Figure 6.9) (Trela and Waterhouse, 1996; Kishore
and Kannan, 2002; Baglole et al., 2005; Czerwinska et al., 2012) that is chemically a
complex polyphenolic compound and has a bitter and pungent taste, and also that has
been known to offer numerous health-associated biological activities and have strong
antioxidant property. This research has demonstrated the enhanced water solubility
and the protection of oleuorpein from oxidative decomposition by its inclusion in the
cavity of β-CD at a 1:1 stoichiometric ratio and suggested the resulting solid complex
after freeze-drying can be used to fortify into foods or as a food ingredient due to the
increased stability (Mourtzinos et al., 2007).
Resveratrol is a non-flavonoid polyphenol compound that is defined as the major
stilbene found in grapes, wine, and peanuts (Tiffany and Luke, 2007). Resveratrol has
antioxidant activity and is also characterized as a phytoalexin which is synthesized naturally as a defense compound in some plants in response to environmental stress and
injury or fungal infection (Fremont, 2000). In the past few decades, resveratrol has
attracted much interest because of a variety of potential health effects for preventing or
delaying the onset of heart disease, cancer, stroke, inflammation, brain damage, ageing,
and many others (Baur and Sinclair, 2006). The dietary sources of resveratrol include
grapes, mulberries, and peanuts (Jang et al., 1997). In recent years, it was reported that
the peanut sprout contains a substantially higher amount of resveratrol than any other
peanut part (Lee et al., 2013). Resveratrol is easily oxidized and very sensitive to light
(Wang et al., 2002; Bertacche et al., 2006; Zhang et al., 2013). It occurs in two different isomeric forms, such as trans- and cis-resveratrols (Figure 6.9), and the latter is less
active in its biological properties (Scognamiglio et al., 2013). Trans-resveratrol is unstable and rapidly transformed into cis-resveratrol upon its exposure to light (Trela and
Waterhouse, 1996; Orallo, 2006). It was shown that degradation starts to occur even
after 2 hrs of exposure and the amount of resveratrol degraded was about 76% after
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8 hrs at room temperature (Wang et al., 2002). These problems, as well as its poor
water solubility, limit its use in foods and reduce its bioavailability. These problems
can be overcome by using microencapsulation. Several studies have shown that the
poor water solubility and oxidation stability of resveratrol can be improved by its inclusion complexation with β- and maltosyl-β-CDs (Lucas-Abellan et al., 2007). Lu et al.
(2009) investigated the complexation of resveratrol with β- and hydroxypropyl-β-CDs
and showed that at the stoichiometric ratio of 1:1 inclusion complexes, some different
parts of resveratrol molecules protruded outside the cavity of CDs, depending on the
type of CDs used (Lu et al., 2009).
Curcumin is an orange-yellow component of turmeric (Curcuma longa). It is insoluble in water and classified as a phenolic compound (Goel et al., 2008; Marcolino et al.,
2011) (Figure 6.9). Curcumin is widely used as a food additive (a curry spice, coloring
and flavor agents, and preservative) (Lopez-Tobar et al., 2012). Curcumin is also
known to have numerous pharmacological properties, including anti-inflammatory,
antimicrobial, antiviral, antifungal, and antioxidant ones (Jagetia and Aggarwal, 2007).
The therapeutic effects of curcumin have been well documented and have resulted in
turmeric being used to treat a wide variety of illnesses and disorders in some countries
since ancient times (Jagetia and Aggarwal, 2007; Goel et al., 2008). Like many other
phytochemicals, curcumin is sensitive to chemical changes under light, oxygen, temperature, and pH, thus being readily degraded (Marcolino et al., 2011). Lopez-Tobar
et al. (2012) investigated the molecular encapsulation of curcumin (MW = 368 g/mol)
containing two phenol rings within the cavity of β-CD or γ-CD which revealed an
increase in the chemical stability, biological activity, and bioavailability of curcumin,
thus making it more suitable for its use as food ingredients (Lopez-Tobar et al., 2012).
The inclusion of the two phenolic moieties of curcumin inside the cavity led to the
reaction stoichiometry of a 1:2 ratio of curcumin and CD molecules. The encapsulation
efficiency was determined to be higher when the inclusion was made with γ-CD than
β-CD, possibly due to the better insertion of the polyphenol size in the cavity of γ-CD.
The inclusion complexation of phytosterols containing β-sitosterol, stigmasterol, and
campesterol has been studied in recent years (Meng et al., 2012). The results showed a
significant enhancement in the water solubility of phytosterols by inclusion complexation with β-CD and hydroxypropyl β-CD which increased its solubility from 0.022 mg/ml
for uncomplexed free phytosterols to 1.62 mg/ml and 8.69 mg/ml, respectively, at 25 ∘ C
(Meng et al., 2012). The higher inclusion capacity of hydroxypropyl β-CD was attributed
to the size and hydrophobicity of the cavity circumstance which may confer a better fit
of the sterol ring moiety of phytosterols compared to the native β-CD.
Some carotenoids that are also hydrophobic and water-insoluble have also been
studied for their inclusion in CDs. As mentioned earlier, carotenoids possess antioxidant activities, and confer numerous health benefits. Due to their strong antioxidant
properties, they are vulnerable and sensitive to degradation when exposed to the
environment (oxygen, temperature, light, and other reactive substances), thereby their
use as functional ingredients is limited (Yuan et al., 2013). It is essential to improve
their aqueous solubility and chemical stability for more widespread application in
the food, cosmetics, and pharmaceutical industries. The water solubility and stability
of astaxanthin against light and oxygen were shown to be greatly enhanced by its
inclusion in hydroxypropyl-β-CD (Yuan et al., 2008). The inclusion complex of bixin,
a carotenoid pigment from urucum seeds, with α-CD increased its water solubility
and resistance to oxidative degradation caused by light and oxygen compared to
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uncomplexed free bixin (Mendes Ortega Lyng et al., 2005). Marcolino et al. (2011) also
studied the inclusion complex of bixin with β-CD in which a stoichiometric relationship
was found to be a 1:1 ratio while it was a 1:2 ratio between curcumin and β-CD,
suggesting the stoichiometric relationship was determined by the presence of benzene
rings of the guest molecules as well as their physicochemical properties interacting
with the CD’s cavity (Marcolino et al., 2011). In this study, the addition of dried solid
complexes to cheese and yoghurt was shown to make no changes to the textural and
sensorial properties. Nunes and Mercadante (2007) investigated the encapsulation of
lycopene (MW = 536.87 g/mol) in a powder form using molecular inclusion with β-CD
followed by freeze-drying. It was shown that the encapsulation yield of lycopene was
about 50% at a molar ratio of 1:4, whereas the complexes were not formed when a 1:1
molar ratio of lycopene and β-CD was applied to the inclusion complex formulation
(Nunes and Mercadante, 2007). In contrast, in a study by Patricia Blanch et al. (2007)
using α-, β-, and γ-CDs, the encapsulation efficiency of all-trans-lycopene complex with
β-CD was lower, around 32% and 2.4% even at a much lower lycopene molar ratio of
1:200 and 1:20, respectively. The high encapsulation yield of around 94% was obtained
from a very low molar ratio (1:385) of lycopene. The study also showed that lycopene
was better stabilized with β-CD and that the storage stability tested in the presence of
light and oxygen at room temperature revealed that the lycopene complex with β-CD
remained stable even after six months. The variability of some results shown in the
literature could be due to differences in their experimental procedures and conditions
used, such as reaction times, temperature, solid concentration, type of solvent, type of
lycopene (all-trans and cis), and methods of harvest and dehydration of complexes.

6.5

Nanoencapsulation

In recent years, nanotechnology has been a rapidly growing research area in various
food sectors as an emerging technology. According to the research papers and review
articles, the term nanotechnology is defined as the manipulation, fabrication, and application of materials that have at least one dimension (length, width, and height) smaller
than 100 nm for the desired structural and functional characteristics (Bouwmeester
et al., 2009; Buzby, 2010). The potentials of nanotechnology have been explored in
various food areas, including the design of nanosensors and nanotracers for food safety
and security, the improvement of food preservation and packaging, the development
of new functional foods and beverages, and the improvement of nutrient delivery
(e.g., bioavailability, controlled release, and intake) (Bouwmeester et al., 2009; Kuo,
2010). The important implication of nanotechnology is also linked to encapsulation
that enables the design and development of novel delivery systems for bioactive
compounds with improved water solubility, stability, functionality, and bioavailability
which ultimately lead to the development of new functional foods and beverages
(Huang et al., 2010). The types of nanocarriers or nanoencapsulation that have
been developed include nanoemulsions, nanoparticles, nanoliposomes, nanofibers,
nanotubes, and nano-structured materials. It should, however, be mentioned that, as
indicated earlier, different particle size ranges much higher than 100 nm have been
reported in the literature as nanoencapsulation, hence, the prefix “nano” in areas of
encapsulation often does not strictly follow the definition of nanotechnology.
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6.5.1 Nanoemulsions
In most cases, the first step of the microencapsulation process of lipid compounds is
the preparation of an oil-in-water (o/w) emulsion. The resulting emulsion is further
processed into different physical forms by various encapsulation techniques, such
as spray-drying, freeze-drying, extrusion, etc. An emulsion is defined as a colloidal
dispersion system consisting of two immiscible liquids, usually oil and water, in which
for an o/w emulsion, liquid oil is suspended as small droplets in an aqueous liquid
phase by the aid of surface active molecules (e.g., some proteins, polysaccharides,
and small molecule surfactants). A number of different terms have been used in the
literature to describe similar or different emulsion systems, including microemulsion, nanoemulsion, macroemulsion, conventional emulsion, and miniemulsion. In a
review article by McClements (2010), emulsions have been divided, based on their
particle size, into microemulsion, nanoemulsion, and macroemulsion (conventional
emulsion or emulsion) which have size ranges 2–50 nm, 20–100 nm, and 100 nm–100
um, respectively. Nanoemulsions are not thermodynamically stable because the
emulsions are non-equilibrium systems and tend to undergo phase separation (Sole
et al., 2010). However, nanoemulsions remain stable during long-term storage due to
their nanoscale-sized droplets (<100 nm) unlike conventional emulsions that exhibit
coalescence, creaming, and phase separation.
Various techniques have been used in the preparation of emulsions by two different
approaches: high energy and low energy emulsification methods (Chen et al., 2006;
Acosta, 2009; Anton and Vandamme, 2009; Leong et al., 2009). High energy methods
use mechanical devices, such as high pressure valve homogenizers, microfluidizers,
and ultra sonicators, to break up bulk oil into small oil droplets in water by their
intense disruptive forces (turbulence, shear, and cavity) (Wooster et al., 2008; Anton
and Vandamme, 2009; Leong et al., 2009; Lee and McClements, 2010). The droplets
are then stabilized by emulsifying agents present in the aqueous phase. The size of oil
droplets produced by this method is normally larger than 100 nm (Lee et al., 2011).
Research studies have demonstrated that the size of emulsion droplets can be reduced
to be smaller than 100 nm in diameter by solvent displacement and solvent evaporation
combined with high pressure homogenization (Tan and Nakajima, 2005; Chu et al.,
2007; Chu et al., 2008; Lee and McClements, 2010; Lee et al., 2011; McClements, 2011).
The important attributes of nanoemulsions are their high kinetic stability against
creaming or sedimentation and the ability to increase the solubility of lipid bioactive
compounds and improve their bioavailability (Huang et al., 2010; Lee and McClements,
2010; McClements, 2010; Lee et al., 2011; McClements, 2011; Silva et al., 2011). Another
attractive characteristics of nanoemulsions is their optical properties. They tend to be
transparent due to the particle dimension being smaller than the wavelength of visible light so the light scattering is weak (Lee and McClements, 2010; Lee et al., 2011).
This means that the product appearance is not altered by the addition of oil droplets
(Wooster et al., 2008; Wang et al., 2009; Lee and McClements, 2010; Lee et al., 2011).
It has been shown that to obtain optically transparent systems, the size of the emulsion droplets is critical and they should be smaller than 80 nm in diameter (Wooster
et al., 2008; Lee and McClements, 2010; Lee et al., 2011; McClements and Rao, 2011).
Transparency is also influenced by the droplet concentration.
Low energy emulsification methods are referred to as spontaneous emulsification
methods, which allow the formation of microemulsions or nanoemulsions with small
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droplets (<100 nm). Some advantages of these methods are that they do not require
strong mechanical agitation and instead use low energy (i.e., chemical energy stored in
the system by using intrinsic physicochemical properties of emulsifiers and environmental conditions). The underlying principle is based on the phase transitions between dispersed and continuous phases that take place at certain point by manipulating changes
in the curvature of a surfactant layer at the oil–water interface (Solans et al., 2002; Chu
et al., 2007; Anton et al., 2008; Wang et al., 2008; Yin et al., 2008). The phase transition
(i.e., the change in the surfactant layer curvature) is generally achieved through two
different approaches: (1) temperature, thus called phase inversion temperature (PIT)
method; and (2) composition, referred to as the phase inversion composition (PIC) or
emulsion inversion point (EIP) method. Low energy methods have been mainly studied
for delivery of drugs in the pharmaceutical industry and their use in food applications
have been limited due to some limitations. The main limitations of low energy methods
are that with this approach, only non-ionic small molecule surfactants can be used and
natural biopolymers, such as protein emulsifiers and polysaccharide, cannot be used
(Lee et al., 2011). Also, this method often only works at high concentrations of oil or
surfactant and/or requires the use of co-solvents, such as ethanol (Huang et al., 2010).
In addition, the composition and temperatures must be optimally regulated to maintain their stability. Nevertheless, these low energy emulsification methods are efficient
in forming oil droplet sizes smaller than 50 nm spontaneously with gentle shaking and
mixing. With these low energy emulsification methods, the solubility and bioavailability
of bioactive compounds can be greatly improved. A nanoemulsion produced through
this approach is thermodynamically stable and does not change with time but can react
reversibly to changes in temperature or composition (Porchilin, 2006).

6.5.2 Nanoparticles
Nanoparticles have been extensively studied as drug delivery systems in the pharmaceutical industry because they enhance the solubility and bioavailability of drugs and
also because of the possibility of the direct uptake of drug nanoparticles in the digestive
tract. Over the past decade, nanoparticles have also attracted attention in the food and
beverage industry because they can also be suitable for the development of value-added
functional foods and beverages. Nanodispersions and nanoparticles have been studied by using emulsification and solvent evaporation techniques (Figure 6.10). In this
method, two solutions (the organic phase and aqueous phase) are first prepared separately and then mixed and homogenized to make an emulsion, followed by the removal
of solvent from the emulsion. Briefly, a lipophilic bioactive compound to be encapsulated is dispersed and dissolved in an organic phase of a lipophilic or amphiphilic
solvent. Oil and/or a hydrophobic polymer can also be mixed as carriers with the organic
phase. The organic phase is then homogenized with an aqueous solution containing a
surfactant and/or polymers to form an emulsion. The next step is to remove the solvent via evaporation through its diffusion from the emulsion to the aqueous phase by
using a rotary evaporator under vacuum to form nanodispersions. When the solvent
diffusion occurs, the particles shrink in their size and the bioactive compounds become
concentrated and precipitate inside the nanoparticles. Alternatively, the nanoparticle
dispersions can be transformed into powders using spray- or freeze-drying technologies. The types of organic solvents used have been lipophilic or amphiphilic solvents for
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Figure 6.10 Schematic diagram of the formation of nanoparticles, nanoemulsion or nano-dispersion
by emulsiﬁcation and solvent diffusion/evaporation methods. Source: Adapted with modiﬁcations from
Acosta (2009). See plate section for color version.

the encapsulation of lipophilic compounds, including hexane, ethyl acetate, acetone, or
ethanol. The use of organic solvents required in the preparation of nanoparticles is one
major disadvantage with regard to its applications in foods. Even after the removal of
solvent, solvent residues can still remain in the obtained nanoparticles. One of the positive aspects of nanoparticles as pointed out earlier is that the particle size of nanoparticles is smaller than the micro-sized microcapsules, hence their surface area is larger.
As the total surface area is inversely proportional to the size of particles, nanoparticles
have a greater ability to increase the water solubility of lipophilic bioactive compounds,
thus enhancing the bioavailability, controlled release, and absorption of encapsulated
bioactive components at a targeted site in the human body (Tan and Nakajima, 2005;
Fang and Bhandari, 2010).
Research studies on nanodispersions containing phytochemicals that have been
conducted by using a combined method of emulsification and solvent displacement/evaporation include β-carotene nanodispersions stabilized by Tween 20 (Tan
and Nakajima, 2005), β-carotene-loaded nanodispersions made of poly(D,L-lactic
acid) and poly(D,L-lactic-co-glycolic acid) (Ribeiro et al., 2008), β-carotene nanodispersion made from modified OSA (n-octenyl succinate) starch (de Paz et al., 2012),
astaxanthin nanodispersions from sodium caseinate (Anarjan et al., 2011), astaxanthin
nanodispersions made of Tween20, sodium caseinate, and/or gum arabic (Anarjan
et al., 2010; Anarjan et al., 2011; Anarjan and Tan, 2013), phytosterol nanodispersions
stabilized by sucrose stearate, sucrose palmitate, sucrose laureate or sucrose oleate
(Leong et al., 2011c), phytosterol nanodispersions stabilized by Tween 20 (Leong et al.,
2011a; Leong et al., 2011b), and phenol antioxidant (ellagic acid)-loaded nanoparticles
using poly(lactide-co-glycolide) (PLGA) (Bala et al., 2005).
Tan and Nakajima (2005) produced nanodispersions containing βcarotene stabilized
with Tween 20 using hexane as an organic solvent by homogenization and solvent
evaporation. The particle size of nanoparticles in the range of 60–140 nm in diameter
was shown to decrease as the ratio of organic and aqueous phases and the homogenization pressure and cycle were increased. However, the stability of β-carotene against
degradation during storage at 4 ∘ C for 3 months was shown to decrease as the particle
size decreased, due to the large surface area of particles exposed to the surrounding
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environment (Tan and Nakajima, 2005). The preparation of β-carotene nanodispersions stabilized by gelatin or Tween 20 as emulsifiers and entrapped in polymers of
poly D,L-lactic acid and poly D,L-lactic-co-glycolic acid was achieved with the solvent
diffusion and evaporation of water-miscible acetone from the homogenized dispersed
droplets (Ribeiro et al., 2008). The results showed that the mean particle size of nanodispersions was smaller than 80 nm, and they were stable physicochemically against
oxidative degradation and Ostwald ripening and coalescence during storage for 5
months at 4 ∘ C.
Phytosterol nanodispersions prepared by emulsification and solvent evaporation
have also been reported using different types of emulsifiers (Leong et al., 2011a;
Leong et al., 2011b Leong et al., 2011c). The mean particle diameter of phytosterol
nanodispersions stabilized by Tween 20 ranged from 52 to 179 nm, depending on the
homogenization conditions used (e.g., mixing time and speed, and homogenization
pressure) (Leong et al., 2011a). Phytosterol nanodispersions stabilized by sucrose
fatty acid esters as emulsifiers had the mean particle size in a range of 2.8–260 nm,
depending on the concentration and type of sucrose esters of different fatty acids
(Leong et al., 2011c). It was reported that the phytosterol nanoparticles with a mean
particle size smaller than 100 nm resulted in high clarity of appearance. Ellagic acid,
which is a poorly water-soluble phytochemical found in berries that has antioxidant,
anti-carcinogenic, and antimutagenic properties, was encapsulated in nanoparticles to
increase their solubility and bioavailability with poly(lactide-co-glycolide) (PLGA) by
using the emulsion-diffusion-evaporation concept using ethyl acetate as the solvent
(Bala et al., 2005).
In summary, the results have shown that phytochemicals can be encapsulated in
nanoparticles and their stability and solubility can be protected and improved. Nanodispersions or nanoparticles can provide the technological innovation for delivery of
bioactive compounds, particularly in beverages because of their small nanoscale sizes
which do not affect the optical properties of clear beverages.

6.5.3 Solid lipid nanoparticles (SLN)
Nanoparticles consisting of a matrix made of solid lipids are called solid lipid nanoparticles (SLN). They have been widely studied in the pharmaceutical field during the past
decade as a delivery carrier for poorly water-soluble drugs as an alternative to polymeric nanoparticles, liposomes, and emulsions (Mehnert and Mader, 2001; Trombino
et al., 2009; Patel and Fernanda San Martin-Gonzalez, 2012). The advantages of SLN
as a carrier for drugs include the ability to protect and stabilize drugs, to enhance the
bioavailability and adsorption of drugs due to their small size and surface properties of
adhesion to the intestinal cell walls, and to control the release and uptake of drugs in
the gastrointestinal digestive tract (Souto and Muller, 2006).
The principles used in the production of SLN are similar to the preparation of
oil-in-water (o/w) emulsions by using homogenization but differ in that the liquid oil
of o/w emulsions is replaced by a solid lipid or a blend of solid and liquid lipids with
different melting points. The latter case is referred to as nanostructured lipid particles.
The methods involving homogenization are divided into hot homogenization and cold
homogenization. In the hot homogenization method, the bioactive compound to be
encapsulated is dissolved in a molten lipid at a temperature typically 5 ∘ C above the
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melting point of the carrier lipid employed (Souto and Muller, 2006). The molten lipid
mixed with the bioactive compound is emulsified into an aqueous solution containing
surfactant and stabilizer at the same temperature by high pressure homogenization.
The homogenized emulsion is cooled to crystallize and solidify the matrix of emulsion
particles or it can be spray-chilled or freeze-dried, resulting in a solid dry form. In
case of the encapsulation of hydrophilic actives, a water-in-oil-in-water (w/o/w) double
emulsion has been shown to be able to be used. Organic solvents can also be used
and incorporated into the lipid phase and removed from the emulsion particles before
or after cooling similar to the nanoparticles that are produced by the emulsification
and solvent evaporation as described earlier. In the cold homogenization method,
the melted lipid containing bioactive compound is cooled, solidified, and then ground
into lipid particles using a mill. The ground particles are dispersed in a cold surfactant
solution and the suspension is homogenized at low temperatures. As all different
encapsulation technologies have some pros and cons, the SLNs also have some disadvantages, such as a low encapsulation efficiency and the expulsion of encapsulated core
material during storage, due to the crystallization and polymorphic rearrangement
(e.g., from α and β′ into β polymorph) of carrier lipid molecules which have a lack of
amorphous regions (Fathi et al., 2012; Malaki Nik et al., 2012).
In recent years, the use of SLNs in food applications has attracted increasing
attention from the food science sector. Some phytochemicals that have been encapsulated within SLNs using various carrier lipids with different melting points include
polyphenols (curcuminoids) in trimyristin, tristearin, and glyceryl monosterate as
solid lipids and medium chain triglyceride (MCT) as liquid lipid (Nayak et al., 2010),
curcuminoids in glyceryl monostearate and stearic acid (Tiyaboonchai et al., 2007),
curcuminoids in glyceryl behenate (Kakkar et al., 2011), β-carotene in canola stearin
(Malaki Nik et al., 2012), β-carotene in tripalmitin and MCT (Helgason et al., 2009),
β-carotene and α-tocopherol in stearyl ferulate or stearic acid (Trombino et al., 2009),
and quercetin in glyceryl monostearate (Li et al., 2009). These studies have suggested
that the water solubility and bioavailability of core materials as well as the stability
against degradation can be improved by using their inclusion in SLNs. The results have
also shown that the encapsulation efficiency and capacity, stability, size, and properties
of SLN can be affected by various parameters, including type and concentration of
emulsifier, type of carrier lipid, the ratio of lipid to core material, temperature, and
homogenization pressure.
Malaki Nik et al. (2012) have demonstrated the effect of two different types of
non-ionic emulsifiers (Tween 20 and poloxamers) with different molecular weights and
hydrophilic-lipophilic balances on the stability and crystallization and melting behaviors
of canola stearin SLN containing β-carotene. It was shown that the retention and protection of β-carotene during storage were higher in SLN stabilized with a higher molecular
weight of poloxamers. It was suggested that differences in the polymorphic forms of the
matrix lipid between the two systems rendered mainly β-polymorph with poloxamers
and two different β′ - and β- polymorphs with Tween 20. It was also reported in another
study that β-carotene was better protected in SLN stabilized with high melting lecithin
than low melting lecithin, Tween 60, and Tween 80 (Helgason et al., 2009).
Li et al. (2009) showed through animal studies that the bioavailability and absorption
of quercetin were enhanced significantly when it was encapsulated in SLN stabilized
with Tween 80 and lecithin. Quercetin has been known to have numerous biological
activities, including its potential health benefits for cancer treatment. However, the
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water solubility of quercetin is low, thus its bioavailability and absorption in the gastrointestinal (GI) tract are also very poor (Li et al., 2009). The significant enhanced
absorption shown in the study was suggested to be due to several factors: (1) the size
of SLN being 20–500 nm allows uptake into the intestine; (2) the surface properties of
SLN increase the permeability through the intestinal membrane or improve the affinity
or adhesion of SLN to the GI tract wall membrane; and (3) quercetin is protected from
the degradation during the absorption process.

6.5.4 Nanoparticles through supercritical anti-solvent
precipitation
The supercritical fluid carbon dioxide, used as an anti-solvent, has been widely used
in the production of nanomaterials (i.e., nanoparticles) containing natural and pharmaceutical substances using the supercritical anti-solvent precipitation process (Mattea
et al., 2009). In recent years, the application of supercritical carbon dioxide (SC-CO2 )
as an anti-solvent has been further extended to obtain nano- and microparticles encapsulating labile bioactive compounds through co-precipitation with polymers as carrier
materials (Miguel et al., 2008; Mattea et al., 2009; Sosa et al., 2011; Visentin et al., 2012).
This supercritical anti-solvent co-precipitation technique involves the precipitation of
solutes (e.g., bioactive and polymer) in the solution sprayed in a chamber, by reducing
their solubility and rapid super-saturation induced by the diffusion of SC-CO2 acting as an anti-solvent (Sosa et al., 2011). In this process, the organic solution of solutes
(active/polymer) is sprayed in fine droplets through a nozzle, co-currently with SC-CO2,
into the chamber. The injected SC-CO2 decreases the solubility of the solutes in the
sprayed particles, leading to their super-saturation, precipitation, and solidification in
nanoparticles, and the organic solvent is taken up and removed from the particles by
SC-CO2 under pressure at mild temperatures (e.g., < 30 ∘ C) (Visentin et al., 2012). In
this approach, the solutes (active/wall polymers) should not be able to dissolve in CO2 .
The operating conditions, such as pressure and temperature, are the important process
parameters that should be adequately modulated to control the size, morphology, and
encapsulation efficiency of particles. Control of these operating conditions also helps to
avoid some common adverse structural defects of nano- and microparticles produced
by this technique, such as particle agglomeration and exposure of core materials on the
surface of particles, due to incomplete coating and encapsulation. All these can also be
controlled to some extent by optimizing the formulations and processing parameters,
such as the initial concentration of solution, polymer/solute ratio, feed solution, CO2
flow rates, and CO2 /solution ratio (Martin et al., 2007; Miguel et al., 2008). The two
principal aspects associated with this process are: (1) both the solute and polymer must
be dissolved in the organic solvent but not be soluble in the organic solvent with dissolved SC-CO2 ; and (2) the solvent and SC-CO2 must be miscible under the operating
conditions (Mattea et al., 2010).
Plant bioactive compounds that have been investigated for their encapsulation by
using the SC-CO2 precipitation include rosemary leaf polyphenol extracts (Visentin
et al., 2012), green tea polyphenols (Sosa et al., 2011), lutein (Martin et al., 2007; Miguel
et al., 2008; Jin et al., 2009), and β-carotene (Martin et al., 2007). In several recent
studies reported by Mattea et al. (2009) and Mattea et al. (2010), the application of
this technique in combination with o/w emulsions has been demonstrated to produce a
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suspension of β-carotene nanoparticles stabilized by surfactant molecules which can be
further processed to produce dry powdery particles. In their studies, the solvent from the
organic phase of emulsion droplets containing β-carotene was extracted with SC-CO2
which causes the precipitation of β-carotene inside the droplets due to the anti-solvent
effect of SC-CO2 dissolved in the organic phase. With this combined method of SC-CO2
and emulsion, the size of the final particles formed may be controlled and manipulated
by changing the initial size of particles in the emulsions (Mattea et al., 2010).
The advantages of this technique are that the process can be conducted at low temperatures and in an inert atmosphere, due to the low critical temperature of CO2 (Martin
et al., 2007; Miguel et al., 2008). In addition, the high solubility of organic solvents in
SC-CO2 enables CO2 readily to diffuse into droplets which in turn facilitates the diffusion and removal of solvent out of the droplets under mild conditions, resulting in
solvent-free nanoparticles (Martin et al., 2007). Therefore, this method is suitable for
many plant bioactive compounds that are easily oxidized and degraded in the presence
of oxygen, heat, or light, and that are poorly soluble. As this method uses organic solvents, these must be removed under mild conditions without causing degradation or
contamination. However, there are still areas that need to be further investigated and
understood, regarding the formation, properties, and stability of nanoparticles by this
process, and some drawbacks associated with agglomeration, sedimentation, coalescence, and recovery of particles (Torino et al., 2010). This method may be more feasible
to use in the medical and pharmaceutical industry than for food applications at present
because of the use of solvents, though the technique allows the removal of solvents
readily and the expensive cost of operation. The process still needs some more research.

6.6

Conclusion

Phytochemicals have received considerable attention for many years in the pharmaceutical industries due to their numerous biological activities for health promotion
and disease prevention. There has also been a growing interest in the incorporation of
phytochemicals in foods and beverages. However, due to the nature of phytochemicals
with poor aqueous solubility and high sensitivity to degradation, the formulation of
phytochemicals in foods has not been widely executed and their food applications have
been limited. As a technical solution to these problems, micro- and nanoencapsulation
of phytochemicals have been studied extensively over the past decade. Research
studies have shown that the stability, properties, and bioavailability of phytochemicals
can be significantly improved by the technologies of micro- and nanoencapsulation. In
this chapter some of the encapsulation techniques that have been used to encapsulate
phytochemicals have been described. As a background, the type, structure, and
properties of phytochemicals have also been presented, together with their biological
activities and health benefits.
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7.1

Introduction

The term “probiotic,” meaning “for life” is derived from Greek (Fuller, 1989) and has
had many definitions in the past. As more and more light was thrown on the understanding of the mechanisms of probiotic action and their effects on human health unfolded,
an evolution of the definition occurred. A probiotic is a live microbial feed supplement that beneficially affects the host by improving its intestinal microbial balance.
Later, probiotics were defined as “live micro-organisms which when administered in
adequate amounts confer a health benefit on the host” (Reid et al., 2003). These definitions imply that probiotic products, for example, probiotic yoghurts and drinks, contain
live micro-organisms and improve the health status of the host by exerting beneficial
effects on the gastrointestinal tract.
The potential health benefits of probiotic bacteria (Lactobacillus acidophilus and
Bifidobacteria) are: enhancement of immunity against intestinal infections, immune
enhancement, prevention of diarrhoeal diseases, prevention of colon cancer, prevention of hypercholesterolemia, improvement in lactose utilization, prevention of upper
gastrointestinal intestinal tract diseases and stabilization of the gut mucosal barrier
(Kailasapathy and Chin, 2000). The use of probiotic cultures stimulates the growth of
preferred micro-organisms, crowds out potentially harmful bacteria and reinforces the
body’s natural defense variety of ways to resist such a wide range of infection agents.
The mechanisms of anti-pathogenic effects may be through decreasing the luminal pH
by the production of organic acids (acetic, lactic, or propionic acids), rendering vital
nutrients unavailable to pathogens, changing the redox potential of intestinal environment, producing bacteriocins, competing with pathogens for the receptor sites on the
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
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intestinal wall (competitive exclusion), or producing hydrogen peroxide, antimicrobial,
or other inhibitory substances (Gilliland and Speck, 1977; Hughes and Hoover, 1991;
Kailasapathy and Chin, 2000). The activities of probiotics may include cell-mediated
immune responses, including activation of the reticulo-endothelial system, augmentation of cytokine pathways, and stimulation of pro-inflammatory pathways, such as
interleukin regulation (Isolauri et al., 2000; Gill et al., 2001; Paturi, 2007). These therapeutic properties of probiotic bacteria are proposed for various treatments of human
intestinal barrier abnormalities, such as lactose intolerance, acute gastroenteritis, food
allergy, atopic dermatitis, Crohn’s disease, arthritis, and colon cancer (Kalliomaki et al.,
2003; Rinkinen et al., 2003; Paturi, 2007).
Many different organisms are used as probiotics, however, Lactobacillus acidophilus,
L. casei, L. johnsonii, L. rhamnosus, L. reuteri, L. fermentum, L. gasseri, L. paracasei, Enterococcus faecium, Ec. faecalis, Bifidobacterium bifidum, B. longum, B. infantis,
B. animalis, B. breve, and B. lactis are frequently used as probiotics (Makinen and
Bigret, 1993; Playne, 1994; Anal and Singh, 2007). Generally Lactobacillus and Bifidobacterium strains are used in the development of probiotic products intended for
human consumption due to the belief that these bacteria are members of the intestinal
microbiota and are also considered as “generally safe” (Berg, 1998; Klein et al., 1998).
Probiotic bacteria have been increasingly incorporated into fermented dairy products, including yoghurts, soft-semi-hard cheese, dairy spreads, dairy drinks, ice cream,
and frozen dairy desserts (Anal and Singh, 2007). Although there are instances where
non-viable probiotics can still exert their biological effects (Ouwehand and Salminen,
1998; Tabrizi et al., 2004; Stanton et al., 2005), it is widely considered that products which
contain viable probiotics are the most desirable. The viability of probiotic cultures in
products is, therefore, a critical issue of their functionality. A probiotic, therefore, must
have good technological properties so that it can be manufactured and incorporated
into food products without losing viability or functionality, without creating unpleasant flavors or textures in the product. The efficiency of the added probiotic bacteria
depends on the dose level, and their viability must be maintained throughout storage,
the products’ shelf-life, and they must survive the gut environment (Kailasapathy and
Chin, 2000). Viability and activity of the probiotic bacteria are important considerations, because the bacteria must survive (after processing) in the food during shelf-life
and transit through the acidic conditions of the stomach, and must resist any degradation by hydrolytic enzymes and bile salts in the small intestine. Adequate numbers
of viable cells (“a therapeutic minimum”) should be regularly consumed to achieve
the efficacy of the probiotic bacteria. It is essential that products sold with any health
claims meet the recommended criterion of a minimum of 106 cfu/g of probiotic bacteria
at the expiry date, and the minimum therapeutic dose per day should be about 108 cfu/g
(Kurman and Rasic, 1991; Kailasapathy and Rybka, 1997; Shah, 2000; Lourens-Hattingh
and Viljoen, 2001).
The viability of probiotics has been both a marketing and technological challenge
for many food processing industries. Earlier studies reported that some strains of
probiotics, especially Bifidobacterium spp, lack the ability to survive gastrointestinal
conditions (Berrada et al., 1991; Lankaputhra and Shah, 1995). Various studies have
shown that probiotic organisms survive poorly in dairy products with cell numbers
being much lower than the recommended levels at the expiry date (Iwana et al.,
1993; Klaver et al., 1993; Hughes and Hoover, 1995; Kailasapathy and Rybka, 1997;
Rybka and Fleet, 1997; Dave and Shah, 1997). Several factors have been reported
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to affect the viability of probiotics in fermented dairy products, including increased
concentration of organic acids, low pH, hydrogen peroxide, dissolved oxygen content,
storage temperature, and post-acidification during storage of fermented products, such
as yoghurt, species and strains of associative, fermented dairy product organisms, and
buffering capacity of the ingredients, such as whey proteins concentration (Klaver et al.,
1993; Samona and Robinson, 1994; Kailasapathy and Supriadi, 1996; Lankaputhra
et al., 1996; Dave and Shah, 1997). Therefore, there is a need to protect the probiotic
bacteria against adverse environments, processing, and storage conditions as well as
during transit in the gastrointestinal tract.
Different approaches that increase the resistance of these sensitive organisms against
adverse conditions have been proposed, including appropriate selection of acid- and
bile-resistant strains, control of over- and post-fermentation acidification of dairy
products, addition of cysteine, or an oxygen scavenger, such as ascorbic acid, a two-step
fermentation, addition of buffering agents, such as whey protein concentrates, use of
oxygen-impermeable or oxygen-scavenging packaging containers, stress adaptation,
and incorporation of micronutrients, such as peptides, and amino acids (Kailasapathy
and Supriadi, 1996; Dave and Shah, 1997; Dave and Shah, 1998; Gismondo et al.,
1999; Adhikari et al., 2000, Krasaekoopt et al., 2003). Microencapsulation is recently
gaining considerable attention to provide the required protection for probiotic bacteria
(Kailasapathy, 2002; Godward and Kailasapathy, 2003; Krasaekoopt et al., 2003).
Encapsulation is a physico-chemical or mechanical inclusion or immobilization technique for confining particles containing active ingredients in a polymeric matrix, coated
by one or more semi-permeable polymers, by virtue of which the encapsulated compound becomes more stable than its isolated or free form, thus providing protection
(Arshady, 1994; Thies, 1996; Dziezak, 1988). Controlled release of the encapsulated
active ingredients under specific conditions is a critical benefit of microencapsulation.
A microcapsule consists of a semi-permeable, spherical, thin, and strong membrane surrounding a solid/liquid core, with a diameter varying from a few micrometers to 1 mm.

7.2

The gastrointestinal (GI) tract

7.2.1 Microbiota of the adult GI tract
The adult GI tract contains a complex array of microbiota (Figure 7.1). The dominant
microbial population of the human colon includes species of Eubacterium, Clostridium, Bacteroides, and Peptostreptococcus (Tancrede, 1992). Subdominant populations
of aerotolerant bacteria, such as E. coli and streptococci, are present within the colon
as a consequence of the environment produced by the strictly anaerobic bacteria (Tancrede, 1992). A low number of microorganisms, less than 103 cfu/g of luminal content,
are found in the stomach and duodenum (Figure 7.1) (Holzapfel et al., 1998; Salminen
et al., 1998; Guarner, 2006; O’Hara and Shanahan, 2006). The pathogen, Helicobacter
pylori, is able to colonize the stomach and the duodenum contains microbial populations of streptococci, lactobacilli, and yeasts (Ramakrishna, 2007). However, the acidic
conditions of the stomach and duodenum make it uninhabitable for the majority of
microorganisms where most are killed (Holzapfel et al., 1998; Salminen et al., 1998;
Guarner, 2006; Ramakrishna, 2007). In addition, the phasic propulsive mechanisms
of this area make it difficult for the microorganisms to adhere to the lumen surface
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(Holzapfel et al., 1998; Guarner, 2006), therefore, most microorganisms are unable to
colonize the area. The jejunum and ileum contain a higher quantity of microbes in
comparison to the stomach and duodenum, with a progressive increase from 104 in
the jejunum to 107 cfu/g of luminal content in the ileum (Figure 7.1) (Holzapfel et al.,
1998; Salminen et al., 1998; Guarner, 2006). Gram-negative facultative aerobes, such as
Enterobacteriaceae and a few obligate anaerobes including Bacteroides and Fusobacterium, are the dominant microbiota in this region of the GI tract (Holzapfel et al., 1998;
Guarner, 2006). Due to the rapid transition of contents through the jejunum and ileum,
as well as bile and pancreatic juice secretions, relatively low bacterial numbers are found
(Salminen et al., 1998; Guarner, 2006). Nevertheless, it is thought that immune functioning can be influenced by the interactions of the gut microbiota with the organized
lymphoid structures of the small intestinal mucosa (Guarner, 2006). The large intestine contains the biggest population of microbiota in the GI tract at a concentration of
1012 cfu/g of luminal content (Figure 7.1) (Gibson and Roberfroid, 1995; Salminen et al.,
1998; Whitman et al., 1998; Guarner, 2006; Marchesi and Shanahan, 2007). The majority of the microbiota population are strict anaerobes, such as Bacteroides, Eubacterium,
Bifidobacterium, and Peptostreptococcus, with subdominant populations of facultative
aerobes including Enterobacteriaceaem, streptococci, and lactobacilli (Holzapfel et al.,
1998; Salminen et al., 1998). The high quantity of microbiota colonization in the colon
is due to the slow transition of contents, thus allowing the microbiota to proliferate and
survive by fermenting indigestible material as well as endogenous secretions (O’Grady
and Gibson, 2005; Guarner, 2006).
The microbiota of each individual is distinct and contains dominant and subdominant
species (Guarner, 2006), as influenced by environmental conditions, diet, antibiotic use,
and health status, among other factors. Furthermore, categorization of the colonization pattern by microbiota of the GI tract has been used to describe the nature of the
microorganisms. Autochthonous microorganisms will remain permanent residents of
the GI tract in the area where they originally colonized, whereas allochthonous microorganisms will have a transient nature, inhabiting regions other than the area they originally colonized (Tannock, 1999; O’Grady and Gibson, 2005). However, for both types,
these microorganisms will inhabit areas of the GI tract based on suitable conditions for
their survival. Tannock (1999) proposed that a third category, termed “opportunist,”
could be used to describe microorganisms that take advantage of conditions that suit
their requirements.

7.2.2 Characteristics of the GI tract for probiotic delivery
When designing delivery systems and biopolymers for probiotic encapsulation with the
aim of providing controlled gastrointestinal delivery, it is essential to consider the complex physiology of the GI tract. The GI tract has three major profiles that may influence
the delivery of probiotic bacteria. They include: the pH profile, the oxygen profile, and
the type and concentration of the enteric bacteria profile in the GI tract. The neutral
pH in the oral cavity and the presence of oxygen promote the high growth of aerophilic
bacterial population. In the stomach, the pH is around 2.0–3.0 and these high acidic
conditions support low bacterial growth (Figure 7.1). In the small intestinal areas (the
jejunum and the ileum), the pH is higher than in the stomach, but still in the range of
pH 4.0–5.0, and much less oxygen is available for aerophilic bacterial growth, so the
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Appendix

Human gastrointestinal tract and enteric microbiota. Source: Adapted from Moore (2012).
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composition of the bacteria begin to change from aerophilic to anaerobic types with
moderate bacterial growth. In the ascending (proximal) colon, the pH (5.0–6.0) provides conditions and nutrients for high anaerobic type bacterial growth. In the distal
colon, the pH is neutral, the anaerobic conditions, the scarcity of nutrients, the accumulation of wastes and high competition can lead to lower bacterial growth. Table 7.1
lists the factors and influences that potentially can affect the microbiota in the GI tract.
These factors can also affect the adhesion and growth of probiotic bacteria within the
GI tract. This includes factors, such as antimicrobial agents (e.g., enzymes) secreted in
the GI tract, velocity in the GI tract (may affect the adhesion), mucoadhesion, interactions with the immune system (e.g., phagocytosis), nutrient availability, redox potential,
etc. Typically, the release of the bacteria from the capsules will be triggered by degradation, disintegration, or dissolution of the capsule as bacteria are generally too large
to diffuse from the traditional delivery devices. Along the length of the GI tract, there
are various possible methods for delivery, based on pH, time, peristaltic pressures, and
fermentation (Cook et al., 2012).
Table 7.1 Factors and inﬂuences that potentially affect the microbiota of the GI tract.
Function

Activity

Host-mediated
factors

pH, secretions such as immunoglobulins, bile, salts, enzymes
Motility, e.g. speed, peristalsis
Physiology, e.g. compartmentalization and available adhesion sites
Exfoliated cells, mucins, tissue exudates
Interactions with the immune system
Transit time in the intestine and peristalsis
Age of the host
Antibiotic use
Adhesion
Motility
Nutritional ﬂexibility
Spores, capsules, enzymes, antimicrobial components
Generation time
Bacterial metabolite production
Antimicrobial substance production
Synergy
Metabolic cooperation
Growth factors and vitamin excretion
Changes to Eh , pH, O2 tension
Antagonism/stimulation
Short-chain fatty acids, amines
Changes to Eh , pH, O2 tension
Antimicrobial components
Nutritional requirements, etc.
Composition, non-digestible ﬁbers, drugs, etc.

Microbial
factors

Microbial
interactions

Diet

Source: Holzapfel et al. (1998). Reproduced with permission of Elsevier.
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After ingestion of the microencapsulated probiotic bacteria, the viability losses will
be greater if the bacteria are released from the capsules into the acidic contents of
the stomach. This may also depend on the gastric emptying time because the longer
the released probiotics and any remaining unbroken capsules with probiotic bacteria
remain in the stomach, the more possibility of losing viable probiotic cells. If the
microencapsulated probiotic bacteria is delivered through a food vehicle, such as
yoghurt or cheese, the buffering capacity of the food medium may be able to protect
against some viability losses during gastric emptying. The pH in the lumen of the
stomach, and gastric emptying are dependent on many factors, such as age, time
since eating, and buffers in the food. The wide range of pH in the stomach (eating
to starving), gastric emptying time, enzymes in the stomach, and range of buffers in
foods may be challenges to designing specific release biopolymers. In the intestine the
pH regime is more towards alkalinity and there is varying pH in the small intestine,
the large intestine, and in colon (Figure 7.1). The intestinal transit time also varies
with age, luminous velocity, and peristalsis. Hence appropriate release mechanisms
need to be designed. As the microencapsulated capsules transit the GI tract to lower
levels in the large intestine, the relative quantity of liquid present will decrease as
the contents are compacted into faeces. The large intestine houses a large number
of indigenous bacterial species and offers opportunity for targeted delivery, as some
polysaccharides, such as pectin (Chourasia and Jain, 2003), are biodegraded by the
colonic microflora. This enables the possibility of using prebiotics, such as inulin and
resistant starches, as wall materials, for microencapsulating probiotic bacteria and
releasing them in the colon area, possibly as a therapy against colon cancer as some
probiotic strains have the potential to be able to mitigate growth of cancer cells in the
colon (Bengmark, 2008). Another tool for controlling the release of microencapsulated
probiotic bacteria is mucoadhesion. The advantages of a mucoadhesive controlled
release formulation against traditional release forms include: increased residence time
leading to enhanced release, improved contact with various biological membranes
within the GI tract, and localization of release at a specific site within the GI tract. An
example of a mucoadhesive biopolymer is chitosan. Chitosan can be used as a coating
or wall material in the microencapsulation of probiotic bacteria. Under physiological
conditions, the adhesion results in the formation of aggregates due to electrostatic
interactions and hydrogen bonding between the positively charged chitosan molecules
and the negatively charged intestinal mucosal layers (Dodou et al., 2005).

7.3

Encapsulation technologies for probiotics

Incorporating probiotic bacteria into food presents many challenges, particularly with
respect to the stability of probiotic bacterial cells during processing and storage, and
the need to prevent undesirable interactions with the carrier food matrix. Microencapsulation separates bacterial cells from their environment until they are released. It
protects the cells from their environment, thereby improving their stability, extending
the shelf-life, and providing a sustained and controlled release (Figure 7.2). The structure formed by the encapsulating agent around the core substance is known as the wall.
The properties of the wall system are designed to protect the core and to release it
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Figure 7.2 Principle of encapsulation: membrane barrier isolates cells from the host immune system
while allowing transport of metabolites and extracellular nutrients. Source: Adapted from Kailasapathy
(2008).
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Figure 7.3 Schematic diagram of two representative types of microencapsules.

at controlled rates under specific conditions while allowing small molecules to pass in
and out of the wall membrane (Franjione and Vasishtha, 1995; Gibbs et al., 1999). The
architecture of microcapsules is generally divided into several arbitary and overlapping classifications. One such classification is known as matrix encapsulation. This is
the simplest structure, in which a sphere is surrounded by a wall membrane of uniform thickness resembling that of a hen’s egg. In this design, the core material is buried
at varying depths inside the shell. The microcapsule has been termed a single-particle
structure (Figure 7.3a). It is also possible to design microcapsules that have several distinct cores within the same microcapsule or more commonly, a number of core particles
embedded in a continuous matrix of wall material. This type of design is termed the
aggregate structure (Figure 7.3b).
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Techniques for probiotic encapsulation

This section will focus on the current knowledge and techniques used in the
microencapsulation of probiotic micro-organisms to enhance the performance of these
organisms during fermentation, downstream processing, and utilization in commercial
products. Microencapsulation technologies as applied to probiotics are generally
limited to gelling using polymers, spray-drying, spray-cooling, extrusion, and emulsions
(Kailasapathy, 2002; Anal and Singh, 2007; Champagne and Fustier, 2007).

7.4.1 Microencapsulation (ME) in gel particles using
polymers
Encapsulation in a biodegradable polymer matrix to form gel beads is the most widely
studied ME technology for probiotics. The technology basically consists of producing solid matrices which contain the cells. In hydro-gelling, polymers are used in the
presence of monovalent or divalent cations to micro-entrap probiotic bacterial cells
in hydro-gel beads. The polymerization is induced by the interaction of cations with
the hydropolymers, resulting in the production of solid matrices which immobilize the
cells. Food-grade polymers, such as alginate, chitosan, carboxymethyl cellulose (CMC),
carrageenan, gelatin, starch, and pectin, are mainly employed using various microencapsulation techniques.
In certain cases a filler polymer is used which is not involved in the cation-induced
gelling but helps to strengthen the solid matrix of the gel beads. For example,
Hi-Maize™ starch (a cross-linked resistant starch) is used as a filler material in the
calcium-induced (encapsulant) hydro-gelling to entrap probiotic bacteria. Entrapment
of probiotic cells in an alginate matrix is the most popular system of encapsulation
reported (Champagne et al., 1994). Probiotic bacteria (1–3 μm in size) are well retained
in the alginate hydro-gel matrix, which is estimated to have a pore size of less than
17 nm (Klein et al., 1983).
The polymers used in forming gel beads are essentially called hydrocolloids. Commercially they are available in powder form. They contain individual dry particles.
These dry particles should first be thoroughly dispersed by agitation in a medium, usually water. Sufficient time should be allowed to hydrate the particles. The mechanical
effect and sometimes heating solubilize the particles into individual molecules. Gelling
involves texturization obtained from either cooling the system or polymerization with
cations (Figure 7.4). Factors affecting gelling and the formation of gel beads depend on
the length of the polymers and its capacity to form links. Long linear polymers tend
to gel better than medium-sized or branched polymers while polymers that form links
and junction zones can form better gels.

7.4.2 The extrusion technique
The extrusion technique is the oldest and most common approach to making capsules
with hydrocolloids (King, 1995). It essentially involves preparing a hydrocolloid solution or dispersion, adding micro-organisms to the solution or dispersion, and extruding
the cell suspension through a syringe needle in the form of droplets to free-fall into a
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Figure 7.4 Gelling of biopolymers in producing micro gel beads.

polymerizing or hardening or gel setting bath (Figure 7.5a). The size and shape of the
beads depend on the diameter of the needle and the distance of free-fall, respectively.
This method is most popular due to its ease, simplicity, low cost, and gentle gelling
conditions ensuring high retention of cell viability. This method can be difficult for
large-scale production because of slow formation of beads compared with the emulsion technique (Figure 7.5b). Table 7.2 shows reported encapsulation using extrusion
techniques in dairy products.
The common polymer used to produce the encapsulation matrix by the extrusion
technique is alginate (Krasaekoopt et al., 2003). The common methods that are used to
produce alginate beads that immobilize probiotic bacteria are shown in Figure 7.5. These
techniques include extrusion and emulsion. The gelling types include diffusion gelling
or setting and internal gelling or setting. In the diffusion gelling, a soluble cation such as
calcium chloride solution is used and allowed to diffuse into the alginate beads during
polymerization into gel particles. In the internal or bulk gelling, calcium is released from
the system under controlled conditions at room temperature. It involves a combination of alginate, less soluble calcium salt (e.g., calcium carbonate). The calcium ions are
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Figure 7.5 Encapsulation by (a) extrusion and (b) emulsion techniques.

released from within the system when an acid solution is added. The internally released
calcium reacts with alginate to form gel beads.

7.4.3 The emulsion technique
In this technique, a small volume of the cell-polymer suspension (discontinuous phase)
is added to a large volume of a vegetable oil (continuous phase), such as sunflower
oil, soybean oil, corn oil or canola oil (Figure 7.5b). Some studies have used white
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Table 7.2 Probiotic encapsulation by the extrusion method.
Encapsulant material

Bacteria

Application

References

Alginate

L. delbrueckii, ssp.
bulgaricus S. thermophilus
S. lactis; S. cremoris
S. cremoris
L. plantarum
L. lactis
L. lactis ssp cremoris
B. infantis

Yoghurt

Prevost et al., 1985

Cheese
Phage protection
Biomass
Cream
Biomass
Yoghurt

Prevost and Divies, 1987
Stevenson et al., 1987
Kearney et al., 1990
Prevost and Divies, 1992
Zhou et al., 1998
Sun and Grifﬁths, 2000

L. acidophilus;
Biﬁdobacteria spp
L. acidophilus
L. acidophilus; L. casei;
B. biﬁdum
L. acidophilus
L. acidophilus

Method
Method
Yoghurt

Talwalkar and Kailasapathy,
2003
Chandramouli et al., 2004
Krasaekoopt et al., 2004

Method
Synbiotic yoghurt

Krasaekoopt et al., 2004
Iyer and Kailasapathy, 2005

L. casei; B. lactis

Synbiotic ice cream Homayouni et al., 2008

L .acidophilus

Iranian white
cheese

Alginate
Alginate
Alginate
Alginate
Alginate
Gellan and
Xanthan gum
Alginate
Alginate
Alginate
Alginate
Alginate and Hi-Maize
starch
Alginate and Hi-Maize
starch
Alginate and Hi-Maize
starch

Mirzaei et al., 2012

light paraffin oil (Rao et al., 1989) and mineral oil (Groboillot et al., 1993). The mixture is homogenized to form a water-in-oil emulsion. Once the water-in-oil emulsion is
formed, the water-soluble polymer must be insolubilized (cross-linked) to form tiny gel
particles within the oil phase (Figure 7.5b). The smaller the internal phase particle size
of the emulsion, the smaller the final microparticles will be.
For encapsulation in an emulsion, an emulsifier and a surfactant are needed. Emulsifiers such as Tween 80 can reduce the surface tension between the oil and water
inter-phases as well as prevent spheres from coalescing before breaking up the emulsion. A surfactant such as sodium lauryl sulphate is used to lower the surface tension in
the coating matrix in order to reduce the size of the spheres. Table 7.3 lists the probiotic
encapsulation technique using emulsion for dairy products.
The oil-emulsion process (Figure 7.5b) is less simple but easier to scale up
(Krasaekoopt et al., 2003). This has the advantage of enabling the production of
small beads (Gouin, 2004), which can be critical in preventing sensory changes in
the functional foods enriched with the probiotics containing beads. Coating of the
alginate beads can also be carried out to improve their protective properties. The
beads are simply dipped in a solution containing a cationic polymer, such as chitosan
(Figure 7.5b), gelation, or poly-L-Lysine (Groboillot et al., 1993; Krasaekoopt et al.,
2004). Other coatings or bead modification methods for alginate have been attempted
(Krasaekoopt et al., 2003; Le Tien et al., 2004), but important losses in viability have
resulted in some instances (Larisch et al., 1994).
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Table 7.3 Probiotic encapsulation by the emulsion method.
Encapsulant
material

Bacteria

Emulsion

Application
medium

References

3% k-carrageenanLocust bean gum
(2:1)
10% cellulose
acetate-phthalate
3.6% alginate

S. thermophilus;
L. bulgaricus

Soy oil

Yoghurt

Audet et al., 1988

B. pseudolongum

Parafﬁn oil

Method

Rao et al., 1989

L. bulgaricus

Frozen ice milk

Sheu et al., 1993

2% k-carrageenan
3% sodium alginate

B. biﬁdum
B. biﬁdum;
B. infantis
B. longum
L. acidophilus;
Biﬁdobacterium
spp
L. acidophilus and
B. infantis

Vegetable oil + 2%
Tween 80
Vegetable oil
Vegetable oil

Cheddar
Mayonnaise

Dinakar and Mistry, 1994
Khalil and Mansour, 1998

Vegetable oil
Vegetable oil +
0.02% Tween 80

Set yoghurt
Yoghurt

Adhikari et al., 2000
Sultana et al., 2000

Canola oil +
0.02%Tween 80

Godward and
Kailasapathy, 2003

Vegetable oil
Vegetable oil

Yoghurt, cheddar
cheese, ice
cream
Stirred yoghurt
Frozen dessert

Vegetable oil

Yoghurt

Kailasapathy, 2006

2% k-carrageenan
2% alginate

2% alginate

2% k-carrageenan
3% alginate

2% alginate

B. longum
L. acidophilus,
Biﬁdobacterium
spp
L. acidophilus,
B. lactis

Adhikari et al., 2003
Shah and Ravula, 2004

7.4.4 Spray-drying, spray-coating and spray-chilling
technologies
7.4.4.1 Spray-drying Microencapsulation by spray-drying is a well-established
process, rather inexpensive, straightforward, and can produce large amounts of material. The principle of spray-drying involves aqueous feed formulations containing the
polymer (the encapsulant material) in the continuous phase, which surrounds the core
substance (e.g., probiotics) inside the sprayed droplets obtained through atomization of
the feed into spray. The droplets are then dried, the drying process causes the droplets
to shrink and the polymer material firms up as a shell or an envelope enclosing the
bacteria. The resulting capsules should be free-flowing dry powder (Figure 7.6).
Spray-drying has traditionally had limited industrial use for probiotics as most probiotic bacteria do not survive well during the temperature and osmotic extremes to
which they are exposed during the spray-drying process (Selmer-Olsen et al., 1999).
Table 7.4 shows the reported information on spray-drying techniques for dairy products
and biomass production. Exposure to high air temperatures (inlet air temperature typically at 120–170 ∘ C and outlet temperature at 50–80 ∘ C) required to facilitate water
evaporation during the passage of the bacteria in the spray-drying chamber exerts a
negative impact on their viability and reduces their activity in the spray-dried products
(Ananta et al., 2005). The spray-dried cells may lose their activity after a few weeks of
storage at room temperature due to stress-induced damage to cell membranes and associated proteins. The heat resistance of the probiotic strains will vary during the spray-dry
encapsulation. Picot and Lacroix (2004) dispersed fresh cells in a heat-treated whey
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Figure 7.6 Spray-drying of probiotic bacteria (schematic diagram).
Table 7.4 Probiotic encapsulation by the spray-drying technique.
Encapsulant matrix

Bacteria

Application

References

Aqueous starch (10%)
Reconstituted skim
milk (20%)
Cellulose-acetatephthalate
Gum acacia
Gelatin (30%), soluble
starch(35%) Gum
Arabic (35%), skim
milk (15%)
Milk fat (85%), whey
protein (5–15%);
whey protein (10%)
Milk fat (85%), whey
protein (5–15%),
whey protein (10%)
Soy milk

Biﬁdobacterium spp
L. paracasei

Powdered beverage
Cheddar cheese

O’Riordan et al., 2001
Gardiner et al., 2002

L. acidophilus, B. lactis

—

L. paracasei
B. longum, B. infantis

—
—

Favaro-Trindale and
Grosso, 2002
Desmond et al., 2002
Lian et al., 2002. 2003

B. breve, B.longum

—

Picot and Lacroix, 2003

B. breve, B. longum

Yoghurt

Picot and Lacroix, 2004

L. acidophilus, S.
thermophilus, B.
infantis, B. longum
L. rhamnosus, GG

Soy powder

Wang et al., 2004

—

Ananta et al., 2005

Skim milk, oligofructose
polydextrose
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protein suspension, followed by spray-drying and found a survival rate of 26% B. breve
after spray-drying, however, the more heat-sensitive B. longum showed only 1.4% survival. The outlet air temperature is another major parameter affecting probiotic survival
after spray-drying with lower temperatures. and could result in greater survival rates
(Ananta et al., 2005; Chen et al., 2006). Chen et al. (2006) reported that the viability of
bacteria after spray-drying using outlet temperatures of 60, 70, and 80 ∘ C decreased and
that the survival of Lactobacillus acidophilus and Bifidobacterium longum decreased as
the outlet air temperature increased. Higher outlet temperatures used for spray-drying
could result in a more serious disintegration of the cell wall membranes and a permanent loss in ability to repair the damaged cell walls.
The addition of thermo protectants, such as trehalose (Conrad et al., 2000) and granular starch (Crittenden et al., 2001), have been shown to improve the culture viability
during drying and storage.

7.4.4.2 Spray-coating In spray-coating, the core materials need to be in a solid form,
though not necessarily completely dried. The partially dried core material is kept in
motion in a specially designed vessel, either by injecting air at the bottom or by a rotary
action (Champagne and Fustier, 2007). This is followed by a spray of a coating material
which solidifies and forms a layer over the dried core material. In food applications, the
coating is mostly lipid-based, but a wide group of compounds, such as proteins, gluten,
casein, cellulose and its derivatives, carrageenan, and alginates, can be used (Ubbink
et al., 2003). Spray-coating is useful for coats with multiple layers. For example, the
first coating may confer a protective property, and the second coating could be used
to ensure that the microcapsules containing the protective bacteria remain suspended
which may be useful for probiotic beverage development. The fluid bed encapsulation
process consists of spraying a coating solution onto a fluidized bed of solid particles. The
core material is kept in motion in a specially designed vessel, either by injection of air
at the bottom or by a rotary action of some means. A liquid coating material is sprayed
over the core material and solidifies to form a layer at the surface. In food applications,
the coating is mostly lipid-based, but a wide variety of compounds can be used (Ubbink
et al., 2003). After several cycles of wetting–drying, a continuous film is formed. The
main parameters affecting the process are flow rate and pressure of the spraying liquid,
composition and rheology of the coating solution, and temperature of the fluidizing air.
7.4.4.3 Spray-chilling or spray-cooling The production of gel beads can also be
achieved by spray-chilling, which is considered the least expensive technology (Gouin,
2004). In spray-chilling, the coating material is typically a fractionated or hydrogenated
vegetable oil with low melting point (32–42 ∘ C) containing the core material. In
spray-chilling and spray-cooling, the core and the shell mixtures are atomized into the
cooled or chilled air, which causes the shell to solidify around the core. The process is
similar to spray-drying with respect to the production of fine droplets. However, it is
based on the injection of cold air in the vessel to enable solidification of the gel particle,
rather than hot air which dries the droplet into a fine powder. Unlike spray-drying,
spray-chilling or spray-cooling does not involve the evaporation of water. The liquid
droplet, which is rather small, thus solidifies and entraps the bioactive core materials.
The matrix is consequently a thermo-gelling compound.
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7.4.5 Microencapsulation technologies for nutraceuticals
incorporating probiotics
Nutraceuticals containing probiotics are produced by harvesting cells from large-scale
biomass industrial fermentation, microencapsulating the concentrated cell mass, and
drying them. They are then marketed in the form of powder, caplets, or chewable
tablets. Currently, the encapsulation process is carried out by spray coating. Examples
include the STAR™ and Probiocap™ technologies (Goulet and Wozniak, 2002).
Fat-based polymers are used to spray-coat fine particles of probiotic cultures to
enhance the survival rate against the gastric contents (Goulet and Wozniak, 2002).
Probiotic strains of L. acidophilus 50 ME are sold in a microencapsulated form by
Institut Rosell/Lallemand The Americas, Montreal, Canada (www.lallemand.com).
Probiocap™ (microencapsulated L. acidophilus 50ME in a hydrophobic matrix)
is claimed to have increased tolerance to gastric juices, improved survival during
tableting, enhanced temperature resistance during processing and extended shelf-life
at room temperatures (Kailasapathy, 2002).
Microencapsulation is beneficial in probiotic tablet manufacture. When spray-coated
particles containing probiotics were exposed to compression into tablets, the survival
rate was higher than with uncoated particles (Goulet and Wozniak, 2002). In simulated
gastric fluid (pH 1.2–2.0), free cells showed a much lower survival rate compared to the
cells in the tablet (Chan and Zhang, 2005). In the compression microencapsulation, the
formation of a hydro-gel surrounding the cell wall was thought to be the basis for cell
protection (Chan and Zhang, 2005).

7.5

Controlled release of probiotic bacteria

The viability of probiotic bacteria is an important consideration, because they must survive in the food, beverage, or pharmaceutical tablets, during processing and shelf-life,
and during transit through the acidic and alkaline conditions in the GI tract. Encapsulated probiotics should survive passage through the upper digestive tract in large
numbers in order to ensure the desired beneficial effects in the human body (Kailasapathy, 2007). Controlled release of bacteria is a critical benefit of microencapsulation.
While microencapsulation provides protection to probiotic bacteria and prevents cell
death due to acid, alkali, and degenerative enzymes in the GI-tract, there is no guarantee that the bacteria will be released from the capsules at the target site in the required
numbers. It is beneficial for encapsulated probiotic bacteria to be released in the small
intestine where the Peyer’s patches exist to activate the immune system. Therefore,
the polymers used for microencapsulation should be able to protect the bacteria in the
acidic stomach and release the bacteria under the neutral to alkaline conditions in the
small intestine. Many reports show that microencapsulation in alginate or pectin-based
beads can be used for the controlled release of bioactive substances. In vitro studies on
calcium alginate or pectinate beads have shown that they maintain their integrity in the
simulated upper GI tract, but subsequently release the bioactive substances (Mandal
et al., 2006).
The release profile of two different bacteria, L. casei shirota strain (LCS) and
E. coli GFP+ K12 (GFP, green fluorescent protein) from calcium alginate and
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chitosan-coated-alginate-starch (CCAS) capsules and calcium alginate encapsulated
capsules, respectively, was investigated in porcine gastro-intestinal contents using an
ex vivo mehod (Iyer et al., 2004; Iyer et al., 2005). The microcapsules were prepared
aseptically using an Ino Tech™ Encapsulator with a 300 μm nozzle as described by
Iyer et al. (2004). The contents of different sections of the GIT (stomach, duodenum,
anterior small intestine, posterior small intestine, and colon) were collected from
three different pigs. 0.1 g of encapsulated bacteria (approx. 108 cfu/g) was incubated
in different intestinal contents (10 mL) anaerobically at 37 ∘ C for 12 hours. Samples
were removed at different time intervals and the E. coli GFP+ bacterial release was
evaluated by a fluorescent microscope. For enumeration of LCS, spread plates of LLV
agar (Lactitol-lactobacills-vancomycin) were used. The results showed that there was
essentially no release of encapsulated bacteria from the capsules in the gastric contents.
In contrast, there was a complete release of E. coli within 1 hour of incubation in
the small intestinal contents (pH 6.5–6.8) at 37 ∘ C, while it took 8 hours to nearly
completely release the E. coli in the contents (pH 6.9) under similar conditions. The
release profile of LCS from CCAS capsules in different sections of porcine GI contents
was studied (Iyer et al., 2005). The release of LCS from capsules was different in the
various GI contents. There was no significant release of LCS in gastric porcine contents
(pH 2.5) even after 24 hours incubation. There was a complete release of LCS in
the ileal contents (pH 6.8) after 8 hours incubation. Similar to the ileum, there was
a complete release of LCS from the capsules in the colon contents but it took nearly
12 hours. While there was a complete release of E. coli GFP+ from the calcium alginate
capsules within 1 hour in the porcine ileal contents ex vivo, it took nearly 8 hours to
completely release LCS from the CCAS capsules. The difference between the release
of E. coli and LCS could be due to the chitosan coating of the capsules.
The results of these porcine ex vivo experiments demonstrated that the most likely
site of bacterial release from the capsules will be the small intestine. Both E. coli and
LCS were released in large numbers quickly in the ileal contents of the porcine GIT
compared to other GIT contents. These results are significant because, first, the encapsulated bacteria are not released in the acidic stomach, hence they are protected from
gastric acidity, and second, they are released in the segments of the GIT where are found
the Peyer’s patches and other mucosa-associated lymphatic tissues that are said to play
a critical role in immuno-stimulation (Rescigno et al., 2001). Therefore, it could be said
that microencapsulation in alginates with or without coating effectively minimizes the
bactericidal effects of the gastric pH and maximizes the number of organisms reaching
the ileum and, subsequently, the colon.

7.6

Potential applications of encapsulated
probiotics

A number of technological challenges exist to successfully incorporate probiotics into
dairy foods and to maintain their viability. Processing of probiotic foods involves heat
treatment (e.g., pasteurization), pumping, homogenizing and stirring (incorporating
air), freezing (frozen dairy products), the addition of element that can be antimicrobial
(e.g., salt in cheese manufacture), drying (osmotic dehydration, e.g., powdered milk),
packaging (oxygen ingress through packaging during storage), unfavorable storage
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conditions (e.g., post-acidification in yoghurt), heat shock (e.g., ice cream), and the possible development of antimicrobial compounds secreted by the starter cultures during
fermentation. In the past, culture companies have selected probiotic strains to withstand these adverse technological considerations, however, the recent trend has been
for these companies to focus the selection of strains on the basis of health-enhancing
and therapeutic effects. Therefore, the latest probiotic strains may have lost their
ability to withstand unfavorable processing and storage conditions. Hence the viability
of probiotic bacteria is of paramount importance in the marketability of probiotic
incorporated products. In the development of functional foods, microencapsulation
is used not so much for controlled release into foods but for the incorporation and
protection of viable cells in the products.

7.6.1 Yoghurt
In the manufacture of set or stirred yoghurts, the encapsulated probiotic cultures are
added after the addition of yoghurt starter cultures (S. thermophilus and L. bulgaricus)
to the pasteurized yoghurt mix and incubated at 42–43 ∘ C until a pH of 4.5 is reached,
at which time the yoghurt is cooled and either stirred with fruit mixes or packed as natural yoghurts (Kailasapathy, 2006). It has been reported that microencapsulation using
calcium-induced alginate-starch polymers (Sultana et al., 2000; Godward and Kailasapathy, 2003), in potassium-induced kappa-carrageenan polymers (Adhikari et al., 2000,
2003) and in whey protein polymers (Picot and Lacroix, 2004) have increased the survival and viability of probiotic bacteria in yoghurts during storage. Kailasapathy (2006)
reported that the incorporation of calcium-induced alginate-starch microcapsules containing probiotic bacteria (L. acidophilus and B. lactis) did not substantially alter the
overall sensory characteristics of yoghurts. Microencapsulation also appears to provide
anoxic regions inside the capsules, thus reducing oxygen trapped inside the capsules,
which prevented the viability losses of oxygen-sensitive strains (Talwalkar and Kailasapathy, 2003, 2004), in addition to protecting the cells against the detrimental effects
of the acid environment in the yoghurt. McMaster et al. (2005) also showed increased
oxygen tolerance by bifidobacteria in gel beads. The efficiency of microencapsulation to
protect the probiotic bacteria, however, depends on the oxygen sensitivity of the bacteria and the dissolved oxygen levels in the product. The addition of starch as a filler
material in the alginate capsule matrix (Sultana et al., 2000); co-encapsulation with prebiotic substances, such as inulin (Iyer and Kailasapathy, 2005) or coating the microbeads
with chitosan (Krasaekoopt et al., 2006), all appear to improve the viability of the probiotic cultures. Filler materials used in preparing microencapsulated probiotic cultures,
for example, Hi Maize™ starch, because of their cross-linked structure, will swell and
absorb water but will not gelatinize fully during the pasteurization of the yoghurt mix.
Therefore, this swollen starch may contribute to increased viscosity and firmness. The
formation of exopolysaccharides by the yoghurt starter cultures and probiotic cultures
may contribute to the prevention of syneresis and an increase in viscosity, combined
with a better mouth feel. The exopolysaccharides produced during fermentation may
themselves form natural encapsulants for the yoghurt and probiotic bacteria. Kailasapathy (2006) reported that polysaccharide-producing yoghurt bacteria were important
determinants of yoghurt viscosity and texture. These cultures improve the viscosity of

7.6 POTENTIAL APPLICATIONS OF ENCAPSULATED PROBIOTICS

185

yoghurt leading to resistance to mechanical damage (Tamime and Deeth, 1980). Prevost et al. (1985) reported on the continuous manufacture of yoghurt with entrapped
micro-organisms (L. delbureckii ssp bulgaricus and S. thermophilus).

7.6.2 Cheese
Among the traditional dairy foods, Cheddar cheese has a markedly higher pH (4.8–5.6)
than fermented milks and yoghurt (pH 3.7–4.3) and thus helps in providing a more
stable medium to support the long-term survival of acid-sensitive probiotic bacteria
(Stanton et al., 1998). The metabolism of various LAB in Cheddar cheese results in an
anaerobic environment within a few weeks of ripening, favoring the survival of probiotic bacteria (Van den Tempel et al., 2002). Furthermore, the matrix of Cheddar cheese
and its relatively high fat content offers protection to probiotic bacteria during passage
through GI tract (Vinderola et al., 2002). Thus it appears that microencapsulation may
be only marginally beneficial in protecting probiotic bacteria in Cheddar cheese. However, compared to yoghurt, Cheddar cheese has a longer ripening, storage, and shelf-life
during which the pH decreases, making the cheese acidic in nature during ripening. The
combination of long maturation periods and acidic conditions could make it difficult
for probiotic bacteria to survive during the 6–12-month ripening period. Additionally,
compared to yoghurts, Cheddar cheese also contains starter and non-starter LAB which
may affect the survival of probiotic bacteria.
In the manufacture of Cheddar cheese, the microcapsules containing the probiotic
bacteria are added to the cheese milk after the addition of cheese starter cultures.
The cheese milk is then stirred well and coagulated with the addition of rennet or
chymosin. It has been found that more than 90% of the capsules are retained in the
cheese curd when they are cut for whey drainage and further processing to cheese blocks
(Darukaradhya, 2005). In cheese making, a fraction of the probiotic cells are lost in the
whey. It was also found that for uniform distribution of microcapsules within the cheese
matrix, addition of the capsules to the cheese milk is better than adding capsules to the
milled curd at a later stage, as this causes uneven distribution of capsules in the end
product (Anjani et al., 2007).
Dinakar and Mistry (1994) reported improved survival of B. bifidum in Cheddar
cheese over a 6-month ripening period. Gardiner et al. (2002) reported improved
and increased survival as well as an increased growth rate of L. paracasei in Cheddar
cheese after 3 months of ripening. Similar results have been reported by McBrearty
et al. (2001); Godward and Kailasapathy (2003) and Darukaradhya (2005). Cheese
containing encapsulated Bifidobacterium was shown to possess similar flavor, texture,
and appearance compared to the control (Dinakar and Mistry, 1994; Desmond et al.,
2002). Kailasapathy and Masandole (2005) have reported that production of Feta
cheese incorporating encapsulated probiotic bacteria (L. acidophilus and B. lactis) is
technologically feasible, however, the selection of probiotic strains that are acid- and
salt-tolerant, and produce exopolysaccharides as well as using food polysaccharides
as shell materials for encapsulation will allow the production of a better quality Feta
cheese with a greater survival rate of probiotic bacteria and an improved texture.
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7.6.3 Frozen desserts
Several studies have reported that probiotics entrapped in alginate or carrageenan
beads have greater viability following freezing in dairy desserts (Sheu et al., 1993;
Kebary et al., 1998; Shah and Ravula, 2000; Godward and Kailasapathy, 2003). In
the manufacture of frozen ice milk, probiotics microencapsulated with 3% calcium
alginate are blended with milk and the mix is frozen continually in a freezer. The
incorporation of microencapsulated probiotics has no measurable effect on the overrun
and the sensory characteristics of the products with 90% probiotic survival (Sheu et al.,
1993). The addition of encapsulated cultures (L. acidophilus and B. infantis) did not
have any effect on the amount of air incorporated into the ice cream (Godward and
Kailasapathy, 2003). The high fat content of ice cream and the neutral pH of dairy
desserts may be the main factors responsible for the additional protection provided to
probiotic bacteria. However, the addition of cryoprotectants, such as glycerol (Sheu
et al., 1993; Sultana et al., 2000), seems to improve the viability of probiotic bacteria
during freezing of the dairy desserts. The milk fat in ice cream formulations may also
act as an encapsulant material for probiotic bacteria during the homogenization of the
ice cream mix. The high total solids in ice cream mix, including the fat (emulsion), may
provide protection for the bacteria (Kailasapathy and Sultana, 2003). However, full-fat
ice cream offered no extra protection for probiotic bacterial cultures (L. acidophilus
LAFTI™ L10, B. lactis BLC-1 and L. paracasei subsp paracasei LCS-1) over the low-fat
product during storage , with the low-fat formulation showing improved survival of
all three cultures during the freezing process (Haynes and Playne, 2002). The viability
and metabolic activity of probiotic bacteria during frozen storage can be monitored by
determining their β-galactosidase activity. Kailasapathy and Sureeta (2004) reported
that there is no significant preservation of the β-galactosidase enzyme activity by
microencapsulation.

7.6.4 Unfermented milks
In unfermented probiotic milk products, the probiotic cultures are added after the milk
is pasteurized and cooled. However, the addition of cultures after pasteurization may
cause contamination. The effect of microencapsulation on micro-gel particles on the
survival of cultures during pasteurization has been determined and it was found that
some protection was offered by microencapsulation, when the cultures were pasteurized at 63 ∘ C for 30 minutes. However, viability losses were found to be high when
pasteurization was carried out at 70 ∘ C for 1 minute (Kushall et al., 2005). Even if the
milk provides some protection to the cells during heating, it appears that microencapsulation in alginate beads is inadequate to provide protection to the bacterial cells to
enable a pre-pasteurization inoculation. Losses in viability of probiotic bacteria during
extended storage are much lower in unfermented milks than in yoghurts because of the
higher pH in unfermented milks. The probiotic bacteria, when added to the pasteurized
and cooled milk, do not take part in the fermentation of milk. However, during the filling and packaging operations of the unfermented milks, air will be incorporated and for
some strains of probiotic bacteria sensitive to oxygen, significant drops in viability occur
(Miller et al., 2003). It has been shown that lower oxygen levels are encountered inside
gel particles (Talwalkar and Kailasapathy, 2004), and this could potentially explain why
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bifidobacteria ME in alginate gels have been proven to be more stable than free cells
during incubation at 4∘ C in 2% fat milk (Truelstrup-Hansen et al., 2002).

7.6.5 Powdered formulations
Powders are basic types of food formulations or pharmaceutical preparations for direct
use or as starting point for product development. A powdered formulation gives certain
advantages for stabilization for dried probiotics or other types of protected bacterial
particles, and microcapsules. Protection in gastric juice can be achieved when bacteria are mixed with gel-forming polysaccharides that are insoluble at low pH but are
dissolved in the upper part of the small intestine; where the probiotic bacteria will be
re-hydrated and released in their fully biologically active state.
In powdered milk products, the challenge is to protect the probiotics from the
excessive heat and osmotic degradation during spray-drying. The addition of a
thermo-protectant, such as trehalose (Conrad et al., 2000), may help to improve
the viability during drying and storage. Some studies have examined the stability of
encapsulated probiotics in dried milk. Incorporation of soluble fiber, gum acacia into
a milk-based medium prior to spray-drying the probiotic L. paracasei was reported to
enhance its viability during storage, compared with powdered milk alone (Desmond
et al., 2002). However, not all soluble fibers enhance the probiotic viability during
spray-drying or powder storage, for example, inulin and polydextrose did not influence
the viability (Corcoran et al., 2005). Freeze-drying of micro-encapsulated hydro-gel
beads seems to be more stable during incubation at room temperature (Kailasapathy
and Sureeta, 2004; Capela et al., 2006). Spray-coating of a freeze-dried culture seems
to be more effective for additional protection (Siuta-Cruce and Goulet, 2001). When a
lipid coating is used, it may form a barrier to moisture and oxygen entry into the microcapsules. The nature of the packaging materials, including their oxygen-scavenging
capacity, together with addition of antioxidants, desiccants, etc. may need to be
considered for effective protection of probiotic cells during storage (Miller et al., 2003;
Hsiao et al., 2004). Spray-drying of starch-encapsulated bifidobacteria did not result
in good survival of the organism during storage at 19–24 ∘ C (Crittenden et al., 2006).
Hence an improved drying technology is required to enhance the viability of a cell
during storage of dried probiotic products.

7.6.6 Meat products
While dairy products are the most commonly used food vehicles for delivery of probiotics, the use of probiotics in meat is uncommon (Incze, 1998). Hence compared to
the dairy foods sector, little research on the encapsulation of probiotics in the development of probiotics meat products has been reported (Saucier and Champagne, 2005).
Meat emulsion for the manufacture of small goods, such as dry fermented sausages
with their low water activity, pH, curing salts, and competing starter culture organisms,
presents a challenging environment for the survival of introduced probiotics during
processing. When Lactobacillus plantarum and Pediococcus pentosaeccus were immobilized in alginate microcapsules, the fermentation rate was much too rapid with the
encapsulated cells (Kearney et al., 1990). The rapid fermentation performance of the
immobilized cells was caused by available nutrients (i.e., skimmed milk) and the more
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protective re-hydration environment within the alginate capsules. Similar results can be
obtained when microencapsulated probiotics are incorporated into a meat fermenting
product mix.
Muthukumarasamy and Holley (2006) showed that microencapsulated Lactobacillus
reuteri can be used in dry fermented sausages to ensure that a desirable level of probiotic organisms is maintained in the final product at consumption, without altering the
sensory quality of these traditional small goods. In this study, alginate microcapsules
prepared by either emulsion or extrusion were added to the salami batter (meat ingredients, starter cultures, cure mix, spice mix, and salt) at 1% (w/w). The batter was stuffed
in casings, transferred to a smoke house and allowed to ferment at 26 ∘ C and 88% RH
for 24 hours, to reach pH less than 5.3. Fermentation was followed by drying at 13 ∘ C
and 75% RH for 25 days. It has been shown that L. casei cells when microencapsulated
in alginate beads were more resistant to heat processing at 55 to 65 ∘ C (Mandal et al.,
2006). This was also demonstrated when microencapsulated alginate beads containing
cultures were heat-treated to 55 ∘ C for 15 minutes, and the encapsulated cells showed
more stability than free cells in MRS broth acidified to pH 5.0 (Lemay et al., 2002).
These data suggest that probiotic cells microencapsulated in alginate gel beads could
be used in meat processing which require moderate heat treatments. For meat small
goods where a meat emulsion is initially prepared (e.g., salami, sausages), the high fat
in the system may also envelope the alginate gel particles containing the bacterial cells
to provide additional protection against heat during processing.

7.6.7 Plant-based (vegetarian) probiotic products
With regard to plant-fermented products, probiotics are most frequently incorporated
into soy products (Wang et al., 2002), though interest is increasing in the use of fermented cereals (Charalampopoulos et al., 2003; Laine et al., 2003) and vegetable pickles
is gaining interest (Savarad et al., 2003). For stabilization of bifidobacteria during a traditional African fermented corn product, the bacterial cells were encapsulated in mixed
polymer (gellan/xanthan) beads (McMaster et al., 2005). Microencapsulation improved
the survival of L. rhamnosus subjected to freezing in a cranberry juice concentrate and
during storage of the frozen product (Reid et al., 2007). Microencapsulation can be of
benefit to the stability of probiotic cultures, however, the way the bacteria are grown,
harvested, and dried for subsequent industrial use can be as important in promoting
the viability of the cultures in food systems as the microencapsulation itself. Although
the probiotic bacteria show good stability in products having a low water activity, such
as peanut butter (aw = 0.24), spray-coating of L. rhamnosus, and incorporating it into
peanut butter formulations (incubated at 21 ∘ C), showed decreased cell viability (Belvis
et al., 2006). In bakery applications, the stabilizing viability of probiotics is a challenge,
due to the high treatment during processing. Microencapsulation by spray coating did
not improve the survival and stability of added lactobacilli during bread making (Belvis
et al., 2006). However, microencapsulation in a whey protein particle was reported to
be effective at enhancing the survival of probiotic lactobacilli during the heat treatment
applied during biscuit manufacture (Reid et al., 2007).
It is challenging to develop food formulations incorporating probiotic microorganisms for application in vegetarian food systems, while still maintaining the
integrity of the vegetarian produce. A vegetarian product by definition must be free
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from detectable dairy and animal-derived proteins, including allergens. From an
ethical viewpoint, probiotic vegetarian products must not have used animal-derived
ingredients during manufacture. Vegetarian probiotic products, inoculated with cells
grown and preserved in animal or milk-derived ingredients, have problems with
the intrusion of undesirable constituents. The ultimate goal should be to develop
mainstream vegetarian probiotic products acceptable to vegan consumers. Growth
media containing no animal-derived ingredients have been developed for culturing
probiotic organisms to cell concentrations equal to that of standard laboratory media,
and a vegetarian product incorporating L. acidophilus MJLA 1 has been reported
(Heenan, 2001). This product (a frozen soy product) had excellent sensory appeal and
better storage characteristics than the uninoculated control. When bifidobacteria were
microencapsulated into alginate beads and added to mayonnaise, the stability of the
cells during storage was greater than with free cells (Khalil and Mansour, 1998).

7.7

Future trends and marketing perspectives

The therapeutic effect of probiotic bacteria and their use in preventative medicine are
increasingly being reported. As clinical evidence of the beneficial effect of probiotics
accumulates, the food, nutraceutical, and pharmaceutical industries will formulate new
and innovative probiotic-based therapeutic products. New innovative ways of administering, developing and controlled release of probiotics will be developed in the near
future. Prebiotics are increasingly being mixed with probiotics in product formulations
to enhance the stabilization of the incorporated probiotic cultures. The prebiotics are
used either as filler materials (e.g., Hi-Maize™ starch; Sultana et al., 2000) or could
also be used as encapsulation materials. For example, adding fructooligosaccharides or
isomaltooligosachharides into alginate beads has helped improve the stability of bifidobacteria during storage in unfermented milk as well as in simulated gastric solutions
(Chen et al., 2005). It could be said that prebiotics which form glassy structures and
have the potential to stabilize biological structures through hydrogen bonding will be
useful as encapsulant materials (Ubbink and Kruger, 2006). In the future, sophisticated
shell materials and technologies will be developed and an extremely wide variety of
functionalities will be achieved through microencapsulation.
Yoghurt and fermented milks have spearheaded the development of probiotic
functional foods. The tendency is for other fermented products, such as cheese, dairyvegetable blended spreads, frozen desserts, meat, and vegetable products to follow.
Designer probiotic products including food, pharmaceuticals, and nutraceutical products will be developed. These products will be innovative and consumer-convenient,
such as pills, re-constitutable single-serve sachet products, in packs with instructions
on how to prepare, and administer them. Commercially available food formulations,
for example, to prepare probiotic yoghurts, in the home kitchen using a simple yoghurt
maker are already marketed.
A major challenge is to improve the viability of probiotic bacteria to improve their
efficacy and many reports have shown that many probiotic-based food products do not
have the recommended number of viable cells. Thus, microencapsulation will increasingly become a valuable tool for protecting and improving the viability of probiotic
bacteria. Microencapsulation will also be important in nutraceutical development. It
has been demonstrated that non-protected cells consumed in dried form have lower
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recovery levels in stools than those consumed in milk or cheese (Saxelin et al., 2003).
The high viability losses that occur when free cells in a powder enter the stomach explain
why microencapsulation is beneficial for the functionality of probiotics in nutrceuticals
(Champagne and Fustier, 2007). Microencapsulation offers the potential to reduce the
adverse effects on probiotic viability in the food and GI tract environments as well as
during food or nutraceutical processing, storage, and consumption. A number of efficient shell materials and controlled release trigger mechanisms have been developed
in microencapsulation and this trend will continue, particularly with reference to food
grade materials and the controlled and targeted release of probiotic bacteria in the GI
tract. Probiotic bacteria are already considered as de novo vaccines (Kailasapathy and
Chin, 2000) with the ability to modulate immune response to a greater level of physiological competence, thereby arming the immune system to better cope with incoming
pathogens.
The biological activity of probiotic bacteria is due in part to their ability to attach
to enterocytes and thereby prevent binding of pathogens. The attachment of probiotic
bacteria to receptors on the cell surface of intestinal epithelial cells can activate signaling processes leading to the synthesis of cytokines that affect the function of mucosal
lymphocytes. Many of these receptors, such as glycoshingolipids, mannosylated glycoproteins, and TOLL, are already employed by pathogens for their efficient functioning.
This principle could be used to develop designer probiotic bacteria by coating them with
the selected receptor compound and targeting and directing the probiotic bacteria to
areas in the GI tract, such as Peyer’s patches (in the small intestine), for maximum activation of the immune system. More research is needed to study the adhesion properties
of probiotic bacteria and the selection of polymers that can trigger successful adhesion
to targeted intestinal cells and to design these polymers as capsular wall materials or
coatings.
In addition to efficacious capsular wall materials or coatings, cell loading of the capsules and the size of the capsules remain an important challenge. Capsules larger than
20–50 μm may influence the texture of food product and therefore their overall sensory
characteristics. However, the microbial cells are larger (typically 2–5 μm) and therefore could limit the cell loading within the capsules. Another challenge is to improve
the heat resistance of the probiotic cells. There appears to be no commercial probiotic
product available that is stable at higher temperatures. Discovering or manipulating
strains that are heat stable or that have been genetically modified, and developing new
heat-insulating-encapsulating systems are two of the major challenges in this area of
new functional food development.
There are a great number of potential developments in the area of vegetarian
probiotic foods. There is scope to develop new types of vegetarian products, perhaps
moving away from yoghurt-type food. New probiotic micro-organisms, such as yeasts,
that may be more amenable to the culturing and fermenting of vegetarian ingredients,
need to be identified. Furthermore, organisms that have specific probiotic features,
such as the production of vitamin B12 or enhance absorption of iron by the host, could
also be isolated to combat ailments suffered by many vegetarian consumers (Heenan
and Adams, 2001).
The key market drivers for probiotic foods include: consumer intestinal health
awareness, the popularity of fermented foods, such as yoghurts, ageing populations,
stress-induced lifestyle, and a busy lifestyle associated with the self-medication
approach to health. The rapid growth in the probiotic sector of the functional foods
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has necessitated the use of microencapsulation technology to stabilize the efficiency of
probiotic bacteria in these products. Increased consumption of processed or prepared
foods requires the production of the ingredients from the processing, packaging, and
storage of these foods, and this is one of the key market drivers for microencapsulated
food ingredients. The continuous string of public health issues surrounding the food
industry, as well as increased awareness among consumers of the benefits of a healthy
diet, are driving the demand for food products or ingredients which are natural in
origin, for example, the probiotic bacteria which are considered the “good” bacteria
that help to maintain gut health. However, these gut-derived commensal bacteria are
unstable in the harsh environment of food processing and cooking, so in order to ensure
their survival through to consumption, microencapsulation is being used to protect
these cells. The key market restraints for microencapsulated probiotic foods include:
the cost of microencapsulation, lack of industry awareness of microencapsulation,
difficulties in technical communication with customers, limitation on encapsulation
materials, and genetically modified organisms (Brownlie, 2007).
Microencapsulated probiotic product development is not expected to reduce the
existing probiotic markets, however, it will instead open up new markets, for example,
in new product development, or supplements, or through the introduction of previously unavailable or unattempted bacterial strains. The cost of encapsulated bacteria
is arguably the main reason why the microencapsulated products will not affect the
sales of non-encapsulated probiotic formulations. For strains of probiotic bacteria
which cannot be included in food products in any other way, microencapsulation
may be cost-effective. Achieving increased survival rates of the bacteria and thereby
reducing the dose requirement could offer potential savings. A major challenge in the
development of microencapsulated probiotic foods is the product development time.
It is likely that each new bacterial strain to be microencapsulated will require different
conditions of encapsulation and hence will pose its own technological challenges which
will slow down the time to market for a wide range of potential microencapsulated
probiotic products.
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8.1

Introduction

Deficiencies of iron (Fe) and zinc (Zn) are major global public health problems. They
are particularly common in developing countries and are estimated to affect more
than two billion people worldwide (WHO/UNICEF/UNU, 2001). Iron deficiency can
cause anemia, reduce cognitive development, and lower work capacity (Zimmermann
and Hurrell, 2007). Zinc deficiency can impair growth and immune function (International Zinc Nutrition Consultative Group, 2004). Worldwide, the main cause of
these deficiencies is low dietary bioavailability of iron and zinc from monotonous,
plant-based diets (Hurrell, 2002b; Zimmermann et al., 2005). Many postmenopausal
women in Europe and North America do not meet their recommended calcium
(Ca) intakes and are at risk of poor bone health (Newmark et al., 2004). The U.S.
NHANES III study reported that 87% of the older women surveyed did not meet
their Estimated Average Requirement (EAR) for calcium of 924 mg per day (Ervin
and Kennedy-Stephenson, 2002). In populations with suboptimal intakes, encouraging
consumption of calcium-rich dietary sources (e.g., dairy products; high-calcium mineral
waters) is the best approach to increase intakes (Heaney, 2006).
The main strategies to alleviate mineral deficiencies are food diversification, food
fortification or supplementation (Abrams and Atkinson, 2003; Surgeon General, 2004;
Allen et al., 2006; Rafferty et al., 2007). However, food fortification can be difficult in
certain food matrices, especially for iron (Hurrell, 2002a). Absorption of poorly soluble iron compounds can be improved by particle size reduction (Motzok et al., 1975;
Verma et al., 1977). Reducing the size of mineral and trace element compounds to the
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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nanoscale is a promising recent development to maximize absorption. In this chapter
the usefulness of this approach for different minerals will be analyzed.

8.2

Special characteristics of nanoparticles

According to a recent document by the European Food Safety Authority (EFSA) on
nanoscience for food (EFSA Scientific Committee, 2011), engineered nanomaterials
are defined as “produced either intentionally or unintentionally (due to the production process) to be used in food and feed areas. It is generally accepted in nanoscience
that a nanomaterial refers to a material with at least one size measurement between
approximately 1 and 100 nm” (EFSA Scientific Committee, 2011). The European Commission (EC) even enlarged that definition in its recommendations in 2011 (European
Commission, 2011) to the following statement:
‘Nanomaterial’ means a natural, incidental or manufactured material containing particles,
in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more
of the particles in the number size distribution, one or more external dimensions is in the
size range 1 nm–100 nm.

In addition, materials with specific surface area (SSA, m2 /g) greater than 60 m2 /g or if
the number size distribution complies with the above mentioned definition, then also
materials with SSA lower than 60 m2 /g should be considered as nanomaterials (European Commission, 2011).
However, the usefulness of a size-based definition of nanomaterials has been recently
questioned (Maynard, 2011). As an alternative, a list of compound-specific “trigger
points,” including size and surface area, that focus more on phenomena and individual properties of the compounds, has been suggested. Yet substantial research needs to
be done to define such a list. Thus we will define nanoparticles here as suggested by the
EC and use the specific surface area to compare different compounds.
The high SSA and thus the small size of nano-structured compounds are one of their
most important characteristics in their use for nutritional applications. Because surface
area scales with the square of the radius (r2 ) while volume scales with the cube (r3 ),
particle size reduction leads to an increase in surface-to-volume ratio. This increase
is especially prominent at small particle sizes (<30 nm) (Figure 8.1). In solid particles
the surface energy is the summary of the energy of the different crystal planes forming
the surface (Hornyak, 2009). Hence, nanoparticles with their high surface-volume-ratio
(especially if smaller than 20–30 nm) have excess surface energy and the particles themselves become thermodynamically destabilized (Jolivet et al., 2004; Auffan et al., 2009).
Possible mechanisms to stabilize nanoparticles are relaxation (bond length contraction
to surface atoms, and also inside the crystal (Gilbert et al., 2004)), restructuring (changing the morphology, appearance of defects, “random disorder” (Gilbert et al., 2004)),
segregation (phase segregation), soft agglomeration by van der Waals forces, water
adsorption (Navrotsky et al., 2008), and others (Auffan et al., 2009; Hornyak, 2009).
A particle containing metal dissolves by the migration of ions from the surface to
the stagnant diffusion layer and then into the bulk solvent. Thus the dissolution rate
depends: (1) on the force needed to remove an ion from the surface; and (2) the concentration gradient across the diffusion layer to the bulk solvent (Borm et al., 2006).
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Figure 8.1 The surface-to volume ratio of a sphere as a function of the diameter.

For small particles with a higher surface area compared to larger ones, this can result
in faster dissolution (Borm et al., 2006; Auffan et al., 2009). Moreover, since the width
of the diffusion layer decreases with decreasing particle size, this also may increase the
dissolution rate (Borm et al., 2006). An increased dissolution rate may be favorable
for minerals that require dissolution in the gastrointestinal tract before absorption, e.g.,
iron and zinc (Rohner et al., 2007; Hilty et al., 2010). However, the increased surface
area may also increase the reactivity of metal-containing particles in foods (e.g., fat
oxidation), which is undesirable.
Another feature of nanoparticles is the formation of agglomerates which can be
classified into two types: hard agglomerates (bound together by strong chemical or sintering bonds) or soft agglomerates (bound by weaker van der Waals forces) (Nichols
et al., 2002; Tsantilis and Pratsinis, 2004). In theory, the soft agglomerates can be broken up with less force than hard agglomerates. However, quantitative analysis of the
degree of soft and hard agglomeration remains a challenge (Teleki et al., 2008). Controlled formation of soft agglomerates may help prevent nano-structured compounds
from dusting and thus facilitate their handling in dry mixes. Agglomeration may also
limit toxicity (Nel et al., 2009). Although the formation of soft agglomerates does not
decrease the SSA (Nichols et al., 2002), it can interfere with diffusion and thus may
reduce dissolution (Borm et al., 2006). Nano-sized compounds may also be advantageous in liquid foods. Due to their small size the liquid may stay transparent without
solubilizing the compounds. Thus, the taste of the liquid is less likely to be altered
(Velikov and Pelan, 2008). Also, the particles may be small enough not to cause sedimentation, particularly if soft agglomerate formation could be minimized (Velikov and
Pelan, 2008).
Interestingly, size modification may also influence the structure, as has been observed
for iron oxide. Hematite (α-Fe2 O3 , corundum structure) is the thermodynamically most
stable Fe(III) oxide (Cornell and Schwertmann, 2003). Maghemite (γ-Fe2 O3 , inverse
spinel) is metastable and is converted to hematite at temperatures ≥ 400 ∘ C (Cornell and Schwertmann, 2003). However, nano-sized Fe (III) oxide usually occurs as
maghemite, despite high temperatures during production, e.g., during flame spray pyrolysis (FSP) (Strobel and Pratsinis, 2007). In FSP, the rapid cooling in the flame leads to
the formation of the kinetically favored γ-Fe2 O3 (Grimm et al., 1997; Strobel and Pratsinis, 2009). Thus α-Fe2 O3 is only formed if the retention time at high temperatures is
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Table 8.1 Examples of naturally occurring nano-sized entities.
Structure

Size (nm)

References

Ferritin (core)
Casein micelles (suspension)
Colloidal calcium phosphate in
casein micelles
Low-density lipoprotein particles
Viruses
Bile salt aggregates
Lipid bilayer
Mucin ﬁbers

12–13 (7–8)
80–400
∼2

Harrison and Arosio (1996)
de Kruif, 1998; Dalgleish, 2011
de Kruif et al., 2012

∼29
5.5–120
4–60
6–10
3–10 by 15

Aeberli et al. (2007)
Lamb and Choppin (1983); Roos et al. (2010)
Hernell et al. (1990); Acosta (2009)
Voet and Voet (1995)
Lai et al. (2009)

extended and the particles “exceed a critical size” (Grimm et al., 1997). However, there
is also evidence that γ-Fe2 O3 may be thermodynamically favored at small sizes (Navrotsky et al., 2008; Navrotsky et al., 2010). The lower surface energy of γ-Fe2 O3 compared
to α-Fe2 O3 may lead to a “crossover in phase stability at the nanoscale” (Navrotsky
et al., 2010).

8.3

Nano-structured entities in natural foods

Recently, there has been increasing discussion and debate on the use of nanotechnology in foods (Chun, 2009). It should be remembered that nano-sized particles occur
naturally in the environment, and are also naturally found in foods and in the human
body (Table 8.1). Moreover, during normal digestion, food constituents are often
broken down into nano-sized components before absorption (Chun, 2009). Therefore,
the human intestinal tract is continuously exposed to nano-structured compounds
from food digestion, including nano-structured minerals and trace elements. Ferritin,
for example, with its 7–8 nm-sized ferrihydrite core, is ubiquitous in our diet (Harrison
and Arosio, 1996; Michel et al., 2007).

8.4

Nano-structured minerals in nutritional
applications

In the following sections, a brief review of the literature and potential applications for
selected trace elements and minerals are presented.

8.4.1 Iron
Iron deficiency (ID) remains a major global health problem affecting an estimated
2 billion people (Zimmermann and Hurrell, 2007). Nutritional ID occurs when
physiological requirements are not met by iron absorption from the diet. Infants,
children, and menstruating and pregnant women are at the highest risk for ID
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(Zimmermann and Hurrell, 2007). WHO estimates that 39–52% of subgroups of
women and children in developing countries are anemic (WHO, 2008), with half of
the anemia thought to be ID (Zimmermann and Hurrell, 2007). However, ID is also
common in young children and women in industrialized countries. In the US, up to
27% of pregnant women are affected by iron deficiency anemia (IDA) (Scholl, 2004).
In the UK, 21% and 18% of 11–18 years old and 16–64-year-old females are iron
deficient (Heath and Fairweather-Tait, 2002). Severe IDA during pregnancy not only
increases the risk for low birth weight, infant mortality but also for maternal death
(Zimmermann and Hurrell, 2007). Cognition (Sachdev et al., 2005), motor activity, and
the immune system (de Silva et al., 2003) are impaired in children with ID. In addition,
ID blunts the response to iodine treatment in children with both ID and iodine
deficiency (Zimmermann, 2006). Furthermore, ID can increase absorption of lead in
lead-exposed children (Zimmermann et al., 2006). In adults, work capacity and physical
productivity are reduced by ID (Horton and Ross, 2003; Horton and Ross, 2007).
The main strategies to reduce nutritional ID are diet diversification, food fortification, and supplementation. Diet diversification may be the most sustainable approach
and may also lead to an overall improvement in dietary quality compared to fortification
or supplementation. However, it requires changing nutritional behavior and may be difficult to achieve in the short term. In addition, the populations most at risk of ID may not
able to afford more expensive, iron-rich foods like meat, fish or vegetables and resources
for their production might be limited (Allen et al., 2006). Supplementation is “the term
used to describe the provision of relatively large doses of micronutrients, usually in
the form of pills, capsules or syrups” (Allen et al., 2006). It can be very effective but
side effects like nausea and epigastric discomfort can reduce compliance (Cook, 2005).
Logistical problems in distribution can reduce the effectiveness of supplementation,
especially in developing countries (Baltussen et al., 2004; Cook, 2005; Zimmermann
and Hurrell, 2007). Food fortification is the addition of micronutrients to foods with
the aim of preventing or curing deficiencies (Allen et al., 2006). The addition of iron
to food is still a challenge mainly because the most bioavailable compounds – mostly
water-soluble iron compounds – often lead to unacceptable changes in color and flavor in the food vehicles. Water-insoluble compounds like elemental iron do not cause
adverse changes in foods but are often only poorly absorbed and thus of little nutritional
value (Hurrell, 2002a).
In the 1970s, decreasing particle size was shown to improve the bioavailability of
elemental iron powders (Motzok et al., 1975; Verma et al., 1977), a finding later confirmed by Swain et al. (2003). However, particle size alone was not sufficient to explain
the variations in bioavailability of the different elemental iron powders; it was recognized that morphology and surface area were important as well (Verma et al., 1977;
Swain et al., 2003; Lynch and Bothwel, 2007). For ferric pyrophosphate (FePP) particle size reduction by conventional grinding from ≥20 mm to approximately 2–3 μm
resulted in a 10–20% increase in its relative bioavailability value (RBV) in rats, however, the increase was not statistically significant (Wegmuller et al., 2004). Dispersible
FePP (SunactiveFe™) is produced with emulsifier to prevent agglomeration in solution
and has a particle size distribution between 0.1 to 2.6 μm. It thus could be classified as
potentially nano-structured especially since the particle size was only determined with
laser diffraction (Nanbu et al., 1998; Sakaguchi et al., 2004). The bioavailability of the
dispersible FePP was high in rats (Sakaguchi et al., 2004) and also in humans where it
was as bioavailable as FeSO4 in some foods (Fidler et al., 2004).
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In 2007, Rohner et al. (2007) reported on the bioavailability of nano-structured
amorphous ferric phosphate (FePO4 ) with an SSA of 200 m2 /g (corresponding to a
mean particle size of approximately 10–11 nm). The particles were produced in a
bottom-up approach using flame spray pyrolysis (FSP). This is a fast, dry, versatile as
well as scalable process allowing for production of tailor-made particles with high SSA
and well-defined chemical composition (Mueller et al., 2003; Wegner and Pratsinis,
2003; Strobel and Pratsinis, 2007; Teoh et al., 2010; Zimmermann and Hilty, 2011).
The relative bioavailability value of this nano-structured compound was equivalent to
ferrous sulfate (FeSO4 ). Ferrous sulfate is often used as the “gold standard” reference
iron compound in the determination of iron bioavailability (Hurrell, 2007; Rohner
et al., 2007). This study showed that the particle size reduction to the nanoscale of
FePO4 , a compound with poor bioavailability at commercial (micron) size, sharply
increases the bioavailability and usefulness for nutritional applications (Rohner et al.,
2007) (Figure 8.2).
Starting from these promising results, a series of studies was designed in our group to
further study the influence of SSA and chemical composition on the in vitro dissolution
in dilute acid – the best in vitro predictor of iron bioavailability in humans (Swain et al.,
2003; Lynch and Bothwel, 2007) – and in vivo bioavailability of nano-structured iron
compounds (Hilty et al., 2009; Hilty et al., 2010; Hilty et al., 2011). Also mixed compounds of iron and zinc were investigated as potential double fortificants (Hilty et al.,
2010). To study the influence of chemical composition and SSA, both parameters were
closely controlled during particle production by FSP. Solubility of the nano-structured
compounds was greatly influenced by SSA but also by the chemical composition.
Increasing the phosphate (PO4 3− ) concentration increased dissolution. However, if the
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Figure 8.2 Combined Relative bioavailability values (RBV) and their conﬁdence intervals (CI) of
nanostructured iron compounds (Rohner et al., 2007) and Hilty et al., 2010). The bioavailability is
relative to FeSO4 , the “gold standard” in iron bioavailability. RBVs with a common letter (α, β or a,
b, c) are not statistically different from each other RBVs labeled with * are statistically different from
FeSO4 (P < 0.05). FePO4 (small), FePO4 /Zn3 (PO4 )2 and Fe2 O3 /ZnO/MgO are not statistically different
from that of FeSO4 and thus potentially as bioavailable as FeSO4 (P = 0.05). Source: Reproduced by
permission of The Royal Society of Chemistry.
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molar ratio of PO4 3− : Fe exceeded 1, dissolution fell below the levels of even pure iron
oxide (γ-Fe2 O3 ) (Hilty et al., 2009).
Doping Fe2 O3 with magnesium (Mg) and calcium was investigated to further
improve iron dissolution/solubility and potentially performance in foods. Both magnesium and calcium are essential minerals for humans with high daily requirements
in females (31–50 years) of 265 mg magnesium and 1,000 mg calcium, respectively
(Institute of Medicine, 2006). Since the upper limits (UL) are 350 and 2500 mg per
day for magnesium and calcium, respectively, in this age group, the addition of these
two minerals to the nano-structured compounds does not pose health risks. Yet the
amounts of calcium and magnesium in these compounds are also too low to be of
nutritional value (Zimmermann and Hilty, 2011). The addition of small amounts of
magnesium or calcium to Fe2 O3 increased the dissolution compared to the undoped
Fe2 O3 (Hilty et al., 2011). With increasing calcium content, the SSA decreased;
however, the dissolution did not. Thus the dissolution became independent of SSA,
albeit at high SSA (Hilty et al., 2011). At high SSA, the dissolution is also independent
of the magnesium amount added.
The reason for the increased dissolution is not known, but several mechanisms are
possible. The bond strength in a crystal is expressed by the lattice energy (Riedel, 1999)
and together with the energy of solvation, it determines dissolution (Cornell and Schwertmann, 2003). Thus decreasing the bond strength/lattice energy in a crystal by structural factors like defects or guest ions in the structure may increase dissolution. The
lattice energies of the different doped compounds can be calculated using the “simple
salt approximation” (Yoder and Flora, 2005; Yoder and Rowand, 2006). The overall lattice energies of Fe2 O3 decreases with increasing MgO and CaO doping. Therefore, the
formation of mixed oxides, e.g., MgFe2 O4 or Ca2 Fe2 O5 , may facilitate compound dissolution (Hilty et al., 2011). At high MgO content also the formation of small maghemite
crystals or amorphous Fe2 O3 , both not visible in XRD, may be facilitated and increase
dissolution (Hilty et al., 2011).
Doping Fe2 O3 with zinc leads to similar observations as doping with magnesium
and calcium. For zinc, however, the requirements and also the upper limit (UL) are
lower. The UL is 12 mg/d for children 4–8 years old and 40 mg/d for adults (Institute
of Medicine, 2006). Thus, the addition has to be carefully planned not to reach the UL.
In our experiments we showed that the addition of zinc to Fe2 O3 was beneficial for
dissolution in dilute acid, and high dissolution rates could be achieved. The Fe:Zn ratio
can be varied to accommodate differing nutritional needs. However, for Fe2 O3 /ZnO
systems, high SSA is required (approximately 200 m2 /g). Reduction in SSA also
reduces dissolution (Hilty et al., 2009; Zimmermann and Hilty, 2011). Using mixed
iron/zinc phosphates (FePO4 /Zn3 (PO4 )2 ) the dissolution rates did not depend on
the Fe:Zn ratios (Hilty et al., 2009). In a rat study, the difference between the mixed
Fe/Zn oxides and Fe/Zn phosphates was clearly seen. The FePO4 /Zn3 (PO4 )2 was as
bioavailable as FeSO4 (RBV 96%), but the RBV of Fe2 O3 /ZnO was 77%; significantly
less bioavailable than FePO4 /Zn3 (PO4 )2 and FeSO4 (Hilty et al., 2010). The mixed
Fe2 O3 /ZnO was also doped with calcium and magnesium similarly to the pure Fe2 O3 .
For the magnesium doped compound, the RBV was high (91%) and statistically no
different from FeSO4 or FePO4 /Zn3 (PO4 )2 (Hilty et al., 2010). In contrast, doping
with calcium reduced the RBV to 82%, significantly less than FeSO4 . However,
the SSA of the calcium-doped compound was also lower (105 m2 /g) compared to
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the FePO4 /Zn3 (PO4 )2 and Fe2 O3 /ZnO/MgO (191 and 192 m2 /g respectively) (Hilty
et al., 2010).
For food fortification, along with bioavailability, the color and taste evoked in
foods by iron due to complexation, oxidation or other mechanism are important
considerations (Hurrell, 2002a). Since more highly bioavailable iron compounds
often cause severe color and taste changes in foods, nano-structuring less soluble
inert compounds with low bioavailability at micron size may result in acceptable
fortificants. In preliminary studies, chocolate and banana milk as well as fruit yoghurt
were fortified with nano-structured compounds and their color was analyzed. All
these foods are difficult to fortify because they contain polyphenols that form colored
complexes with iron (van der Zande et al., 2012) or have a low pH. In these studies
the nano-structured FePO4 did well, as did γ-Fe2 O3 . Doping either Fe2 O3 or FePO4
with calcium, magnesium and/or zinc usually aggravated the color changes (Hilty
et al., 2009; Hilty et al., 2010; Hilty et al., 2011). These sensory data are promising,
but large-scale tests in foods that may serve as potential food vehicles still need to
be performed
To investigate the link between the cytotoxicity of iron compounds and their oxidation state, Auffan et al. (2008) performed a toxicological (survival) study in E. coli wild
type and mutants without any superoxide dismutase activity. They tested maghemite
(γ-Fe2 O3 , SSA 172 m2 /g) and magnetite (Fe3 O4 ; SSA 172m2 /g) and elemental iron
(32 m2 /g) (Auffan et al., 2008). In the wild-type, there was no toxicity for γ-Fe2 O3
detected. Fe3 O4 showed toxicity only at high doses, and elemental iron was more toxic
than both iron oxides. In the mutant strains, γ-Fe2 O3 induced toxicity but only at high
levels while Fe3 O4 induced toxicity at lower levels than in the wild type. This suggests
oxidative stress plays a role in the observed toxicity. In a recent study, Zhang et al.
(2012) used the band gap of metal oxides to predict toxicity. They compared the in
vitro results with in vivo studies. The iron oxides they tested (γ-Fe2 O3 and Fe3 O4 )
showed both low levels of toxicity in lungs of mice (Zhang et al., 2012). In human
alveolar type II such as epithelial cells, nano-sized (SSA ∼ 40 m2 /g) Fe3 O4 as well as
Fe2 O3 (mostly γ-Fe2 O3 ) showed low toxicity in all endpoints (Karlsson et al., 2009). On
murine neurblastoma cells, Fe3 O4 did not have a negative effect (Jeng and Swanson,
2006). In addition, nano-structured iron oxides (SSA ∼ 40 m2 /g) were no more toxic
than their micron-sized (SSA ∼ 5–7 m2 /g) counterparts in human lung epithelial cells
(Karlsson et al., 2008; Karlsson et al., 2009).
In the bioavailability studies we performed on rats, extensive histological analysis
was done at the end of the feeding periods. Although the particles were only fed for
short periods and in low doses (150–400 μg/d), the study by Rohner et al. (2007) was
recently judged as “reliable” in a review (Card et al., 2011). In both our studies, we
could not detect any histological and biochemical adverse effects (Rohner et al., 2007;
Hilty et al., 2010). No significant ultra-structural changes were seen in the stomach,
small intestine, liver, spleen, kidney, pancreas, bone marrow, cerebrum, cerebellum,
lung, or testis. Further staining for Fe2+ and Fe3+ in the different tissues did not show
any significant iron depositions. In conclusion, iron compounds, especially FePO4
may be promising for food fortification if further studies confirm the low reactivity
in certain foods. Although the available evidence suggests these nano-structured iron
compounds are not toxic after gastrointestinal exposure, further longer-term studies
are needed.

8.4 NANO-STRUCTURED MINERALS IN NUTRITIONAL APPLICATIONS

207

8.4.2 Zinc
Zinc is an essential element used in many proteins in metabolism. Therefore, zinc
deficiency does not result in one specific outcome or manifestation, but in many
diverse biochemical changes (King, 2011). Zinc deficiency is associated with impaired
growth, poor immune function and also adverse pregnancy outcomes (International
Zinc Nutrition Consultative Group, 2004). Thus it is an important cause of morbidity
especially in young children in developing countries (de Benoist et al., 2007). Assessing
the global prevalence of the zinc deficiency is difficult due to the lack of sensitive
biomarkers, but it is estimated that the prevalence of zinc deficiency is high in many
low-income countries (International Zinc Nutrition Consultative Group, 2004).
Although zinc occurs in many foods, the highest concentrations are found in animal
source foods, which are often also high in phytate (cereals, nuts, legumes), an inhibitor
of zinc absorption (Lonnerdal, 2000).
There are several different compounds that can be used for zinc fortification and supplementation (Table 8.2). As for iron, not all compounds are equally soluble in water.
Water-soluble zinc compounds may be better absorbed than less soluble or insoluble
compounds, but the data are inconsistent. In two human studies, there was no difference
in zinc absorption comparing zinc oxide (ZnO) and zinc sulfate (ZnSO4 ) in fortified
wheat (Herman et al., 2002) and maize products (Hotz et al., 2005). Depending on the
combination of food and zinc fortificant, adverse taste changes can occur (International
Zinc Nutrition Consultative Group, 2004). In a supplementation studies, ZnO was less
bioavailable than water-soluble ZnSO4 (Wolfe et al., 1994). In subjects with reduced
gastric acid secretion, the absorption of ZnO was reduced compared to zinc acetate
(Henderson et al., 1995). However, zinc compounds that may have better bioavailability than ZnO generally cost more and have lower zinc content (Table. 8.2) and further
research is needed to demonstrate their potential advantages (International Zinc Nutrition Consultative Group, 2004).
Table 8.2 Zinc compounds and their costs.
Zinc compounds

Costs per kg zinc
(US$ 2001)

Zn content
wt%

25.7
28.6
67.8
145.6
25.4

36.4
29.8
48.0
14.4
18.0

Slightly soluble in water
Zinc citrate (dihydrate)

23.4

32.1

Insoluble in water
Zinc oxide1
Zinc carbonate
Zinc stearate

5.6
30.7
47.4

80.3
52.2
10.3

Very soluble in water
Zinc sulfate (monohydrate)1
Zinc acetate (dihydrate)
Zinc chloride1
Zinc gluconate1
Zinc methionine

Note: 1 GRAS status by the US FDA.
Source: Zimmermann and Hilty (2011). Reproduced by permission of The Royal
Society of Chemistry.
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High oral doses of iron given concurrently with oral zinc may decrease zinc absorption (Solomons and Jacob, 1981). However, this does not appear to occur with low
iron doses, and this inhibition was reduced by the addition of histidine (Sandstrom
et al., 1985). A meta-analysis of supplementation studies in infants in South-East Asia
concluded that the combination of iron and zinc supplementation is effective in reducing the prevalence of anemia but is less effective than iron supplementation alone.
In addition, Fe supplementation may negatively affect the efficacy of concurrent zinc
supplementation (Wieringa et al., 2007). However, zinc supplementation in apparently
healthy children does not adversely affect hemoglobin concentration as evaluated in a
meta-analysis (Dekker and Villamor, 2010).
In isotope studies in humans, iron inhibited zinc absorption if given as an aqueous
solution but not if consumed together with a meal (Valberg et al., 1984; Sandstrom et al.,
1985; Davidsson et al., 1995). Similar outcomes were observed for the inhibitory effect
of zinc on iron absorption (Rossander-Hulten et al., 1991). In one study, however, iron
absorption was decreased when given simultaneously with ZnSO4 but not with ZnO
(Herman et al., 2002).The available evidence suggests concurrent iron and zinc fortification does not reduce zinc absorption (Lonnerdal, 2000) but this may depend on the
vehicle, the doses, and the compounds used. Bioavailability data on nano-structured
zinc compounds in either humans or rodents have not been published, with the exception of Russian reports without translation (Raspopov et al., 2010; Raspopov et al.,
2011). In the studies conducted in our research group, we included zinc in iron compounds to increase the bioavailability of iron but we did not assess the in vivo bioavailability of the zinc from nano-structured compounds (Hilty et al., 2010; Zimmermann
and Hilty, 2011). However, in vitro, the dissolution of zinc from mixed iron/zinc oxide
at pH 1 was high at >95% (Hilty et al., 2009) suggesting potential high bioavailability
of the zinc from nano-structured compounds. However the correlation between dissolution and in vivo bioavailability is not firmly established for zinc, and further studies
investigating the bioavailability of nano-structured ZnO in humans or adequate animals
are required.
Studies have examined the potential toxicity and bioavailability of nano-sized ZnO
in invertebrates (Franklin et al., 2007; Wiench et al., 2009; Croteau et al., 2011; Kool
et al., 2011; Poynton et al., 2011). In several of these studies, the release of ionic zinc
was seen as a partial or the main contributor to the observed toxicity (Franklin et al.,
2007; Ma et al., 2009; Kool et al., 2011). In cell studies, clear toxicology has been
described for nano-structured ZnO in different tissues (Brunner et al., 2006; Nel et al.,
2006; Xia et al., 2008; Nel et al., 2009; George et al., 2010) and the observed cytotoxicity
and pro-inflammatory effects appear to be the result of the increased dissolution of
nano-structured ZnO (Xia et al., 2008; George et al., 2010; Zhang et al., 2012). In
nano-sized ZnO doped with iron (oxide), iron doping stabilized the particles against
dissolution and reduced ZnO toxicity (George et al., 2010). Finally in a mouse study,
the acute oral toxicity of ZnO was investigated (Wang et al., 2008). Acute oral toxicity
studies of ZnO with mean particle sizes of 20 and 120 nm indicated that both sizes
are “relative nontoxic” and comparable to normal-sized ZnO (Wang et al., 2008).
Before nano-structured zinc compounds can be considered for nutritional applications,
further research on their bioavailability, uptake, and toxicity mechanisms are clearly
needed. Also, whether increased in vitro dissolution rates predict increased in vivo
bioavailability should be investigated.
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8.4.3 Calcium
Many postmenopausal women in Europe and North America do not meet their
recommended calcium intakes and are at risk of poor bone health (Newmark et al.,
2004). In populations with suboptimal intakes, encouraging consumption of rich
dietary sources of calcium (e.g., dairy products; high-calcium mineral waters) is the
main strategy to increase intakes (Heaney, 2006). Supplements and/or fortificants may
be beneficial for target groups (Abrams and Atkinson, 2003; Surgeon General, 2004;
Rafferty et al., 2007). Depending on vitamin D status, increasing calcium intakes may
reduce age-related bone loss (Dawson-Hughes et al., 1990; Reid et al., 1993; Cumming
and Nevitt, 1997) but not all studies agree (Bischoff-Ferrari et al., 2007).
Calcium is absorbed by both active (transcellular) and passive (paracellular) processes. The paracellular route is a concentration-dependent diffusion that occurs the
length of the intestine; the transcellular pathway occurs mainly in the duodenum, is regulated by 1,25 (OH)2 vitamin D, and is energy-dependent. At low calcium intakes, the
transcellular route may account for about 80% of calcium absorption, but its contribution may be much less when intake is high, because of the short transit time through the
duodenum and down regulation of 1,25 (OH)2 vitamin D-dependent channels (Bronner et al., 1986; Khanal and Nemere, 2008). For these reasons, the fractional absorption
of calcium is generally inversely related to intake, falling from 45% at daily intakes of
200 mg to 15% at daily intakes above 2000 mg (Heaney et al., 1989).
For absorption by the active route, calcium must be dissolved. Dissolution needs to
occur within a short period of time. The normal stomach will empty within 1-2 h after
ingestion of food and it will empty within a few minutes after ingestion of a calcium
salt on an empty stomach (Maughan et al., 2004; Vaupel, 2007). If adequate hydrochloric acid is present, the acid will dissolve the calcium salt and the calcium can be subsequently absorbed in the duodenum and small intestine. The pH in the gut varies
markedly from a low of 1–2 in the highly acidic stomach to neutral or slightly basic
pH in the small and large intestine (Shangraw, 1989). Therefore, a rapid dissolution of
the calcium compounds can be critical. Passive paracellular absorption, in contrast, can
be measured throughout the intestinal tract and is thought to involve mainly calcium
ions. However, it is also possible very small intact particles could be absorbed through
paracellular pathways, though this is unclear.
The bioavailability of nano-structured calcium compounds has been investigated in
animal models and in humans; however, the relationship between material specifications (i.e., particle size, surface area, crystalline state, and structure) and biological activity remains largely unexplored. Huang et al. (2009), using ovariectomized (OVX) mice
(a model for studying postmenopausal osteoporosis), reported that calcium carbonate
(CaCO3 ), that was reduced to a particle size of 151 nm, increased serum calcium concentration and maintained whole-body bone mineral density to a significantly greater
extent than micron-sized CaCO3 (3.7 μm), suggesting better bioavailability. In mice, an
acute oral toxicity test giving a single dose of 1.3 g CaCO3 /kg body weight by gastric
gavage showed no adverse effects for micron- and nano-sized CaCO3 . Similarly, after
administering repeated doses (1.3, 0.13 or 0.013 g CaCO3 /kg body weight) of micronand nano-sized CaCO3 for 28 days, no measurable signs or symptoms of toxicity, or
mortality, even at the highest doses were observed. A careful and extensive necropsy
revealed no gross organ changes. These results support the safety of nano-sized CaCo3
for oral consumption (Huang et al., 2009). In a small study in OVX rats, supplementing
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the diet with “nano-Ca-enriched milk” – which was not further specified – increased
urinary excretion of calcium and decreased urinary deoxypyridinoline and hydroxyproline (Park et al., 2008).
Shahnazari et al. (2009) compared the effects of CaCO3 with two particle sizes (mean
diameter of 18.5 vs. 13.0 μm) in the OVX rat model. The authors report to have studied
these sizes as a practical range from a commercial production standpoint. Particle size
did not significantly affect total calcium balance, bone density or bone strength. The
authors conceded that if particle size influences overall calcium absorption, it does so
outside the range used in their study.
Chen et al. (2008) determined in humans the calcium bioavailability of a nano- and
micron-sized CaCO3 powder made by dry grinding of freshwater pearl. The mean
particle sizes were 84 nm and 29.4 μm, respectively. They were both fed to healthy
adults (n = 28) as a single oral dose containing 780 mg calcium. Bioavailability was
estimated by the serum total calcium increment and parathyroid hormone reduction,
as well as the urine calcium/creatinine ratio increment 6 h after administration. They
found nano-sized pearl powder was a more effective calcium source than micron-sized
pearl powder, suggesting nanosizing CaCO3 from pearls may improve its bioavailability. Gao et al. (2008) also tested micron- and nano-sized CaCO3 in rats. Unfortunately
they do not give any specification of their compounds. The authors found an increased
calcium retention rate in femurs and lower fecal calcium concentrations for the
nano-sized powder compared to the micron-sized pearl powder. They concluded that
the nano-sized pearl powder may be more bioavailable than the micron-sized one. The
results are promising but the lack of particle characterization limits the usefulness of
the study.
Sun et al. (2010) prepared nano-sized calcium phosphate powders with Ca/P ratios
of 1.0 to 1.67 using a spray-drying method. Compounds with a Ca/P ratio = 1 were
dicalcium phosphate (CaHPO4 ) only, while powders with a Ca/P ratio = 1.33 to 1.67
were amorphous tricalcium phosphates (Ca3 (PO4 )2 ) containing varying amounts of
acid phosphate and carbonate. The SSA of the powders was in the range between
12–50 m2 /g (calculated mean particle size 172 ± 38 nm). The authors suggested their
good solubility could make them potentially useful for tooth remineralization and controlled drug release. Similarly, Epple et al. (2011) concluded that dispersed (colloid)
calcium phosphate nanoparticles may have several potential roles in medicine (e.g.,
as a carrier of nucleic acids or drugs), because of their excellent biocompatibility and
biodegradability in humans.

8.4.4 Magnesium
There is no literature on the use of nano-structured magnesium containing compounds
in nutritional applications. In our previous studies, we used magnesium as a dopant or
matrix for iron to increase iron dissolution and bioavailability (Hilty et al., 2010; Hilty
et al., 2011). However, the absorption of nano-structured magnesium compounds was
not evaluated. Because the bioavailability of most inorganic and organic magnesium
salts is high (Coudray et al., 2005), nanostructuring of magnesium compounds is less
likely to increase their absorption.
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8.4.5 Selenium
Selenium (Se) is an essential trace mineral and a constituent of several important
enzymes, including glutathione peroxidase and iodothyroninedeiodinase (Rayman,
2012). Poor selenium status may increase the risk of many adverse health effects,
including impaired cognition during aging and increased mortality, but there is little
firm data available from controlled intervention studies (for reviews on selenium, see
Rayman (2000, 2012); Moghadaszadeh and Beggs (2006); Wessjohann et al. (2007);
Schomburg and Kohrle (2008)). On the other hand, excess intake of selenium can lead
to oxidative stress and DNA damage (Wycherly et al., 2004; Brozmanova et al., 2010).
In most food, selenium is found in an organic form, except for cereals, mushrooms,
and some vegetables (for reviews, see Rayman et al., 2008; Thiry et al., 2012). In
supplements, both inorganic selenium compounds like selenite (SeO3 2− ) and selenate
(SeO4 2− ) and organic compounds like selenomethionine are used (Allen et al., 2006;
Rayman et al., 2008). For food fortification, the two inorganic salts Na2 SeO3 and
Na2 SeO4 are recommended (Allen et al., 2006). Generally selenium compounds
(organic and inorganic compounds) are well absorbed in the intestine. Due to the
similarity of selenium and sulfur, some absorption pathways are shared (Thiry et al.,
2012); this has been demonstrated for selenite and selenomethionine (Vendeland et al.,
1994; Schrauzer, 2000; Thiry et al., 2012). Selenite may also be absorbed passively
(Stahl et al., 2002; Thiry et al., 2012). Elemental selenium (Se0 ) exists in several forms
(Riedel, 1999) – red, gray, and black selenium – and it is not very soluble (Zawislanski
et al., 2003). However, nano-structured Se0 could be advantageous also for nutritional
applications.
Nano-sized red Se0 with a particle size between 20–60 nm was produced by
Zhang et al. (2001) from NaSeO3 , glutathione, and bovine serum albumin. This
nano-structured selenium compounds may be less toxic than NaSeO3 , which caused
100% mortality when given orally at 25 mg Se/kg body weight in mice. Se0 did not
cause mortality (0%) at 33.6 25 mg Se/kg body weight (Zhang et al., 2001; Jia et al.,
2005; Zhang et al., 2005; Wang et al., 2007; Zhou and Wang, 2011). The bioavailability
of this nano-structured Se0 was tested in rats, and based on selenium uptake into the
liver and kidney as well as the glutathione peroxidase synthesis in liver and kidney, was
comparable to selenite (Zhang et al., 2001); similar results with nano-sized Se0 were
also reported in chickens and sheep (Zhang et al., 2001; Wang, 2009).
Nano-sized Se0 (particle size: 200–400 nm) can also be produced by bacteria that
are able to respire selenium oxyanions (Oremland et al., 2004). However, the reactivity
and structure of such nano-sized Se0 particles need more study (Fernandez-Martinez
and Charlet, 2009). Nanoparticles of NaSeO3 encapsulated with a polymer were produced by Romero-Perez et al. (2010). The release of selenium from the particles was
pH-dependent and the highest for pH below 4. However, the exact composition and
size of the particles tested for release are not described.

8.4.6 Copper
Copper (Cu) deficiency is rare in humans and usually only observed under special conditions (Institute of Medicine (U.S.). Panel on Micronutrients, 2001). Thus, it is not
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a major focus of food fortification but is often included in multimineral supplements
because it is essential for humans. Nano-structured elemental copper (Cu0 ; 29.5 m2 /g)
is highly reactive and needs to be handled in glove boxes to avoid oxidation (Chen
et al., 2006; Meng et al., 2007); this form of copper is not useful for nutritional applications. Whereas the nano-sized Cu0 was moderately toxic, the micron-sized Cu0 particles
(0.04 m2 /g) were found to be non-toxic in the same study (Chen et al., 2006). The authors
concluded that the toxicity of nano-sized Cu0 may be due to rapid dissolution of the elemental copper in the stomach, leading to an overload of ionic copper (Chen et al., 2006;
Meng et al., 2007). However, this suggests nano-sized Cu0 , at low doses, may be more
rapidly and/or more completely absorbed compared to their micron-sized counterparts.
The possibility of increased release of copper ions from cupric oxide (CuO) was investigated by Karlsson et al. (2008) in A549 type II lung epithelial cells. They concluded
the higher toxicity of nano-sized CuO compared to ionic Cu(II) (CuCl2 ) cannot solely
be explained by increased Cu(II) release to the medium, because the nano-structured
CuO was more toxic than nano-structured CuCl2 (Karlsson et al., 2008; Karlsson et al.,
2009; Midander et al., 2009). Although the bioavailability of copper from CuO and Cu0
may be increased by nano-sizing (Chen et al., 2006; Meng et al., 2007; Karlsson et al.,
2008; Karlsson et al., 2009; Midander et al., 2009), the usefulness of the nano-sized copper compounds for nutritional applications may be limited by their potential toxicity
that is not explained by the increased release of copper ions.

8.5

Uptake of nano-structured minerals

For the most part, the minerals discussed above need to dissolve in the gastrointestinal
tract in order to be absorbed. Since nano-sizing compounds increase their surface area,
this may increase dissolution, improve absorption, and result in less inert particulate
matter in the gut. However, it is still possible that ingested nano-structured compounds
may end up in the intestine without further dissolution or disintegration. Therefore,
they may: (1) interact with the luminal chyme, pass into the feces and be excreted in
the stool; (2) adhere to the intestinal mucus layer and through mucin clearance be
excreted in the stool; and/or (3) cross the mucus and interact with the enterocytes or
the gut-associated lymphatic tissue (Galindo-Rodriguez et al., 2005; Lai et al., 2009;
Ensign et al., 2012). The likelihood of penetrating the mucus layer is expected to be
influenced by the surface properties of the nanoparticles (Nel et al., 2009), especially
the surface charge (Dawson et al., 2003), as well as the mucus properties (density, pH,
and ionic strength) (Behrens et al., 2002; Lieleg et al., 2010). Polyvalent adhesive or
multiple hydrophobic adhesive interactions are the most important mechanisms to trap
particles in the mucus layer. Although passage of the particles may be slowed within
the mucus layer, they may still reach the mucosa (Lai et al., 2009).
At the mucosa, four potential pathways of uptake of non-dissolved nano- and
micron-sized particles may be feasible (Figure 8.3) (des Rieux et al., 2006; Kalgaonkar
and Lonnerdal, 2009; Powell et al., 2010). Uptake into the Peyer’s patches, most probably by translocation through M cells (des Rieux et al., 2006), has been observed for
polystyrene microspheres in rats, and the rate of uptake for polystyrene latex particles
was shown to be size-dependent (Jani et al., 1989; Jani et al., 1992). Similarly, uptake
of TiO2 (100–200 nm) and aluminosilicates (<100–400 nm) was found to occur in
macrophages in the Peyer’s patches of patients with Crohn’s disease, ulcerative colitis,
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Figure 8.3 Potential pathways for particle uptake: (a) transcytosis by a normal enterocyte; (b) transcytosis by M-cells; (c) passive diffusion or persorption through openings left by sloughed-off cells;
(d) paracellular transport. Source: des Rieux et al. (2006). Reproduced with permission of Elsevier. See
plate section for color version.

and colon cancer (Powell et al., 1996). However, uptake of polystyrene microparticles
into the Peyer’s patches may be lower in humans (Pappo and Ermak, 1989; Lavelle
et al., 1995) since there are <5% M cells in the Peyer’s patches in humans compared
to 20% in rabbits and in 10% in rodents (Brayden et al., 2005). Persorption may occur
when aging enterocytes are sloughed off at the tip of the villi and particles of various
sizes may enter the body through the denuded surface (Bockmann et al., 2000; Powell
et al., 2010). This process has been observed for colloidal gold nanoparticles (Hillyer
and Albrecht, 2001), metallic iron (Volkheim et al., 1969) and starch particles (Hillyer
and Albrecht, 2001). Finally, the possibility of paracellular passive diffusion is primarily
blocked by tight junctions from a network of transmembrane proteins that form pores
of 0.4–0.9 nm in diameter in villi and 5–6 nm in crypts (Menard et al., 2010). While passage of larger particles seems unlikely, it is possible that small nanoparticles may pass
through these pores (McCullough et al., 1995; des Rieux et al., 2006; Powell et al., 2010).
If nanoparticles pass into the circulation by bypassing normally regulated absorption
pathways, iron nanoparticles could be a particular danger. Since iron cannot be
actively excreted, uptake needs to be tightly regulated (for a review, see Hentze et al.
(2010)). Unregulated uptake would be detrimental for general food fortification.
However, in supplementation to correct iron deficiency, particularly in inflammatory
conditions where iron absorption is strictly limited by high circulating hepcidin
concentrations, bypassing hepcidin-mediated iron uptake could be advantageous in
that it could increase absorption and could be an alternative to intravenous iron
injections. Although the other minerals presented here can be excreted, overloading by
unregulated uptake should be avoided. Thus further research is required to investigate
the absorption mechanisms of nano-structured minerals. In these studies, micron-sized
compounds and their degraded particles after (partial) dissolution should also be taken
into account because the resulting particles may also be in the nano-size range.

8.6

Conclusion

Nano-structured minerals may be better absorbed and could thereby be a good alternative to normal bulk size minerals, especially for elements with low bioavailability.
Several studies have shown an increase in bioavailability for different minerals when
nano-sized. However, performance characteristics, as well as toxicity of minerals

214

CH 8 NANO-STRUCTURED MINERALS AND TRACE ELEMENTS

at nanoscale may not only be determined by their size, but also by their chemical
structure. Thus, nano-sizing may not be useful for all structures or for all minerals.
Further data on the long-term stability in foods is needed to justify the higher costs for
the nano-structured compounds in food fortification.
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9.1

Introduction

Over the last few decades, colloidal delivery systems have received continuous attention
from the food sector for applications ranging from the encapsulation and stabilization
of functional ingredients, and micronutrients to the controlled release of bioactives for
nutraceutical applications. Due to the current rise and popularity of “niche” categories
of functional foods, the colloidal delivery system (specifically dealing with the nanoand microencapsulation process) has been increasingly hailed as an invaluable tool
to overcome numerous challenges associated with food fortification. As per the conventional definition, encapsulation can be described as either coating a liquid droplet,
gas or a solid particle core with a well-defined shell of polymeric material or embedding functional ingredients in the polymer matrix so that the interaction of the external
environment with the encapsulated materials is minimized (Arshady, 1993; Gibbs, 1999;
Desai and Park, 2005b).
The industrial production of foods typically requires the addition of functional
ingredients, such as flavors, colors, preservatives, etc. to enhance the aesthetics, mouth
feel, taste, and storage stability of finished food products. Apart from this, certain
health-promoting bioactives, including the micronutrients and nutraceuticals, are often
required to generate fortified and value-added products. Addition of these functional
ingredients and bioactives is often associated with a range of problems that seriously
affects the product functionality. Some typical examples of problems include the
storage stability, incompatibility with the product matrix, and altered organoleptic
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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properties (Velikov and Pelan, 2008). These in-product processing problems coupled with the in-vivo issues related to the bio-accessibility, controlled release, and
bioavailability make food fortification an extremely challenging process (Huang et al.,
2010; Fang and Bhandari, 2012). In this respect, the nano- and microencapsulation
process can really have an impact in addressing some or all of the issues related to
food fortification (Arshady, 1993; Gibbs, 1999; Champagne and Fustier, 2007; Kuang
et al., 2010; van der Sman, 2012). On one hand, the in-product processing problems
could be resolved by minimizing the interactions of the encapsulated materials with
the product matrices and, on the other hand, the stability of the encapsulated materials
could be enhanced in the gastrointestinal (GI) tract to facilitate controlled released at
appropriate GI targets (Champagne and Fustier, 2007). In the current chapter, several
different types of colloidal (micro and nano) systems are described with respect to their
applications in the encapsulation and delivery of vitamins. In particular, an overview
of the formulation and delivery challenges associated with vitamins is discussed and
the encapsulation of vitamins targeted for food applications is critically reviewed.

9.2

Vitamins for food and nutraceutical applications

9.2.1 Vitamins: nutritional requirement and biological
functions
Especially for food fortification, micronutrients such as vitamins are the most important
actives studied for their beneficial role in promoting and maintaining human health.
Vitamins are essential for human growth and development but most of them are either
not produced in the body or are produced but not in adequate amounts (e.g. niacin,
choline). Hence, these essential micronutrients need to be supplied through food and/or
nutraceutical supplements (Wildman, 2006). Unlike micronutrients or essential nutrients, nutraceuticals (a portmanteau word formed from nutrition + pharmaceuticals)
are not essential for human life but when taken in moderation, they result in the overall enhancement of general health and also help in preventing several diseases (Karla,
2003; Schmidt et al., 2003).
Vitamins can be mainly categorized into water-soluble and oil-soluble (Table 9.1).
Each of these vitamins regulates many important functions in the body by acting as
antioxidants, coenzymes, cofactors, and hormone regulators (Combs, 2008). Some of
the health benefits derived from these vitamins include: improved vision and immunity
boost (Vitamin A); enhanced energy levels, mood regulation, and immune boost
(Vitamin B-complex); immune boost and promoting healthy skin, gums, tendons,
and ligaments (Vitamin C); healthy bones and teeth, prevention of cancer and heart
diseases (Vitamin D); skin and brain vitality, protection against bladder and prostate
cancers (Vitamin E); potential role in bone metabolism, nerve signaling, and prevention of atherosclerosis and kidney stones (Vitamin K) (Fairfield and Fletcher, 2002;
Ryan-Harshman and Aldoori, 2005).

9.2.2 Vitamins: formulation challenges and stability issues
Formulation and delivery challenges related to vitamins are many, both water-soluble
and oil-soluble vitamins suffer from stability issues concerning mainly their oxidative
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Table 9.1 Vitamins with their most important dietary forms and main metabolic activities.
Types

Important dietary form

Main metabolic activities
Cofactor of α-keto acid decarboxylases and
trans ketolases

Vitamin B2
(Riboﬂavin)

Thiamine, thiamine disulﬁde, HCl
pyrophosphate and
mononitrate
FMN, FAD, ﬂavoproteins,
riboﬂavin

Vitamin B3
(Niacin)

NAD, NADP, nicotinamide,
nicotinic acid

Vitamin B5
(Pantothenic acid)
Vitamin B6
(Pyridoxine)

Calcium pantothenate, CoA,
acyl–CoAs
PyridoxalHCl, pyridoxal and
pyridoxamine 5’-phosphates

Vitamin B7
(Biotin)
Vitamin B9
(Folic acid)
Vitamin B12
(Cyanocobalamin)

Biocytin, d-biotin

Water soluble
Vitamin B1
(Thiamine)

Vitamin C
(Ascorbicacid)
Oil soluble
Vitamin A
(Retinol)
Vitamin D
(Cholecalciferol)
Vitamin E
(α–tocopherol)
Vitamin K
(Phylloquinone)

Pteroyl poly and monoglutamates
Cyano-, aqua-, hydroxo-, methyland 5’-deoxyadenosylcobalamins
L-ascorbic acid, sodium ascorbate

Retinylpalmitate and acetate,
β-carotene and other
carotenoids
Cholecalciferol, ergocalciferol
R,R,R-α-tocopherol,
all-rac-α-tocopheryl acetate
Menadione sodium bisulﬁte
complex, menadione

Interconverts NAD+ /NAD(H) and
NADP+ /NADPH couples in several
dehydrogenase reactions
Interconverts FMN/FMNH/FMNH2 and
FAD/FADH/FADH2 systems in several
oxidases
Oxidizes coenzyme A in the
synthesis/oxidation of fatty acid
Coenzyme role in the metabolism of amino
acids, porphyrins, glycogen and
epinephrine
Coenzyme role in carboxylation and trans
carboxylation reactions
Coenzyme role in single-carbon
metabolism
Acts as coenzyme for methylmalonyl-CoA
mutase,N5 -CH3 -FH4 :Homocysteine
methlytransferase
Protects cytosolic substances from
oxidative damages; Coenzyme for
cytochrome P-450-dependent oxidations
Signal coordinate metabolic responses of
several tissues; Coenzyme for rhodopsin
conformational changes
Signal coordinate metabolism important in
calcium homeostasis
Protects poly unsaturated membrane
phospholipids from oxidative damages
Coenzyme for Vitamin K-dependent
peptide-glutamyl residues

Source: Combs (2008). Reproduced with permission of Elsevier.

stability in the presence of heat, ultraviolet light, and metal ions (Ball, 2004). It is quite
straightforward to imagine that the formulation of oil-soluble vitamins in food beverages or aqueous-based products is severely limited due to their insolubility in water, the
formulation of water-soluble vitamins, on the other hand, can be hampered due to their
reactivity with other ingredients in the product leading to a change in texture, appearance, and storage stability (Table 9.2). More specific details related to the stability of
vitamins are given as follows:
• Vitamin A: Vitamin A is insoluble in water but soluble in ethanol, and freely soluble
in organic solvents including fats and oils. Vitamin A and pro-vitamin A carotenoids
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Table 9.2 Stability of vitamins to various factors.
Heavy
100 ∘ C
Metal Ions

Vitamin Oxygen

UV light

Acid

Base

A
D
E

L
L
L

L
L
L

L
L
S

S
S
S

L
L
L

K
B1
B2

L
L
S

S
S
S

L
L
L

L
L
–

B3
B5
B6
B7
B9
B12
C

–
–
S
S
L
S
L, in solution
with Cu and Fe

L
–
L, especially
in base
–
–
L
L
L
L
–

S
L
S, without
Oxygen
S
L
L

–
L , at pH < 5
–
S
L, at pH < 5
S, at pH > 3
–

–
L
–
L
–
S, at pH < 9
L

–
–
L
–
L
S
L

–
L
S
–
L
S
–

a Note: * S = stable and L = labile.
Source: Friedrich (1988).

•

•

•

•

are very sensitive to oxygen in air, especially in the presence of light and heat. The
sensitivity to oxidation is enhanced in the presence of trace metal ions especially Fe++
and Cu++ .
Vitamin B1 : Thiamine is soluble in water, methanol, and glycerol and practically insoluble in acetone, ether, chloroform, and benzene. It is stable in acidic conditions but
highly unstable at alkaline pH (Shils et al., 1999). In fact, thiamine is considered one
of the most unstable B vitamins; it is unstable to heat and when exposed to UV and
γ-irradiations. Moreover, because of its chemistry, thiamine is also known to react
strongly in Maillard-type reactions (Mahan and Escott-Stump, 2000). It has been
reported that processes such as baking, pasteurization, or boiling of foods fortified
with thiamine can reduce its content by up to 50%.
Vitamin B2 : Riboflavin is soluble in water, giving rise to a bright yellow colored solutions. Riboflavin is pretty stable to heat and other processing operations but degrades
easily in the presence of light (Zhuge and Klopfenstein, 1986). The wavelengths of
light responsible for the riboflavin destruction are in the visible spectrum below 500
to 520 nm, while UV light has no destructive effect on riboflavin. Moreover, one can
also assume that due to its bright color-imparting nature, the aesthetics of the fortified
products may be altered.
Vitamin B3 : Niacin has an excellent stability in the presence of heat, light, air, and
alkali. However, in the presence of other micronutrients such as minerals especially
coupled with high temperatures, the stability of niacin is altered (Zhuge and Klopfenstein, 1986).
Vitamin B5 : Pantothenic acid is yellow, viscous, and a hygroscopic oil. It is stable to
heat in slightly acid to neutral conditions, but decomposes rapidly in alkaline conditions (Gutzeit et al., 2007). It is stable in solution in the pH range of 5 to 7 and less
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stable outside this range. Due to its low stability in the gastrointestinal conditions,
pantothenic acid supplements are sold as calcium and sodium salts.
Vitamin B6 : Pyridoxine is relatively stable to heat, but pyridoxal and pyridoxamine
are not. Vitamin B6 is decomposed by oxidation and ultraviolet light, and in an alkaline environment (Henry and Chapman, 2002).
Vitamin B7 : The vitamin appears to be quite stable. Heat treatment results in relatively small losses. The vitamin is stable to air at neutral and acid pH but sensitive to
alkali pH (de Man, 1999).
Vitamin B9 : Folic acid is unstable and loses its activity in the presence of light, oxidizing or reducing agents, and acidic and alkaline environments. However, it is relatively
stable to heat and humidity (de Man, 1999).
Vitamin B12 : Cyanocobalamin is crystallized into red, odorless and tasteless needles.
It has the least water solubility (12.5 mg/ml) among all the water-soluble vitamins.
Vitamin B12 is stable to heat, but slowly loses its activity when exposed to light,
oxygen, and acid or alkali-containing environments (Henry and Chapman, 2002).
Vitamin C: Ascorbic acid is easily destroyed during processing and storage through
the action of metals, such as copper and iron. It is oxidized in the presence of air under
neutral and alkaline conditions. Vitamin C is also sensitive to heat and light; the rate
of destruction is increased by the action of metals, especially copper and iron, and by
the action of enzymes (especially enzymes containing copper or iron, such as ascorbic
acid oxidase, phenolase, cytochrome oxidase, and peroxidase) (de Ritter, 1976).
Vitamin D: Vitamins D2 and D3 are white to yellowish crystalline compounds. They
dissolve readily in organic solvents such as hexane, ether, acetone, and ethanol, less
well in vegetable oils, and are insoluble in water. Both vitamins are rapidly dissociated
by light, oxygen, and acid, particularly in solution or in finely powdered form. They
are stable in alkaline solutions but tend to isomerize in oily solutions. The thermal
stability of the crystalline compounds is reasonable (Friedrich, 1988).
Vitamin E: Detrimental factors such as light, oxygen, and heat, encountered in long
storage of foodstuffs and food processing, lower the vitamin E content of food. In
some foods it may decrease by as much as 50% after only two weeks’ storage at
room temperature. To a large extent, frying destroys the vitamin E in vegetable oils.
Esters of α-tocopherol (α-tocopheryl acetate and α-tocopheryl succinate) are used for
supplements because they are more resistant to oxidation during storage (Friedrich,
1988; Jenness et al., 1988).
Vitamin K: Vitamin K1 is a light-yellow oily liquid that is decomposed by light
and alkaline substances. Vitamin K2 is a crystalline substance with a melting point
between 35 ∘ C and 60 ∘ C. Vitamin K compounds are moderately stable to heat and
reducing agents, but are sensitive to acid, alkali, light, and oxidizing agents (Jenness
et al., 1988).

9.3

Colloidal encapsulation (nano and micro)
in foods: principles of use

Food fortification is an important area of research and very relevant to the development
of new value-added products with enhanced health benefits to provide consumers with
varied choices. When considering fortification, there are currently two ways of adding
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(functional) ingredients to a product: (1) in a soluble form as a solution; or (2) insoluble form as dispersion. If solubility permits it, adding ingredients in soluble form is very
advantageous in terms of formulation ease for liquid-based products, where the components can be added to the product by simple solubilization. Also, the soluble component
would be readily available for absorption and thus lead to a good bioaccessibility of the
functional ingredient. However, the soluble form gives its own inherent taste and color
characteristics to the product. Moreover, the chemical reactivity will be higher for a
soluble form, leading to undesired interactions with other product components, resulting in stability issues such as discoloration, precipitation, and complex formation. Thus,
adding an insoluble form could be considered for functional ingredients that impart an
undesirable taste or ingredients that show high chemical reactivity. However, on the
flip side, the insoluble form leads to a change in the texture due to the alteration of
consistency and can lead to physical instability of the product due to creaming or sedimentation. The presence of large insoluble particles may also result in sandiness or
chalkiness, altering the mouth feel of the product. There may also be a potential risk
of decreasing bioaccessibility due to the insoluble characteristics of added functional
ingredients. Thus, we need to strike a balance between the soluble and insoluble characteristics in such a way that a reactive functional ingredient is soluble enough to be
added with ease to the product but at the same time be insoluble enough not to interact
with other product components. It is also important that the solubility characteristics of
the functional ingredient are tuned in a way so that it is solubilized in the gastrointestinal
tract and is more bioaccessible (Patel, 2012; Patel and Velikov, 2012). Colloidal encapsulation of functional ingredients is one such approach which could give us the desired
balance between the soluble and insoluble nature of functional ingredients (Velikov and
Pelan, 2008; Patel and Velikov, 2011). Colloidal encapsulation generally encompasses
a broad range of techniques mainly dealing with the sub-micron (or nano) scale systems such as colloidal particles, nanoparticles, nanoemulsions, etc. but microscale techniques such as microcapsules and microspheres can also be included in this category.
They can be broadly categorized as: (1) solid-in-liquid dispersions; (2) liquid-in-liquid
dispersion; (3) dispersions of self-assembled molecules; (4) encapsulation in dry matrices; and (5) supra-molecular colloidal systems such as inclusion complexes (Patel and
Velikov, 2011).
Many colloidal systems require the use of carrier materials and when looking
at food applications, particular emphasis has to be put on the nature of materials

Table 9.3 Carrier materials suited for microencapsulation in the food industry.
Type

Typical examples

Carbohydrates
Proteins
Cellulose derivatives
Gums
Lipids
Waxes
Inorganic materials
Miscellaneous

Starch, maltodextrin, corn syrup, cyclodextrin, sucrose, alginates
Albumin, casein, gelatin, whey protein, soy protein, gluten
Ethylcellulose, methylcellulose, carboxymethylcellulose
Guar gum, gum Arabic, locust bean gum, xanthan gum
Lecithin, stearic acid, tristearin, glycerides, fatty acids/alcohols
Beeswax, candelilla wax, carnuaba wax, parafﬁn wax
Silicon oxide, aluminium oxide, tripolyphosphate
Chitosan, polyvinyl pyrrolidone, shellac, zein
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that can be used to encapsulate functional ingredients such as vitamins (Table
9.3) (McCrae et al., 2009; Wandrey et al., 2010). Some of the biopolymeric carrier
materials that can be used in developing colloidal delivery systems for foods include:
polysaccharides from plant origins (e.g. pectin, starch, gum arabic, carrageenan);
polysaccharides from microbial origins (e.g. xanthan gum, dextran); food proteins
(e.g. soy proteins, albumin, casein, zein, gelatin, whey proteins) and chitosan. Since
most of these materials are hydrophilic in nature, delivery systems are designed based
on protein–polysaccharide interactions, bioactive molecule-biopolymer binding,
self-assembling, pH-dependent solubility differences, cross-linking and hydrophobic
modifications (Benichou et al., 2004; Neirynck et al., 2007; Benichou et al., 2007; McCrae
et al., 2009; Wandrey et al., 2010; O’Regan and Mulvihill, 2010; Perrechil and Cunha,
2012), whereas, for inherently hydrophobic materials (such as lipids, waxes, zein, and
shellac), colloidal particles can be prepared by simple alteration of solubility (Patel
et al., 2010a; Patel et al., 2010b; Wandrey et al., 2010; Patel et al., 2011a; Patel, 2012).

9.3.1 Solid-in-liquid dispersions
9.3.1.1 Microparticles Microencapsulation has long been an established technique
in the field of pharmaceuticals and in the recent decades, its applications in the field
of foods have risen dramatically (Arshady, 1993; Kuang et al., 2010). Formation of
microstructures ranging in sizes from 1 to thousands of microns have been tried and
tested for the delivery of functional ingredients for food fortification due to their
properties of stabilizing the sensitive actives and controlling the release of actives
as required. Microparticles can be classified into microspheres or microcapsules,
depending on their morphologies. Unlike microspheres which have core material
embedded homogenously in the polymer matrix, microcapsules have a core-shell kind
of morphology with a distinct core surrounded by a well-formed polymer shell (Figure
9.1). In the case of vitamins, the embedded or encapsulated vitamin is protected from
the external environment both in the product conditions and in-vivo conditions.
Vitamin C is a water-soluble vitamin and by far the most studied model vitamin for
encapsulation (Uddin, 2001; Abbas et al., 2012). Vitamin C is stable in a powdered
form but the solution stability of vitamin C is extremely low (Wilson and Shah, 2007).

a

b

c

Figure 9.1 Solid-in-liquid dispersions type colloidal systems including (a) polymer microsphere, scale
bar = 200 μm; (b) core-shell microcapsule from food grade materials (Patel et al., 2011a), scale bar =
200 μm, and (c) colloidal (nano) particles from protein zein (Patel et al. 2012), scale bar = 200 nm.
Source: Patel et al. (2012). Reproduced with permission of Elsevier. See plate section for color version
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The solution of vitamin C shows high susceptibility to degradation in the presence of
light and oxygen. Apart from this, the formulation parameters, such as the pH and the
presence of trace metal ions, significantly affect the stability of vitamin C. Therefore,
vitamin C can easily be destroyed during the processing leading to discoloration. Moreover, vitamin C can interact with other ingredients and bring about an undesirable
change in taste or color of the product. In order to overcome such shortcomings of
vitamin C, microencapsulation has been utilized as a preferred technique for the stabilization and processing of vitamin C in food products. Uddin et al. studied the effect of
process variables on ascorbic acid characteristics (Uddin, 2001). Four different encapsulation techniques, including thermal phase separation, melt dispersion, solvent evaporation, and spray-drying, were utilized to microencapsulate vitamin C using ethyl cellulose
and carnauba wax as the wall-forming agents. The microparticles were in the size range
of 15–65 μm with carnauba wax microparticles showing slower release compared to
the ones made using ethyl cellulose. In another example, vitamin C was encapsulated
in core-shell microcapsules (2–5 μm) prepared using a novel interfacial/emulsion reaction (Wang et al., 2011). Folic acid was encapsulated in irregularly shaped microparticles
generated using a combination of alginate and pectin as biopolymers (Madziva et al.,
2005). The average size of the microparticles varied from 300–650 μm depending on
experimentally controlled parameters. The entrapment efficiency and the subsequent
release of folic acid could be controlled by altering the polymer ratios. Microencapsulation has also been applied for liposoluble vitamins, such as vitamins A and D, both
of which are susceptible to degradation in the presence of light. Gelatin-acacia coacervates have been reported for the encapsulation of vitamin A palmitate (Junyaprasert
et al., 2001). The microcapsules were prepared by first emulsifying vitamin A palmitate dissolved in corn oil with the gelatin solution followed by coacervation through the
addition of acacia and pH adjustment. Experimental parameters including the effects of
the hydrocolloid mixing ratio, the core-to-wall ratio, the hardening agent, the concentration of the core solution, and the drying method were investigated. Microcapsules with
an average diameter of around 25 μm and an encapsulation efficiency as high as 83.43%
were successfully obtained. Albertini et al. reported the preparation of double-layer
microcapsules for the encapsulation of vitamin A palmitate using chitosan and alginate
as the layer-forming polymers (Albertini et al., 2010). The encapsulation resulted in a
significant improvement of the storage stability of vitamin A palmitate in the encapsulated form as compared to the pure form. Recently, the generation of a new type
of microcapsules by the solidification of hot emulsion droplets was reported (Patel
et al., 2013b). The microcapsules with tuneable morphology were further used to load
a liposoluble vitamin (α-tocopherol) with 100% encapsulation efficiency. The microcapsules were prepared by first emulsifying sunflower oil (with a low molecular weight
gelator, 12-hydroxy stearic acid) with water at a temperature higher than the melting
point of the gelator (∼85 ∘ C) followed by dilution of the hot emulsion in cold water.
The sudden drop in the temperature resulted in the solidification of the oil droplets
into spherical microcapsules. The morphology of the microcapsules could be altered by
introducing calcium chloride in the cold water phase ,which interacts with 12 hydroxy
stearic acid at the surface of the solidified droplet, leading to the formation of microcapsules with core-shell type of morphology (Figure 9.2). Encapsulation of α-tocopherol
was easily carried out by dissolving α-tocopherol in the oil phase followed by the above
procedure. The results from the antioxidant activity studies indicated that the encapsulation procedure had no untoward effect on α-tocopherol.
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Figure 9.2 Polarized optical microscopy images showing microcapsules from gelled oil droplets prepared in absence (a) and presence (b) of calcium chloride (scale bars = 100 um). See plate section for
color version

9.3.1.2 Colloidal particles (polymeric nanoparticles, SLN, etc.) Colloidal particles is a broad term used to classify the encapsulation units generated in the sub-micron
(<1 μm) range (Figure 9.1c, see plate section for color version). This category includes
nanoparticulate systems prepared using polymers and solid lipids (Patel et al., 2008;
Iqbal et al., 2012). For some applications, such as the fortification of a “clear” food
beverage, fortification of fat-based products without altering the overall mouth feel,
or for the formulation of a more bioavailable form of a bioactive, it is important to
make the particles small enough so they are invisible to the naked eye. In the case of
vitamins, encapsulation in the colloidal particles can find applications in products, such
as fortified milk, juices or cooking oils. Nanoprecipitation or the antisolvent method
is the preferred technique used to encapsulate liposoluble actives mainly because of
the ease of loading them into the colloidal particles by simply co-precipitating their
molecular solution along with hydrophilic polymer into water (Patel et al., 2010b;
Patel et al., 2011a; Patel and Velikov, 2012; Patel et al., 2012). Accordingly, liposoluble
vitamins, such as vitamins A, D, E, and K have been encapsulated using this method
(Duclairoir et al., 2002; Gonnet et al., 2010; Khayata et al., 2012). Encapsulation of
vitamin E (α-tocopherol) in the matrix of vegetal protein fractions of wheat gluten
(gliadins) was achieved by co-precipitating aqueous ethanolic solution of vitamin E
and gliadin in water (Duclairoir et al., 2002). Colloidal particles with an average size
of 900 nm and an encapsulation efficiency of 77% and above were generated, that
showed dual release characteristics. Zein, a proline-rich protein obtained from corn, is
a very good candidate to generate colloidal particles by the simple anti-solvent method
(Patel et al., 2010b; Patel et al., 2012). Due to the presence of a strong surface charge,
zein can interact with other charged biopolymers, such as caseinate and chitosan to
form hybrid particles (Patel et al., 2010a; Luo et al., 2011a; Luo et al., 2011b). The
ionic and hydrophobic interactions between α-tocopherol and zein were utilized to
generate nanoparticles in the submicron sizes (Luo et al., 2011b). However, these
particles showed a high polydispersibility with the size ranging from 300–1000 nm. It
was further found that the complex of zein with chitosan gave much smaller and homogeneous sizes (400–500 nm). The inclusion of chitosan in the preparation protocol also
led to a better control over the release of the encapsulated vitamin. Zein nanoparticles
coated with carboxy methyl chitosan have also been used for the encapsulation of
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another liposoluble vitamin, cholecalciferol (Luo et al., 2011a). Mono-dispersed
nanoparticles as small as 120 nm in diameter with uniform particle size distribution
were obtained using the phase separation technique. The encapsulation of vitamin D3
in these nanoparticles facilitated its controlled release and significant improvement in
its photostability compared to the unencapsulated form.
Solid lipid nanoparticles (SLNs) with a diameter in a range of 50–1000 nm have been
used for the delivery of lipophilic bioactives for food applications. The first step in the
preparation of liposoluble vitamin-loaded SLNs includes the dispersion of the vitamin
in the lipid phase. Since the carrier used is high melting lipids, the dispersion of the vitamin in the lipid carrier is carried out at elevated temperatures (around 80 ∘ C). The hot
melt is then added to the aqueous surfactant solution followed by hot or cold homogenization resulting in the spontaneous formation of SLNs (Loveday and Singh, 2008;
Gonnet et al., 2010). Vitamin A and its palmitate have been encapsulated in SLNs (size
around 250 nm) prepared using lipid carriers, such as glycerylbehanate and tripalmitate
(Volkhard Jenning, 2001). The effect of experimental parameters, such as the manufacturing method, the surfactant system used to stabilize the emulsion, and the lipid type,
on the size and morphology were evaluated. These parameters affect the internal and
membrane structures of SLNs, resulting in different localizations of the vitamin in SLNs
(i.e. in the lipid matrix, in the outer shell or the inner core).

9.3.2 Liquid-in-liquid dispersions
9.3.2.1 Emulsions, microemulsions and nanoemulsions Liquid-in-dispersions
or emulsions are an interesting colloidal system that has attracted attention from
various fields and especially in foods as they are the most researched systems forming
the product base of a number of edible products, including sauces, spreads, whipped
creams, ice creams, etc. An emulsion can be simply defined as a dispersion of two
immiscible liquids, of which one forms the dispersed phase or the internal phase and
the other constitutes the dispersion medium or the continuous phase. The internal
phase is dispersed in such a way that it forms numerous tiny droplets which are
stabilized using amphiphilic components called emulsifiers that show a high degree of
surface activity. Depending on the composition of the internal and continuous phases,
emulsion can be classified as oil-in-water (o/w) or water-in-oil (w/o), both of which
are the common systems encountered in the field of food science and technology. The
texture and the consistency of an emulsion are mostly determined by the viscosity
of the continuous phase, for example, in the case of margarines and butter, the w/o
emulsion is prepared using solid fat as a continuous phase which gives the final product
a structured appearance. On the other hand, milk which is a o/w emulsion, is more
fluid due to the low viscosity of the water continuous phase. However, in principle, the
overall rheology of an emulsion can also be influenced by altering the internal phase,
either by increasing the proportion of internal phase (high internal phase emulsion) or
by gelling the internal phase. Multiple phase systems (o/w/o or w/o/w), called double
or multiple emulsions, can be further formed when an o/w or w/o emulsion is further
emulsified into a oil or water phase respectively. Representative microscopy images of
different emulsion systems are shown in Figure 9.3.
Yet another classification of emulsions is based on factors such as the droplet size
and the thermodynamic stability. Emulsions with a droplet size above 1 μm are considered coarse emulsions or macroemulsions. The droplet sizes below 1 μm or 1000 nm fall
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Figure 9.3 Optical microscopy images of emulsions including (a) oil-in water emulsion (Patel et al.,
2013c); (b) water-in-oil-in-water emulsion (unpublished work); (c) high internal phase emulsion (Patel
et al., 2013a) and (d) emulsion of gelled oil droplets in water. Scale bars = 200 μm (unpublished work).

in the category of nanoemulsions or mini-emulsions, which can be formed by applying
high pressure (high pressure homogenization) or high shear (ultrasonication) during
the homogenization process (Nielloud and Marti-Mestres, 2000; Patel, 2011; Patel and
Velikov, 2011). Another category of liquid-in-liquid dispersions called microemulsions
are the ones that form spontaneously and are thermodynamically stable with a droplet
size below 100 nm. The spontaneous generation is attributed to the significant lowering of the interfacial tension caused by a synergistic coordination of surfactant and
co-surfactants (Fanun, 2008). Macroscale emulsions, though used commonly as delivery systems, suffer from disadvantages of being thermodynamically unstable and have a
tendency to cream and coalesce over time if other means for stabilization are not used.
Microemulsions, on the other hand, are thermodynamically stable, and spontaneously
formed (Patel and Velikov, 2011).
Due to the presence of both the oil and water phase, emulsions find widespread
applications in the encapsulation and the delivery of both liposoluble as well as
water-soluble vitamins. For oil-soluble vitamins, the principal goal of encapsulation
is, first, to improve their aqueous dispersibility and bioavailability, and, second, to
protect them from degradation in product and in-body conditions. Alpha-tocopherol,
the most active form of vitamin E, has been used in many studies, concerning model
food grade emulsions and microemulsions (Gunaseelan et al., 2006; Sanchez-Paz
et al., 2008; Feng et al., 2009). Alpha-tocopherol is considered to be the most
potent antioxidant in vivo. It has the physical form of an oily viscous liquid which
is practically insoluble in water, and it has been reported that the bioavailability
of α-tocopherol can be improved when incorporated in an emulsion system (Feng
et al., 2009). Gunaseelan et al. carried out an interesting study to determine the
distribution of α-tocopherol in macroemulsion systems, using an approach based on
the pseudophase model for thermodynamically stable microemulsions (Gunaseelan
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et al., 2006). They reported that α-tocopherol was mostly located in the interfacial
region, owing to its surfactant-like characteristics (i.e., a polar phenolic headgroup
attached to a hydrocarbon tail). Shukat and Relkin demonstrated the encapsulation
of α-tocopherol in o/w nanoemulsions with average droplet sizes of less than 500 nm
prepared using high pressure homogenization (Shukat and Relkin, 2011). It was
concluded that the adsorbed layer of protein around the α-tocopherol-loaded fat
droplets provided additional protection against oxidative degradation. Very recently,
a new method based on membrane emulsification was reported to generate vitamin Eloaded nanoemulsions (Laouini et al., 2012). The nanoemulsion prepared using this
novel technique had an average particle size of 78 nm and showed excellent encapsulation efficiency for vitamin E (>99%). In another example, the formulation of
vitamin E in food grade microemulsion systems, comprising of water/vitamin E/ethyl
butyrate/EL-35/ethanol, was extensively studied (Feng et al., 2009). The droplet size
as studied using electron microscopy showed an average size of around 20 nm and
as further observed, the release of vitamin E from microemulsions was prolonged,
indicating the controlled release potential of vitamin E-loaded microemulsions. Apart
from vitamin E, other liposoluble vitamins, such as vitamin A and vitamin D, are also
good candidates for encapsulation in emulsion systems. Bioactive forms of vitamin A,
i.e., retinol, all trans retinoic acid and all trans retinol have to be encapsulated in various
emulsions systems such as o/w/o double emulsions, microemulsions and sub-micron
o/w emulsions respectively with reasonably high loading (Yoshida et al., 1999; Hwang
et al., 2004; Eskandar et al., 2009). Apart from high loading, retention of the loaded
vitamins is a prime issue to be considered when dealing with the encapsulation of
vitamin A (Sauvant et al., 2012). Some strategies used by researchers to enhance the
retention of the encapsulated vitamin in the oil phase include: the addition of an oil
gelling agent to the formulation, the use of a solid fat instead of oil, and the coating of
oil droplets (Yoshida et al., 1999; Eskandar et al., 2009; Sauvant et al., 2012). Vitamin
D3 -loaded food grade oil in water emulsion was prepared by running a blend of 10% wt
oil and 90% water containing 1% wt of non-ionic surfactants (Tweens) over cycles in
the high pressure homogenizer. The resulting emulsion had an average particle size of
around 220 nm and was resistant to particle growth after formation (Ziani et al., 2012).

9.3.3 Dispersions of self-assembled colloids
Self-assembly is a type of process in which a disordered system of pre-existing components forms an organized structure or pattern as a consequence of specific, local
interactions among the components. For encapsulation and delivery applications,
self-assembled colloids include a range of structures formed by an amphiphilic compound when dispersed in an aqueous medium. Systems like micelles, mesophases, liquid
crystalline phases, lipid bilayers, liposomes, and procolloidals, such as self-emulsifying
delivery systems can be good delivery vehicles for both hydrophobic as well as
hydrophilic bioactives (Boyd, 2007; Patel and Joshi, 2008; Patel and Velikov, 2011).

9.3.3.1 Micelles Micelles are lipid molecules that arrange themselves in a spherical form in aqueous solutions. The formation of a micelle is due to the amphipathic
nature of fatty acids, containing both hydrophilic regions (polar head groups) as well as
hydrophobic regions (the long hydrophobic chain). Micelles contain polar head groups
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that usually form the outside as the surface of micelles. They face to the water because
they are polar, the hydrophobic tails are inside and away from the water since they
are nonpolar. Fatty acids that form micelles usually have a single hydrocarbon chain as
opposed to two hydrocarbon tails. This allows them to conform to a spherical shape for
less steric hindrance within a fatty acid. Fatty acids from glycolipids and phospholipids,
on the other hand, have two hydrophobic chains that are too bulky to fit into a spherical
shape as micelles do. Thus, they prefer to form “lipid bilayers.”
The formation of micelles is spontaneous and the driving force for this arrangement
is the hydrophobic interactions among the molecules.
Micelles are ubiquitously found in nature from simple casein micelles in milk to
complicated dietary mixed micelles (DMM) formed during digestion. Due to the fact
that indigenously formed micelles are the body’s basic units that solubilize and transport fat-soluble vitamins (A, D, E and K) from the gastrointestinal tract to the bloodstream, liposoluble vitamins have been incorporated in externally generated micelles in
an attempt to increase their solubility and bioavailability. For example, natural casein
micelles found in milk were used as a delivery vehicle to encapsulate and deliver liposoluble vitamin D2 (Semo et al., 2007). Casein micelles are nature’s example of a nanodelivery system, in milk, casein micelles are formed in order to stabilize and deliver
micronutrients such as calcium. Semo et al. used reassembled casein micelles to encapsulate vitamin D2 to form particles with an average diameter of around 155 nm. It
was also shown that in addition to the stabilization of the encapsulated vitamin, the
reassembled micelles also provided an additional protective effect against photochemical degradation of the encapsulated vitamin. Very recently, researchers from the same
group have studied the encapsulation of vitamin D3 in reassembled casein micelles
by adding an ultra-high pressure homogenization step (Haham et al., 2012). Based on
the results of a randomized double-blinded placebo-controlled clinical study, carried
out with 87 human volunteers, it was concluded that vitamin D3 loaded in reassembled casein micelles was highly bioavailable. However, van Hasselt et al. reported that
vitamin-encapsulated micelles showed strong interactions with bile, leading to the formation of large aggregates (van Hasselt et al., 2009). This aggregation was influenced
by the encapsulated vitamin because the empty micelles did not show any aggregation. They concluded that the bioavailability of encapsulated vitamin K in micelles
was governed by the presence of free bile acid, as polymeric micelles themselves were
unable to induce the measurable absorption of vitamin K. Though most of the studies with micelles involve liposoluble vitamins, water-soluble vitamins such as vitamin C
have also been evaluated for encapsulation in micellar systems. Drach et al. studied
the encapsulation of ascorbic acid in micelles formed from anionic (sodium dodecyl
sulphate, SDS) and cationic (cetyltrimethlyammonium bromide, CTAB) surfactants
respectively (Drach et al., 2011). They observed that the extent of oxidation of the ascorbic acid in the surfactant solution varied with the concentration of the surfactant. For
both SDS as well as CTAB, the oxidation of ascorbic acid increased with the increasing
concentration of surfactant up to the critical micellar concentration or CMC where the
rate of oxidation reached its maximum value and then started decreasing with increasing concentration.

9.3.3.2 Liposomes Liposomes are a special class of self-assembled systems which
are formed by lipids and lipid-like amphiphilic molecules that are arranged in single
or multilayered vesicles in aqueous media; the encapsulation of the active ingredient
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occurs when it is either trapped inside the fatty wall or the aqueous core of the vesicle
(Reza Mozafari et al., 2008). The main advantage of liposomes is their ability to
encapsulate both hydrophobic as well as hydrophilic actives. Moreover, their internal
pH is adjustable, so they can contain ingredients that otherwise would not be stable
under certain circumstances. There is a lot of engineering that can be done with
liposomes, and different materials can be used to generate differently shaped and
sized final products. For instance, depending on the arrangement of the phospholipids’
base materials, one could form either multiple vesicular structures or single vesicles
(Taylor et al., 2005). Numerous studies have reported the incorporation of liposoluble
vitamins such as vitamin A (Tesoriere et al., 1993; Tesoriere et al., 1996; Tesoriere
et al., 1997; Singh and Das, 1998; Asai and Watanabe, 2000;Lee et al., 2002; Lee et al.,
2005), vitamin D (Wiseman, 1993; Merz and Sternberg, 1994; Prefer et al., 1994),
vitamin E (Takahashi et al., 1988; Zacharias, 2011; Zhang et al., 2011), and vitamin
K (Fukuzawa et al., 1979; Urano et al., 1988;Nacka et al., 2001)in liposomes. In dairy
products, liposomes have been used to stabilize and deliver vitamins to increase their
nutritional quality. Banville et al. observed significant differences in the recovery of
vitamin D from cheeses containing liposome-entrapped vitamin D (∼62%), compared
to the commercially prepared vitamin (∼43%) and a solubilized form of vitamin D
in cream (∼41%). These findings indicate that the liposomal encapsulation protected
vitamins from being degraded (Banville et al., 2000). Because of its unique structure, liposomes can even be used for the incorporation of water-soluble vitamins.
Studies of the incorporation of water-soluble vitamins (vitamin C) in liposomes have
been reported. Soy phosphatidylcholine-based liposomes were used to protect the
heat-labile vitamin C after heat treatment (pasteurization) (Marsanasco et al., 2011).
Vitamin C-loaded liposomes were further tested in orange juice as a food model
system. Chitosan-coated liposomes prepared using phosphatidylcholine:cholesterol
(60:40) were used in another study to enhance the storage stability of encapsulated
Polymeric
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Oil
droplet

Emulsion

Colloidal
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Figure 9.4 Schematic representatives of colloidal delivery systems which are being used for the
encapsulation of water-soluble and liposoluble vitamins. Source: Patel (2012).
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vitamin C (Liu and Park, 2010). Figure 9.4 shows the colloidal delivery systems which
are being used for the encapsulation of water-soluble and liposoluble vitamins.

9.3.3.3 Procolloidal systems Procolloidal is the term coined to describe systems
that form a colloidal structure when diluted with an aqueous phase. These systems
act as concentrates which are converted to their respective colloidal forms in an
aqueous medium (Pouton, 2000). The systems included in this category range from
self-micro-emulsifying systems to proliposomes to liquid crystalline phases that
form mesophases when diluted with water (Boyd, 2007; Patel and Velikov, 2011).
Self-emulsifying or microemulsifying systems can be broadly described as isotropic
mixtures of oil, surfactant, co-surfactant (optional), and co-solvent (optional) that
form a fine oil-in-water emulsion when introduced into the aqueous phase under
gentle agitation (Constantinides, 1995; Patel and Vavia, 2007; Patel and Vavia, 2010).
These systems are typically delivered in the form of soft or hard gelatin capsules, which
are meant to spontaneously form microemulsions (with a droplet size around 50 nm)
or sub-micron emulsions (100 to 1000 nm) upon dilution in the gastrointestinal (GI)
tract (Figure 9.5). The spontaneous formation of a fine dispersion is attributed to the
extremely low interfacial energy, due to the adsorption of the surfactant/ co-surfactant
layer on the interface. And the co-surfactant-assisted bending stress lowering of the
surfactant film further leads to the finer droplet sizes (Constantinides, 1995; Pouton,
2000; Patel, 2011). Due to its strong pharmaceutical and nutraceutical actions, such
as prevention of cardiovascular diseases and cancer, vitamin E has been studied
extensively for the incorporation and encapsulation in procolloidal systems, especially
self-emulsifying systems (Julianto et al., 2000; Yap and Yuen, 2004; Ali et al., 2008; Alayoubi et al., 2012). It has been found that the formulation of vitamin E in self-emulsifying
and self-microemulsifying systems significantly enhances its bioavailability (Yap and
Yuen, 2004). According to a study conducted on six healthy human volunteers, the
bioavailability of tocotrienols was increased by two to three times in self-emulsifying
systems, as compared to the non-emulsifying oily formulation (Yap and Yuen, 2004).

Figure 9.5 Differences in the appearance of procolloidal systems: Self-emulsifying systems forming
sub-micron emulsion (left) and self-microemulsifying system forming microemulsion (right) on dilution.
Source: Patel (2011). Reproduced with permission of John Wiley & Sons. See plate section for color
version
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As discussed earlier, liposomes have been widely studied for food applications to
deliver both water-soluble as well as liposoluble vitamins. However, producing these
systems on a large scale in a reproducible manner remains an unconquered challenge
(Wagner and Vorauer-Uhl, 2011; Moraes et al., 2013). One of the processes suitable for
scaling up liposome production is the use of proliposomes. Proliposomes can be simply
defined as aqueous-soluble dry phospholipid particles loaded with functional ingredients and whose hydration above transition temperature and appropriate agitation
conditions will result in the formation of liposomes (Payne et al., 1986; Xia et al., 2012).
β-carotene incorporated in proliposomal formulation prepared using hydrogenated soy
phosphatidylcholine showed enhanced stability against chemical degradation. The storage stability was reported for a minimum of 60 days under refrigeration (Moraes et al.,
2013). Further, vitamins D and E were successfully incorporated in a proliposomal
formulation consisting of glyceryl dioleate-PEG12 and glyceryl dipalmitate-PEG23 at
35% and 20% wt, respectively.

9.3.4 Encapsulation in dry matrices
When it comes to industrial feasibility and scale-up, microencapsulation is basically
carried out using physico-mechanical methods, such as spray-drying, extrusion, pan
coating, and fluidized bed technology. Microcapsules with reproducible particle size
distribution can easily be manufactured using these techniques. Moreover, the food
industry is well equipped with the instrumentation required for such processes and thus,
these methods can easily be adapted by small, medium or large companies.
Below we give an account of research done on vitamin encapsulation using
spray-drying and extrusion.

9.3.4.1 Spray-drying Spray-drying is the most commonly used encapsulation
method in the food industry. The process is economical and flexible, using equipment
that is readily available, and produces particles of reproducible quality (Rosenberg
et al., 1990; Re, 1998). In fact, it is believed that the production costs of spray-drying
are lower than those associated with most encapsulation processes (Desai and Park,
2005b). The process of spray-drying usually involves two important steps: (1) preparation of a solution or a dispersion of coating and core material (depending on
their solubility) followed by (2) evaporation of solvent, resulting in the covering of
core material with a layer of coating material or in some cases, the core material is
distributed in the matrix of a coating polymer. Spray-drying encapsulation has been
used in the food industry since the late 1950s, mainly for the protection of flavor oils
against degradation and to convert liquids to powders for better handling. However,
one limitation usually faced in using spray-drying is the requirement of the coating
material having good water solubility. Since it is a water-based process, the available
coating materials that have acceptable water solubility are very limited. Various
biopolymers such as chitosan, pea protein, rice starch, and gum arabic have been
used as coating materials for the encapsulation of water-soluble vitamins (vitamin C)
(Trindade, 2000; Desai and Park, 2005a; Pierucci et al., 2006). Microcapsules with mean
sizes less than 10 μm were easily obtained using pea protein, chitosan, and gum arabic
while microcapsules prepared using rice starch showed a size range of 5–40 μm. The
oxidative stability of vitamin C was reported to be enhanced when microencapsulated
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in starch and gum arabic microcapsules and the possibility of controlling the release of
encapsulated vitamin C from pea protein and chitosan microcapsules was successfully
demonstrated. Pea protein concentrate was also used by the same group to encapsulate
liposoluble vitamin (α-tocopherol). Pierucci et al. concluded that the production of
small and homogeneous particles, with high core retention and without defects, is
necessary for a satisfactory system control (Pierucci et al., 2007).

9.3.4.2 Extrusion (in a glassy matrix) Microencapsulation using extrusion is a relatively new process when compared to spray-drying. The basic principle involved in
this technique involves forcing a molten mass of polymer and core material through a
series of dies into a dehydrating liquid. The pressure and temperature employed are
typically < 100 psi and up to 115 ∘ C (Reineccius, 1989; Desai and Park, 2005b). The
extruded filaments or sheets are then dried and pulverized to obtain discrete microcapsules (Shahidi and Han, 1993). The carrier materials used are generally carbohydrates,
such as trehalose, maltodextrins, sucrose, etc. but other wall materials such as gelatin,
sodium alginate, carrageenan, gum acacia, fats and fatty acids, waxes, and polyethylene
glycol have also been tried (Arshady, 1993; Desai and Park, 2005b). The main advantage
of this method is the complete coverage of the core material with the coating material,
resulting in a kind of true encapsulation which provides excellent stability to the core
material against oxidative and other chemical degradations (Desai and Park, 2005b).
Farias et al. reported the encapsulation of α-tocopherol in a glassy matrix of maltodextrin and gelatin using a ratio of 3:2:1 (maltodextrin: α-tocopherol: gelatin) (Farias et al.,
2007). They further reported that that the glassy matrix was able to protect the encapsulated α-tocopherol from oxidation. Similarly, encapsulation of β-carotene in amorphous
trehalose has been shown to slow down its degradation over extended storage (Elizalde
et al., 2002).

9.3.5 Molecular encapsulation of vitamins in cyclodextrins
Cyclodextrins (CDs) are cyclic oligomers that are produced by the enzymatic conversion of starch. This consists of six (α-CD), seven (β-CD), eight (γ-CD) or more units
of D-glucopyranose linked together by α-(1,4) bonds. Because of its unique structure,
CDs can form molecular complexes with a range of hydrophobic molecules. Based
on this special property, CDs find applications in a range of fields, such as pharmaceuticals and cosmetics (to encapsulate difficult-to-formulate hydrophobic drugs), the
flavor industry (for protection and easy handling of volatile aromatic compounds)
and nutraceuticals and food industry (for delivery of functional ingredients such as
vitamins and bioactives) (Risch and Reineccius, 1995; Qi and Hedges, 1997; Uekama
et al., 1998; Patel and Vavia, 2006; Patel and Vavia, 2008a, 2008b). The structure of a
CD is such that it has a cage-like appearance with a hydrophobic cavity. The formation
of the inclusion complex with a hydrophobic compound occurs due to energetically
favorable substitution of the polar water molecules lining the hydrophobic cavity by
less polar guest molecules. Though the driving force behind the inclusion complex
formation is yet to be fully understood, it is believed to be due to the following factors:
(1) substitution of the energetically unfavored polar–apolar interactions (between the
included water and the cavity) by the more favored apolar–apolar interaction (between
the guest and the cavity), and the polar–polar interaction (between bulk water and the
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released cavity-water molecules); (2) CD-ring strain release on complexation; and (c)
van der Waals interactions and hydrogen bonds between host and guest (Jadhav et al.,
2006; Astray et al., 2009).
It is only possible to incorporate liposoluble vitamins in cyclodextrins to form
true inclusion complexes (Szejtli, 1988). Accordingly, encapsulation of liposoluble
vitamins through the formation of inclusion complexes has been studied extensively. Retinoid-CD complexes have been prepared using aqueous alcohol at room
temperature (Mele et al., 1998; Semenova et al., 2002). Many reports suggests the
solubility-enhancing effect of CD complexation on vitamin A, such as an increase in
the solubility of all trans retinoic acid by several times in inclusion complexes with
β-CD and hydroxyl propyl β-CD (Lin et al., 2000; Qi and Shieh, 2002). While other
studies reported the stabilization effect of CD complexation on vitamin A, such as the
photoisomerization and photodegradation of retinoids are inhibited in an inclusion
complex (Munoz-Botella et al., 2002; Yap et al., 2005). Other than retinoids-CD
complexes, vitamin D is the most studied candidate for CD complexation (Palmieri
et al., 1993). The water solubility of vitamin D is very low and it influences its biological
activity (Tian and Holick, 1995). Inclusion complexes of vitamin D with CD can be
formulated by using ethanol as a common solvent (Soares et al., 2012). The positive
effects of the cyclodextrin complexation on the stability of vitamin D has also been
reported (Tian and Holick, 1995).
Another extensively studied liposoluble vitamin is menadione (or vitamin K3 ).
A considerable improvement in its aqueous solubility is reported through the formation of the inclusion complex where the benzene ring is located in the CD cavity with
the quinine moiety located outside (Lengyel and Szejtli, 1985). Mendione is reported
to form a 1:1 molar complex with cyclodextrin with β-CD being more effective than α
and γ-CD (Zielenkiewicz et al., 2007).

9.4

Conclusion and future trends

The principle behind encapsulation is very straightforward, and especially for vitamins,
encapsulation can offer various advantages, including solubility enhancement of
difficult-to-formulate liposoluble vitamins, improvement in the stability of chemically
reactive water-soluble vitamins, arresting and slowing down the kinetics of chemical degradation of sensitive water-soluble and liposoluble vitamins, bioavailability
enhancement of liposoluble vitamins with dissolution and absorption limitation,
improved delivery of water-soluble and liposoluble vitamins prone to degradation
during the storage period and in the gastric environment, and controlling the release
of water-soluble and liposoluble vitamins for enhancement of their biological performance. The kind of encapsulation techniques to be used and the corresponding
micro/nanostructures that can be produced are a matter of the formulators’ choice
based on factors such as available resources, characteristics of the core materials,
economics of the process, and final applications. Regardless of the techniques selected,
a good encapsulation process for food applications should fulfil most if not all of these
basic requirements, including high encapsulation efficiency, use of food-approved
materials, long shelf-life, ease of manufacture, low cost of production, and no use
of hazardous chemicals or toxic solvents. Although microencapsulation has been an
active area of research with regards to food applications for more than 60 years, when it
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comes to commercial success, the food industry has lagged far behind with a very small
market niche compared to the pharmaceutical and cosmetics industries (Gouin, 2004).
Factors such as the lack of enough food-approved coating materials, long developmental time, increased production costs, and the reluctance of food industry to adapt to
newer technologies could be responsible for the slow establishment of encapsulation
as a routinely used technique in food product development (Gouin, 2004; Benita,
2006; Benshitrit et al., 2012). However, with the recent interest in the development of
functional foods and nutraceuticals (fueled partly due to the increased lifestyle-based
disorders and partly due to the increased awareness among consumers), research on the
incorporation and delivery of functional ingredients, such as micronutrients, has been
receiving a lot of attention. Accordingly, nano- and microencapsulation should occupy
a prominent place in the research strategy of most industrial R&Ds working on food
fortification and nutraceuticals. Some issues which need to be ironed out to prevent
possible bottlenecks in the establishment of encapsulation as a routine developmental
strategy include the search for food grade coating materials, faster development time,
increasing the know-how and know-why of encapsulation processes, and a better
understanding of the in-vivo behavior of encapsulates.
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10.1

Introduction

Flavor is one of the most important components of a food system: It is essential to the
appeal of food, motivates us to eat, and provides satisfaction during food consumption.
Humans recognize the quality and condition of a food from the flavor or off-flavor.
Aroma, taste, texture, and mouth-feel are considered to affect the perception of flavor
during food consumption. The aroma and taste compounds entrapped in a food system
are released and transferred to receptor cells in the lingual and nasal mucosa during
the ingestion process, therefore, factors that affect the transport phenomena also
contribute to the sensation of flavors. A food system is a natural encapsulation system
that stabilizes nutrition, aroma, and taste compounds in nano-/microstructures. Parts of
the encapsulated ingredients are released from the food structure due to deformation
during chewing and digestion. The pattern of flavor release is recognized as being
characteristic of the food. Optimal flavor control that imparts character to a food
system is thus an important challenge for food engineers. Off-flavors should either be
removed from the system or masked, while attractive flavors should be maintained at
the desired level. During the design of food systems or additives, engineers strategically
apply encapsulation techniques to provide structures that retain a sufficient amount
of flavor, stabilize the flavors during preservation (i.e., protect them from unfavorable
oxidation), and release the flavors at the desired rate when consumed. The majority
of food flavors are oily compounds that are not easy to handle during processing.
Therefore, flavor encapsulation design is also motivated to entrap oily liquid flavors
into dried solids for improved handling. Encapsulation is a technique that was initially
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
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used to produce dry flavors in the food industry. It is now recognized in a broader sense
as a technique to protect ingredients from the surrounding environment. Traditional
techniques for encapsulation include spray-drying, spray-chilling/cooling, fluidized-bed
coating, extrusion, centrifugal coating, or molecular inclusion, etc. (Reineccius, 1989).
These techniques have been intensively investigated and improved to meet growing
demands in the food industry. To further improve the encapsulation techniques and
incorporate additional functionality, nano- and microencapsulation technology has
gained considerable attention for imparting novel functionalities at the nanoscale.
Powder processing by spray-drying was originally a technique for microencapsulation.
Recently, nanoparticulate systems have largely been studied as delivery vehicles for
nutraceuticals and pharmaceuticals in order to improve their bioavailability (Hu et al.,
2004). A spray-drying apparatus has been developed that enables direct nanoparticle
fabrication (Li et al., 2010). However, small-particle production is not ideal for
spray-dried flavor encapsulation; in fact, larger particles are believed to provide
key advantages including excellent reconstitution ability and reduced surface oil
(Onwulata et al., 1998; Buffo et al., 2002; Turchiuli et al., 2005; Fuchs et al., 2006). The
effect of particle size on encapsulation efficiency has long been discussed in order to
elucidate the ideal particle size for optimal flavor retention (Zakarian and King, 1982;
Soottitantawat et al., 2003, 2005; Reineccius, 2004). Jafari et al. (2007) clarified that
smaller particles (<38 μm) have lower surface oil content but poorer flavor retention
than do larger ones (>63 μm).
The use of colloidal systems, such as coacervation and liposomal, has been studied
in the context of nanoencapsulation in order to bind lipophilic substances in nanoparticulate systems (Patel and Velikov, 2011). Many of the related studies target their use
as a delivery vehicle for food nutrition and the controlled release of pharmaceutics;
however, it can also be applied to retain volatile flavors (Reineccius, 1995; Thies,
2007). In a review on flavor encapsulation published in 1989, Reineccius commented
that the industrial application of coacervation for flavor encapsulation was limited
but would be expanded in future. There are now numbers of patent applications
on coacervation-based flavor encapsulation (e.g., JP-A-P2010-239988). This chapter
summarizes the engineering aspects of nano- and microencapsulation of flavors in food
systems.

10.2

Flavor stabilization in food nanoand microstructures

10.2.1 Application of encapsulated ﬂavors
Nano- and microencapsulation helps to protect flavors from degradation, to stabilize
and prolong shelf-life, and to enable controlled flavor release during consumption.
Encapsulated flavors enable a high sensory impact of the final food product. They
can also provide natural flavors and/or flavor combinations that are not yet known.
Microencapsulated flavors are widely used for confectioneries, bakery products, powdered foods/beverages, processed foods, etc. The required features of the encapsulated
products are dependent on the type of product. For example, sustained release of flavor
compounds is desirable for chewing gum, while for powdered foods, flavors should
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be released by reconstitution (rehydration). In addition, the flavors must be retained
during long storage. Powdered flavors for bakery use must be designed to mix well
with other powdered ingredients and release during the baking process. For all flavors,
the encapsulation technique must provide extended flavor shelf-life and release at a
desired time and rate. Furthermore, the formation of encapsulated products should be
variable depending on its application. Nano- and microencapsulation of food systems
is an engineering technique that involves fabricating nano- and micro-scaled architectures with food-grade materials such as carbohydrates, proteins, and lipids. Flavor
compounds are bound to the architecture with certain interactions that depend on
the physicochemical properties of the substrates and the condition of the surrounding
environment. The following sections discuss how flavor compounds are stabilized and
retained in food nano- and microstructures.

10.2.2 Interactions between ﬂavor compounds
and carrier matrices
The majority of flavor compounds used in the industry are in the liquid phase at ambient conditions, and most liquid flavors are lipophilic. Food flavor consists of various
classes of aroma compounds, including hydrocarbons, alcohols, aldehydes, ketones,
esters, acids, sulfides, etc., with molecular weights between 100 and 250 (Zuidam and
Heinrich, 2010).
In a food system, flavor compounds associate with the food components through
intermolecular interactions such as covalent bonding, hydrogen bonding, ionic bonding, van der Waals forces, and hydrophobic interactions. The interactions between a
flavor and the food matrix affects flavor retention. Lipophilic compounds are largely
partitioned into the lipid phase in which many of the flavor molecules can be dissolved
and/or bound through hydrophobic interactions (or van der Waals forces). Proteins
bind to flavor compounds through their hydrophobic blocks via hydrophobic interactions and through their hydrophilic blocks via hydrogen bonds and ionic interactions.
Furthermore, amide and thiol groups in a protein can covalently cross-link with flavor
compounds (Meynier et al., 2004).
Sugars, polysaccharides, and starches are also important food substrates (i.e., carbohydrates) that bind to flavors through their hydroxyl groups via hydrogen bonding.
A flavor compound is stabilized in the amylose helix via hydrophobic interactions to
form an inclusion complex; as a result, the structural features of starchy foods significantly affect the flavor retention (Goubet et al., 1998). Similarly, cyclodextrins, which are
cyclic oligosaccharides, incorporate guest molecules to form inclusion complexes. The
inner cavity of a cyclodextrin is hydrophobic while the exterior is relatively hydrophilic.
Therefore, the inner cavity is useful for entrapping lipophilic flavor compounds with
specific geometries that can fit in the limited space (Hedges et al., 1995; Reineccius
et al., 2003).

10.2.3 Flavor retention in colloidal systems
A hydrocolloid is defined as a suspension system in which nano- to submicron-scale
particles, droplets, micelles, and vesicles are dispersed in a continuous aqueous phase.
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Milk proteins are the most commonly known amphiphilic molecules that form a micelle
system and are considered to be useful carriers for lipophilic substances (Elzoghby et al.,
2011). Milk proteins preferentially bind with aroma compounds, so they are useful to
increase flavor retention in a food system (Damodaran and Kinsella, 1980). Aroma
retention can be further improved by protein modification (Fares et al., 1998). The
retention of flavor is dependent on the types of interactions, as discussed earlier. The
interactions between proteins and volatiles are both reversible (i.e., hydrophilic interactions, hydrogen bonds, and ionic bonds) and irreversible (i.e., covalent bonds). To
improve flavor retention, hydrophobic interactions are critical. The strength of these
interactions is influenced by the ionic strength, pH, and temperature (O’Neill and Kinsella, 1987). It is well known that flavor retention in a food emulsion is largely dependent
on the physicochemical properties of both the aroma compounds and the components
of the food matrix (McClements, 2005). The retention of aroma compounds in an o/w
emulsion is determined by the interaction between the volatiles and the liquid phases
and between the volatiles and the stabilizer (e.g., proteins, polysaccharides, etc.) (Druaux and Voilley, 1997; Fischer and Widder, 1997; Charles et al., 2000; Reineccius, 2006).
Benjamin et al. (2011) recently elucidated the retention of volatile compounds in an
o/w emulsion system stabilized with β-lactoglobulin. Larger amounts of volatiles were
partitioned in the emulsion with a higher load of lipids and with more hydrophobic
lipid components. However, this effect was not apparent for hydrophilic volatiles. They
also suggested that the protein at the interface influenced the retention of volatiles with
intermediate hydrophobicity. Hydrophobic volatiles are mostly controlled by the lipid
phase. Hydrophobic aroma compounds dissolved in the oil phase must be transferred to
the headspace via the aqueous phase (see Figure 10.3 later) in order for the droplet size
(nano- and microscale) in the emulsion to affect the retention and release of the flavors.
However, Bortnowska (2011) reported that the microstructural properties of the emulsions, such as the surface area of the interface, the surface protein concentration, and
dispersion index, did not significantly affect the release rate. It has been reported that,
when an emulsion is spray-dried, the emulsion size influences flavor retention (Jafari
et al., 2006; Jafari et al., 2008). Risch and Reineccius (1988) encapsulated orange oil
by spray-drying and found that a smaller emulsion size resulted in higher oil retention
and a smaller amount of surface oil. However, after rehydrating the powder into an
emulsion, the flavor retention was not significantly affected by the emulsion size.

10.2.4 Flavor retention in food gel
Food texture is an important factor in food perception. The eating process involves
breaking food into pieces for digestion. During the process, aroma compounds are
dynamically released from the food system to stimulate the olfactory receptors. Texture
control is important for food engineers in order to improve the acceptability of foods
by consumers. Texturing agents are commonly used in the food industry to modify the
thickening and gelling properties; polysaccharides, starches, and proteins are widely
used for this purpose. Studies on these texturing agents have been conducted with a
focus on their effect on flavor retention and release (Juteau et al., 2004). Accordingly,
the addition of textural agents has had a negative effect on proper flavor release and
perception (Guinard and Marty, 1995; Carr et al., 1996) due to interactions between
the texturing agents and flavor compounds; thus, many investigations have focused
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on elucidating the interactions between aroma compounds and food ingredients
(Guichard, 2002; Savary et al., 2006, 2007a). However, flavor perception is not only
affected by binding. Hollowood et al. demonstrated that the addition of hydroxypropyl
methylcellulose significantly diminished strawberry aroma perception even though the
amount of the aroma compounds did not decrease. They suggested that the perception
of viscosity could affect the overall flavor perception (Hollowood et al., 2002). It is
thus important to assess both binding and textural characteristics and to elucidate
the relationship between the two. In other words, further insight into food nano- and
microstructures is particularly important for flavor control.
Zafeiropoulou et al. (2012) stabilized various aroma compounds in gelatin gels in
order to investigate aroma retention. Similar to the case with other proteins (Landy
et al., 1995), aroma retention increased with increasing gelatin concentration. Softer
gelatin gels released a larger amount of aroma compound than did harder gelatin gels,
and the rigidity was clearly influential on flavor perception during consumption (Baek
et al., 1999; Boland et al., 2006). Flavor release from model gel food was investigated
using a mouth simulator that enables a realistic understanding of the dynamics of
volatile release (Savary et al., 2007b). Gierczynski et al. (2007) prepared a protein-based
cheese-like model food in order to investigate in vivo and in vitro flavor release during
consumption. They found that the equilibrium data did not correlate with the aroma
release during the breakdown process and the gel structure significantly affected the in
vivo flavor release: A harder gel induced a greater and faster release of all the tested
aroma compounds. However, these differences could not be confirmed in the in vitro
system via analysis using the mouth simulator. Accordingly, it was suggested that the
nature of humans to adapt their masticatory behavior to the food structure during
eating is of key importance.

10.2.5 Flavor inclusion in starch nanostructure
Starch is an important basic food component and is also widely used as a texturing
agent. Owing to its strong ability to interact with aroma compounds, many studies have
focused on using starches for flavor control (Goubet et al., 1998). A key feature is the
formation of complexes of amylose molecules with volatile molecules. It is recognized
that starch is able to form inclusion complexes with volatile compounds, especially
small nonpolar molecules (Rutschmann et al., 1989; Nuessli et al., 2003; Jouquand et al.,
2006). The addition of volatile compounds induces the formation of a single left-handed
α-helix, known as V-type amylose, resulting in the compounds being included in the
helical cavities. This complex formation, i.e., the ordered helical structure, promotes
the build-up of a starch microstructure interconnected by an amylose network. The
structures of the microstructures are dependent on the type of included compounds
and the rate and extent of the inclusion complex formation (Heinemann et al., 2003b,
2003a). Starch can form a wide variety of nano- and microstructures based on crystalline, glassy, and gel forms. The characteristics of the physical adsorption of aroma
compounds onto the starchy matrix are also influenced by these structural properties.
It has been reported that a strong gel prepared from native starch released entrapped
volatiles at a very slow rate (Cayot et al., 2004). Lafarge et al. (2008) reported that
volatiles that weakly interacted with the starch were released from the matrix at a rate
controlled by the microstructure, while the release rate was severely limited when the
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volatiles strongly interacted with the starch. It is an important goal to elucidate the
relationship between the structure of starch–volatile complexes and the dynamics of
flavor retention and release, and in addition, to further corroborate their influence
on perception during the eating process (Conde-Petit, 2006). This involves both the
build-up and breakdown of the food structure during processing and consumption,
respectively; therefore, extensive investigations must be carried out. Ades et al. (2012)
recently reported that starch–aroma complexes are useful platforms for the controlled
release of flavors under simulated eating conditions. They prepared inclusion complexes
of native corn starch and volatiles (i.e., menthol and menthone) and confirmed their
stability during extended storage. When the complexes were exposed to the model
saliva solution, both volatiles were immediately released from the matrix as a result
of enzymatic digestion.

10.3

Flavor retention and release in
an encapsulated system

Flavor compounds are encapsulated to avoid loss by oxidation and evaporation during processing and storage. The wall material must also release its core substances at
the desired rate. Therefore, it is important to understand how mass transfer kinetics
is controlled in encapsulated systems in order to design and process a favorable wall
matrix.

10.3.1 Mass transfer at the liquid–gas interface
When aroma compounds are dissolved in a liquid phase that contacts a gas phase, mass
transfer velocity can be written using the traditional double-film theory. In the film layer,
the motion of the fluid is stagnant (or in laminar flow), so mass transfer is controlled
by molecular diffusion. In contrast, in the turbulent region, a relatively large portion of
the fluid (in the eddy) moves rapidly from one position to another. Owing to the rapid
motion in the eddies, mass transfer in this region is much faster than via molecular
diffusion. The thickness of the film layer depends on the degree of turbulence: Rapid
motion makes it thinner, while slower motion makes a thicker film layer. Mass transfer
coefficients, kL and kG for liquid and gas film layers, respectively, are defined as the ratio
between diffusion coefficient and the film layer thickness, as follows:
kL = DL ∕dL

(10.1a)

kG = DG ∕dG

(10.1b)

In the double film theory, the gas and liquid concentration at the interface is assumed
to be in a thermodynamic equilibrium relationship (Figure 10.1). In a dilute system,
Henry’s law is useful to describe the relationship simply, as follows:
pAi = HCAi

(pAi = H ′ xAi ),

(10.2)

where pA is the partial pressure of a compound in the gas phase, CA is the concentration
in the liquid phase, and H is Henry’s constant. When the concentrations are written in
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Figure 10.1 Double ﬁlm theory at gas-liquid interface.

mole fractions, this relationship can be described as
yAi = mxAi (m = CT H∕P),

(10.3)

where xAi and yAi are the mole fractions of a compound in the liquid and gas phase,
respectively, and m is derived from Henry’s constant with the atmospheric pressure, P,
and total concentration in the liquid phase, CT .
When a system is in the steady state, the mass flow rate is equivalent in an entire
region; therefore, the mass flux, JA (kmol/m2 s), can be written as follows:
JA = kL (CAL − CALi ) = kG (pAi − pA ).

(10.4)

The immeasurable parameters, CAi and pAi , can be replaced with pA* and CA* , respectively, via the equilibrium relationship (Eq. 10.3) using the equilibrium concentrations
that correspond to CAL and pA to generate the following equations (note: these parameters do not appear in the system):
JA = KL (CA − CA∗ ) = KG (pA∗ − pA )
1∕KL = 1∕kL + 1∕HkG , 1∕KG = H∕kL + 1∕kG ,

(10.5)

where KL and KG are the overall mass transfer coefficients in the liquid and gas phases,
respectively. Parameters kL and kG are largely influenced by the circumstances. When
considering flavor release during consumption, estimation of the mass transfer coefficients is critical (Cayot et al., 2008). For example, during chewing, food resides in the
mouth for only a short period; therefore, we can consider that there is not sufficient
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time to reach a steady state. In this case, we should apply time-dependent mathematical
models to the mass transfer equations for the steady state (Eq. 10.4) such as the penetration model and the surface renewal model to estimate kL and/or kG . However, mass
transfer during chewing involves many more factors (e.g., mass transfer via the salivary
layer, salivary digestion, mechanical deformation by chewing, etc.) that complicate the
theoretical approach (Harrison et al., 1998).
In a packaged food system, it can be assumed that the system is equilibrated when
there is no significant leakage of volatiles through the packaging. When a system is in
thermodynamic equilibrium, the concentration gradients in the film layer become zero
and the mass flux through the interface is also zero. When thermodynamically equilibrated concentrations of a volatile flavor compound are used, the following equation is
often employed to obtain the partition coefficient, PGL :
CAG∗ = PGL CAL∗ ,

(10.6)

where CG* and CL* are the concentrations of the volatiles in the gas and liquid phases,
respectively.
In many encapsulated systems, the liquid phase contacts the gas phase via a membrane layer. For example, when a lipid core containing a volatile is surrounded by a
membrane layer (Figure 10.2a), the mass flux of the compound is limited by the resistance of the liquid film layer, the diffusivity in the membrane layer, and the gas film
layer. Interphase equilibrium is achieved at the interface between the liquid phase and
membrane according to the relationship described in Eqs 10.2 or 10.3. When the system
(a)

(b)
Gas phase

Liquid phase

Membrane layer
Solute concentration
CAL

pAi*

Thermodynamic
equilibrium (CAG*)

pAi

Steady state

Thermodynamic
equilibrium (CAL*)

CALi*
pAs

CALi

Diffusivity,
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Steady state

Gas Partial pressure
pA (CAG)

Gas–liquid interface
Membrane thickness = dM

Figure 10.2 Mass transfer of volatile from a liquid phase to gas phase via the membrane layer.
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is in the steady state and assuming that the liquid–membrane and membrane–gas interfacial surface area are equal, the mass flux, JA , can be expressed as follows:
JA = kL (CA − CAi ) = DM ∕dM (pAi − pA ) = kG (pAs − pA ).

(10.7)

As in the case of the microencapsulated system, the mass transfer resistance at the liquid and gas boundary layers could be negligible; in this case, the mass transfer velocity
would mainly be controlled by the diffusivity of the volatiles through the membrane. In
many food systems, the ambient conditions (e.g., moisture content) influence the diffusivity values. Furthermore, the diffusivity is different for each gas component. Although
the vapor pressures of flavor compounds are usually higher than that of water vapor,
the diffusivity values for the compounds are often much lower than that for water vapor
(Menting et al., 1970). This is explained by the selective diffusion theory (Thijssen, 1971)
and is an important feature that enables the entrapment of volatile compounds via thermal processing such as spray-drying (Furuta et al., 1983).
When a flavor compound is dissolved in the dispersed phase of an emulsion system
in contact with a gas phase (Figure 10.2b), the mass flux of the volatiles is limited by the
resistance at the liquid–liquid and liquid–gas interfaces. Interphase equilibrium relationships are achieved both at the liquid–liquid and liquid–gas interfaces (Figure 10.3).
The liquid–liquid phase equilibrium can be described as follows:
C∗ bA = PLL C∗ aA ,

(10.8)

where C* aAi is the mole fraction of the volatiles in liquid “a,” C* bAi is the mole fraction
of the volatiles in liquid “b,” and PLL is the liquid–liquid partition coefficient.
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Steady state
CaA
CGA*
CaAi

Thermodynamic
equilibrium

CGAi

CbAi
C*aA
Thermodynamic
equilibrium

CbA

C*bA
Steady state
CGA
CAi

Liquid–liquid interface

Gas–liquid interface

Figure 10.3 Mass transfer of volatile from two contacting liquids phase to gas phase via the membrane
layer.
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The liquid–gas phase equilibrium is simply derived from Eq. 10.6 using the
liquid–gas partition coefficient, PGL , as follows:
C∗ GA = PGL C∗ bA .

(10.9)

In an emulsion system, the liquid–liquid and liquid–gas interfacial surface areas
are different. As a result, the mass transport is dependent on the droplet size and the
fraction of the dispersed phase. The intermediate liquid layer (liquid “b”) is likely a
membrane layer that acts as a barrier to mass transfer; however, the system is not
perfectly controlled by diffusion but also depends on the thermodynamic inter-phase
equilibrium. In a thermodynamic equilibrium state, the overall partition coefficient can
be summarized as follows (Buttery et al., 1973):
1∕PAll = Fa ∕PLL + Fb ∕PGL ,

(10.10)

where Fa and Fb are the fractions of liquid phases “a” and “b,” respectively.

10.3.2 Mass transfer at a solid–gas interface
Volatiles adsorb on solid surfaces via interactions between the volatiles and the solid
surface (Figure 10.4). The relationship between the amount of volatiles adsorbed on the
surface, qs , and the partial pressure of the volatiles in the gas phase, pA , can be expressed
by an adsorption isotherm, which describes the amount adsorbed as a function of the
partial pressure. The simplest expression is the Henry isotherm, as follows:
qs = HpA .

(10.11)

This is a special case of the Langmuir isotherm:
qs ∕qmax = KpA ∕(1 + KpA ),

(10.12)

where qmax is the maximum amount adsorbed (i.e., when a surface is covered with a
mono layer of the adsorbate) and K is the Langmuir adsorption constant. When pA is
sufficiently small, this equation can be represented by the Henry isotherm.

Solid surface

Gas phase

Amount absorbed
qs

Gas partial pressure
pA

Figure 10.4 Adsorption of volatiles on a solid surface.
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Figure 10.5 Mass transfer of volatiles from a solid surface to gas phase via the membrane layer.

When a solid matter adsorbing a flavor compound is in contact with a bulk gas phase
(Figure 10.5), mass flux is limited by the diffusivity in the pores of the solid. The ambient conditions significantly influence the adsorption equilibria; therefore, the volatile
retention and release kinetics are highly dependent on the nano- and microstructure
of the food system. The partition coefficient is a useful parameter for describing the
thermodynamic equilibrium, as follows:
CG ∗ = PSG CS ∗ ,

(10.13)

where CG * and CS * are the concentrations of the volatiles in the gas and solid, respectively, and PSG is defined as the partition coefficient. This equation is equivalent to the
Henry adsorption isotherm.

10.4

Nano- and microstructure processing

In a review on flavor encapsulation techniques, Madene et al. (2006) classified encapsulation processes as either chemical or mechanical. Examples of the chemical processes
include coacervation, co-crystallization, molecular inclusion, and interfacial polymerization, while spray-drying, spray-chilling/cooling, extrusion, fluidized bed-coating, etc.
are classified as mechanical processes. Chemical processes are essentially bottom-up
approaches to building structured matrices using chemical and physicochemical
phenomena, whereas mechanical processes are mainly based on physical and physicochemical phenomena such as atomization, dehydration, glass transition, and melt
crystallization. Regardless, one goal in engineering flavor encapsulation is to process
matrices with suitable shapes and textures that retain volatiles during extended periods
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of storage, and that release the volatiles at a desired rate when used. Investigations to
fully understand the science of flavor retention and release and to link this knowledge
to industry are still on-going.
Based on the simplified mass-transfer models addressed in the previous section, the
amount of flavor retained is determined by the solubility of the compounds in the lipid
phase or the adsorption capacity of the compounds on the carrier matrix. During storage, encapsulated flavors equilibrate to the environmental conditions. When a product
comes in contact with an environment that contains less flavor compound, the compounds release from the carrier matrix at a rate determined by the mass-transfer resistance of the matrix. If this release rate is sufficiently slow, the flavor retention is regarded
as fair. Parameters such as solubility and adsorption equilibrium are dependent on the
chemistry of the substances rather than the structural parameters. However, the total
amount adsorbed does depend on the effective surface area, so structural parameters
may affect the adsorption capacity. The parameters that relate to the mass transfer of
volatiles are largely influenced by the nano- and microstructure of the matrices. It is difficult to assess release dynamics in a nano- and microencapsulation system because the
structural parameters are largely dependent on the environment; however, this dependency enables a controlled release system that is triggered by an environmental change
such as a change from storage to consumption. It is important to understand the role
of nano- and microstructures in aroma stabilization, and these structures are mostly
formed during processing. Therefore, a rational road map for engineering favorable
structures during processing is required.

10.4.1 Spray-drying
Spray-drying is a drying method that uses liquid atomization to create droplets that are
dried to form individual particles in hot air. The droplets rapidly dry in a dry chamber in
contact with hot air. In the initial stage of drying, the droplet temperature increases to
the wet bulb temperature and stays at this temperature until the end of the constant-rate
drying period. During and after the falling-rate drying period, the temperature increases
as the contact time with the hot air increases. During the drying process, both water
and flavor components evaporate and are removed from the drying droplets. Owing to
dehydration, the surface of the droplet becomes covered with a dried layer. The loss of
volatiles during drying is governed by selective diffusion (Thijssen, 1971; Kerkhof and
Thijssen, 1974). The diffusion coefficients for volatiles in aqueous solutions are strongly
dependent on the water concentration. As seen in Figure 10.6, the ratio of the diffusion coefficients of acetone and water in a coffee extract and maltodextrin solution
greatly decreased at lower water concentration; this means that the volatiles practically
cannot permeate the dry surface layer when the surface water concentration is sufficiently low (e.g., below 15%). Using this selective diffusion mechanism, it is possible to
entrap large amounts of flavor compounds in a dried powder. Accordingly, Kerkhof and
Schoeber (1974) developed a mathematical model to simulate volatile loss from a drying droplet (Figure 10.7). The results predict that aroma loss mainly occurs in the initial
stage of drying because the water concentration at the surface is still too high to restrict
volatile diffusion. Over time, a semi-permeable dried layer formed and further aroma
losses were reduced during the drying process. The following excerpts from a review
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Figure 10.6 Ratio of the diffusion coefﬁcients of acetone and water in coffee extracts and maltodextrin as a function of moisture content at 25∘ C. Source: Coumans et al. (1994). Reproduced with
permission of Taylor & Francis.
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Figure 10.7 Calculated temperature, water retention and aroma retention during drying. Source:
Coumans et al. (1994). Reproduced with permission of Taylor & Francis.

by Coumans et al. (1994) are practical suggestions for reducing flavor loss during the
spray-drying process:
• Increase the inlet air temperature.
• Increase the solid matter concentration.
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Increase the feed temperature.
Add thickeners to reduce relative volatile diffusivity.
Add an oil phase (emulsification).
Modify the atomization method.
Employ double-stage spray-drying.

It is widely known that the retention of aromas stabilized with spray-dried starches
and/or polysaccharides is largely influenced by the ambient moisture level (Reineccius, 2004); this is because the sorption equilibrium of flavor molecules is affected by
the deformation of the glassy structure of the wall materials due to moisture sorption
(Coumans et al., 1994; Whorton, 1995). Spray-dried powders are mostly in the glass
state, and the glassy structure plays an important role in stabilizing the flavor compounds (Yoshii et al., 2001; Yoshii et al., 2003). As a result of moisture absorption and
decreasing glass transition temperature (Tg ), the particle becomes a rubbery matrix.
Flavors in a rubbery matrix are considered to have higher mobility and are thus released
from the matrix at higher rates. However, as the moisture content increases, the collapse
of the glassy matrix reduces the effective particle surface for flavor transfer due to particle agglomeration, which results in a reduced release rate (Soottitantawat et al., 2004).
The Tg could act as an index of flavor release from spray-dried particles. However, the
maximum release rate occurs at a certain temperature between the Tg and ambient
temperature. Mortenson and Reineccius (2008a, 2008b) corroborated that the rate of
moisture uptake is related to the release rate of menthol encapsulated in spray-dried
modified starch. Bohn et al. (2005) suggested that the gradient of Tg is generated by the
moisture content gradient during humidification, and could result in a heterogeneous
flavor release rate throughout the powder. Some spray-dried powders are known to possess inner cavities. These cavities also influence the flavor release rate, which is perhaps
due to the irregular Tg -gradient formation in the particle. Another factor that must be
accounted for is the stickiness of the dried particles: Sticky powders agglomerate and/or
stick to the drying chamber and reduce productivity. Stickiness is known to be related to
the Tg of the drying particle. As shown in Figure 10.8, the moisture content of a particle
decreases as drying progresses. The particles should be dried so that they end up at the
point marked “B.” If a particle is sticky at the end of the dryer, the temperature of the
particle should be lowered to the point marked “C” (Adhikari et al., 2005). This study
demonstrates the importance of process optimization for obtaining the desired amorphous structures (nanostructures), particle geometries, and inner particle morphologies
(microstructures). The structures must be tailored using rational engineering strategies.

10.4.2 Freeze-drying
Freeze-drying is a drying process that removes solvent from a frozen solution via
sublimation and desorption of the solvent (or adsorbate) under reduced pressure.
Freeze-drying is often denoted as a flavor encapsulation process in review papers;
however, it is most recognized as a drying process that is advantageous to retain the
original food quality and structure. Therefore, freeze-drying is employed in industry
for products based on natural flavors such as fruits, coffee, tea, and soup. The quality of
the freeze-dried products is ensured in exchange for a high production cost; therefore,
freeze-drying is usually employed for value-added products. The freeze-drying process
is divided into freezing and sublimation steps. During freezing, the freezing front rejects
solutes when the velocity is sufficiently low and engulfs solutes when the velocity is
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Figure 10.8 Temperature and moisture content during spray-drying. Source: Roos (2002). Reproduced
with permission of EDP Sciences.

high. Consequently, freezing leads to the formation of an ice microstructure when
the freezing front progresses at a certain velocity. The concentration of solute in the
cryo-concentrated phase is controlled by the phase equilibrium. Aroma compounds
are also concentrated into the cryo-concentrated phase. During sublimation, ice
crystals are removed from the frozen system to produce a porous dry matter; the pore
structures limit the mass transfer of the water vapor sublimated at the freezing front.
The loss of volatiles during freeze-drying is dependent on selective diffusion in the
cryo-concentrated phase (Rulkens and Thijssen, 1972). In brief, the production of a
thick cryo-concentrated phase and reduction of the total drying time are advantageous
for aroma retention. Freezing is a critical step that significantly influences the entrapment of volatiles and sublimation time. Coumans et al. (1994) suggested the following
steps to reduce flavor loss during the freeze-drying process:
•
•
•
•
•

Process at a lower freezing rate.
Increase the solid matter concentration.
Decrease the freezing front temperature.
Decrease the chamber pressure.
Decrease the cake thickness.

Flink and Karel (1970) found that the flavor compounds stabilized in a freeze-dried
cake, which usually contained a lot of pores, were not simply adsorbed but were
entrapped in the microregion (i.e., the microregion theory). They studied the retention
of volatiles in freeze-dried carbohydrates, proteins, and synthetic polymers and found
that the volatiles were well retained in the dried matrix under both vacuum and
heated conditions. When the temperature was elevated to a threshold temperature,
the volatiles were released from the dried cake; the release was accelerated by the
sorption of polar vapors (including moisture). The retention of volatiles was improved
when slow freezing conditions were adopted during freeze-drying (Flink and Karel,
1970; Chirife et al., 1973; Chirife and Karel, 1974a, 1974b). The collapse of the dried
cake (and the microregion) was coincident with the release of volatiles (Gerschenson
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et al., 1981). Overall, volatiles that are properly entrapped in a freeze-dried matrix are
not removed by grinding or vacuum-packaging.
As a result of these features, freeze-drying is the best drying method for flavor retention among vacuum-contact drying and spray-drying (Kumazawa et al., 1989, 1990).
However, the use of freeze-drying for flavor encapsulation is limited mainly because
of its high processing cost due to higher energy consumption. There are fewer studies on freeze-drying-based microencapsulation than on spray-drying, which probably
reflects the interests of industry. The key phenomena during freeze-drying are barely
observable (e.g., formation of the microregion) and the process is not very flexible (i.e.,
the freezing rate, sublimation temperature, and chamber pressure are variable but are
limited by both the physicochemical properties of the product and the performance of
the dryer). A considerable compromise is the use of an atmospheric freeze-drying process (Mumenthaler and Leuenberger, 1991; Claussen et al., 2007). The principle of this
technique is to make a frozen matrix in contact with air at an atmospheric pressure.
The partial pressure of water in the air is held below the vapor pressure of the ice in the
frozen matrix such that the partial pressure gradient of the water vapor is a driving force
for dehydration. This technique has the potential to reduce the cost of drying by eliminating the need for an expensive vacuum apparatus, which is required for a conventional
freeze-drying system. The atmospheric freeze-drying process can also be combined with
fluidized-bed-drying, spray-drying, and tunnel-drying (i.e., fluidized-bed freeze-drying,
spray freeze-drying, and tunnel freeze-drying, respectively). The spray freeze-drying
process has been adopted for instant coffee production and exhibits excellent performance for aroma retention (MacLeod et al., 2006).

10.4.3 Complex coacervation
Complex coacervation is a liquid–liquid phase separation phenomenon that occurs
when oppositely charged polyelectrolyte solutions are mixed. Proteins and polysaccharides are commonly used for complex coacervation in order to entrap targeted materials
in the concentrated polymer phase (Nairm, 1995; de Kruif et al., 2004). Encapsulation
by complex coacervation is recognized as a potential technique for fabricating nanoparticles with a lipid core surrounded by coacervate membranes. Many studies on this technique have been carried out for its applications as a delivery vehicle for drugs and food
ingredients as well as for flavor encapsulation (Thies, 2007; Schmitt and Turgeon, 2011).
In complex coacervation systems, gelatin is widely used in combination with polyanions, such as gum acacia, carboxymethylcellulose, sodium dodecyl sulfate, chitosan,
gellan, and pectin. The use of whey protein, soy protein, β-lactogloblin, casein, etc. in
place of gelatin has also been investigated. The preparation of microcapsules by complex coacervation principally comprises an emulsification step to make an oil-in-water
emulsion, a coacervation step to coat the oil droplet surface by adjusting the pH of
the solution, and a step to fixate the shell membrane through gelation of the coacervates or by chemical cross-linking. Complex coacervation is a simple process and
the characteristics of the resultant microcapsules can be controlled via the selected
biopolymers, gelling and cross-linking, and related processing conditions. Therefore, it
should be an advantageous method for fabricating nano- and microcapsules in industry.
However, the number of investigations dealing with flavor encapsulation via complex
coacervation is still limited. Paetznick and Reineccius (2009) reported that orange oil
encapsulated by complex coacervates (i.e., gelatin–acacia and gelatin–polyphosphate)
was not sufficiently protected from oxidation. Cross-linking reduced oxidation, but only
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in low humidity. The authors did not find any clear benefits for flavor release. In contrast,
Weinbreck et al. (2004) reported that cross-linked gelatin–acacia coacervates restricted
the oxidation of the encapsulated flavor. Yeo et al. (2005) found that temperature,
polyion content, and emulsification process impacted the flavor release behavior. These
reports indirectly suggest that processing that can alter the binding between the flavor
and coacervate and the coacervate membrane formation has a significant impact on
the characteristics of the capsule. The complex coacervation process is greatly affected
by the properties of the polymers, including their molecular weights, concentrations,
and ionic charge densities, which are fixed by the formulations. Other variables such
as the ionic charge balance, which is controlled by adjusting the pH, and the thermal
conditions during processing are fixed by the processing conditions.
Recently, Nakagawa and Nagao (2012) proposed the use of freezing to control
coacervate formation. This was an attempt to induce complex coacervation in the
cryo-concentrated phase (Figure 10.9). An oil-in-water emulsion was first stabilized
with a gelatin–acacia solution, then the pH of the solution was adjusted to a value that
was higher than that required to induce complex coacervation (i.e., pH 4.7). Freezing
the emulsion caused polymer phase separation (i.e., complex coacervation) in the
cryo-concentrated phase and formed encapsulated oil droplets that accumulated in
the freeze–thawed solution. The authors reported that the membrane properties of
the resultant nano- and microcapsules were dependent on the cooling rate employed
for freezing. For example, a cooling rate of −1.0∘ C/min maximized the encapsulation
yield, whereas a rate of −2.0∘ C/min was effective for limiting the release rate of the
ingredient (i.e., β-carotene) from the oil phase through the shell membrane.
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Figure 10.9 Coacervation induced by freezing.
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Figure 10.10 Retention of vanillin in casein nanoparticles during storage.

A similar approach was attempted by the present author using a sodium caseinate
solution to encapsulate vanilline. A 0.1 wt% sodium caseinate solution containing
vanilline was prepared and the pH was adjusted to 5.5. At this pH level, casein did not
form a precipitate at ambient conditions. This solution was frozen once with the expectation that it would form nanoparticles that entrap vanilline in the cryo-concentrated
phase. After thawing, the solution was immediately spray-dried to obtain dry powders.
The resultant powders were stored in uncapped vials at ambient conditions for a week.
Figure 10.10 compares the vanilline retention in the powders obtained with and without
freezing. In this experiment, freezing was not effective for reducing aroma loss during
processing; however, it did improve aroma retention during storage. This technique
could be useful for providing a controllable parameter for encapsulation processes
(Nakagawa and Kagemoto, 2013; Nakagawa, 2013; Jarunglumlert and Nakagawa,
2013). Further studies may provide new aspects for designing functional nano- and
microencapsulation systems with rational processing rules.

10.5

Conclusion

Both natural and cooked foods possess a wide variety of nano- and microstructures,
which enable us to enjoy an infinite number of flavor stimuli with limited types of food
and food flavors. On the other hand, this makes flavor control more challenging during
food processing. The motivation for flavor control in food engineering is primarily to
retain flavor at the desired level during processing and storage, and, second, to release
the flavor with the desired kinetics during consumption. Encapsulation techniques
are employed to meet these requirements. Investigations have covered the chemistry
of encapsulates and flavor molecules, the physical chemistry of the substances, the
transport phenomena of flavors from encapsulates to the mucosal membrane, the
rheology of a food system, and so on. Future studies will be directed to clarify the
nano- and microstructure of food systems and relate them to food functionality. To aid
in this, estimation of the thermodynamic parameters (i.e., the partition coefficients) in
complicated food systems is of critical importance when designing food components.
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Encapsulation techniques gain importance by preventing unfavorable oxidation by
coating. Furthermore, nano- and microencapsulation techniques are recognized as a
tool for stabilizing aromas in a suitable structure to enable excellent retention. For
example, proteins that stabilize oil droplets in an emulsion system enhance volatile
retention owing to an increase in the adsorption capacity. A gel network structure
would also affect aroma retention. An amylose nanostructure has been confirmed to
encapsulate flavor compounds and could be useful for the design of a novel nanoencapsulation system by controlling the starch structure. Therefore, we must engineer
these features into the processing of a product. Future prospects for encapsulation
techniques, especially for food systems, would be to tailor nano- and microscale
structures to generate novel food functionality via a rational processing strategy.
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11.1

Introduction

Milk and dairy products have comprised a significant part of the human diet all around
the world since ancient times. Due to the presence of nearly all essential nutrients, milk
is popularly known as a balanced food for all age groups. Recent research suggests
that apart from delivering basic nutrients, milk is a significant source of bioactive components. A number of dairy products have already found their way into several food
products for nutritional enhancement. Milk is enriched with a variety of nutritional
elements, making it one of the important complete foods in nature, however, recently
some bioactive components and a few other beneficial health components have been
incorporated into dairy products. In this modern age, people expect their food, besides
providing basic nutrients, should nourish their health, ensuring protection against
certain diseases. As a consequence, dairy companies are continuously launching new
products supplemented with specific nutrients or bioactive components. A large number of research studies are being conducted to develop commercially adoptable dairy
products aimed at particular groups who are deficient in specific nutrients as well as
at the general population. In addition, there has been a significant research directed to
helping the large numbers of lactose-intolerant people around the world. Nevertheless,
the supplementation into milk and dairy products of bioactive and nutritional ingredients or adaptation of certain techniques to address lactose intolerance is a complex
phenomenon which is worthy of great attention. In this regard, microencapsulation
and nanotechnology have evolved as two advanced technologies with huge potential.
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Microencapsulation is a physicochemical process of protecting the nutritional or
functional elements from environmental and gastric conditions and releasing those in
the intestinal condition (Wilson and Shah, 2007). This technology is relatively new to
the dairy industry and has already found several applications, such as encapsulation
of omega-3 polyunsaturated fatty acids, chitin, peanut sprout, lactase, iron, vitamin C,
probiotic bacteria, and many more (Shah and Ravula, 2000; Kwak et al, 2001; Calvo
et al., 2004; Choi et al., 2006; Abbasi and Azari, 2011; Estrada et al., 2011). Bioactive
ingredients are extremely sensitive to environmental and processing conditions, such as
temperature, light, pH, acid etc. Moreover, these ingredients cannot remain in the gastric condition and in most cases are unable to reach the absorption sites. To address this
problem, several encapsulation techniques have been proposed to entrap the bioactive
ingredients to be utilized in the dairy industry. None of the single microencapsulation
procedures are universally applicable and the applicability of any particular procedure
mainly depends on two important factors, such as the individual ingredient to be
encapsulated and the type of vehicle product. The choice of coating material is also
an important factor to be considered for microencapsulation. Eventually, a good deal
of research has been carried out with regard to supplementing functional/nutritional
ingredient using microencapsulation for milk and dairy products.
Being a very advanced technique, nanotechnology has brought revolutionary
changes to the processing of dairy products. Despite being a new phenomenon in the
dairy industry, nanotechnology has already become a popular method of enhancing
the bioavailability as well as the beneficial health effects of several elements, within a
very short period of time. As a consequence, a number of nanofunctional ingredients,
such as nanopeanut sprout, nanochitosan, nanoginseng, etc. are reported as being
incorporated into milk, yogurt, and cheeses to make these products nutritionally
enriched (Choi et al., 2006; Seo et al., 2010; Ahn et al., 2012a; Ko, 2012). Nanofunctional ingredients can be applied to dairy products in two forms: nanopowder and
nanoemulsion. Until recently, the functional ingredients were normally added into
dairy products in powdered form, as the application of nanoemulsion had not yet
been adopted. Apart from functional ingredients, nanocalcium has also been studied
for its potential application to dairy products (Park et al., 2008). The studies reported
that nanostructured ingredients showed a remarkably higher level of biocompatibility
than the commercially available powdered form. However, research regarding the
incorporation of nano-level ingredients into milk and dairy products is still regarded
as at a preliminary stage as more scientific investigations are needed in order to
develop the commercially adoptable technology. Chapter 7 in this volume discusses
the microencapsulation of probiotic bacteria, and this chapter will present a thorough
overview of the recent inventions relating to the application of microencapsulation
and nanotechnology to milk and dairy products.

11.2

Milk

11.2.1 Microencapsulation of functional ingredients
Consumers today are more conscious than ever about the beneficial health aspects of
the foods they consume. Beyond satisfying hunger, it is expected that the foods should
also have properties to prevent disease and ameliorate physical and mental well-being
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(Nothlings et al., 2007; Takachi et al., 2008). According to a report by the World Health
Organization (WHO), diets and dietary habits are among the major risk factors that
lead to the development of fatal diseases like cancer, coronary heart diseases, obesity,
etc. (WHO, 2003). Functional foods can potentially play a key role in preventing the
health risks related to dietary habits. Several functional foods are already on the market and a lot more are to appear in the near future. Functional dairy foods represent
the biggest proportion of the functional food market, comprising about 42.9% of the
market share (Watson et al., 2006). Over the last decade, a considerable effort has been
put into the research and development of bioactive ingredients and utilization of those
substances in milk and dairy foods. However, application of bioactive components into
milk and other dairy products still remains a challenge, as this process has to ensure that
the food should necessarily fulfill the consumer’s expectations while at the same time
the food product has to be wholesome without any deterioration in quality (Shah, 2007).
Microencapsulation has been studied widely as a suitable technique for the production
of nutraceutical milk.
A wide range of encapsulation procedures have been proposed for the microencapsulation of the bioactive components to be fortified in milk but no single procedure
has become universally applicable (Betoret et al., 2011). The suitability of any microencapsulation technique relies primarily on the molecular structure and characteristics of
an individual bioactive substance (Augustin and Hemar, 2009). Coating materials are
chosen, based upon the characteristics of the individual functional components and the
type of vehicle products. For the application of microencapsulated nutraceutical materials into milk, several methods have been investigated so far (Sanguansri and Augustin,
2010). As described in the next sections, the nutraceutical ingredients that have been
applied to milk are chitosan, isoflavone, mistletoe, conjugated linoleic acid, Inonotus
obliquus, and peanut sprout extract.

11.2.1.1 Chitosan Chitin is the second most abundant natural biopolymer on earth
(Shahidi et al., 1999). The deacylated form of chitin, called chitosan, has been of great
interest for the past few years due to its broad range of health-promoting functions.
Following the approval of chitosan as a feed additive by the United States Food and
Drug Administration (USFDA), the food industry also is trying to utilize its nutritional
effects, and consequently, some developed countries have recognized chitosan as a functional food ingredient (Shahidi et al., 1999). Milk is one of the potential vehicles for
chitosan supplementation, but the characteristic bitter taste, along with its off-flavor and
the color of chitosan or chitin-derived products, is a big constraint on its application to
milk. As a result, the incorporation of microencapsulated chitooligosaccharide into milk
has been studied using polyglycerol monostearate (PGMS) as a coating material (Choi
et al., 2006). Having 88.08% encapsulation efficiency, the chitosan microcapsules were
found to be very stable and only 7.6% of chitooligosaccharide was released from the
microcapsules during 15 days of storage at 4 ∘ C. With regard to the physicochemical and
sensorial properties of milk (Figure 11.1), microencapsulated chitooligosaccharide had
a very insignificant effect. Therefore, there is a huge prospect of developing microencapsulated chitooligosaccharide-supplemented milk for the mass market.
11.2.1.2 Isoﬂavone Isoflavones are soy-derived phytoestrogens with a potent biological activity. Studies have reported that isoflavone could play a significant role in
lowering blood cholesterol level (Anthony et al., 1996; Fukui et al., 2002). However, its
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Figure 11.1 Photomicrograph of microencapsulated chitooligosaccharide with polyacylglycerol
monostearate. The photograph was taken at 50× magniﬁcation. Source: Choi et al. (2006). Reproduced
with permission of Asian-Australasian Association of Animal Production Societies (AAAP) and Korean
Society of Animal Science and Technology (KSAST).

bitter taste along with a beany off-flavor and brown color of isoflavone has limited its
direct application into milk. Jeon et al. developed microencapsulated isoflavone-added
milk by entrapping the chitosan particles with medium chain triglyceride (MCT) (Jeon
et al., 2005). This study determined that more than 70% encapsulation efficiency could
be obtained, given the coating to core material ratio as 15:1. The release rate of the
isoflavone during 3-days of storage at 4 ∘ C was limited up to 8%. In simulated gastric
conditions, the release rate was recorded as 4.0–9.3% while in the simulated intestinal condition, the release rate was 87.6%. The sensory analysis revealed no undesirable
quality changes of the milk after the addition of the isoflavone. Furthermore, Jeon et al.
provided evidence that microencapsulated isoflavone-supplemented milk had strong
cholesterol-lowering effect in rats. Later, Kim et al. showed that if using either MCT
or PGMS as coating material, isoflavone together with milk β-galactosidase could be
supplemented into milk without affecting each other’s delivery to the absorption site
(Kim et al., 2006).

11.2.1.3 Mistletoe extract Mistletoe has been used as a folk medicine for several
centuries in Far Eastern as well as in European countries for its therapeutic value (Park
et al., 2001). Lectin is the principal functional component of mistletoe, and temperature, pH, and other processing conditions make it very unstable. Therefore, it is crucial
to protect lectin from environmental or processing conditions during food application.
Kim et al. demonstrated that if encapsulated with PGMS, mistletoe extract could be successfully applied to milk (Kim et al., 2008). As a coating material, PGMS was efficient
in ensuring the stability of lectin as well as in releasing lectin in the intestinal ambience.
This study concluded that the addition of microcapsules containing mistletoe extract
did not produce any undesirable quality changes in the milk.
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11.2.1.4 Conjugated linoleic acid Of several bioactive lipid components in milk,
conjugated linoleic acid (CLA) has attracted considerable attention for having beneficial health functions, such as being anticarcinogenic and antiatherogenic (Benjamin and
Spener, 2009). In order to utilize the bioactive functions of CLA, it should be protected
from oxidation during food application. Recently, one study reported that whey protein
concentrate (WPC) has been a very effective coating material to prevent the oxidative
deterioration of CLA (Jimenez et al., 2006). This study revealed that the application of
WPC-coated CLA did not cause any objectionable change in the sensorial properties of
the vehicle. Later on, Choi et al. manifested that the Maillard reaction products (MRPs)
of whey proteins and maltodextrin showed better microencapsulation efficiency and
solubility as a coating material (Choi et al., 2010). However, in vitro and in vivo studies
have to be performed to confirm the efficiency of microcapsules in releasing CLA in the
gastrointestinal condition.
11.2.1.5 Inonotus obliquus Inonotus obliquus, commonly known as Chaga mushroom, is a parasitic fungus, growing on the living trunks of mature birch. For several centuries, this fungus has been used as a treatment for gastrointestinal cancer, diabetes, and
cardiovascular disease in Russia, Poland and the Baltic countries. Furthermore, some
of recent research has revealed that this fungus has unique beneficial health functions,
such as protection of the DNA from oxidative stress, anti-inflammatory, and antitumor
activities (Kahlos et al., 1986; Park et al, 2004; Park et al., 2005). Therefore, beyond its
traditional use as a therapeutic medicine, this mushroom can be applied to milk and
dairy products in order to make its beneficial effects availableto the mass population.
Ahn et al. investigated how to improve the functionality of milk by adding microencapsulated I. obliquus extract (Ahn et al., 2010). In order to prevent the off-flavor and
high viscosity of I. obliquus, a microencapsulation technique was developed in that
study, using MCT as a coating material. The optimum conditions of microencapsulation were ascertained, based on response surface methodology (RSM). Evaluating the
resulting data, this study drew the conclusion that the microcapsules of I. obliquus could
be applicable in milk without affecting the consumers’ acceptance of milk in terms of
its physicochemical and sensorial properties.
11.2.1.6 Peanut sprout extract Resveratrol, a famous anti-aging polyphenol, is also
known for its anti-arthritic, anti-inflammatory, and anticarcinogenic properties (King
et al., 2006). A number of other health-promoting functions of resveratrol have been
discovered through some recent investigations. Due to its potential beneficial health
effects, incorporation of resveratrol into food products is becoming a popular practice
in the food industry. Various sources of resveratrol have been reported but the greatest source is known to be peanut sprout extract (Kang et al., 2010) from the peanut
sprout (Figure 11.2). The extreme sensitivity of resveratrol to environmental conditions
is considered a major challenge in its food application. Water-in-oil-in-water (w/o/w)
technology has been emerged recently as an advanced microencapsulation procedure
which is currently being used to protect functional components (Pedroza-Islas et al.,
1999; Zeng et al., 2011). To protect the functional effects of resveratrol, a study demonstrated that peanut sprout extract could be microencapsulated with a greater efficiency
of 98.74% under conditions optimized by response surface methodology (Lee et al.,
2013). To produce w/o/w emulsion, MCT was used as primary coating material and
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Figure 11.2 Peanut sprout.

whey protein concentrate (WPC), maltodextrin, and gum arabic were used as secondary
coating material to entrap the peanut sprout extract. This invention was followed by
another work which was conducted regarding the viability of w/o/w emulsion technology to preserve the functional effects of resveratrol as well as the quality of milk
(Lee et al., 2013a). This study demonstrated that higher concentrations of peanut sprout
extract microcapsules (PPSEM) had a significant effect on the pH and color values of
milk while lower concentrations of PPSEM did not produce any noticeable change in
the physicochemical properties of milk. It was determined that the concentrations of
PPSEM of up to 0.1% (w/v) could be used in formulating functional milk while maintaining the physicochemical and sensory properties of milk.
Milk and dairy products comprise the major portion of the functional food market
and these are essential parts of our daily diets. Hence, the application of functional
ingredients to milk is worthwhile. For the efficient delivery of bioactive ingredients into
milk, microencapsulation is regarded as a feasible solution. Using this technology the
proper delivery of the bioactive ingredients can be ensured by protecting the functionality until the ingredients reach the target site in the intestine. Reduced dose and cost
efficiency are two other potential advantages of microencapsulation.

11.2.2 Microencapsulation of vitamins
Supplementation of micronutrients into foods has become a common approach to
increase the daily consumption of essential vitamins and minerals. Food fortification
began long ago in the industrialized countries for the efficient control of several
deficiencies, such as vitamin A and D, several B vitamins, iodine, and iron. In recent
years, some developing countries have also started implementing food fortification
to combat micronutrient deficiencies. Given the enormous success of iodine fortification in salt, a number of other food products are considering supplying specific
micronutrients. Fortifying milk and dairy products can play a vital role in the supply of
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essential micronutrients. Vitamin D fortification of milk started in the United States in
the 1930s on the recommendation of the American Medical Association’s Council on
Food and Nutrition in order to fight the prevalence of rickets in children (Stevenson,
1955; Murphy et al., 2001). The initiative proved successful and currently, in the United
States and Canada, it is mandatory to fortify milk with vitamin D (Calvo et al., 2004).
This success has led to the initiation of vitamin A fortification of milk as required
by regulation in the 1940s. Even though apart from these two types of vitamins, the
addition of other trace elements into milk has not become common practice, food
scientists are trying to incorporate some other important trace elements into milk
using the appropriate technology.
The purpose of vitamin fortification in food products is mainly to meet the special
nutritional needs of infants and aged people and to prevent diseases in nutrientdeficient populations. This aim cannot be attained unless a proper delivery system is
determined, which can supply the nutrient to the appropriate site by protecting it from
both environmental and gastrointestinal conditions until it reaches the appropriate site.
Water-soluble vitamins are sensitive to environmental conditions, such as temperature,
pH, moisture, light, etc. and are susceptible to processing and storage. The sensitivity
and the risk of degradation of vitamins can be prevented by encapsulating them with
suitable coating materials.
Ascorbic acid (vitamin C) is a water-soluble vitamin and is one of the essential
micronutrients to be incorporated into milk. This element has very important functions
in the human body. Besides its antioxidant role, ascorbic acid plays a crucial role in
enhancing the absorption of iron by converting ferric iron into a ferrous state (Monsen,
1982). In order to overcome some of the shortcomings regarding the instability of
ascorbic acid during its incorporation into milk, microencapsulation has been proposed
as a possible solution. Both dry powder and liquid microcapsule technologies are
applicable to encapsulate ascorbic acid. Of several factors, the choice of coating materials, the physicochemical properties of the core materials, the encapsulation process,
and the ultimate properties of microcapsules all have to be considered. Lee et al. have
determined the suitability of PGMS as a coating material for ascorbic acid during its
incorporation into milk (Lee et al., 2004). In their research, the encapsulation efficiency
was 94.2% and the release of ascorbic acid during 5 days of storage was limited up
to 6.7% with no significant change in the sensorial properties of the fortified milk. In
an earlier study, these authors demonstrated that along with PGMS, MCT could also
be a potential candidate as a coating material (Lee et al., 2003). In vitro examination
carried out in this study indicated that these two coating materials showed very high
levels of efficiency in both preserving the ascorbic acid in the simulated gastric fluid
and releasing it in the simulated intestinal fluid. This study has revealed that the
encapsulated ascorbic acid, when consumed with milk, increased the serum iron, which
implied that the microencapsulated ascorbic acid increased the bioavailability of iron.

11.2.3 Microencapsulation of iron
Iron is an essential microelement and has several important functions in the human
body. Lack of this element leads to one of the most prevalent nutritional deficiencies
around the world called iron deficiency anemia (IDA) which affects nearly 20% of the
world’s population (Martinez-Navarrete et al., 2002). Iron deficiency usually results
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from the inadequate supply of iron in the diet, poor bioavailability of iron from the
digested foods, or a combination of the two (Gaucheron, 2000). According to the
National Institute of Health (NIH), the average daily requirement of iron for adult men
and women are 8 and 18 mg, respectively, whereas the requirement for children and
pregnant women are 8 and 27 mg, respectively (NIH, 2007). Therefore, it is suggested
that the intake of iron could be enhanced, especially through foods fortified with iron.
Milk and dairy products are being considered as suitable iron-fortifying vehicles due to
their high consumption and as an outstanding source of essential nutrients. Moreover,
milk is well known for its low content of iron (0.2 mg/kg), despite being abundant
with other nutritional elements (Flyn, 1992). Therefore, fortification of milk with iron
could be an important solution in the fight against iron deficiencies. For an effective
iron supplementation, it is crucial to select the appropriate iron compound with a
high degree of bioavailability, and more importantly, to select the suitable technique
which is safe, does not change the organoleptic qualities of the food vehicle and helps
provide iron with high level of stability and bioavailability. It has been suggested that
microencapsulation can prevent the negative effects, such as fat oxidation, the off-taste
from the iron, the off-color, and sedimentation from iron fortification, and can secure
an effective supplementation of iron in milk and dairy products.
For a feasible iron fortification in milk, microencapsulation of iron salts has begun
using a type of phospholipid called SFE-171 as a coating material and afterwards a series
of studies were carried out to improve this technology (Boccio et al., 1996; Zubillaga
et al., 1996; Uichich et al., 1999; Lysionek et al., 2002b). Ferrous sulfate microencapsulated with lecithin (SFE-171) has been studied in animal and human subjects and it was
reported that this product had the same bioavailability as ferrous sulfate and did not
deteriorate the organoleptic quality of the fortified products (Boccio et al., 1997). A
few investigations revealed that the constitutive ingredients of milk, such as casein, calcium, and whey protein lessen the bioavailability of ferrous ion by interacting with this
ion, and this negative interaction has been shown to be avoided by microencapsulating
iron with SFE-171 (Hurrel et al., 1989; Minotti et al., 1993; Boccio et al., 1996). Kwak
et al. revealed that encapsulating the iron salts with fatty acid ester (FAE) can increase
both the microencapsulation efficiency and iron fortification efficiency. Using PGMS,
they obtained 75% microencapsulation efficiency. The microcapsules could effectively
protect the iron until it reached the intestine. Moreover, the resultant milk, after the
addition of the PGMS-coated iron capsules, did not show any change in the organoleptic quality (Kwak et al., 2003a).
The feasibility of the liposome technology to encapsulate ferrous sulfate to
incorporate into milk has also been investigated (Xia and Xu, 2005). Previous studies
suggested that, compared to other encapsulation techniques, liposome has some advantages because the liposomal system is well characterized, easily made and composed of
food-acceptable ingredients (AFRC, 1988; Kirby, 1991). On the other hand, liposome
is thermodynamically unstable and the encapsulation efficiency is quite low, because
of which Xia and Xu (2005) postulated that these downsides can be checked by the
addition of cholesterol and Tween 80 to the liposome system. In a recent comparison
study, it was shown that maintaining the optimum conditions encapsulation efficiency
could be obtained up to 85.5% and 81.1% in case of liposome and the FAE method,
respectively (Abbasi and Azari, 2011). However, based on the sensory analysis, this
study demonstrated that the milk fortified with the FAE-microencapsulated iron had
the higher resemblance to the control. Due to its simplicity, low cost, and speed, the
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FAE method is considered a practicable iron fortification method. In recent years,
though on a small scale, this technique is being practiced industrially in South Korea
and is expected to expand in near future (Figure 11.3).
As w/o microcapsule emulsion is not suitable for long storage, the w/o/w technique
has been implemented to solve the problems regarding storage of iron microcapsules
(Lee et al., 2011a). MCT and whey protein isolate (WPI) were used as the primary and
the secondary coating materials to make w/o/w emulsion. Iron salts coated with MCT
and WPI can be easily modified into powder form which guarantees a longer shelf-life,
moreover, by virtue of the hydrophilic nature of the outer coating material (WPI),
the microcapsules are susceptible to dispersion into milk (Lee et al., 2011b). W/O/W
technology is the most advanced technology so far to be used in microencapsulated
iron fortification in milk and speculatively is an appropriate method for industrial
application.

11.2.4 Microencapsulation of lactase
Lactose, a type of carbohydrate, is the second biggest component in milk (Figure 11.4).
Generally, this component comprises about 4.8–5.2% of milk. After intake, lactose
is hydrolyzed into glucose and galactose, which are easily absorbed in the small
intestine. However, a large number of non-Caucasians, aged people in many Western
countries, and various ethnic population groups are intolerant to lactose, as they lack
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Figure 11.5 Digestion of lactose. Left: normal level of the small intestinal lactase. Lactose is
hydrolyzed and the component monosaccharides are absorbed. Right: lactase deﬁciency with resultant
diarrhea from failure to hydrolyze the lactose.

adequate amount of lactase (β-D-galactosidase EC 3.2.1.23) in their gastrointestinal
tract (Simoons, 1978) (Figure 11.5). When lactase-deficient people consume milk,
they have one or more of the following clinical symptoms: abdominal pain, watery
diarrhea, bloating, and cramping, and these symptoms are generally known as lactose
intolerance (Heyman, 2006). The reduction of lactase activity is a genetically programmed process which occurs after weaning when lactose is no longer an essential
element in the human diet (Swallow, 2003). Nearly two-thirds of the populations in the
world have trouble digesting milk, and reportedly, 97% of Thais and 84% of Koreans
are lactose-intolerant, compared to only 5% of Northern Europeans with the same
problem (Kwak et al., 2003).
To assist the large number of lactose-intolerant people, several efforts have been
undertaken so far. For the very first time, β-D-galactosidase was added to the milk
which hydrolyzed lactose during processing. A technique called “lactase immobilization,” where lactose was continuously hydrolyzed, further promoted the process. In
terms of lactose hydrolysis, this method was simply ingenious. But lactose-hydrolyzed
milk did not attract much attention due to the high sweetness resulting from the
hydrolysis of lactose. Therefore, there was a demand for hydrolyzing the lactose after
consumption. In the 1980s, milk was sold together with powdered lactase on US
market. Many lactose-intolerant people found it uncomfortable to take lactase along
with milk and eventually this attempt failed to meet consumers’ demand. A few years
later, a further advanced technique known as UF/RO, was introduced whereby lactose
was removed from the milk through ultra-filtration (UF). However, removal of lactose
resulted in the loss of some important macro/micro nutrients from milk and the loss of
the original sweetness of milk. Moreover, milk with lactose removed was inefficient in
calcium absorption and translocating it into bone.
Microencapsulation is the most efficient method so far to aid lactose maldigesters
as it is capable of withholding the activity of lactase in the stomach and releasing
the entrapped lactose in the intestine. This method has been recognized as one of
the most advanced and commonly used techniques in the food industry in order to
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protect the beneficial effects of certain food ingredients. Due to being entrapped,
β-D-galactosidase cannot hydrolyze lactose until it reaches the human gastrointestinal tract. For the microencapsulation of lactase, a wide range of research has
been conducted with different methods and a variety of coating materials. One of
the preliminary research studies was done by Baik et al.; they used polymerized 1,
6-diaminohexane and sebacoyl chloride as a coating material (Baik et al., 1980). To
prevent the immediate hydrolysis of lactose, entrapment of β-galactosidase in a lipid
vesicle was also tried (Rodriguez-Nogalez and Lopez, 2006). The vesicle is generally
called liposome; in this strategy β-galactosidase is entirely enclosed by a phospholipid
membrane which is later destroyed in the stomach by the presence of bile salts. However, according to their claim, the entrapment efficiency was only 28%. To overcome
the instability of the conventional liposome suspension, dried liposomes have been
produced using the dehydration-rehydration method in some instances (Kim et al.,
1999; Rodriguez-Nogalez and Delgadillo, 2005). Kim and his fellow researchers developed dried liposomes containing β-galactosidase in the presence of trehalose and they
found it had a very high entrapment efficiency; in addition, trehalose could prevent the
fusion of liposomes and the leakage of the entrapped enzyme (Kim et al., 1999).
In order to advance the microencapsulation technique, one of the most innovative
works was revealed by Kwak et al. whereby lactase was microencapsulated with fatty
acid ester (Kwak et al., 2001; Kwak et al., 2002). To microencapsulate the lactase, the
choice of coating materials is very important. In particular, it is necessary that the coating materials should be stable in the gastric ambience, while in the intestinal condition
they essentially need to be hydrolyzed easily. Kwak and his group have determined
MCT, PGMS or a combination of those two as suitable coating materials.
In a subsequent study, it was shown that the β-galactosidase microcapsules coated
with MCT or PGMS remained intact in the gastric juice and are hydrolyzed when they
reached the upper intestine. The reason is attributed to the sensitivity of the microcapsules to bile salts and pancreatin present in the intestinal fluid. The maximum efficiency
of microencapsulation was found when the ratio of coating to core material was 15:1.
As a coating material, MCT was inexpensive, but the quality of MCT was not so satisfactory. On the other hand, PGMS is a very high quality material while it is expensive.
Therefore, in order to obtain a viable coating material the research group of Kwak tried
a combination of MCT and PGMS with a ratio of 5:5. The yield of microencapsulation
was maximal with the combination product when the ratio of coating and core material
was 15:1. Through some functional tests and clinical demonstrations, milk containing
β-galactosidase coated with fatty acid esters did not show any change in sweetness
during storage, meanwhile it maintained the characteristic taste and flavor, and was
digestible to lactose-intolerant people (Kwak et al., 2002a).
To encapsulate β-galactosidase, a number of coating materials including milk fat,
agar, gelatin, etc. have been tried out (Magee and Olson, 1981a, 1981b; Braun and
Olson, 1986a; Shin et al., 1995). While most of the coating materials were inefficient in
terms of microcapsules yield, storage, and the quality of microcapsules, the invention
of encapsulating β-galactosidase with MCT and PGMS has been shown to solve
nearly all of those problems. Those coating materials could protect the hydrolysis
function of β-galactosidase in milk while in the human body β-galactosidase was
released to hydrolyze the lactose. Therefore, the milk containing microencapsulated
β-galactosidase does not change in sweetness and is digestible to lactose-intolerant
people. Moreover, the milk can maintain its characteristic taste and flavor due to the
splendid feature of the fatty acid ester.
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During microencapsulation a small amount of β-galactosidase remained uncapsulated to partially hydrolyze the lactose. This partial breakdown increased the sweetness
of milk to some extent. To solve this, centrifugation of the residual enzymes has been
suggested (Kwak et al., 2001). However, this process involved a high cost and was not
suitable for large-scale production. Later, from the same inventors, a special technique
called “ozone treatment” made it possible to inactivate the residual enzymes without
affecting the sensory profile (Kwak et al., 2002b; Kwak et al., 2006). Furthermore, this
method could eliminate the pathogenic microorganisms from the food system.
These inventions have proved a huge success in solving lactose-intolerance problems; however, one crucial aspect regarding microencapsulation of β-galactosidase
still remained unaddressed. Since the water-in-oil (w/o) emulsion technique was
used to encapsulateg β-galactosidase, the resulting microcapsules made with MCT
or PGMS were in liquid form. And these w/o microcapsules were found to be easily
oxidized under normal environment conditions. Hence, the storage of microencapsulated β-galactosidase was a major concern; besides, the liquid type of microcapsules
was inconvenient to transport. In order to overcome the disadvantages relating to
w/o emulsion, recently an innovative work has been done by Kwak and his fellow
researchers. They applied the water-in-oil-in-water (w/o/w) technique to encapsulate
β-galactosidase. The w/o/w emulsion technique facilitates longer storage of microcapsules as it can be dried into a powder form; as a result, the delivery of the substance is
now remarkably convenient. In this double emulsion technique, two coating materials
were used, whereby the inner phase was hydrophobic in nature and the outer phase
was hydrophilic. MCT was used as the inner coating material and whey protein isolate
(WPI) was chosen as the outer coating material. The hydrophilic characteristics of
the WPI allow it to be dispersed in milk easily; the conversion of powder form is
also associated with the hydrophilic nature of the outer phase of the w/o/w emulsion
(Figure 11.6). It was also shown that the yield and quality of microcapsules were further
increased with this new technology.

Figure 11.6 Water in oil in water (w/o/w) emulsion of microencapsulated lactase. Source: Ahn et al.
(2013). See plate section for color version.
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It is obvious from the latest research results discussed that some of the inventions
have great potential to aid lactose maldigesters and can make meaningful progress in
the processing of dairy products . In particular, the, double emulsion technique invented
by Kwak et al. is potentially a prime candidate for industrial application.

11.2.5 Nanofunctional ingredients
Nanotechnology is one of the few technologies that are revolutionizing the food
industry with respect to food processing, preservation, packaging, and development
of functional foods. The dairy sector, being a major part of food industry, is also being
reshaped by nanotechnology. Dairy food manufacturers are trying to obtain a more
competitive position through the utilization of this technology. The huge possibility
of enhancing the delivery of bioactive ingredients through milk and dairy products
by incorporating nanotechnology has been reflected in a number of recent research
initiatives. Research results suggest that the nanoscale functional ingredients had a
considerably higher degree of biocompatibility due to the reduction in size and the
increase in the surface area. With these inventions the idea of utilizing nanofunctional
ingredients in food has appeared, which followed a huge interest in the scientific
community of developing nanofunctional ingredient-supplemented food. Few studies have been carried out regarding developing functional milk using some novel
nanopowdered bioactive ingredients.

11.2.5.1 Nanochitosan As mentioned earlier, chitosan has multidimensional
beneficial functions for human health. It is considered one of the core functional
ingredients in the dairy and food industry. Following the inception of nanotechnology
in the food sector, considerable research interest has grown towards improving the
bioavailability and nutritional quality of chitosan through nanosizing. It is assumed that
nanopowdered chitosan can exhibit a higher level of biological activity than powdered
chitosan due largely to the increase in the surface area and adhesiveness, as well as
some other unknown factors (Rasenack and Muller, 2004). Seo et al made an attempt
to develop a functional dairy product with nanopowdered chitosan (NPC). The average
size of NPC used in their experiment ranged from 500–600 nm (Figure 11.7). Park et al.
investigated nanopowdered chitosan with the same diameter that showed a remarkably
higher degree of cholesterol-lowering effect than the commercial powder (Park et al.,
2010). This study showed that nanopowdered chitosan (NPC) reduced total blood
cholesterol by 46.6% in rats, whereas the reduction level by commercially powdered
chitosan (CPC) was only 18.6%. Moreover, the rats treated with NPC showed significantly greater high density lipoprotein (HDL) and lesser low density lipoprotein
(LDL) than their counterparts. A similar kind of study reported that NPC showed two
times lower blood sugar level than CPC in diabetic mice (Seo et al., 2010).
The feasibility of adding ascorbic acid-soluble NPC to milk in order to improve the
functionality of milk was carried out (Seo et al., 2011). Upon the addition of NPC, the
pH and titratable acidity were not changed markedly. Surprisingly, this supplementation led to an increase in the ascorbic acid level in milk, indicating an enhancement in
health benefits. But higher concentrations of NPC resulted in higher astringency. Therefore, it was determined that the concentrations (1∼3%, v/v) were optimum to produce
functional benefits in milk without affecting the milk quality.
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Figure 11.7 Nanopowdered chitosan: (a) scanning electron microscopic image and (b) particle size
distribution. Source: Seo et al. (2009). Reproduced with permission of Elsevier.

11.2.5.2 Nano peanut sprout There is a huge demand for functional milk on the
market as it has various health benefits. As a consequence, a variety of food ingredients
have been studied to formulate functional milk. In order to develop functional milk
with enhanced bioavailability and stability, nanosizing has emerged as an advanced
technology. Ahn et al. (2013) reported that nanopowdered peanut sprout can successfully be incorporated into milk. Analyzing the physicochemical parameters, they
suggested that 1–3% of nanopowdered peanut sprout (NPPS) was the optimum concentration for application into milk. The functional milk added with NPPS is assumed
to retain the bioactive functions of peanut sprout, which should be confirmed through
both in vitro and in vivo studies. More studies would therefore be encouraged to
develop new functional milk by utilizing this novel bioactive ingredient with enhanced
bioavailability.
11.2.5.3 Nanoginseng As ginseng is a very promising functional component, having
a wide range of beneficial functions, currently research interest is being focused on using
nanopowdered ginseng in milk to improve the functional aspects of milk. Nanopowdered functional materials including ginseng should be dispersed evenly in milk during
storage. For dispersion, nanopowdered ginseng should be chemically treated. Therefore, Ahn and Kwak conducted an experiment whereby nanopowdered ginseng (0.5%)
was first added to hot water (80 ∘ C) to be mixed with PGMS (3%) as a surfactant. The
solution was then stirred for 24 hours; the supernatant was collected after centrifugation
to be mixed with milk (Ahn and Kwak, 2011). This study concluded that a low level of
treated nanoginseng (2–4%) remained completely dispersed in the milk during storage
at 5 ∘ C for 16 days. It was determined that lower concentrations (2–4%) of nanoginseng
did not have deteriorative effects on the characteristics of the milk. Since red ginseng
contained significantly higher amount of ginsenosides, it is necessary to carry out studies
regarding the utilization of red ginseng in milk and dairy products.

11.3

YOGURT

287

11.2.6 Nanocalcium
Calcium is an important element in the human body, comprising a major portion of the
skeleton and some other organs. Lack of this nutritional element leads to several bone
deficiency diseases including osteoporosis, osteopenia, etc. The recommended average
daily intake of Ca for an adult human is 1000–1300 mg (NIH, 2013). Based on the
fact that our normal diet often cannot meet this requirement, dietary intervention of
Ca intake is recommended. However, commercially available Ca-supplemented food
products have been shown to have very low level of Ca bioavailability. Consequently,
one study was carried out in order to investigate the biocompatibility of nanocalcium
when it is supplemented into milk instead of commercially available calcium (Park
et al., 2007). Intake of nanocalcium-supplemented milk helped reform the trabecular
bone to a greater level than the calcium-supplemented milk in ovariectomy-induced
osteoporotic rats. The analyses of the bone formation and bone resorption markers also
evidenced an apparent superiority of nanocalcium over commercial powdered calcium
(Park et al., 2008). Yet, more comprehensive research and human studies are recommended for the widespread utilization of nanocalcium.

11.3

Yogurt

11.3.1 Microencapsulation of functional ingredients
Yogurt is one of the six traditional snacks that has showed a historic rise in consumption
in recent years and it is among the few top popular snack foods for children aged 2–17
years. There is an ever increasing trend in yogurt consumption throughout the world
and this trend seems set to continue in the coming years. Due to the high nutritive
value and consumers’ preference, yogurt can be a perfect medium for supplementing functional ingredients. Like many other carrier foods, the addition of bioactive
substances to yogurt can be challenging with regard to the stability of the bioactive
compounds and the quality of the yogurt. However, the incorporation of microencapsulated functional ingredients into yogurt has not become popular yet. Very few studies
have been attempted to incorporate the microencapsulated functional components in
yogurt. Marine fish oil and peanut sprout extracts are the two substances that have been
used to develop nutraceutical yogurt.

11.3.1.1 Marine ﬁsh oils Marine fish oils are the biggest source of polyunsaturated
fatty acids (PUFAs). Many scientific publications suggest that regular consumption of
PUFAs has preventive effects on cardiovascular diseases and an increase in the intake
of these substances is recommended by supplementing them with certain foods (Bauch
et al., 2006). A number of studies have reported the beneficial effects of long-chain
polyunsaturated fatty acids (LCn-3PUFAs) in preventing CVD (Bang et al., 1980),
breast, and prostate cancers (Champagne and Fustier, 2007), Alzheimer’s disease
(Reifen, 1998), schizophrenia (Kris-Etherton et al., 2002), and autoimmune disorders
(Jin et al., 2007). Marine fish oils are the principal source of LCn-3 PUFAs, especially
eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA). Since the average daily
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intake of these essential fatty acids is far below the minimum daily requirement, enrichment of food products with these acids can ensure the minimal daily intake (Kolanowski
and Laufenberg, 2006). As one of the most popular snacks, yogurt is very suitable for
enrichment of LCn-3 PUFAs. Attempts have been made to incorporate omega-3 fatty
acids directly into yogurt (Chee et al., 2005; McCowen et al., 2010). As PUFAs are
easily oxidized in the food system and give rise to undesirable sensory attributes along
with a fishy smell, it was demonstrated that encapsulation of these acids could decrease
oxidation and minimize the undesirable taste and flavor (Barrow et al., 2009).
Maltodextrin and gum arabic are excellent at encapsulating food ingredients. Estrada
et al. revealed that the unwanted sensorial changes including the fishy smell of marine
fish oil were inhibited by coating it with those two substances (Estrada et al., 2011). As
it was encapsulated, the addition of marine fish oil did not significantly change the pH,
color, water-holding capacity, and other physicochemical properties of yogurt. These
authors suggested that strawberry yogurt fortified with microencapsulated fish oil can
be manufactured with the direct addition of microencapsulated fish oil before homogenization and pasteurization. Spray-drying of emulsion is the most common technology
for the microencapsulation of marine fish lipids, so far. However, higher surface oil
levels in the microcapsules obtained using spray-drying is often problematic for longer
storage. Recently, a number of food products containing microencapsulated fish oil prepared as spray-dried complex coacervates have been launched. Complex coacervation is
a liquid–liquid associative phase separation that occurs due to polyelectrolyte complex
(Lakkis, 2007). Tamjidi et al. demonstrated that the complex coacervate of gelatin/gum
acacia was very effective in encapsulating omega-3 PUFAs in order to prevent oxidation and fishy smells (Tamjidi et al., 2012). After drying and extraction of the surface oil,
the resultant microcapsules achieved better stability, and it was found that the addition
of these microcapsules to yogurt caused to a reduction in the whey separation and gave
higher viscosity. Sensory panelists reported no observable smell or taste in the omega-3
PUFAs microcapsules-supplemented yogurt.

11.3.1.2 Peanut sprout extract Peanut sprout extract, with numerous reports on
its beneficial health functions, is a potential candidate for application to yogurt. But
direct addition of peanut sprout into milk products is problematic A recent study has
demonstrated that microencapsulated peanut sprout extract supplementation with a
concentration of up to 0.5% had a very limited or no undesirable change in the physicochemical properties of the yogurt (Lee et al., 2013b). Encapsulation of the peanut sprout
extract can prevent oxidation; moreover, it ensures the protection of resveratrol, the
main functional ingredient in peanut sprout. Based on this finding, a viable technology
may come up through future extensive studies to develop nutraceutical yogurt supplemented with peanut sprout extract. Food scientists emphasize the utilization of peanut
sprout mainly because of its exceedingly high content of resveratrol. Microencapsulation has the potential to facilitate the supplementation of this important functional
component by protecting it from environmental and processing conditions.

11.3.2 Microencapsulation of iron
Like other typical dairy products, yogurt contains a negligible amount of iron, and
this product is primarily consumed by women, children, and adolescents who are often
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regarded as iron-deficient (Blanc, 1981; Dallman et al., 1984). Hence, to reduce the incidence of iron deficiency, fortification of iron in yogurt would be worthwhile. But iron
fortification in yogurt is a little more challenging compared to other dairy products,
because it may create an imbalance between the lactic acid bacteria (LAB) and other
bacteria (Hekmat and McMahon, 1997). This microbial imbalance is attributed to the
fact that LAB do not require iron for their growth, while some other bacteria, such as
pseudomonas spp and E. coli, have the mechanism and the affinity to uptake iron in
order to enhance their growth (Neilands, 1974; Jackson and Lee, 1992).
More than a decade ago, one study reported that yogurt could be fortified with
protein chelated iron without any substantial change in the organoleptic properties
(Hekmat and McMahon, 1997). Even so, due to the enormous success of the microencapsulation technique in protecting the nutritional elements in the food industry, it was
realized that the encapsulated iron could be more efficient in terms of protecting the
quality of iron as well as keeping up the microbial balance in the fortified yogurt. Consequently, a group of researchers applied microencapsulated iron to drinking yogurt
for the first time (Kim et al., 2003). This study had a far-sighted view of encapsulating
the iron and ascorbic acid separately with PGMS to fortify both of these nutrients
in yogurt. Fortification of iron together with ascorbic acid served a dual purpose: it
replenished the iron and vitamin C content in milk, and additionally, the ascorbic acid
played a huge role in the absorption of nonheme iron in the duodenum by forming a
chelate with ferric iron (Lynch and Cook, 1980). Kim et al. (2003) suggested that as a
result of being encapsulated, iron and ascorbic acid did not change the sensorial quality
of the yogurt; furthermore, iron reached the gut with a higher level of bioavailability
aided by the ascorbic acid. Soy yogurt which is considered a good alternative choice
for lactose-intolerant people has been reported to be fortified with iron without any
adverse effect on the rheological and sensorial properties (Cavallini and Rossi, 2009).
A recent finding provided evidence that microencapsulation had no negative effect on
the probiotic bacteria in yogurt, nor did it produce any oxidized flavor in the fortified
yogurt (Jayalalitha et al., 2012).
Of the very few methods of iron fortification in yogurt, it is obvious that microencapsulation is the most suitable way to carry, protect, and deliver this element efficiently
so far. The delivery system depending on nanotechnology is another possible way of
iron fortification in yogurt. However, based on current knowledge, further extensive
studies involving microencapsulation and nanotechnology are required to establish an
effective way of supplementing iron into yogurt.

11.3.3 Nanofunctional ingredients
With the increasing consumer awareness of the health-promoting aspects of foods they
eat, the idea of incorporating functional food ingredients into food products came into
being. For a number of reasons, yogurt is considered a suitable medium for the supplementation of functional ingredients. Supplementation of functional elements into
yogurt is a familiar process in dairy industry. But the potentials of the application of
nano-scale functional ingredients in yogurt are still being researched.

11.3.3.1 Nano peanut sprout It has been suggested that the functional properties of
peanut sprout can be improved through nano-sizing. Peanut sprout already has various
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applications in different food products with a view to enhance the health functions of
foods. Ahn et al. demonstrated that during the storage of nanopowdered peanut sprout
(NPPS)-added yogurts for 16 days, they showed lower pH than the powdered peanut
sprout (PPS)-added ones (Ahn et al., 2012a). Another study has shown that higher concentration (up to 0.2%) of NPPS in yogurt showed a greater antioxidant activity (Ahn
et al., 2012b). But considering the microbial population and the sensorial properties,
this study has recommended the NPPS inclusion level as no more than 0.1% to retain
consumer acceptability of the NPPS-supplemented milk. More studies are encouraged
to confirm the suitability of NPPS for commercial incorporation into yogurt.

11.3.3.2 Nanochitosan The positive effects of chitosan in human health are well
documented through the literature. The most crucial functions of chitosan reported
by studies are hypocholesterolemic, antidiabetic, and antiobesity. Seo et al. attempted
to enrich yogurt with nanopowdered chitosan (NPC) and reported that, based on the
data on pH, viscosity, lactic acid bacteria, and sensorial properties, NPC could suitably
be incorporated into yogurt without deteriorating the properties of yogurt when the
inclusion level is 0.3–0.5% (v/v) (Seo et al., 2009). This study was carried out based on
the fact that NPC-added yogurt will gain some specific bioactive functions which could
be beneficial for treating some illnesses. This assumption was corroborated when later
two studies reported that NPC exhibited substantially higher hypocholesterolemic and
hypoglycemic effects in rats (Park et al., 2010; Seo et al., 2010).
11.3.3.3 Nanoginseng Ginseng is mostly available in Korea, China, America, and
India, and has been used in oriental medicines for several centuries (Park, 1996). The
functional effects are due largely to the presence of ginsenosides, phytosterols, and
other minor ingredients. According to some reports, nanosizing of various food ingredients have resulted in increased bioavailability (Park et al., 2007; Seo et al., 2011; Ahn
et al., 2013). The functionality of ginseng is assumed to improve by nano-sizing. Lee
et al. reported that a new functional yogurt could be made using nanopowdered ginseng (Lee et al., 2013). This report demonstrated that the acceptability of yogurt could
be retained when the inclusion level of nanoginseng is up to 0.3% (w/v). Nanoginseng
can be an excellent ingredient for making functional yogurt. However, both human and
animal studies are needed to confirm the functionality and safety of nanoginseng to be
included as a component in functional yogurt.
11.3.3.4 Nanopowdered eggshell Eggshell is an abundant but rather unknown
source of calcium. It is generally considered as a byproduct and is disposed of in
many ways by the food processing and manufacturing plants. Lately, a number of
health-promoting effects have been reported, which include: bone mineralization
and growth, antirachitic effects, bone grafts substitute, etc. (Omi and Ezawa, 1998;
Rovensky et al., 2003; Park et al., 2007). Studies reported that eggshell powder, as it is
rich in calcium, had positive effects on bone mineral densities (BMD) of the lumbar
spine and hip in postmenopausal women with osteoporosis (Schaafsma and Pakan,
1999; Hirasawa et al., 2001). The apparent bioavailability of calcium in eggshell was
found to be at the same level of purified calcium carbonate (Schaafsma and Beelen,
1999). Due to nano-sizing, the surface area of a substance greatly increases, which
implies an enhancement of bioavailability. The improvement of calcium bioavailability
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has already been reported by an animal study (Park et al., 2007). In a study to evaluate
the accelerating effects of eggshell nanopowder, Mijan et al. reported that the severity
of ovariectomy-induced osteoporosis in rats was substantially decreased by supplementing eggshell nanopowder (Mijan et al., 2013a). A very crucial aspect of the finding
of that research was the fact that nanopowdered eggshell had a remarkably higher
efficiency in bone metabolism than powdered eggshell. During storage the physicochemical sensorial properties of nanopowdered eggshell-supplemented yogurts did not
deteriorate, whereas powdered eggshell-supplemented yogurts showed undesirable
sensorial properties (Mijan et al., 2013a).

11.4

Cheese

11.4.1 Microencapsulation for accelerated cheese ripening
Ripening is an important process in cheese manufacturing which is entirely responsible
for texture and flavor development. Ripening time varies from 4 weeks to 3 years,
depending on the types and varieties of cheeses. During this period cheeses attain their
characteristics by going through several chemical, biochemical, and microbiological
changes whereby protein, fat, and lactose are broken down into primary and secondary
products (Kheadr et al., 2003). Acceleration of cheese ripening has been studied
using various factors, such as enzyme, temperature, and microorganisms for a long
time. Shortening the ripening time would provide both economic and technological
advantages to the cheese manufacturers. Eventually, the addition of proteolytic and
lipolytic enzymes to cheese started long ago as a popular process. If the enzyme is
added to the milk, only a small portion of enzyme is retained in the curd and increases
the cost, moreover, the addition of the enzyme to milk results in the reduction of the
cheese yield and flavor defects (El Soda, 1993). Addition of the enzyme in curd also
gives rise to undesirable property changes. It has been suggested that encapsulation
is an efficient way to solve the drawbacks associated with direct addition of enzymes.
Various methods have been investigated to encapsulate cheese-ripening enzymes. In
one of the preliminary attempts, cell free extracts (CFE) of L. lactis ssp. diacetylactis
were encapsulated using milk fat for Cheddar cheese ripening (Magee and Olson,
1981a). Approximately eight times more diacetyl and acetoin were produced in the
cheese with the added encapsulated enzyme. Later, Braun and Olson added the
encapsulated CFE of St. lactis var. multigens and Gluconobacter oxydans and obtained
a higher amount of flavor compounds (Braun and Olson, 1986b). During cheese
manufacturing in this study, a 16% loss of capsules in the whey was observed.
Till today considerable research has been conducted to develop a viable microencapsulation technology to accelerate cheese ripening. There have been several reports on
encapsulating proteinases, chymosin, and lipases using liposomes, carrageenan, hydrogel beads, and milk fat as encapsulating materials (Perols et al., 1997; Khailasapathy
et al., 1998; Laloy et al., 1998; Khailasapathy and Lam, 2005; Anjani et al., 2007). Most of
the studies mentioned above dealt with a single enzyme or a mixture of either lipolytic
or proteolytic enzymes. However, Kheadr et al. revealed that a liposome-encapsulated
enzyme cocktail containing flavourzyme, neutral bacterial protease, acid fungal
protease and lipase could be incorporated into cheese milk for a balanced ripening
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(Kheadr et al., 2003). But liposome technology has some constraints for industrial application, as this technology is expensive and has uncontrolled release during ripening.
However, besides improving the liposome technology, other approaches are also being
applied in order to develop a more suitable technology for the microencapsulation of
cheese ripening.

11.4.2 Microencapsulation of iron
In addition to milk and yogurt, a few other dairy products have also been emphasized
with a view to facilitating the iron fortification program. As a consequence, considerable
research has been conducted so far to supplement iron into different types of cheeses. In
a comprehensive review, Gaucheron (2000) has pointed out that when supplementing
in free form, iron has the tendency to aggregate with casein and other ingredients in milk
to affect the sensorial quality of cheese, and contrary to that, encapsulated iron showed
no significant changes in the cheese quality. During fortifying Havarti cheese, Jackson
and Lee (1992) observed better organoleptic properties when the iron was microencapsulated. Moreover, they found less amount of iron was drained off through the whey
when it was microencapsulated. An animal study using Petit-Suisse cheese as a food
vehicle has revealed that the ferrous sulfate encapsulated with SFE-171 had the same
degree of bioavailability as free ferrous sulfate (Lysionek et al., 2002b). Generally, free
iron is known to produce an unpleasant flavor and color in the food vehicle due to its
oxidizing effect while iron coated with PGMS was found to have no deteriorative effects
on the flavor characteristics of cheese (Kwak et al., 2003).

11.4.3 Nanopowdered functional ingredients
11.4.3.1 Nanopowdered red ginseng Red ginseng, which is produced by steaming
and drying fresh ginseng, contains some distinct bioactive constituents, such as Rg3,
Rg5, and Rk1 ginsenosides. Thanks to those components, red ginseng is known to
have a number of health benefits including anti-inflammatory, antitumor, antidiabetic,
antihypertensive effects, etc. (Mochizuki et al., 1995; Stavro et al., 2005; Song et al.,
2009; Ni et al., 2010). However, the low level of bioavailability limits its application
as a food supplement. Choi et al. (2013b) recently demonstrated that nanopowdered
red ginseng (NRG) possessed a superior level of bioavailability as compared with
the regular powdered red ginseng in terms of curing collagen-induced arthritis. Six
indices, including body weight, clinical score, paw thickness, serum analysis, histological
changes, and spleen indices were measured with a view to determine and compare
the anti-arthritic effects of both powdered and nanopowdered red ginsengs. Serum
analysis results indicated that the preventive effect of NRG was remarkably higher
than the micropowdered red ginseng. This finding was corroborated when it was
demonstrated that the NRG exhibited a significantly higher quantity of ginsenosides
than the micropowdered red ginseng (Choi et al., 2013a). It was found that the addition
of nanopowdered red ginseng to Asiago cheeses resulted in a harder texture with
increased yellowness and cheese eye. Astringency and bitterness were significantly
increased in the NRG-added cheeses. However, their study has concluded that if using
lower concentrations of NRG, functional Asiago cheeses can be manufactured with
greater acceptability to the consumers.
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11.4.3.2 Nanopeanut sprout Cheese is a popular dairy product in Western countries as well as in some other developed countries. There is an ever increasing trend in
the developed world that the daily diet should do more than satisfy their hunger and
provide basic nutrients, it should also contain some bioactive ingredients which will
help protect against certain diseases. As a consequence, functional foods have become
very popular in the health-conscious societies. In that context, incorporating bioactive
ingredients into cheeses would be worthwhile. Peanut sprout recently has been designated as the richest natural source of resveratrol. Ko (2012) attempted to incorporate
nanopowdered peanut sprout (NPS) into Caciocavallo cheese to improve the functionality. The resulting data from this study indicated that the amount of resveratrol in
the NPS-added cheese was increased during ripening. An animal study demonstrated
that NPS-supplemented Caciocavallo cheese could significantly lower the intensity of
collagen-induced arthritis in mice (Choi et al., 2012).

11.5

Others

11.5.1 Microencapsulation of iron
Some minor milk products can also be considered as a vehicle for microencapsulated
iron fortification. Milk powder has a wide application in the manufacture of several
dairy products. Therefore, fortifying iron into powder milk can be a part of the iron
fortification program. Preliminary research on rats has suggested that SFE-171-coated
ferrous sulfate supplemented in powdered milk has higher bioavailability than the
non-fortified one (Lysionek et al., 2002a). Iron fortification in milk powder can play
a prominent role in supplementing iron for the mass populations in the developing
world where the infant foods are mainly powdered milk. For efficient supplementation
of iron through powdered milk, the microencapsulation technique can be highly
recommended.
There is a huge consensus that dairy products are good candidates to be used as food
vehicles in the iron fortification program for the mass population. However, a commercially adoptable technology of fortifying iron in dairy products has not yet been
established. Recently, research conducted in ETH, Switzerland, has attracted remarkable attention by claiming that iron nanoparticles combined with zinc had a very high
degree of bioavailability without tissue accumulation (Hilty et al., 2010). This is a preliminary study, however; this work has potentially opened up a new direction of research
to advance the technology of iron fortification in dairy products. Therefore, it is recommended that further extensive research based on microencapsulation and nanotechnology be carried out in order to establish an efficient and commercially adoptable iron
fortification technology for the dairy industry.

11.6

Conclusion

Owing to the dramatic increase in functional foods, dairy products are widely utilized as
vehicles for supplementing bioactive ingredients. To improve the incorporation process
of health functional ingredients into dairy products, the application of microencapsulation and nanotechnology has recently started. Microencapsulation has remarkably
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improved the efficiency of the supplementation procedure of bioactive materials in
milk and dairy products. The advantage of microencapsulation lies in the fact that this
technique can protect both the ingredients and the vehicle product from undesirable
property changes. To facilitate the bioavailability of the functional ingredients, nanotechnology offers great potential. A number of studies have evidenced that nano-sized
functional ingredients have a greater level of biocompatibility.
The advantages of microencapsulation and nanotechnology have opened up new
opportunities that can revolutionize dairy products processing. Based on recent
research, it is worth noting that some of the inventions are not only suitable for
small-scale processing but also are potential candidates for commercial applications.
Research regarding the application of nanotechnology in dairy products is still in
infancy, yet a few of the studies show great potential for the dairy industry. Along with
nanoparticles, application of nanoemulsion is also imperative which may bring a new
dimension to functional dairy products development.
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12.1

Introduction

In general, nanomaterials are substances with at least one dimension that measures
less than 100 nm. Thus, ultrafine fibers with a diameter in the submicron range,
films/coatings that possess nanoscale thickness, thin platelets that are nanometer-thick,
can be considered to be nanomaterials. The unique properties of nanomaterials can
be attributed to their very large surface-to-volume ratio. While 1–100 nm is typically
considered a benchmark for “nanoscale,” novel properties of small particles may not
necessarily disappear just because their size increases beyond this range.
The unique properties of nano- and micromaterials have been exploited for the
development of composite structures that exhibit stronger material properties as
compared to single material structure, such as increased strength, reduced gas/vapor
transmission rates, increased light barrier, improved thermal stability, and so on. Other
applications include exploiting them as carriers for the delivery of active components
in packaging systems that exhibit an enhanced protective function to increase the
product shelf-life. Packaging systems that possess augmented protective roles, instead
of just passively containing the product, are known as active packaging. Examples of
enhanced protective roles include the release of antimicrobial compounds, a change
in gas permeability, the removal of headspace oxygen, and so on. Another packaging
innovation is related to the enhancement of the communication aspect of packaging.
Here, the package is typically equipped with internal or external indicators that
provide information about the actual quality and/or history of the product. This variant
of packaging is known as intelligent packaging (Lim, 2011a).
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With growing consumer demand for high quality and minimally processed products,
along with the increasingly complex distribution supply chains, more food companies
are relying on active and intelligent packaging systems to extend the product shelf-life
and to ensure food safety. This chapter will review the current developments of composite packaging structure, as well as active and intelligent packaging involving nanoand microencapsulated technologies.

12.2

Nanocomposite technologies

Nanocomposites are multiphase materials that exploit the stiffness and strength of
nano-sized filler particles to enhance the performance of a compatible polymeric
matrix. By judiciously dispersing the filler materials in the continuous polymeric
phase, the resulting composites exhibit material properties that are superior to the
pristine polymer, such as improved mechanical and flexural properties, elevated heat
distortion temperature, enhanced barrier properties, and improved biodegradation of
compostable polymers. Various nanomaterials have been utilized for these purposes.
Selected examples are presented below.

12.2.1 Layered silicate nanocomposites
Montmorillonite (MMT) is a layered silicate mineral found in clay. It is made up of fused
tetrahedral silica sheets sandwiched between octahedral sheets of aluminum, iron, magnesium, or lithium hydroxides (Figure 12.1). The crystal layers are stacked regularly
to form gaps known as “galleries.” The tetrahedron sheets endow each three-sheet
layer with an overall negative charge counterbalanced by the cations (e.g., Na+ , Li+ ,
Ca2+ , Fe2+ , and Mg2+ ) that are located within the gallery (Ray and Okamoto, 2003;

Si-O tetrahedral sheet
Al-, Fe-, Mg-, Li-O octahedral
sheet
Tetrahedral sheet

Exchangeable cations
(Li, Na, Rb, Cs)

Gallery

Basal
spacing
~ 1 nm

Figure 12.1 Structure of montmorillonite consisting of nanometer-thick layers of octahedron sheet
sandwiched in between two silicon tetrahedron sheets. Source: Lim (2011b). Reproduced with permission of John Wiley & Sons.

12.2

NANOCOMPOSITE TECHNOLOGIES

303

Zeng et al., 2005). One of the unique properties of MMT is that the silicate layers can
be exfoliated when subjected to shear stresses within an extruder, producing individual silicate layers of about 1 nm in thickness. Since these silicate layers are an excellent
barrier against the diffusion of gases, orientation of these silicates in polymer has been
used as a strategy to enhance the barrier properties of packaging structures. In scenarios where polymer chains are inserted into the galleries of the swollen silicate layers,
the clay is known as intercalated. This effect is desirable for restricting polymer chain
mobility to achieve material reinforcement.
The extent of exfoliation and intercalation is largely dependent on clay–polymer
compatibility and processing conditions (temperature, shear rate, etc.). To achieve
effective exfoliation, the MMT will need to be modified since the mineral particles are relatively more hydrophilic than the typical packaging polymers used
for food packaging (e.g., poly(ethylene terephthalate) (PET), polypropylene,
poly(m-xylyleneadipamide) (MXD6)). To this end, the layered silicates are modified by substituting the cations in the galleries through an ion exchange with primary,
secondary, tertiary or quaternary alkylammonium or alkylphosphonium cations. Without this modification, the native MMT would remain as micron-sized particles, known
as “tactoids,” when dispersed into these polymers, rather than being exfoliated into
platelets (Ray and Okamoto, 2003). Another means to achieve maximal intercalation
and exfoliation of layered silicates is via the in-situ polymerization technique. Here
monomers are mixed with the swollen silicates to allow the monomer to penetrate into
the gallery spaces. Subsequent polymerization of monomers within the galleries produces a composite structure with maximal intercalation (Usuki et al., 1993; Messersmith
and Giannelis, 1994; Krishnamoorti and Giannelis, 1997; Uyanik et al., 2006).
Clay-based nanocomposites exhibit higher moduli (indicative of the stiffness of
a material) than the pristine polymer, at filler contents of as low as 1% (w/w). The
enhanced stiffness can be attributed to the rigidity of the clay particles, the anchoring
effect of the polymer chain in the layered silicate gallery spacing, and filler–polymer
interfacial interactions. On the other hand, the elongation at break tends to decrease
as the clay content increases, implying that the materials are less flexible. At higher
clay loading (>5% w/w), weakening of tensile strength and modulus is prevalent in
many MMT composites due to the agglomeration of clay particles (Cho and Paul,
2001; Chen and Zhang, 2006; Wang et al., 2006).
The enhancement in the barrier properties of MMT nanocomposites is primarily due
to the increased tortuousness of the diffusion path taken by the permeant molecules
within the polymer matrix (Figure 12.2). This effect is desirable to limit the undesirable

Tortuous diffusion path

Figure 12.2 Conceptual diffusion paths of a permeant molecule through mono-material (left) and
through a nanocomposite containing impermeable exfoliated layered silicates dispersed perpendicularly
to the direction of diffusion (right).
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mass transport phenomena in packaged food, such as oxygen ingress and loss of aroma
compounds. For instance, Bharadwaj et al. (2002) reported that the permeability of
oxygen in polyester nanocomposites decreased with increasing clay content. They
further noted that the decreasing O2 permeability trends above and below ∼2.5% w/w
clay content were distinctively different, suggesting that the clay particles might have
started to aggregate as the filler reached this loading level (Bharadwaj et al., 2002).
On the other hand, Ray et al. observed an exponential decrease of oxygen permeability as the content of a synthetic fluorine mica, modified with N-(coco alkyl)-N,N[bis(2-hydroxyethyl)-N-methylammonium cation, increased up to 10% w/w in
poly(lactic acid) (PLA) – a compostable polymer which is increasing being used for
food packaging (Ray et al., 2003). Recently, Wang developed a method to incorporate
unmodified MMT into PET and MXD6 polymers, through melt blending followed
by solid state polymerization (Wang, 2012). The researcher reported that maximal
modulus was observed when 2% clay loading was used, with concomitant 50 and
70% reductions in oxygen permeability for the resulting PET and MSD6 MMT
nanocomposites, respectively. Hong et al. (2011) studied the effect of shear rate on the
exfoliation and intercalation behaviors of modified MMT on mechanical and barrier
properties of chitosan clay composite films. They concluded that the application
of an optimal shear of 16,000 rpm (in their homogenizer set-up) was beneficial for
exfoliating the MMT in chitosan solutions, dramatically reduced the oxygen and water
permeability values, as well as enhanced the tensile strength of the clay composites.
Xu et al. reported similar results on the effect of layered silicate on water vapor
permeability in poly(urethane urea) clay nanocomposites (Xu et al., 2001).
Dispersion of the layered silicate in polymer can lead to a rise in the heat deflection temperature (HDT). Typically, the largest increases in HDT tend to occur when
up to about 5% (w/w) of clay was added, beyond this loading level, the HDT elevation
effect tends to decrease. Wang observed that the addition of MMT into PET and MXD6
polymers resulted in an increased glass transition temperature and a rate of crystallization for both polymers (Wang, 2012). In contrast, Ray et al. reported a monotonous
increase in HDT as the loading of an organically modified fluorine mica increased up to
10% w/w loading level (Ray et al., 2003). The increased resistance to thermal deformation for nano platelet composites could be beneficial for hot-fill packaging applications,
where liquid products are routinely heated to above 85 ∘ C before being introduced into
bottles.
Several nanoclay composite products are currently commercially available.
Nanocor® Inc. produces nanocomposite MXD6 nylon resin pellets, tradenamed
as Imperm®, for higher barrier multilayer carbonated soft drinks, beers and alcoholic beverage PET bottles, as well as for films and thermoformed food containers.
Durethan® is a nanoclay nylon 6 nanocomposite, produced by Lanxess Deutschland
GmbH, for packaging film and paper coating applications. Aegis™ OX, also a nylon
6 nanoclay composite, but combined with an oxygen scavenger, is designed for the
production of high barrier plastic bottles intended for oxygen-sensitive products, such
as beers and wines. Here, the combined actions of the nanoclay barrier and the oxygen
removal of the scavenger provide a synergistic effect to protect sensitive products
from deleterious oxygen. Reportedly, Aegis™ OX could increase the shelf-life of beer,
packaged in 500 mL PET composite plastic bottles, from 9 to 16 weeks (Brody, 2010).
Since polyamides are moisture-sensitive, these nylon-based nanoclay composites are
seldom used alone for food packaging. They are often laminated between layers made
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of moisture barrier polymers (e.g., PET, polypropylene) to protect the polyamide
composite core layer from water.

12.2.2 Mineral oxide and organic nanocrystal composites
Besides the high aspect ratio of layered silicates discussed earlier, rigid nano- and
micro-crystalline particles have also been used as fillers to enhance the properties
of polymers. Avella et al. investigated isostatic polypropylene nanocomposite films
containing spherical (50 nm) or elongated (50 nm thickness; 250 nm length) CaCO3
nanoparticles coated with polypropylene-maleic anhydride graft copolymer (Avella
et al., 2007). They reported a drastic reduction in oxygen and carbon dioxide permeability coefficients of the resulting nanocomposite films. During a 10-day shelf-life
study at 4 ∘ C, minimally processed apples packaged in the 100 μm thick nanocomposite
polypropylene film were significantly lower in Brix indices, had higher retention in
polyphenol contents, and lower in total microbial counts, as compared to the neat
polypropylene film controls (Avella et al., 2007). SiO2 nanoparticles have similar
effects on enhancing the mechanical properties of polypropylene. Garcia et al. reported
increases of both Young’s modulus and impact strength of polypropylene-SiO2
nanocomposites, from 1.2 to 1.6 GPa and 3.4 to 5.7 kJ/m2 , respectively, when 4.5% of
commercial colloidal SiO2 (Snowtex™, Nissan Chemical, Japan) was dispersed into the
polymer (Garcia et al., 2004). By contrast, another commercial silica powder (Aerosil
MOX-80, Degussa Chemicals, USA) did not result in significant material performance
improvement due to the formation of aggregates. These results show that proper
dispersion of the inorganic filler in the polymer matrix and optimal compatibility
between the two phases are important to achieve material reinforcement.
Organic fillers derived from agricultural sources, such as nanoparticles from food
starches, have been investigated for edible films and compostable packaging purposes.
Ma et al. (2008) adopted a relatively simple technique to prepare starch nanoparticles
by precipitating gelatinized cornstarch through the gradual addition of ethanol. The
resulting starch nanoparticles were then treated with ethanolic citric acid solution (30 g
citric acid in 100 mL ethanol) for 12 h to cross-link the starch, followed by drying under
vacuum at 50 ∘ C for 6 h to removal the ethanol. The particles were ground and further
heated at 130 ∘ C for 1.5 h. The dry mixture was washed with water to remove the unreacted citric acid, submerged in ethanol to remove the residual water, and finally dried
at room temperature. The resulting particles (diameters ranging from 50 to 100 nm)
were then dispersed in pea starch solution to which glycerol was added as plasticizer.
The solution was heated at 90 ∘ C for 0.5 h to gelatinize the pea starch, followed by casting the solution on a flat surface and drying to form nanocomposite films (Ma et al.,
2008). The tensile strength of the nanocomposite pea starch films increased from 3.94
to 8.12 MPa, while Young’s modulus increased from 49.8 to 125.1 MPa, when the cornstarch content increased from 0 to 4% w/w. The addition of nanostarch particles also
resulted in enhanced water barrier properties, as shown by a reduction of water vapor
permeability value from 4.76 × 10−10 to 2.72 × 10−10 g.m/m2 .s.Pa.
Starch granules are semicrystalline; their crystallinity is attributed to the clustered
organization of amylopectin side chains that form lamellae arrays of double-helices
(Putaux et al., 2003). Treating amylopectin-rich waxy maize starch granules with mineral acid (e.g., 2.2 N HCl) for an extended time (e.g., 30 days) below the gelatinization
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temperature will hydrolyze the amorphous fraction of the starch granules, causing the
separation of the crystalline lamellae that are about 6–7 nm in thickness (Putaux et al.,
2003; Kristo and Biliaderis, 2007). From X-ray and transmission electron microscopy
analyses, it has been shown that the nanocrystals adopt parallelepipedal blocks of
20–40 nm in length, and 15–30 nm in width (Putaux et al., 2003). These crystalline starch
platelets, similar to the layered silicates discussed earlier, can be dispersed as a filler to
reinforce polymer matrices. For instance, Kristo and Biliaderis extracted the crystalline
platelets from the partially hydrolyzed waxy maize starch by repeatedly washing,
centrifuging, and then sonicating to produce colloidal aqueous suspensions of starch
nanocrystal. The crystalline starch platelets were dispersed into aqueous pullulan solution to which sorbitol was added as a plasticizer. The dispersions were then degassed,
cast on polystyrene plates, and dried to form films (Kristo and Biliaderis, 2007). These
researchers reported that the glass transition temperature of the composite films rose
to higher temperatures as the nanocrystal content increased from 0 to 40% (w/w) starch
concentrations. This observation was attributed to the restriction of pullulan chain
mobility caused by the pullulan–starch crystal interaction. Water vapor permeability
values remained constant up to 20% (w/w) nanocrystal content, beyond which a
decrease in permeability values was reported. Water uptake by the pullulan–starch
nanocomposite films also decreased with increasing filler content (Kristo et al., 2007).
Angellier et al. (2006) adopted a similar methodology to produce nanocrystal platelets
from waxy maize starch to enhance the material properties of a natural rubber. At
20% nanocrystal loading, an 8-times reduction of diffusivity of toluene, a 75-times
increase in storage modulus, and a 4-times increase in tensile strength were observed,
while a 25% reduction in elongation was detected (Angellier et al., 2006).

12.2.3 Material properties’ enhancement of
biodegradable/compostable polymers
Plastic packaging has played many critical roles in the preservation and distribution
of food products. However, the use of plastics also has created various environmental issues due to the non-renewable petrochemical-based raw materials and the
non-degradable solid wastes created at their end-of-use. These concerns, along with the
increasing overall environmental awareness of the general public and policy-makers,
have resulted in increased use of biodegradable and compostable polymers that are
derived from sustainable resources. By definition, biodegradable polymers are those
that degrade due to the action of naturally occurring microorganisms such as bacteria,
fungi and algae. In contrast, compostable polymers undergo degradation by biological
processes that occur in the compost environments (e.g., municipal composting facilities
or household compost piles) to produce carbon dioxide, water, inorganic compounds,
and biomass at a rate consistent with other known compostable reference materials,
and leave no visually distinguishable or toxic residues (ASTM, 2004).
PLA is a compostable thermoplastic polymer increasingly being used for food
packaging. Its monomer, lactic acid, is derived from the fermentation of renewable
resources, such as starch, sugar, and lignocellulosic biomass. Another commercially
available biodegradable polymer is polyhydroxybutyrate (PHB) produced by bacteria
that store these polymers as energy reserves, such as Alcaligeneseutrophus, Bacillus
megaterium, or Methylobacterium rhodesianum (Reddy et al., 2003). Since these
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polymers are derived from bio-based raw materials and they are biodegradable, PLA
and PHB have been considered as “green” polymers to address the solid waste disposal
and production sustainability issues associated with petroleum-based plastic packaging
materials (Garlotta, 2001; Auras et al., 2004; Bucci et al., 2005; Khanna and Srivastava,
2005; Lim, 2008; Lim et al., 2008; Schut, 2008).
Nevertheless, PLA and PHB are relatively more brittle and have lower heat resistance temperature as compared to many existing polymers. To overcome these performance shortfalls, nanoparticles have been incorporated to induce crystallization,
thereby strengthening the polymers (Pandey et al., 2005; Ray and Bousmina, 2005; Yu
et al., 2006; Maiti et al., 2007; Singh and Ray, 2007). As expected, the extent of material
properties’ enhancement will depend on how well the layered silicates are exfoliated
during the extrusion process. Processing parameters such as clay loading, screw speed,
injection speed, temperature, and so on will affect the dispersion of the platelets. Often,
the addition of a compatibilizer is desirable to facilitate the dispersion of the fillers. For
instance, polycaprolactone, a synthetic biodegradable polymer, has been added to PHB,
acting as both a plasticizer and a compatibilizer to help the dispersion of MMT, thereby
enhancing the oxygen barrier properties of the polymer (Sanchez-Garcia et al., 2008).
The addition of nanofillers could enhance the biodegradation rate of compostable
polymers. Ray et al. (2003) observed that the incorporation of organically modified
synthetic fluorine mica enhanced the biodegradation of PLA when composting at
58 ∘ C. They speculated that the layered silicate might have resulted in a different mode
of microbial attack on the PLA, possibly caused by the disruption of the ester linkages
due to the hydroxyl groups on the organo-modified layered silicate (Ray et al., 2003).
Similarly, nanoclays have been shown to enhance the biodegradation of PHB. Smaller
spherulites that provide higher amorphous interspherulitic domains susceptible to
hydrolysis and attack by microorganisms, along with the catalytic effect of clay, are
cited as the probable reasons for the enhanced biodegradation of clay-nanocomposites
as compared to pristine PHB (Lee et al., 2002). While a low clay content enhances the
biodegradation of PHB, at a high clay loading, biodegradability may be compromised
due to the diffusion limitation of water and the attack of microorganisms. These results
show that nanoclays may be used for tuning the biodegradation rate of biodegradable
polymers. Enhancing the degradation under ambient condition may be useful to
address waste disposal issues of compostable polymers, especially those for short
working-life applications, such as single-use disposal containers.
Besides layered silicates, nano TiO2 particles have also been shown to alter the degradation behavior of PHB. Yew et al. reported that the dispersion of TiO2 nanoparticles
(80% anatase and 20% rutile) slowed down the biodegradation of PHB in soil, but
enhanced the biodegradation process when exposed to sunlight due to the photocatalytic activities of the TiO2 nanoparticles (Yew et al., 2006). This type of nanocomposite
containing TiO2 may be promising for controlled degradation of agricultural mulch films.

12.3

Intelligent and active packaging based on
nano- and microencapsulation technologies

Consumers are sensitive to the freshness and quality of food that they purchase. Rejection of products will not only affect sales, but also impact a company’s brand image
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due to the lack of consumer confidence. At the other extreme, inadvertent consumption of expired products, such as those contaminated with pathogenic microorganisms,
can potentially result in food poisoning and costly lawsuits. To prevent consumers from
purchasing expired products, the conventional approach has been to rely on the expiry
date printed on the package. Unfortunately, the static expiry date labeling is not effective since it does not account for the potential thermal, physical, and/or microbiological
abuses that the product may encounter during distribution.
To address the aforementioned issues, many companies are now relying on advanced
packaging systems to protect their products. To this end, active packaging systems with
dynamically protective functionality have been developed. Intelligent packaging, which
dynamically interacts with the food product, is also gaining inroads in the food industry,
to accuratelycommunicate information related to the quality and safety of the products
offered to the consumers. Selected examples of active and intelligent packaging systems
are presented in the following sections.

12.3.1 Product quality and shelf-life indicators
12.3.1.1 TiO2 -based oxygen indicator Modified atmosphere packaging (MAP)
involves the packaging of food products in packaging where the headspace atmosphere
is modified such that its composition is different from that of air. The main motive
here is to eliminate or reduce the level of headspace oxygen, which is the main
contributor to many undesirable deterioration reactions (e.g., oxidative rancidity, loss
of flavor/aroma compounds, non-enzymatic browning). Besides limiting the oxygen
level, other desirable gases (e.g., carbon dioxide) are also included in MAP systems
for various reasons, such as to inhibit the growth of microorganisms and to provide
a mechanical cushion. To achieve optimal MAP, it is desirable to validate if the
target modified atmosphere condition has been established after the product is sealed
in the packaging. At the retail level, it is also beneficial for consumers to identify
compromised MAP packaging to avoid the purchase of expired products. Various
indicators have been developed to achieve this objective.
One variant of an oxygen indicator has been developed, based on exploiting the
photocatalytic properties of TiO2 nanoparticles, which are white pigments commonly
used in packaging, pharmaceutical, and cosmetic industries. TiO2 exists in three major
different crystal structures, but only the rutile and anatase ones are important in photocatalytic reactions. The exposure of TiO2 to photon with energy greater than 3.2 eV
(𝜆 < 388 nm) causes its electrons to be promoted from valence to the conduction band
(Figure 12.3). The resulting hole (h+ ) created in the valence band has strong oxidation potential. It reacts readily with water or a surface-bound hydroxyl group to form
hydroxyl radicals. The holes formed, •OH radicals, and O2 − , are reactive species that
can initiate various redox reactions (Carp et al., 2004; Choi, 2006). Decreasing the particle size increases the number of active surface sites and so does the surface charge
carrier transfer rate. The optimal particle size for pure nanocrystalline TiO2 is about
10 nm (Zhang et al., 1998).
Relying on these properties, Lee et al. developed a novel oxygen indicator ink
consisting of TiO2 nanoparticles, a mild reducing agent (triethanolamine), and a redox
dye (methylene blue) (Lee et al., 2005). The method uses titania particles (80:20
anatase:rutile; about 30 nm in diameter) to photocatalyze the reduction of methylene
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Figure 12.3 Schematic representation of the overall photocatalytic process in TiO2 . Source: Carp et al.
(2004). Reproduced with permission of Elsevier.
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Figure 12.4 Schematic representation of the UV-activated oxygen indicator involving TiO2
nanoparticles. Source: Lee et al. (2005). Reproduced with permission of American Chemical Society.

blue by triethanolamine within a hydroxyethyl cellulose carrier. By irradiating the
oxygen ink indicator with UV light, the methylene blue is activated to a colorless
oxygen-sensitive form. Upon the exposure to oxygen, the active indicator is oxidized
to give blue coloration, the intensity of which is proportional to the amount of oxygen
reacted. The mechanism for this reaction can be summarized in Figure 12.4. UV
illumination of the TiO2 semiconductor creates an electron–hole pair that rapidly
oxidizes the sacrificial electron donor. The photogenerated electrons then reduce
methylene blue to a colorless state, which is oxygen-sensitive. Upon exposure to
oxygen, the dye is oxidized and returns to its original color (Lee et al., 2005).
This mechanism is highly desirable since the indicator remains inactive until it is
exposed to UV irradiation, thereby providing a more consistent response. It is also possible to activate the indicator placed within a sealed package, provided that the package
is transparent to UV radiation. The unique features of this indicator are low cost, provision of an irreversible response that is useful for detecting compromised packages, and
it is printable. The indicator can also be re-set for repeated use by irradiating the spent
indicator with UV radiation, as long as the reducing agent is not depleted.

12.3.1.2 Detection of quality indicator compounds Spoilage of foods often results
in the formation of volatile and non-volatile byproduct compounds. A number of studies have focused on the development of indicators targeting the detection of these
compounds to reflect the quality of food products. For example, to detect the spoilage
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of meat, reagents sensitive to volatile sulfides have been investigated. One patent application disclosed a methodology to prepare a reactive metallic coating (∼1 to 10 nm
thick), on plastic film or paper by vapor deposition or sputtering techniques (Smolander
et al., 2004). The metal could be selected from transition elements, such as silver and/or
copper, which are reactive to volatile sulphides (e.g., hydrogen sulphide, dimethyl sulphide, dimethyl disulphide) produced as poultry and meat products decay. The reaction
between the sulfide volatiles with the transition metals forms metal sulphides that displayed a distinctive dark color of different intensities, depending on the amount of
volatile sulfides presence in the headspace air. The color change can be revealed as
warning prints or correlated with a reference chart to inform the consumer about the
extent of meat spoilage.
Besides the use of the aforementioned transitional metals to detect sulphides, other
methods have been developed to detect low molecular weight amines, which are
spoilage volatiles in meats, especially for fresh marine products. McGrier et al. synthesized cruciform fluorophores that are very sensitive to different amines (McGrier et al.,
2008). On the other hand, Maynor et al. investigated the analyte-induced aggregation
of a poly(thiophene). They exploited this polymer to develop a freshness sensor, based
on a multidimensional responses concept, to identify 22 structural similar amines with
high accuracy (Maynor et al., 2007). Similar approaches may be used for the intelligent
packaging application for meat to provide an overall freshness indication instead of
identifying specific amines. Another approach for the detection of amines could be
based on bioorganometallic chemistries. Here, organometallic compounds are used
as the reagent that couples with the amines to form organometallic complexes, which
can be detected visually or by using a spectrophotometer. Severin et al. conducted a
comprehensive review on this area on the transition metal complexes with amino acids
and peptides (Severin et al., 1998).
During the development of freshness indicators, the stability of the active components must be evaluated to ensure that they are stable throughout the intended
life-spend of the product. Moreover, methodology must be in place to prevent the
leaching of these reagents into the food product, especially if the reagents are not food
grade. Sensitivity of detection is another issue that must be addressed. To manipulate
the sensitivity of the indicator, the thickness of the reactive layer could be adjusted;
increasing the thickness increases the concentration of the analyte volatiles required to
induce color change. Alternatively, the reactive layer may be overlaid with a protective
layer of an optimal thickness to control the rate of reaction. Printing techniques, such
as flexography, could be used to print the reactive components incorporated within
a polymeric base carrier solution (ethyl cellulose, polyamide resins, acrylic resins,
etc.), onto the packaging substrates. The detection of spoilage compounds, using an
indicator that provides visual feedback, could be advantageous for retailers to monitor
the freshness of their stocks. For consumers, the indicator will also prevent them from
purchasing and consuming spoiled products.

12.3.1.3 Humidity indicator for internal packaging atmosphere The stability of
food products with low to intermediate moisture content is strongly affected by the relative humidity (RH) of the surrounding environment (Labuza, 1984). These products
must be protected within packaging structures that offer adequate water barrier properties to preserve their quality attributes. To validate the package seal integrity, it is
desirable to incorporate an indicator capable of providing visual feedback to indicate
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whether the product has reached the critical moisture content. Similar to the oxygen
indicator discussed earlier, this approach is superior to expiry label as it allows the
retailer and consumer to detect the compromised packages. The conventional approach
to the development of a humidity indicator has been to rely on using chemical compounds that react with water to produce color change. Recently, several studies have
leveraged nanotechnology to develop RH indicators based on changes in interspatial
spacing of nanoparticles.
Periodically assembled materials that display brilliant colors are common in nature,
such as butterfly wings, bird feathers, and minerals. These materials take advantage
of the diffraction of interference of light paths through natural photonic crystals
that have periodicities ranging from hundreds of nanometers to several micrometers,
to produce different hues and optical effects. Using physic-optical properties to
produce brilliant and iridescent colors for moisture detection is attractive since the
approach does not rely on colorants that are potentially toxic and carcinogenic (Zulian
et al., 2012). Coupling the photonic properties of monodispersed latex spheres of
poly(styrene–methyl methacrylate–acrylic acid) (P(St–MMA–AA); diameter around
150 nm) with photo-polymerized acrylamide, Tian et al. (2008) developed a humidity
color indicator based on the photonic crystal hydrogel concept. The P(St–MMA–AA)
latex spheres, with a hydrophobic polystyrene core and a hydrophilic poly(methyl
methacrylate acrylic acid) shell, were prepared by the emulsion polymerization of
methyl methacrylate acid, acrylic acid, and styrene, using sodium benzene sulfonate as
an emulsifier at a quantity lower than the critical micelle concentration. The medium
used was water with ammonium bicarbonate as a buffer agent. The carboxyl-rich
surface of the latex particles is important as it favors the formation of hydrogen bonds
between the latex particles. The resulting latex spheres were deposited on cleaned
glass slide surfaces, followed by infiltrating the interparticle voids with a solution of
acrylamide, bisacrylamide, and diethoxyacetophenone. A hydrogel is obtained by
exposing the mixture to UV radiation at 365 nm for 15 min. to polymerize the acrylamide. The resulting indicator responded reversibly to RH, changing from transparent
to vibrant colors of violet, blue, cyan, green and red as the exposed environment
changed from 20 to 100% RH (Figure 12.5). Tian et al. theorized that reversible
swelling and shrinkage of the polyacrylamide hydrogel result in the changing periodic
structure and refractive index of the photonic crystal particles, thereby causing the
modulation of Bragg wavelength, the magnitude of which depended on the extent of
polyacrylamide infiltration and amount of water absorbed (Tian et al., 2008). Using a
similar emulsion radical copolymerization of styrene and methacrylic acid monomers,
Zulian et al. produced core-shell latex particles with different degrees of order with
various structural colors (Zulian et al., 2012).
Similarly, Luechinger et al. (2007) reported on the development of a highly sensitive
humidity indicator based on a similar concept. Here, copper (II) 2-ethyl-hexanoate
in tetrahydrofuran solution was injected into a flame spray reactor to produce
carbon-passivated metallic copper nanoparticles of the order of 10–50 nm that are
coated with a layer of carbon that is about 2–3 nm in thickness. The particles were
then dispersed in an aqueous solution of polyether-modified poly(dimethyl siloxane)
to form a printable dispersion. By spreading the emulsion on a glass surface and
allowing the water to evaporate, smooth thin films with metallic copper luster were
obtained (Luechinger et al., 2007). These researchers showed that exposing the thin
film to saturated water vapor resulted in an intense green coloration. Upon exposure
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Figure 12.5 UV-VIS spectra of hydrogel indicators when exposed to different relative humidity conditions. The color labels are photographic images corresponding to the test humidity conditions. The
scanning electron micrographs are surface morphologies of poly(styrene–methyl methacrylate–acrylic
acid) photonic crystal (top) and the resulting hydrogel after inﬁltrating acrylamide solution into the
photonic crystal voids followed by photo polymerization. Source: Tian et al. (2008). Reproduced with
permission of Royal Society of Chemistry. See plate section for color version.

to an ambient environment, within 9 sec., the indicator rapidly changed to pink, blue
and orange colors depending on the RH conditions. Luechinger et al. attributed this
phenomenon to the combined effect of surface plasmon resonance effects at low RH
and thin film interference when exposed to a high RH environment. While commercial
products are yet to be developed based on the photonic concepts, these types of
innovative colorimetric humidity indicators are expected to gain inroads as low cost
and simple alternatives to electronic RH sensors, as well as for printable intelligent
packaging applications.

12.3.2 Nano- and microencapsulated antimicrobial
composites
Food production systems today rely heavily on centralized production to achieve
economy of scales. However, due to the large volume of products handled and the
requirement to transport products over a long distance to the point of sale, centralized
production can be susceptible to food safety issues, such as outbreaks of food-borne
illnesses when the products are not processed in accordance with good manufacturing
practice or are exposed to uncontrolled abuse during transportation. Also, as consumers are increasingly preferring fresh and high quality products that are minimally
processed/preserved, microbial spoilage has become a growing concern. One of the
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strategies to reduce these risks is through the use of antimicrobial food packaging
materials to impose an additional hurdle to inhibit the proliferation of spoilage and
pathogenic microorganisms.
Antimicrobial packaging can be divided into two categories, distinguished by
their different modes of action. In the direct-contact concept, food products are in
contact with the antimicrobial packaging material that deactivates the target microorganisms either by direct destruction due to the presence of active surface species,
or by the release of non-volatile antimicrobial compounds into the food products.
In the non-contact concept, a headspace air barrier separates the antimicrobial
material and the food product. Here, a mechanism is needed to control the release
of volatile antimicrobial agents. Selected examples of these systems are discussed
below.

12.3.2.1 Non-contact antimicrobial packaging Fibrous membranes prepared from
electrospun fibers have been investigated as carriers for the controlled release of
antimicrobial agents in packaging applications. This method uses electrostatic force
to draw a polymer solution into fibers of diameters ranging from tens to hundreds of
nanometers. By virtue of their small diameter, electrospun fibers exhibit a very large
surface-to-volume ratio. This property enhances their surface activity, making them
an ideal carrier for the delivery of antimicrobial agents. The basic principle of the
electrospinning technique is to charge the polymer solution beyond a critical voltage,
typically at 10–20 kV over a spinneret-collector distance of 10–20 cm. At a critical
voltage, the induced surface charge repulsion on the solution at the spinneret tip will
overcome the surface tension of the solution, causing it to eject towards the grounded
collector. As the polymer jet takes flight in the air, it undergoes a chaotic whipping
motion, drawing the polymer jet into fibers of submicron diameter. The solidified
polymer is collected as a non-woven mat on the collector (Reneker et al., 2000; Feng,
2002; Carroll and Joo, 2006).
Electrospun fibers have been investigated as a carrier for the controlled release
of antimicrobial volatiles. For instance, Vega-Lugo and Lim encapsulated allyl isothiocyanate (AITC) in a soy protein isolate/poly(ethylene oxide) (SPI/PEO) blend
for active packaging applications (Vega-Lugo and Lim, 2009). Briefly, the spinning
dope was prepared by dissolving 15% w/w SPI in 1% NaOH solution. PEO (0.6%)
and Triton X-100 (1%) were added as a process aid and emulsifier, respectively. The
solution was heated for 2 h at 60 ∘ C to denature the protein, followed by the addition
of beta-cyclodextrin and stirred for 30 min. The addition of cyclodextrin allowed a
greater loading of AITC (∼70% higher), as compared to the formulation prepared
in its absence, due to the reduced AITC evaporative loss during spinning. After
cooling to 24 ± 2 ∘ C, AITC was added at a 0.4:2.4 AITC:beta-cyclodextrin molar
ratio to form an AITC-cyclodextrin complex. The solution was electrospun using a
20-gauge stainless steel spinneret positioned at 26 cm from a stationary collector plate,
producing fibers of 281±43 nm in diameter (3% AITC). The resulting fibers were
moisture-sensitive; exposing the fibers to elevated RH conditions triggered the release
of AITC (Figure 12.6). The interactive behavior of these antimicrobial nanofibers may
be promising in active packaging applications for foods, to ensure that the release
of AITC takes place only under raised humidity conditions, such as within a food
container. A similar concept can be applied to encapsulate other antimicrobial agents.
To address the direct food contact and potential accidental ingestion of the active
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Figure 12.6 Relative humidity-dependent release behavior of AITC encapsulated in electrospun
SPI-PEO ﬁbers. The electron scanning micrograph illustrates the morphology of typical electrospun
ﬁbers at 3% AITC loading and 12% SPI concentration, with an average diameter of 281±43 nm.

patch, segregation of the active compound with an external patch that prevents direct
contact with the food content will be beneficial (Wilson, 2008).

Survival fraction, CFU/mL

12.3.2.2 Direct contact antimicrobial nanocomposite Maneerat and Hayata investigated the antifungal activity of TiO2 particles with an average diameter of 7 nm and
a TiO2 coating applied to a plastic film. They reported that the growth of Penicillium
expansum on apple and tomato was significantly retarded due to the catalytic reactions
of the TiO2 coating. TiO2 film also reportedly decreased brown lesions and rot in
lemons (Maneerat and Hayata, 2006a). In another study, Cerrada et al. demonstrated
that a nanocomposite produced by dispersing 2–5% w/w TiO2 particles (∼10 nm
diameter) in an ethylene-vinyl alcohol copolymer (EVOH), exhibited self-sterilizing
properties upon excitation by light or UV radiation. Biocidal effects were reported
towards gram-positive and gram-negative bacteria, including Escherichia coli, Staphylococcus aureus, Zygosaccharomicesrouxii, and B. stearothermophilus (Cerrada et al.,
2008) (Figure 12.7).
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Figure 12.7 Logarithmic reduction of microorganisms suspended in liquid media as a function of UV
irradiation time. Source: Cerrada et al. (2008). Reproduced with permission of John Wiley & Sons.
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A number of studies have shown that organo-modified layered silicate also exhibits
antimicrobial properties. Rhim et al. investigated the antimicrobial properties of
chitosan films dispersed with unmodified and organically modified MMT (Rhim et al.,
2006). Bactericidal effects were observed for S. aureus, Listeria monocytogenes, and
E. coli O157:H7, but a bacteriostatic effect was seen for Salmonella typhimurium. The
overall greater antimicrobial effects observed for chitosan films containing the organically modified MMT were attributed to the antimicrobial activity of the quaternary
ammonium group in the silicate layer that disrupt the bacterial cell membranes and
cause cell lysis. Nigmatullin et al. (2009) also reported in their study that microbial cell
interactions with the organoclay surface were the reason for the antimicrobial activity
of the organoclays used. To enhance the antimicrobial properties, Weickmann et al.
prepared hybrid dispersions containing layered silicate nanoplatelets and neutral silver,
palladium, and copper nanoparticles (14–40 nm) immobilized on the nanoplatelet
surfaces. The silver and copper nanoparticles supported by the layered silicates
were shown to be very effective at inhibiting bacterial growth (Weickmann et al.,
2005). While these studies showed that organoclays are attractive for antimicrobial
applications, potential migration of the surfactant to the food products will need
to be evaluated. Currently, studies in this area are limited. Further development
of non-leaching biocidal organoclays will widen the application of antimicrobial
nanocomposites.
Damm et al. investigated the release of silver particles from nylon 6 nanocomposite
prepared by thermally reducing silver acetate through melt extrusion at 230 ∘ C.
The nano silver particles formed were about 10–20 nm in diameter. At 0.06% w/w
silver nanoparticle loading, the silver-filled materials were able to eliminate E. coli
completely within 24 h. In contrast, the rate of silver ion release from the microcomposites, prepared by the direct addition of silver powder to the polymer during
extrusion, was below this threshold value, even if the filler content was increased
to 1.9% w/w (Damm et al., 2008). In another study, Del Nobile et al. developed
an Ag-containing nano-composite active packaging material. They investigated the
effect of the antimicrobial system on the survival of Alicyclobacillus acidoterrestris,
a Gram-positive spore-forming bacterium which is prevalent in fruit juices (Del
Nobile et al., 2004). The 200±20 nm thick coating was obtained by depositing an
Ag-containing poly(ethylene oxide) coating on a polyethylene film using a plasma
reactor equipped with a silver cathode, operating at a radio frequency of 13.56 MHz.
The average Ag cluster size produced was about 90 nm. They reported that the active
film inhibited the growth of A. acidoterrestris in acidified malt extract broth and apple
juice, and that the effectiveness of the active film was directly related to the amount
of silver ion released into the test medium (Del Nobile et al., 2004). Perkas et al.
developed a novel technique to produce silver-nylon 6,6 nanocomposite by subjecting
the nylon pellets to ultrasound irradiation in solutions containing silver nitrate,
ammonia, and ethylene glycol. Nanocrystals of silver, ranging from 50 to 100 nm in
size, were deposited on the surface of the pellets (Perkas et al., 2007). The silver-nylon
nanocomposite may be used as a master batch for the production of antimicrobial
packaging materials.
Edible coatings are often applied to the exterior of horticultural products to protect
them from deterioration by slowing down dehydration, suppressing respiration,
improving texture, and preventing volatile compounds. In addition to these purposes,
the coatings may be used as a carrier for controlled release of active agents to further
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protect the products. An et al. applied an antimicrobial coating embedded with
silver nanoparticles to enhance the shelf-life of asparagus spears by suppressing the
growth of microorganisms (An et al., 2008). To incorporate the silver nanoparticles
in polyvinyl pyrrolidone coating polymer, they first added NaBH4 in the polymer
solution, followed by AgNO3 . Reportedly, asparagus samples coated with the coating
exhibited lower weight loss, greener color, and more tender texture than the controls.
At the concentration of 0.06 mg/L silver concentration, the coating significantly
retarded the growth of psychrotrophs, yeasts and molds. More than one log reduction
was observed after 25 days of storage at 2 and 10 ∘ C storage conditions. Various
immobilization and encapsulation techniques have been utilized to incorporate
functional ingredients (e.g., antimicrobials, pro/prebiotics, enzymes, nutraceuticals,
vitamins) into edible coatings to release the content at controlled rates under specific
triggering conditions (e.g., pH, temperature, irradiation, osmotic shock) (Vargas
et al., 2008). Glucose oxidase (GOX) catalyzes the oxidation of glucose to form
H2 O2 and D-gluconic acid, both of which exhibit antimicrobial properties. Vartiainen
et al. covalently attached glucose oxidase (GOX) to the surface of biaxially oriented
polypropylene (BOPP) films for novel antimicrobial food packaging applications
(Vartiainen et al., 2005). Their approach was based on generating amino and carboxyl
groups on the surface of BOPP film using NH3 or CO2 plasmas, and glutaraldehyde
and N-(3-dimethylaminopropyl)-N′ -ethylcarbodiimide hydrochloride chemistries,
respectively. Reportedly, 2- to 6-log reductions in B. subtilis and 5-log reductions in
E. coli occurred when these bacteria were exposed to the GOX-immobilized active
films on Petri dishes. The antimicrobial BOPP films may have potential to be exploited
in antimicrobial packaging film applications.
Using an electrospinning technique, Zhou and Lim immobilized GOX in non-woven
PLA membranes to activate a naturally occurring antimicrobial lactoperoxidase
(LP) system in milk to improve its keeping stability (Zhou and Lim, 2009). In the
presence of a trace amount of hydrogen peroxide (H2 O2 ), the LP system catalyzes
the oxidation of thiocyanate (SCN− , another component present in milk), generating
the hypothiocyanate ion (OSCN− ) and other intermediate products that possess
antimicrobial properties. The oxidation of the sulphydryl (SH) group in microbial
enzymes and proteins by these products is believed to be responsible for the antimicrobial actions of the LP system (Aune and Thomas, 1977; Barrett et al., 1999; Seifu
et al., 2005). In their studies, Zhou and Lim immobilized GOX in electrospun spun
PLA fibers to form an active membrane that catalyzes the oxidation of glucose in milk,
generating H2 O2 that in turn activates the LP system. These fibers exhibited about
19 times greater enzymatic activity as compared to film cast from the same emulsion,
which was attributed to the larger surface area of the electrospun fibrous membrane.
Potentially, this active membrane may be applied as a small patch attached to the
inner milk-contact surface of the package wall to extend the shelf-life of milk. The
Food and Agriculture Organization of the United Nations and the International Dairy
Federation have developed protocols to add thiocyanate and hydrogen peroxide to
milk, in the forms of sodium thiocyanate and sodium carbonate peroxyhydrate, respectively, during the transportation and the storage of milk in regions of the world where
refrigeration infrastructures are lacking (FAO, 1999). Potentially the active electrospun
membrane may be useful to enhance the stability of fresh milk during transportation in
developing countries.
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12.3.3 TiO2 ethylene scavenger for shelf-life extension of
fruits and vegetables
Ethylene is a natural plant hormone that stimulates the ripening and senescence
processes in fruits. Accumulation of ethylene within the headspace of the packaging
can accelerate deterioration and greatly reduce the storage life of the packaged
horticultural products. Therefore, the removal of the ethylene vapor is desirable. To
this end, Maneerat and Hayata investigated the use of polypropylene films coated
with TiO2 nano- and microparticles, to remove ethylene vapor from packaging
headspace (Maneerat and Hayata, 2008). The coating process involved dispersing the
TiO2 particles in an organic solvent mixture (methyl ethyl ketone, toluene, isopropyl
alcohol, ethyl acetate) to form a TiO2 colloid suspension that was spread onto the film
directly and allowed to dry. They showed that the TiO2 -coated film broke down the
ethylene effectively, and that TiO2 nanoparticles (anatase; 7 nm) provided a larger
surface area for adsorption and decomposition of ethylene and higher UV radiation
absorption than TiO2 microparticles (anatase, 5 μm) (Figure 12.8). The TiO2 -coated
film effectively reduced the ethylene concentration in the headspace of packaging
containing tomato fruits (Figure 12.9). Ethylene in the package headspace was reduced
by 88% when the package was exposed to black light lamp at 25 ∘ C, while a 76%
reduction was achieved using the fluorescent lamp at 5 ∘ C. Reportedly, the exposure
of tomato fruit to UV resulted in no symptoms of disorder when the fruits ripened
(Maneerat et al., 2003).
While these studies showed that the use of TiO2 and light energy is promising to
extend the shelf-life of horticultural products, further investigations are needed to
address the potential end-use challenges, such as the effects of intensity and frequency
of UV radiation, the impacts of shadow effect, and the potential impact on food components that are UV-sensitive. The photocatalytic reaction of TiO2 may be also useful
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Figure 12.8 Photodecomposition of ethylene by oriented polypropylene ﬁlms coated with TiO2
nanoparticles (7 nm) at different loadings (0.1 to 10% w/w) as compared with TiO2 macroparticles
(5 μm; 10% w/w) and the uncoated control. Source: Maneerat and Hayata (2008). Reproduced with
permission of the American Society of Agricultural and Biological Engineers.
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Figure 12.9 Ethylene levels in the headspace of the packages with uncoated and TiO2 -coated ﬁlm
containing tomato fruits under black light illumination at 25 and 5 ∘ C. Source: Maneerat and Hayata
(2008). Reproduced with permission of the American Society of Agricultural and Biological Engineers.

during post-harvest preservation of fruits and vegetables to reduce the accumulation of
ethylene, acetaldehyde and ethanol in the storage atmosphere (Maneerat and Hayata
2006b).

12.4

Conclusion

Technology push due to scientific breakthroughs and advancements in nanotechnology
will continue to take place, especially in the area of enhancing the material properties
for sustainable/compostable thermoplastics, which will result in the increased displacement of petrochemical-based plastics. As pressure is mounting for food companies to
ensure safety and improve the quality of their products, the use of nanostructured materials for the development of innovative intelligent and active packaging systems will
become more common.
Although nanomaterials are promising to enhance the functions of packaging, there
are some concerns about their safety, especially for those that have not been well characterized. The main challenge during toxicological assessment of nanomaterials is that
their interactions with biological systems are different from their bulkier counterparts
due to the increased surface activity. As a result, existing physical, chemical, environmental, and toxicological data may not be applicable to the nanomaterials in question (Taylor, 2008). Besides particle size, other factors may also affect the toxicity of
nanoparticles and should be taken into consideration, such as surface properties, the
tendency to aggregate/disaggregate, the method of synthesis, the particle shape, the
surface charge, and so on (Tsuji et al., 2006).
During the deployment of advanced packaging systems, food companies will need
to anticipate potential technical issues, such as false positive and negative responses
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of intelligent packaging, increased product rejection at the retail level, and different
perception of color indicators by different individuals. Regarding the last point, the
expiry label will likely continue to exist to act as an additional “gate” to protect the
consumers from expired products.
In certain jurisdictions, antimicrobial compounds that migrate into the food may
be considered to be food additives. The use of this type of active packaging for
antimicrobial active packaging may be subject to regulatory additive limits. Thus, it is
beneficial for companies to work closely with the approving agencies to ensure that
their nanotechnology-based products comply with food regulations (Taylor, 2008). To
accommodate these trends, legislation related to food packaging will continue to evolve
to keep abreast with the changing landscape of food preservation and distribution.
Uncertainties and a lack of a clear communication of risk and benefit can generate
concerns among the public, especially when nanotechnology is applied to food (Siegrist
et al., 2007; Siegrist et al., 2008). Since consumer acceptance of a given innovative packaging solution will ultimately determine its success in the marketplace, before applying
a new packaging technology, it is important to understand the consumers’ perception
of nanotechnology products in different marketplaces.
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13.1

Introduction

Encapsulation techniques have been the focus of attention in the food industry for some
time due to their versatility. The encapsulation technique was adopted in the printing
industry at first, and then accepted in the pharmaceutical, chemical, cosmetic, and food
industries later. In the food industry, encapsulation refers to the technique by which a
certain food ingredient is entrapped or coated within another material or system. Core
materials, such as flavors and biologically active compounds, exist within a shell or membrane, which is called the encapsulant. The core material is bound to the encapsulating
matrix by physical or chemical forces. For many years a variety of food ingredients, such
as vitamins, minerals, flavors, fibers, enzymes, peptides, essential oils, fatty acids, and
other additives, have been encapsulated. Micro- and nanostructured carrier systems
have been used in drug, nutrient, and nutraceutical delivery. Various types of carrier
systems, such as lipid nanoparticle, liposome, nanosome, biopolymeric nanoparticle,
micro/nanosphere, nanocrystals, emulsion, micelles, etc., have been introduced for the
delivery of both soluble and insoluble bioactive compounds. In food systems, microand nanocarriers exist as a colloidal particle which is dispersed evenly through the food
matrix with a particle size in the range of several nanometers to micrometers. The activity and stability of the bioactive compounds are of great concern in various biological
environments. The bioactive compound should be delivered with its biological activity to the desired tissue in which the compound works. Furthermore, such a compound
should be able to provide beneficial effects at the targeted site constantly in a controlled time. The release of bioactive compounds depends on the association between
the core and the encapsulant, the physical and chemical properties of the encapsulant,
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Table 13.1 Release mechanisms and encapsulation models for the controlled release in nanocarriers.
Release
mechanism

Encapsulation model

Fracturation

Thermosensitive vesicular system,
pH-sensitive vesicular system,
enzyme-activated vesicular system
Diffusion
Volatiles encapsulated using carbohydrates,
chitosan/ethylcellulose complex,
cross-linked polyacrylamide grafted guar
gum hydrogel microspheres
Dissolution
Liposome entrapment, coated particle by
polymeric matrix, ﬁber matrix (made up of
polyethylene, PVA, polyester or chitosan),
matrix comprising PVA and an emulsiﬁer,
dried cold-set soy protein gel,
β-cyclodextrin
Biodegradation Chitosan microcapsules, alginate-based
capsules, chitosan and pectin complex
poly(lactide-co-glycolide) PLGA
microspheres, poly(glycolic
acid-co-dl-lactic acid) PLGA ﬁlms,
starch-based capsules
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the internal/external stimuli triggering the release, and the molecular compositions of
the materials that make up the carrier system (Table 13.1).
Controlled release is defined as the “modification of the rate or place at which an
active substance is released.” Nano- and microcarriers, such as micelles and vesicles, in
particular, recently have been extensively studied, focusing on the controlled release of
the drug and the bioactive compound. The release mechanism of the entrapped compound differs depending on how the bioactive compound is entrapped in the carrier
structure, on the type of binding between the core and the shell, and on external stimuli
(Figure 13.1). The controlled release systems can be designed to respond to one or a
combination of triggers (e.g. temperature, moisture, pH, shear, etc.) that can activate
the release of the entrapped substance to meet the desired release target or rate. The
entrapped bioactive compound is released by the conformational destabilization of the
encapsulant. Encapsulation is one of the methods of achieving controlled release, and
the core materials of the capsules can be released under several mechanisms: fracturation, diffusion, dissolution, and biodegradation. In this chapter, we give an overview of
the release mechanism of the encapsulant and its application in nano- and microstructured carrier systems.

13.2

Fracturation

Fracturation is a kind of controlled release mechanism which enables the encapsulated
core material to be released outside of the capsule in the targeted area or at the correct
time. Due to external factors, such as pressure, shearing force, ultrasonic waves, or due

13.3

DIFFUSION

329

Dissolution/Biodegradation

Diffusion

Fracturation

Figure 13.1 Schematic representation of release mechanism in nanocarriers. Source: Uhrich et al.
(1999). Reproduced with permission of the American Chemical Society.

to internal factors, such as enzymes or pH change, the coated layer of the capsule could
be cracked or broken, and the core materials could be subsequently released.
So far, controlled release in which fracturation could be applied has been researched
in the therapeutic or pharmaceutical fields, such as a drug delivery system, and
intensive research has been conducted using the closed bilayer phospholipid systems,
the so-called liposomes, as triggerable drug carriers. The first liposomes were described
in 1964 and soon were proposed as drug delivery systems (Sharma and Sharma, 1997).
Advances over almost five decades have led to numerous clinical trials in such diverse
areas as the delivery of anticancer, anti-fungal, antibiotic drugs, the delivery of gene
medicines, the delivery of anesthetics, and anti-inflammatory drugs (Allen and Cullis,
2013). Recently, based on the development of technologies, nanoscale drug delivery
systems using various types of nanoparticles are emerging for the rational delivery of
chemotherapeutic drugs in the treatment of severe diseases, such as cancer (Malam
et al., 2009). And liposomes, in other words, phospholipids are generally recognized
as safe ingredients, therefore, they can minimize the potential for adverse effects
(Mudshinge et al., 2011). Triggers which initiate the release of the liposomal contents
have been explored; there are remote triggers, such as heat, ultrasound, light, and local
triggers, that are intrinsic to the disease site or cellular organelles, such as enzymes and
pH changes (Allen and Cullis, 2013).

13.3

Diffusion

Diffusion is one of the most important mechanisms used to control the release of food
ingredients because it is the preponderant mechanism in the controlled release system
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(Madene et al., 2006). This mechanism is a rate-limiting step in the release of the active
components as it controls the diffusion of the active substance from its location in the
matrix to the surface of the particle (Pothakamury and Barbosa-Cánovas, 1995). Diffusion of a food ingredient is influenced by the solubility of the active component in
the matrix and the permeability of the active component through the matrix (Madene
et al., 2006). And the degree of swelling and cross-linking will control the diffusion of
a food ingredient through an encapsulating matrix. The increase in the water activity in the matrix can increase the release rate of the core material because the greater
swelling of the matrix provides more free volume and larger pores to facilitate diffusion.
A cross-linking agent would make the walls of the coacervates hard (the cross-link). It
means that the greater the degree of cross-linking, the less the rate of diffusion through
the matrix (Risch and Reineccius, 1995). The quantification of the diffusional mass
transport is described by Fick’s law of diffusion (Siepmann and Siepmann, 2012).
Fick’s first law of diffusion is:
𝜕c
F = −D
𝜕x
where F is the rate of transfer per unit area of diffusion flux; D is the diffusion coefficient
and c is the concentration in dimensions of the amount of substance per unit volume.
Fick’s second law predicts how diffusion causes the concentration to change with time:
)
( 2
𝜕 c 𝜕2c 𝜕2c
𝜕c
+
+
=D
𝜕t
𝜕x2 𝜕y2 𝜕z2
where c is the concentration in dimensions of the amount of substance; t is time, D is the
diffusion coefficient and x, y, and z are the three spatial coordinates. Diffusion-based
controlled release can be used in flavor applications to preserve aroma substances
because they are delicate and volatile. Generally, a flavor compound which has a low
molecular weight and a small molecular size will have a fast diffusion rate as the aroma
compound reaches the matrix surface rapidly (Naknean and Meenune, 2010). The
release of the active substance is primarily via Fickian diffusion through the matrix.
The amount of volatile substance released is also influenced by the composition of
the matrix, the particle size, the pore size, and the viscosity of the wall around the
encapsulated volatiles (Goubet et al., 1998).
Vitamins can be protected from damage by the external environment, such as from
oxygen, light, heat, and alkali, using the encapsulation technique. The common mechanisms which explain the vitamin release from particles are passive release and diffusion
of the vitamin through the matrix as active release (Sabliov and Astete, 2008). Shi and
Tan studied the application in controlled release of vitamin D2 (VD2 ) encapsulated
using a chitosan/ethylcellulose complex as protective coating. The microcapsule which
was prepared with a higher concentration of chitosan was more compact and had lower
permeability than that with the lower concentration of chitosan. By decreasing the permeability of the chitosan, the diffusion rate of the VD2 was decreased. The viscosity
of chitosan also affected the release rate of the VD2 . By increasing the viscosity of the
chitosan, the resistance of the VD2 diffusion through the gel was increased (Shi and
Tan, 2002).
Soppirnath and Aminabhavi studied the controlled release application of
cross-linked polyacrylamide grafted guar gum hydrogel microspheres. The values
of the diffusion coefficients decrease with an increase in cross-linking. With an increasing amount of glutaraldehyde as the cross-linking agent, an appreciable decrease in
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the diffusion coefficient is observed. In addition, the diffusion release in the swollen
microspheres would be higher than in the glassy microspheres as the diffusion of
water in the swollen microspheres is not controlled by the polymer chain relaxation
(Soppirnath and Aminabhavi, 2002).

13.4

Dissolution

Dissolution of the matrix or capsule liberates its contents to either begin or enhance the
release of the active substance. These systems are the easiest to design in comparison to
other controlled release mechanisms used in the food industry (Risch and Reineccius,
1995). The release rate of the active ingredient from the microcapsule depends on the
dissolution rate of the polymer coat, when the coat is soluble in the dissolution fluid. The
solubility in the dissolution fluid and the thickness of the coat influence the release rate
(Nuppor and Rathore, 2012). The basic principle of dissolution control is as follows: If
the dissolution process is a diffusion-controlled layer, where the rate of diffusion from
the solid surface through an unstirred liquid film to the bulk solution is rate-limiting,
the flux J is given by:
J = −D(dc∕dx)
where D = diffusion coefficient, dc/dx = concentration gradient between the solid surface and the bulk of the solution. In terms of flow rate of material (dm/dt) through unit
area (A), the flux can be given as:
J = (1∕A) dm∕dt
For the system with a linear concentration gradient and thickness of the diffusion
layer h:
dc∕dx = (Cb − Cs)∕h
where Cs represents the concentration at the solid surface and Cb is the bulk solution
concentration. A combined equation for the rate of the material is given as:
dm∕dt = −(DA∕h) (Cb − Cs) = kA(Cs − Cb)
where, k is intrinsic dissolution rate constant (Wise, 2000).
There are two types of dissolution-controlled release: (1) The encapsulation dissolution controlled system. The active materials are coated or encapsulated with slowly dissolving materials such as carbohydrate, lipid, and protein. The dissolution rate depends
upon the solubility of the active materials and the physicochemical properties of the
capsule such as the thickness of the wall. (2) The matrix dissolution controlled system.
The active materials are homogeneously dispersed throughout the matrix which affects
the dissolution rate. The matrix employs waxes, such as beeswax, carnauba wax, hydrogenated castor oil, etc. which control the active dissolution by controlling the rate of
penetration of the dissolution fluid into the matrix by altering the rate of porosity (Wise,
2000; Siepmann and Siegel, 2012).
It is often difficult to separate the dissolution release mechanism from the diffusion
controlled mechanism, since the solvent (often water) may act to erode or swell the
encapsulate barrier to permit release (and increase diffusion). The distinction between
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the two mechanisms is not clear-cut, particularly in the case of some of the chewing
gum technology (Risch and Reineccius, 1995).
Dissolution in controlled release is by far the most common controlled release mechanism used in the food industry. The largest volumes of encapsulating matrices used
in the industry are water-soluble and dissolve when in the presence of water. In systems controlled by dissolution, the flavor dissolved or dispersed in a polymeric matrix
is unable to diffuse to any significant extent within the matrix (Madene et al., 2006).
When the matrix polymer is placed in a thermodynamically compatible medium, the
polymer swells because of absorption of fluid from the medium. The aroma diffuses out
from the swollen part of the matrix which depends on water absorption or the presence
of solvent, such as glycerine or propylene glycerol (Gibbs et al., 1999).
In chewing gum application, which requires the release of the sweetening system,
acidulants and the volatile flavoring are uniformly released at the desired rate. There are
numerous encapsulation approaches used in the chewing gum industry to accomplish
the desired flavor/acidulants/sweetening system. An example is using the fiber matrix.
The fiber matrix is made up of polyethylene, PVA, polyester, or chitosan. The fiber
(+60 meshes) has open ends, exposing the active ingredients. Gradual release of the
active agent occurs when the fiber is brought into contact with the solvent. The fiber is
either insoluble or less soluble in the solvent than the active agent. The active agent at
the openings of the fiber ends is dissolved by the solvent, resulting in the creation of a
channel within the fiber. The solvent fills the channels and dissolves the newly exposed
active agent (Song and Copper, 1992).
In other areas of food preservatives, when the bulk of the food material need to be
protected from contamination, encapsulated organic acids, such as citric acid, ascorbic
acid, and lactic acid, can be used as antimicrobial agents. The acid may be encapsulated
in a matrix comprising PVA and an emulsifier. The emulsifier may be lecithin, stearates,
or ester derivatives of stearates. The acid is released when the system swells in the presence of water. The food acid amounts to 20–40% of the controlled release delivery
system (Churukuri et al., 1991).
Maltais et al. tested the release of riboflavin from tablets made with freeze-dried
cold-set soy protein gel. They reported that the swelling behavior of riboflavin releases
kinetics of soy protein hydrogel, and tablets made from the hydrogel vary depending
on the pH and the presence of enzymes (Maltais et al., 2010). Riboflavin release in
simulated intestinal fluid without enzyme follows a swelling–controlled mechanism
with a zero-order release. In the presence of pepsin in simulated gastric fluid and pancreatin in simulated intestinal fluid, only a slight increase over the release was obtained
without pepsin (11 and 15%, respectively), because it is less available for digestion by
pepsin. In simulated intestinal fluid with pancreatin, almost 75% release of riboflavin
occurred during the first two hours. Such a rapid release suggests the extensive action
of pancreatin, which combines the peptide-bond-hydrolyzing activities mainly of
trypsin, chymotrypsin, and elastase. The study showed the potentially useful properties
of soy protein, which include delayed riboflavin release under gastric conditions and
rapid pancreatic digestion under intestinal conditions. Soy protein cold-set hydrogels
thus appear to be potentially useful for developing gelled functional foods containing
nutraceutical molecules to be delivered in the colon, while the dried tablet could be
used for the elaboration of food supplements (Maltais et al., 2010).
In another study, Toro-Sánchez et al. studied the controlled release of antifungal
volatiles of thyme essential oil (TOL) from β-cyclodextrin capsules. Controlled release
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of compounds trapped in β-cyclodextrin was possible by exposing the capsules to high
relative humidity (RH) in the atmosphere, and the essential oil was released to the
environment. They reported that when the RH increased, the amount of TOL released
from the complex increased. Gradually at the RH level of 33%, nearly 15% of the TOL
was displayed, and almost 76% was released at the highest RH (100%). The generated release system of thyme oil capsules could be useful in the active packaging field
(Toro-Sánchez et al., 2010).

13.5

Biodegradation

Biodegradation is defined as a chain-scission process or decomposition of materials by
the action of biological systems or microorganisms (Siepmann and Göpferich, 2001;
Lucas et al., 2008). Core materials dispersed within the polymer are released when the
polymer degrades or erodes (Siepmann and Göpferich, 2001). The biodegradation of
the encapsulating polymer involves several steps. The combined action of the microorganisms, the digestive system, and the abiotic factors fragments the biodegradable polymers into small fractions. This step is called biodeterioration (Eggins and Oxley, 2001;
Walsh, 2001). Microorganisms or the digestive system secrete catalytic agents, such as
enzymes and free radicals, able to cut up polymers, thus progressively reducing their
molecular weight (Lucas et al., 2008). This process produces oligomers, dimers, and
monomers. This step is called depolymerization. The core materials of the encapsulating polymers are released in this step and the release rate can be controlled in the
process. Some core and wall materials are accepted by the receptors of the microbial
cells and can go through the membrane. The other materials stay in the gastrointestinal
tract and can be absorbed into the bloodstream in the small intestine.
Many of the encapsulated biodegradable polymers are prepared using proteins, carbohydrates, and fats. These encapsulated biodegradable polymers are degraded by the
digestive enzyme in the human GI tract. In the case of carbohydrates, the digestible
carbohydrates are broken into small molecules by enzymes in the saliva, in juice produced by the pancreas, and in the small intestine. The small molecule (glucose) is carried
through the bloodstream to the liver. Protein should be digested by the enzymes in
the stomach and the small intestine. Several enzymes from the pancreatic juice and the
small intestine carry out the breakdown of large protein molecules into small molecules.
The fat is separated from the watery content in the intestinal cavity during digestion.
The bile acids produced by the liver dissolve the fat in water and allow the enzymes
(lipase) to break the fat into smaller molecules.
There are two classes of biodegradable polymers. For one class, the surface area of
the polymer decreases with time, leading to decreasing release rates. For the second
class, the polymer degrades very slowly in the early stages, but the degradation
rate increases quickly in the later stages due to autocatalysis (Pothakamury and
Barbosa-Cánovas, 1995). As a basic rule, polymers are designed to contain a higher
concentration of core materials or very reactive materials tend to degrade fast and to
be surface eroding. On the other hand, polymers containing a lower concentration of
core materials or less reactive materials tend to be bulk eroding (Pothakamury and
Barbosa-Cánovas, 1995; Burkersroda and Goepferich, 1998; Siepmann and Göpferich,
2001). Poly(lactide) (PLA) and poly(lactide-co-glycolide) (PLGA) are examples of
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mainly bulk eroding materials while polyanhydrides are examples of mainly surface
eroding polymers (Siepmann and Göpferich, 2001).
The biodegradation of the encapsulating polysaccharide generally depends on the
hydrolysis of the glycosidic linkages between the polymer and the core materials. Many
microorganisms contribute to biodegradation but the main bacteria responsible for this
biodegradation are bacteroides and bifidobacterium (Kosaraju, 2005). Chitosan is being
applied in the controlled release of bioactive materials and living cells. Due to its high
compatibility with living cells, chitosan has received a great deal of interest regarding
the controlled release of probiotics (de Vos et al., 2010). One of the most commonly
applied polysaccharides is alginate. Depending on the chemical property of the capsule,
alginate-based capsules are generally applied to release the bioactive components (Iyer
et al., 2005; de Vos et al., 2010). In addition, pectin is advantageous for controlled delivery because it remains in the GI tract. Its biodegradation mostly depends on enzymes
derived from the microorganisms, but the rate of biodegradation can be modified by
chemical modifications. Therefore, pectin allows for a specific controlled delivery in the
different parts of the GI tract (de Vos et al., 2010). Furthermore, starch is under study
as a polymer of capsules for the controlled delivery of bioactive components because
of its low price, broad application, and ease of control. The mechanisms of core release
by which biodegradation can be delayed have been studied in detail (Macfarlane and
Englyst, 1986; Cummings et al., 2001).
The most commonly studied encapsulated biodegradable polymers are poly(lactide)
(PLA) and poly(lactide-co-glycolide) (PLGA). These polymers have the advantages of
being suitable for fabricating protein-laden capsules. Also, these polymers degrade by
bulk eroding (Crotts and Park, 1998; van de Weert et al., 2000). The lysozyme encapsulated biodegradable PLGA microsphere was developed by Park et al. (Park et al. 1998).
They demonstrated the factor of degradation in PLGA microspheres. In addition, Shah
et al. (1992) studied the release mechanism of testosterone and bovine serum albumin
(BSA) from PLGA films.

13.6

External and internal triggering

Nanostructured carrier systems have been of interest regarding drug, nutrient, and
nutraceutical delivery. Various types of carrier systems, such as lipid nanoparticles,
liposomes, biodegradable biopolymeric nanoparticles, nanospheres, emulsions, etc.,
have been introduced for the delivery of insoluble drugs and bioactive compounds
to a specific target tissue. The synthesis and release mechanisms of the nanocarriers
vary depending on the polymer type, structure, and physico-chemical properties
of the materials used. For the biological application of bioactive compounds, the
maintenance of biological activity and the stability of the compound are of great
concern with regard to various biological environments. Bioactive compounds should
be delivered with their biological activity to the desired tissue in which the compound
works. Furthermore, such a compound should be able to provide beneficial effects
at the targeted site constantly in a controlled time. Thus, various delivery carriers
have been developed for targeted delivery and controlled release of various bioactive
compounds through intravenous and oral administration.
Nano- and microcarriers, in particular, vesicles and micelles, have been the subject of
extensive study regarding the controlled release of drugs and bioactive compounds. The
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bioactive compound can be physically or chemically entrapped in the micelle or vesicle. The release mechanism of the entrapped compound differs depending on how the
bioactive compound is entrapped, on the carrier structure, on the binding type between
the core and the shell, and other external stimuli. The entrapped bioactive compound
is released by the conformational destabilization of encapsulants. In this section, we
review the release mechanisms and the applications of stimuli-responsive polymeric
nanocarriers triggered by external stimuli for controlled release.

13.6.1 Thermosensitive
Stimuli-responsive polymeric nanocarriers are classified into the core-shell micelle
and vesicle. Polymeric micelles and vesicles are mainly composed of amphiphilic block
copolymers in which the hydrophilic and the hydrophobic compartments coexist,
and are structured by hydrophobic interaction between hydrophobic blocks. The
amphiphilic block copolymers are self-assembled in the micelle structure with the
hydrophobic core and the hydrophilic outer membrane stabilizing the micelle, or
vesicle, the so-called “polymersome,” which is a bilayer structure, depending on the
polymer composition and preparation conditions. In the latter case, the polymersome
is considered to be similar to liposome, which is a lipid-bilayered vesicle, in structure
but to be more rigid, stable, and versatile (Discher and Eisenberg, 2002).
Polymeric micelles and vesicles are prepared by various amphiphilic block copolymers depending on the purpose of use. The release mechanism depends on the physical and chemical properties and molecular constituents. Different amphiphilic block
copolymers and their release mechanisms are listed in Table 13.2. Most of those listed
Table 13.2 Amphiphilic block copolymers and external triggers for controlled release.
Amphiphilic block copolymer
Poly(N-isopropylacrylamide) and its random copolymers
Poly(ethylene oxide)-co-poly-(propylene oxide) and its
copolymers, Poly(ethylene glycol)-diacylphospholipid
Poly(ethylene glycol) and 2-diazo-1,2-naphthoquinone
block polymer, Poly(ethylene glycol) and
polymethacrylate with photo-labile pyrene
chromophore moiety, Azobenzene derivatives,
Cinnamoyl derivatives,
Poly(L-histidine), Poly(L-lactic acid) and their random
copolymer
Acryloxy succinimide, 2-hydroxyethyl methacrylate
lactate, 2-hydroxypropyl methacrylamide lactate and
their random copolymer
Poly(ethylene glycol) and poly(propylene sulﬁde)
triblock copolymer, Block copolymer with
ferroce-nylalkyl moiety and its random copolymer
Poly(3-acrylamidophenyl-boronic
acid-co-poly(dimethylaminoethylacrylate)

External
trigger

References

Temperature Heskins and Guillet, 1968;
Pelton, 2000; Schild, 1992
Ultrasound Gao et al., 2004; Husseini
et al., 2000
Light
Goodwin et al., 2005; Jiang
et al., 2005; Tong et al.,
2005

pH
Chemical

Glucose

Lee et al., 2003a; Lee et al.,
2003b
Lee and Vernon, 2005;
Neradovic et al., 1999;
Shah et al., 1997
Napoli et al., 2004; Takeoka
et al., 1995
De Geest et al., 2006
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in Table 13.2 are an extensively investigated compartment of amphiphilic block copolymer, and various polymer compartments along with different physical and chemical
properties are bound to them.
The polymeric micelle should be destabilized in order to release the bioactive
compound entrapped in the polymeric micelle or vesicle. The block copolymer used
as a wall material for polymeric micelle and the vesicle is amphiphilic. Thus, block
copolymer is sensitive to external triggers as indicated in Table 13.1, such as temperature, pH, enzyme, light, etc. We discuss the release mechanisms and applications
of the polymeric micelle and vesicle depending on the external triggers inducing
conformational destabilization of the nanocapsule for targeted delivery and controlled
release.
A thermosensitive polymeric micelle is an aggregate of thermosensitive amphiphilic
block copolymer which starts to aggregate at cloud point (CP), that is the temperature
at which the dissolved solid in a solution becomes insoluble and starts to aggregate.
Block copolymer dissolved in an aqueous solution starts to aggregate, when the temperature of the solution reaches the CP. The release mechanism is activated by the
external temperature working on the conformational destabilization of the hydrophilic
outer shell of the micelle. Below the CP, the hydrophilic outer shell interacts with water
molecules by a hydrogen bond, and thus prevents association between the polymer
molecules. However, the hydrogen bonds between polymer chains and water molecules
are disrupted and the water molecules are expelled from the polymer chain upon heating above its CP. Once the polymeric micelle is heated above its CP, the hydrophilic
molecules are no longer soluble. As a result, the polymeric micelles are aggregated
and precipitated. Therefore, a rapid phase transition occurs from solid to gel structure.
After conformational distortion of the hydrophilic shell, the sol-gel transition is also
affected by various factors, such as the hydrophilic/hydrophobic balance, block length,
stereoregularity, and the hydrophobicity of the hydrophobic compartment, inside the
polymeric micelle (Teng et al., 1998; Kumar et al., 2001). The CP of a block polymer is
of great importance for its application, because the CP can be controlled depending on
the molecular constituents and the hydrophilicity of the side chains. Hydrophilic compartments increase the CP while hydrophobic compartments have the reverse effect.
Poly(N-isopropylacrylamide) (PNIPAAm) is the most widely investigated thermosensitive block copolymer. This polymer has a low CP at around 32 ∘ C, which is slightly
below the body temperature. Thus, PNIPAAm is hydrophilic below 32 ∘ C in water,
but hydrophobic above that temperature. More importantly, the CP of the PNIPAAm
could be modulated by polymerization with other monomers. Thermosensitive polymeric particles have been investigated extensively for the treatment of hyperthermia
(Chung et al., 2000).

13.6.2 Acoustic sensitive
With regard to the ultrasound trigger, the main concept is that acoustic cavitation,
in which gas bubbles oscillate and collapse in the medium, thereby introducing
intense mechanical strains, increases the release substantially. It is suggested that the
mechanism of release may involve the formation and collapse of small gas nuclei
in the hydrophobic region of the outer shell or layer of the polymeric micelle and
vesicle during exposure to low frequency ultrasound (LFUS), thereby inducing the
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formation of transient pores through which payloads are released. In other words, it is
suggested that when a micelle or a vesicle is exposed to an oscillating ultrasonic field,
gas bubble nuclei may be formed in the hydrophobic region of the lipid bilayer. These
nuclei grow until they permeate the membrane, forming a transient pore through
which the payload is released; thereafter, the outer shell or membrane relaxes and
resumes its initial impermeable state. Such transient pores may be either hydrophilic
or hydrophobic in nature. Introducing PEG-lipopolymers into the bilayer of a vesicle
enhances its responsivity to LFUS since the ultrasonic energy is absorbed by the highly
hydrated hydrophilic PEG groups. The presence of amphiphilic phospholipids also
increases the vesicle’s susceptibility to LFUS by stabilizing the bilayer (Schroeder
et al., 2009).
Application of ultrasound to prepare and trigger the release of the polymeric
micelles is a great challenge because ultrasound can penetrate deep into the body
without any adverse effect. Ultrasound has mainly been used for the preparation
of various nanocarriers, such as lipid nanoparticles, emulsions, liposomes, polymeric
nanoparticles, etc. However, in the past few decades, ultrasound has been known
to be able to trigger the release of the payload within nanocarriers. The mechanism
involves inertial cavitation, which induces alternate expansion and shrinking of the
polymeric micelle or vesicle, resulting in disruption under the ultrasonic field, and an
acoustic-induced increase in the permeability of the cell membrane and endocytosis
(Lentacker et al., 2010). Transient cavitation produced by high frequency ultrasound
plays an important role in triggering the core release from polymeric nanoparticles
(Husseini et al., 2000). They hypothesized that disruption of the micelle after the
payload release is caused by the high frequency shock waves generated by transient
cavitation. Gao et al. (2004) showed controlled and targeted accumulation of antitumor agents encapsulated in polymeric micelle composed of hydrophilic poly(ethylene
oxide)-co-poly-(propylene oxide) (PEO-PPO) and PEG-diacylphospholipid containing a hydrophobic compartment. In this case, local irradiation of ultrasound in tumors
triggers the alteration of the membrane of the tumor cell. Thus, the permeability of
the polymeric micelles containing antitumor agents against cell membrane could be
increased (Gao et al., 2004).
Therefore, ultrasound-mediated release mechanisms have been attracting attention
for the controlled and targeted delivery of various bioactive and therapeutic agents
because using ultrasound for controlled and targeted release is noninvasive and
nontoxic.

13.6.3 Light-sensitive
With regard to the light trigger, the main concept includes photo-polymerization
of lipids, photo-sensitization by membrane-anchored hydrophobic probes, or
photo-isomerization of photo-reactive lipids. Photo-triggerable liposome formulations containing wavelength-specific photo sensitizers (primarily lipidic and/or
hydrophobic in nature) in conjunction with photo-activable lipids are also described.
For example, researchers have studied light-sensitive liposomes based on photochemical triggering, such as plasmenylcholine activation by a near infrared (NIR) sensitizer.
Plasmenylcholine is oxidized by photo-triggers such as Zn-phthalocyanine, octabutoxyphthalocyanine, and bacterio-chlorophyll-a which can trigger the release of core
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materials from the liposomes by inducing the change of membrane phase (Yavlovich
et al., 2011). Also, some block copolymers are susceptible to light, such as ultraviolet
(UV) and infrared (IR) radiation. Light induces either reversible or irreversible
decomposition of polymeric micelle by irreversible photolysis and/or reversible
structural change. This mechanism involves light irradiation to photo-sensitive
block copolymer. Light irradiation to photo-sensitive block copolymer leads to the
cleavage of the photo-labile side chain to convert the hydrophobic compartment to
a hydrophilic one, leading to the conformational decomposition of the polymeric
micelle. The polymethacrylate compartment with photo-labile pyrene chromophore
moiety forms a hydrophobic core in the formation of a polymeric micelle (Jiang et al.,
2005). Pyrenyl methyl ester is split upon UV-light irradiation and forms a hydrophilic
poly(methacrylic acid) compartment leading to micelle disruption. Dissociation of the
micelle allows the payload release. IR-light also can be used as an external trigger
for the destabilization of photo-sensitive polymeric micelles (Goodwin et al., 2005).
IR-light requires more irradiation time for the disruption of the polymeric micelle and
the payload release compared to UV-light, but is preferable to use due to its harmless
effect on the body. There is another way to destabilize polymeric micelles which causes
reversible structural change. This is a non-destructive mechanism. Exposure of the
photo-sensitive group to light leads to the hydrophilic-hydrophobic balance by structural change. Photo-sensitive units for reversible decomposition include azobenzenes,
cinnamoyl, triphenylmethane leucohydroxide, spyrobenzopyran, etc. However, such a
kind of mechanism seems to be rarely applied for food application.

13.6.4 pH-sensitive
Aqueous and biological pH variation is a great trigger for the targeted delivery and
controlled release of bioactive compound. For biological applications, a pH-sensitive
nanocarrier which is stable in low pH (stomach) and releases its payload in moderate
pH (small intestine) has a great potential for controlled release upon oral administration. The mechanisms of the polymeric vesicles to release their core material into the
intracellular space in relation to pH change are explained by three hypotheses: (1) the
pH-induced destabilization of amphiphilic polymer initiates the conformational change
for the delivery of their core molecules into the cytoplasmic space; (2) destabilization of pH-sensitive polymeric particles or vesicles induces the diffusion of the core
molecules against the endosomal membrane to release their contents into the cell; and
(3) fusion of the polymeric vesicle and particle with the endosomal membrane leads to
the delivery of their contents into the cell. Simões et al. (2004) suggested that hypotheses
(1) and (3) are the most acceptable to explain the release mechanism of the pH-sensitive
polymeric vesicle and particle.
For the pH-sensitive polymeric micelle or vesicle, the synthesis and release mechanism of the micelle and vesicle depend on the protonation of the basic or acid compartment, such as the amine and carboxylic acid groups, respectively. The pK value
of these amine and carboxylic acid groups is a key factor in controlled release. Basically, a polymeric micelle is formed from block copolymers in which those pH-sensitive
functional groups are bound. For example, L-histidine is an extensively studied protonatable group of hydrophobic compartments in block copolymer (Lee et al., 2003). At
a pH above the pK value of the protonatable group, the hydrophobic compartment is
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uncharged and aggregated. As the pH decreases below the pK value, the hydrophilicity and electrostatic repulsion of the hydrophobic compartment increases. As the result,
conformational destabilization of the micelle occurs and the payload is released. For the
delivery of pH-sensitive functional food ingredients, such as phytochemicals, functional
amino acids and/or fatty acids, a block copolymer consisting of protonatable L-histidine,
pyrimidine or amide group with pK value between 4 and 5 is a good source for oral
administration.

13.6.5 Chemical-sensitive
Chemical destabilization is another mechanism of external triggering. A polymeric
micelle is involved in the conversion of the hydrophobic polymer to a hydrophilic one
by hydrolysis of the side chains in the block copolymer which contains hydrolytically
sensitive side chains. As the hydrophobic block copolymer is exposed to the basic
pH, the ester bond in the side chain is disrupted and a hydrophilic free carboxyl
group is generated. As a result, the hydrophilic side chain interacts with water
molecules and leads to the conformational destabilization of the micelle. The structural destabilization loosens the rigidity of the shell structure and causes payload
release. Various block copolymers containing acryloxy succinimide (Neradovic et al.,
1999), 2-hydroxyethyl methacrylate lactate (HEMA-Lacn ) (Shah et al., 1997), and
2-hydroxypropylmethacrylamide lactate (HPMAm-Lacn ) (Soga et al., 2004) as a
hydrolytically sensitive side chain have been studied.
Oxidative stress also causes the destabilization of the polymeric vesicle. Block
polymers containing an oxidation-sensitive hydrophobic compartment, such as
poly(propylene sulfide), are susceptible to oxidative stress, leading to the conformational change of the hydrophobic core structure in the polymeric vesicle. For
example, thioester in poly(propylene sulfide) molecule is very susceptible to oxidative
stress. Napoli et al. synthesized and investigated the oxidation-sensitive amphiphilic
block polymer, which is composed of a triblock copolymer (A-B-A) of hydrophobic
poly(propylene sulfide) and poly(ethylene glycol) (PGE-b-PPS-b-PEG) (Napoli et al.,
2004). They observed that the thioester in PPS is oxidized by oxidative agents and
eventually turned to hydrophilic poly(propylene sulphone). Hydrophilization of the
PPS caused conformational destabilization of the vesicle resulting in payload release.
The oxidative agents include H2 O2, glucose oxidase, metal ions, etc.

13.6.6 Enzyme-sensitive
With regard to the enzyme trigger, the main concept depends on the localization
of the particular proteases and the design of vesicles such as liposome. Three main
extra-cytosolic sites may be useful for proteolytic activation. If proteases at a high
concentration are located near the exterior of a target cell, vesicles near the target cell
are ready to be activated to fuse. This scenario depends on the rapid interaction of the
vesicle with the cell surface before other extracellular factors can interfere. Proteases
located directly on the cell surface may also appropriately activate the vesicles for
delivery. Because of the close localization to the target cell surface, activation by such
proteases is more likely to result in the delivery of the bioactive compounds into the
cell (Meers, 2001).
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13.6.7 Other stimuli
We looked at various external stimuli, such as temperature, pH, biodegradation, oxidation and reduction reaction, and light, triggering the release of bioactive compound
from polymeric nanoparticles. Some investigators have developed multi-response sensitive polymeric micelles, i.e., a thermosensitive and biodegradable polymeric micelle,
for targeted and controlled release of bioactive compounds. Furthermore, other biological environments, such as enzyme and glucose, have been investigated as external
triggers. A polymeric nanoparticle consisting of amphiphilic block polymer which contains a hydrophilic and hydrophobic compartment has great potential for the targeted
and controlled release of neutraceuticals. Stimuli-sensitive amphiphilic block polymer
enables the polymeric nanoparticle to deliver the bioactive compound to the desired
site and at the desired time.
A new, widely adaptable and physiologically friendly method of triggering the rapid
release of the payload from a vesicular and micellar carrier is to incorporate gold
nanoparticles into the vesicle, or attach nanoparticles to the outer shell or membrane.
When gold nanoparticles are exposed to near infrared (NIR), they strongly adsorb
the NIR, and rapidly convert the NIR energy into heat. The NIR can penetrate
depths of tissues, blood cells, etc. up to several centimeters. Gold nanoparticles,
including nanoshells and nanorods, illuminated with NIR have been successfully
used to non-invasively investigate diseased cells and tissues both in vivo and in vitro
(Zasadzinski et al., 2011).

13.7

Conclusion

We have reviewed the release mechanism and the application of bioactive compounds
encapsulated in the micro- and nanocarriers for food applications. The release characteristics of the core material depend on the association of the core and the encapsulating
materials and the nature or molecular compositions of the encapsulant. In the microand nano-structured carrier systems, the release of the core material is involved with
physical and chemical change in the carrier structure. The internal/external triggers
described above initiate conformational change of the shell or membrane structures
of carrier system. For the controlled release, however, the release is not governed only
by one of the mechanisms. Even if the release is initiated by one of the mechanisms, the
whole release reaction of the core material may be controlled by the complex reaction
of more than two triggers. The complexity of the release mechanism, therefore, enables
a variety of applications of food encapsulation in the food industry.
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14.1

Introduction

Nanotechnology is an emerging technology that can be applied to diverse food industries such as processing, packaging, formulation, quality control, food safety/security,
and delivery systems to improve the stability, safety, and functionality of foods (Weiss
et al., 2006; Sozer and Kokini, 2009; Rashidi and Khosravi-Darani, 2011; Sonkaria
et al., 2012). Nanotechnology generally deals with nanomaterials in the size range
of 1 to 100 nm, thereby creating novel physical, chemical, and biological properties
different from bulk-sized materials. Along with growing interest in functional foods
and nutraceuticals, in particular, nanomaterials-based delivery systems have attracted
a great deal of attention as a means to effectively deliver bioactive ingredients to
target organs, eventually contributing to enhanced absorption and bioavailability in
the body (Ascota, 2009; Srinivas et al., 2010). One of the main problems concerning
nutraceuticals is that their bioactivity and functionality are not really evident at
the systemic level, especially when they are orally ingested. Oral nutraceuticals are
subjected to harsh biological conditions, such as low gastric pH, enzyme digestion, and
the gastrointestinal (GI) barriers where mucosal immune systems are actively present
(Figure 14.1). Moreover, most of the functional ingredients often possess low solubility
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 14.1 Characteristics of the GI tract, showing different pH in the different parts.

in water and body fluids, and some oral neutraceuticals tend to be rapidly metabolized
in the intestinal guts and liver, which are closely related to low absorption as well as
rapid clearance from the body. The challenge is, therefore, to overcome these obstacles
and move efficiently across the GI tract, finally reaching the systemic circulation
without significant loss of bioactivity. In this regard, the approach of encapsulating
labile bioactive molecules with nanomaterials has great potential to improve their
physico-chemical stability, their water solubility, and their permeation efficiency via
the GI tract, because nanoparticles can easily penetrate the plasma membrane and
be internalized into cells (McClements et al., 2009; Huang et al., 2010; Nair et al.,
2010). It is worth noting here that the microencapsulation approach could also be
included in food nanotechnology, considering the fact that nutrients and functional
ingredients are easily degraded or decomposed by oral intake. Thus, controlling the
size of natural components to a nano- or microsize by the encapsulation approach can
result in different biological reactivity under physiological conditions. Furthermore,
the controlled release property of nutraceuticals by nano- and microencapsulation
could be also achieved, contributing to sustainable efficacy of bioactive molecules in
the body.
Bioavailability is the term used to describe the proportion of an administered
bioactive substance that reaches the systemic circulation, which is the extent of
absorption, one of the principal pharmacokinetic parameters. Pharmacokinetic study
is generally applied to evaluate the bioavailability of an administered molecule and
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Figure 14.2 Typical plasma concentration-time curve after oral administration, obtained by pharmacokinetic study. Notes: Cmax , the peak plasma concentration; Tmax , time to reach maximum concentration;
t1/2 , elimination half-life; AUC, area under the plasma concentration-time curve which represents total
amount of administered drug reaching the systemic circulation.

to predict the absorption/elimination phase, by estimating Cmax (the peak plasma
concentration), Tmax (time to reach Cmax ), t1/2 (elimination half-life), AUC (area under
the plasma concentration-time curve), and etc. from the plasma concentration-time
curve after administration (Figure 14.2). Among them, AUC reflects the actual body
exposure to an administered molecule. By definition, the highest bioavailability of
bioactives can be obtained by intravenous injection, while their intake via other routes
like oral ingestion generally decreases biological efficacy during the GI transit. It is,
therefore, necessary to enhance absorption of orally ingested functional foods and
nutraceuticals at the systemic level. Many attempts have been made to improve water
solubility and stability of hydrophobic compounds such as polyphenols (Moulton et al.,
2010), coenzyme Q10 (Kwon et al., 2002), and lycopenes (Wegmann et al., 2002) by
using nano- or microencapsulation systems. Up to now, most of studies have been
focused on development of novel synthetic nano- and microencapsulated approaches,
characterization of the synthesized systems, and in vitro evaluation of their stability,
cytotoxicity, and antioxidant activity. Research on in vivo bioavailability evaluation of
the nano- and microencapsulated nutraceuticals is, however, still limited.
In this chapter, recent developments in nano- and microencapsulation systems
in food nanotechnology to enhance in vivo bioavailability of food ingredients are
described.

14.2

Bioavailability of nano- and microencapsulated
phytochemicals

According to Manach et al., among various phytochemicals, low levels of curcumin,
galloylated tea catechins, proanthocyanidins, and antocyanins are absorbed into the systemic circulation compared to other polyphenol compounds, probably related to their
hydrophobicity and low solubility in water (Manach et al., 2005). Figure 14.3 shows the
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structure of various phytochemicals which have been tried out as nano- and microencapsulations for bioavailability enhancement.
Several delivery systems have been developed to enhance the bioavailability of
curcumin (diferuloylmethane), one of the most challenged polyphenols in terms of
absorption, by using liposomes, nanoparticles, and micelles (Anand et al., 2007; Leonarduzzi et al., 2010). The yellow pigment in Indian saffron (Curcuma longa), curcumin
in its free form is known to be poorly absorbed in the gut and rapidly metabolized in
the intestine, thereby being limited in its clinical efficacy (Tsai et al., 2011). Because
curcumin has been recognized to have potent antiproliferative and proapoptotic effects
in diverse types of cancer (Kuo et al., 1996; Chen et al., 1999), most in vivo studies evaluated its effects on antitumor activity following preparation of novel nano-encapsulated
curcumins. Li et al. developed a liposomal systemic delivery system by encapsulating curcumin with lipids, such as 1,2-dimyristolyl-sn-glycero-3-phosphocholine and
1,2-dimyristoyl-sn-glycerol-3-[phosphor-rac-(1-glycerol)] (Li et al., 2005). The delivery
system showed similar or better activity on the suppression of pancreatic carcinoma
growth in murine xenograft models and inhibited tumor angiogenesis at an equimolar
concentration to free curcumin in mice following intravenous injection (Li et al., 2005).
Li et al. further evaluated preclinical antitumor activity of the liposomal curcumin in
colorectal cancer in vivo, in comparison with oxaliplatin, one of the most widely applied
chemotherapic drugs (Li et al., 2007a). Greater inhibition by liposomal curcumin than
oxaliplatin was found in Colo205 xenografts, suggesting its potential for clinical
usage in the near future (Li et al., 2007a). A curcumin-phospholipid complex was
also developed with soya phospholipid, showing about 2.3-fold increased maximum
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plasma concentration and 3.4-fold enhanced bioavailability of curcumin in rats after
oral administration of the complex, though its therapeutical activity was not assessed
in this study (Liu et al., 2006). Very recently, polylactic-co-glycolic acid (PLGA)
nanoparticle-encapsulated curcumin with a size of about 160 nm was reported, clearly
demonstrating that oral absorption of curcumin was highly dependent on the molecular
weights of PLGA used for encapsulation (Tsai et al., 2012); curcumin encapsulated in
high molecular weight (40,000–75,000) of PLGA significantly increased bioavailability
(about 2-fold) compared to its free form after oral administration to rats, which was
clearly demonstrated by pharmacokinetic and small intestinal absorption studies.
Moreover, the amount of curcumin excreted via the feces considerably decreased
(about 80% for free curcumin vs about 20% for PLGA-curcumin nanoparticles),
while its urinary excretion remarkably increased, when it was administered in high
molecular weight PLGA formulation (Tsai et al., 2012). All the results strongly support
highly enhanced bioavailability of curcumin using PLGA nanoparticles. Spherical gold
nanoparticles were applied to curcumin (Cu-AuNPs) and further stabilized by a natural
plant source glycoprotein, gum arabic, which was determined to possess in vitro stability
as well as low cytotoxicity (Katti et al., 2009). However, their bioavailability evaluation
was not performed. On the other hand, curcumin encapsulated in o/w emulsions was
also reported (Wang et al., 2008); the o/w emulsion was prepared with medium-chain
triacylglycerols (MCT) as an oil and Tween 20 as an emulsifier, and the droplet size
of the nanoemulsion was determined to be ranged from about 80 to 620 nm. Interestingly, the oral-administered curcumin encapsulated in emulsion showed enhanced
anti-inflammation activity in a mouse ear inflammation model compared to free
curcumin (Wang et al., 2008). Improvement of the plasma concentration of curcumin in
mice following oral administration (a 9-fold increase compared with free curcumin) was
recently reported by using an organogel-based nanoemulsion system where both MCT
and monostearin were used as oil phases, and Tween 20 was added as an emulsifier (Yu
and Huang, 2012). Microencapsulated curcumin in a cellulose derivative coating was
also reported to enhance curcumin bioavailability from enriched bread, as observed by
delayed and increased curcuminoid absorption in cross-cover, randomized, and single
blind study in healthy human volunteers (Vitaglione et al., 2012).
Catechin and epigallocatechin (EGCG), major compounds found in green tea,
have attracted much attention due to their various pharmacological properties
including cardioprotective, neuroprotective, and anti-cancer effects, associated with
their antioxidant property (Nichenametla et al., 2006). However, their therapeutic
efficacy is limited due to their high instability in solution, rapid degradation through
oxidative process, and low intestinal absorption (Mochizuki et al., 2002). In addition,
the toxicity potential of EGCG at the chemopreventive dose level has recently been
reported, raising concern about its chronic toxicity. It is, therefore, indispensable to
reduce the toxicity of EGCG by applying novel pharmaceutical technology (Wang
et al., 2012). Dube et al. encapsulated catechin and EGCG in chitosan nanoparticles
and the average sizes were determined to be 430 and 440 nm for catechin-chitosan
and EGCG-chitosan nanoformulations, respectively (Dube et al., 2011). And their
enhanced intestinal absorption compared to free catechin and EGCG was demonstrated by tissue permeability/absorption experiments using excised mouse jejunum
(Dube et al., 2011). They further investigated the pharmacokinetics and absorption of
EGCG encapsulated in chitosan-tripolyphosphate nanoparticles after oral administration to mice (Dube et al., 2011); the plasma concentration of EGCG increased by a
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factor of 1.5 relative to free EGCG solution, and this was closely related to its increased
concentration in the stomach and jejunum. Siddiqui et al. introduced the concept of
nanochemoprevention by encapsulating EGCG in polylactic acid (PLA)-polyethylene
glycol (PEG) nanoparticles (Siddiqui et al., 2009). Thus, prepared EGCG nanoparticles
had an effective proapoptotic effect and inhibited angiogenesis in tumor xenograft
mice after intreperitoneal injection, suggesting a 10-fold dose advantage to exert
therapeutic efficacy in comparison with free EGCG (Siddiqui et al., 2009). They also
demonstrated that plasma concentration of EGCG greatly increased by using the
nanoparticle system, which explains its in vivo anti-cancer efficacy (Siddiqui et al.,
2009).
A flavonoidal antioxidant, quercetin (QC), is largely found in many fruits, vegetable
oils, red wine, and tea (Greetha et al., 2005). Its antioxidant activities against many
ischemic heart diseases, atherosclerosis, liver disease, renal injury, biliary obstruction,
and neurodegenerative disease have been well reported (Peres et al., 2000; Heo and Lee,
2004; Sing et al., 2004). However, its practical clinical application has limitations due to
its insolubility in water. A few research studies were reported to improve its physiological activity at the systemic level using nanoencapsulation. Das et al. incorporated QC
into a PLA nanocapsule formulation and its bioactivity was investigated after oral feeding in order to reduce ischemia cerebral damage induced by oxidative stress (Das et al.,
2008). The results showed that the nanoparticulated QC significantly increased the glutathione (GSH) level as well as antioxidant enzyme activities, and moreover, reduced
lipid peroxidation to normal level in cerebral ischemia-reperfusion-induced brain in
both young and aged rats, implying its potential efficacy against age-related cerebral
oxidative injury (Das et al., 2008). In another report, QC was also encapsulated by solid
lipid nanoparticles (SLNs) with a formulation of glyceryl monostearate (GMS), soya
lecithin, Tween 80, and PEG 400, using an emulsification and low-temperature solidification method (Li et al., 2009b). The absorption of QC-SLNs with a size of 20–500 nm
in the GI tract was shown to be about 6.20% for 2 h via a passive diffusion mechanism
(Li et al., 2009b). Pharmacokinetic results indicated that the bioavailability of QC-SLNs
increased by a factor of 5.7 relative to free QC suspension after a single oral administration, and their pharmacokinetic behaviors were characterized as a one-compartment
model (Li et al., 2009b). In addition, mean residence time (MRT) of QC-SLNs in plasma
was also delayed about 2.2-fold as compared with free QC suspension, suggesting the
effectiveness of SLNs as an oral delivery carrier for poorly water soluble drugs like QC
(Li et al., 2009b). Ghosh et al. attempted to nanoencapsulate QC with PLGA and didodecyldimethylammonium bromide (DMAB) as an emulsifier, and obtained a nanocapsule with an average particle size of about 270 nm (Ghosh et al., 2009). This nanocapsule
significantly increased GSH concentration and antioxidant enzyme activities to normal
levels in both liver and brain in arsenic-induced oxidative damage model rats after oral
feeding (Ghosh et al., 2009). The nanoencapsulated QC also exhibited protection activity against loss of membrane microviscosity in the liver and brain, while no significant
effect of free QC was found (Ghosh et al., 2009). Moreover, arsenic concentration in
both tissues considerably decreased after oral feeding of the nanocapsule, which may
explain the protective role of QC when delivered by the nanoencapsulation system
(Ghosh et al., 2009).
Ellagic acid (EA) is a natural phenol antioxidant present in various fruits, vegetables, nuts, and other dietary foods (Zee-Cheng and Cheng, 1986). Its pharmacological
effects on cancer prevention, diabetic-related disease, and atherosclerosis were
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reported (Ratnam et al., 2006). However, its efficacy in humans has not been proven
yet, because it is not only poorly soluble in water, but also rapidly metabolized in
the intestine, especially by oral intake, resulting in short plasma half-life (Doyle and
Griffiths, 1980; Teel, 1987). Sonaje et al. developed a biodegradable nanoparticle oral
delivery system for EA in order to enhance its oral bioavailability, by encapsulating
EA into PLGA and/or polycaprolactone (PCL) nanoparticles, followed by further
stabilization with DMAB or polyvinyl alcohol (PVA), and finally obtained EA-loaded
nanoparticles in the size range between 120 to 290 nm (Sonaje et al., 2007). In situ
permeation studies in rats showed that the EA-loaded nanoparticles, in particular, in
a formulation of PLGA-DMAB and PCL-DMAB, were efficient for intestinal uptake
compared to free EA suspended in sodium carboxymethyl cellulose (Sonaje et al.,
2007). Furthermore, the similar efficacy of both EA-loaded nanoparticles at three times
reduced dose in comparison with that of free EA suspension was demonstrated (Sonaje
et al., 2007); the preventive effect of the EA-loaded nanoparticles on cyclosporine
A-induced nephrotoxicity in rats was shown, as evaluated by biochemical parameters
and histopathology examination. This is clear evidence of enhanced bioavailability.
Sodium ferulate (SF)-entrapped bovine serum albumin (BSA) nanoparticles were
prepared by Li et al. (Li et al., 2008). Ferulic acid (FA) belongs to phenolic phytochemical compounds found in the seeds of fruits, coffee, peanut, and plant cell walls. FA
is known to be effective in preventing many types of cancer, by playing a role as an
antioxidant (Li et al., 2007b). It has been also clinically used for cardiovascular and cerebrovascular diseases in China (Wang and Ou-Yang, 2005). The novel hepatic activity of
the SF-entrapped BSA nanoparticles with a size of 100 to 200 nm was evaluated in mice
after intravenous injection, showing high SF distribution only in the liver, but not in any
other tissues (Li et al., 2008). They further developed mannose 6-phosphate-modified
BSA nanoparticles for liver target delivery of SF, showing their efficiency in terms of a
slower elimination rate and high SF accumulation in the liver after intravenous injection
in mice (Li et al., 2009a). These findings suggest the potential efficacy of the prepared
SF-loaded nanoparticles for the treatment of hepatic fibrosis.
An antioxidant naringenin (4′ ,5,7-trihydroxyflavonone), a natural aglycone of
naringin, is widely distributed in a variety of fruits, tomatoes, and cocoa, and is recognized to have antitumor, anti-inflammatory, and hepatoprotective properties (Heo
et al., 2004; Lee et al., 2004; Kanno et al., 2005; Hirai et al., 2007). Naringenin-loaded
nanoparticles were reported by Yen et al. using nanoprecipitation method with
Eudragit® E polymer and PVA (Yen et al., 2009). The particle size of the nanoparticles
highly differed from the pH condition, being determined to be 65 nm under the acidic
condition and about 370 to 460 nm at neutral pH (Yen et al., 2009). Hepatoprotective
effects of the naringenin-loaded nanoparticles were assessed in a CCl4 -induced
acute liver failure rat model after oral administration, showing remarkably reduced
biochemical parameters of liver injury, increased antioxidant enzyme activities, and
reduced lipid peroxidation in the liver, in comparison with free naringenin (Yen et al.,
2009). This can be explained by the hepatoprotective effects of naringenin, related
to its antioxidant and antiapoptotic activities, especially when it is entrapped in the
nanoformulation.
A natural phytochemical compound, dibenzoylmethane (DBM, 1,3-diphenylpropanedione) was encapsulated in a nanoemulsion system using Tween 20, glycerol
monooleate MCT, and water (Lin et al., 2011). DBM is a beta-diketone compound
found in the root of licorice as a minor constituent. It has similar structure to curmunin
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Figure 14.4 General scheme of the absorption and metabolism of phytochemical-loaded nanoemulsions or micelles. Source: Yu and Huang (2012). Reprinted with permission from American Chemical
Society.

and exerts a variety of anti-cancer activities (Lin et al., 2001). Pharmacokinetic study
of DBM nanoemulsion demonstrated about a 3-fold increased oral bioavailability of
DBM compared to DBM conventional emulsion in rats (Lin et al., 2001). Guavanoic
acid, a phytochemical of Psidium guajava was conjugated to gold nanoparticles, which
inhibited protein tyrosine phosphatase 1B in vitro, a promising therapeutic target in the
treatment of diabetes (Khaleel Basha et al., 2010). But, in vivo bioactivity evaluation
was not demonstrated in this study. Phytochemical-stabilized gold nanoparticles with
gallic acid, protocatechuic acid, and isoflavone were also reported without in vivo
experiments, focusing on the characterization of their physico-chemical properties and
in vitro antioxidant activity (Lee et al., 2011).
The general scheme of the absorption and metabolism of nano- and microencapsulated phytochemicals in emulsion or micelle forms is proposed in Figure 14.4.

14.3

Bioavailability of other nano- and
microencapsulated nutraceuticals

The coenzyme Q10 (CoQ10 ) is a well-known antioxidant with diverse pharmacological
activities against chronic diseases such as cardiomyopathy, hypertension, angina pectoris, atherosclerosis, and cancer (Langsjoen et al., 1994). However, its insolubility in
water as well as its poor absorption efficiency from dietary foods and supplements are
major problems that could be overcome for its clinical application (Figure 14.5). Ankola
et al. developed a biodegradable nanoparticulate formulation based on PLGA in an
emulsion form using DMAB as a stabilizer (Ankola et al., 2007). The CoQ10 nanoparticulate formulation decreased blood pressure and lipid peroxidation at a 60% lower
dose level compared to CoQ10 suspension in a renal hypertensive Goldblatt 2K1C rat
model after oral administration (Ankola et al., 2007). Furthermore, the greater efficacy
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of the CoQ10 nanoformulation than that of the commercial formulation was obtained
at an equivalent dose level, possibly implying promising potential of the former for
prophylaxis and therapy (Ankola et al., 2007).
Brown seaweed (Undaria pinnatifida) lipids (ULs) are recognized to have a function
to improve lipid metabolism, contributing to substantial anti-obesity effects in vitro
and in vivo (Maeda et al., 2005). The major active compound from ULs’ exerting anti-obesity function is determined to be fucoxanthin (Figure 14.5) and/or other
metabolites (Maeda et al., 2006). Okada et al. attempted to develop a ULs-incorporated
nanocapsule (about 120 nm) with n-3 polyunsaturated fatty acid-rich scallop phospholipids (PLs) mainly composed of eicosapentaenoic acid (EPA) and docosahaxaenoic
acid (DHA) (Okada et al., 2011). Both EPA and DHA are also known to be effective
in many physiological functions such as improvement of lipid metabolism, prevention
of coronary heart diseases, and reduction of inflammation responses (Baik et al.,
2010; Chen and Shih, 2010). Therefore, the bioactivity of this prepared nanocapsule
was investigated in terms of anti-obesity effects in an animal model, 3 weeks-old
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male KK-AY mice (Okada et al., 2011). After 4 weeks experimental feeding of the
nanocapsule via drink and diets, a significant reduction in body weight as well as total
white adipose tissue weight was evident, while UCP1 gene expression in epididymal
fat significantly increased in mice treated with the nanocapsule compared to the
control group (Okada et al., 2011). Here, it is worth noting that UCP1 is expressed in
brown adipose tissue and plays a role in energy consumption obtained from nutrients.
This research clearly suggests an additive effect of the nanocapsule on anti-obesity
in vivo. Recently, Torres-Giner et al. reported encapsulation of DHA, a long chain
polyunsaturated fatty acid of the omega-3 groups, in zein ultrathin capsules by using
an electrospary process (Torres-Giner et al., 2010). The zein-DHA capsule of about
490 nm resulted in less degradation and more stability against relative humidity and
temperature, but in vivo bioavailability experiments were not conducted (Torres-Giner
et al., 2010).
Poorly water-soluble simvastatin (Figure 14.5), also known as a statin, is a
lipid-regulating drug applied to reduce cholesterol and other lipids. It is produced
during the fermentation process of Aspergillus terreus. But its poor solubility and
rapid metabolism by cytochrome 3A system in intestinal guts and the liver after oral
administration lead to low bioavailability at the systemic level (De Angelis, 2004).
Therefore, simvastatin was loaded into glyceryl monooleate (GMO)/poloxamer 407
cubic nanoparticles within the size range of 100–150 nm (Lai et al., 2009). Pharmacokinetic study of the simvastatin-loaded cubic nanoparticles showed more sustained
plasma concentration-time curve profile, contributing to 241% enhanced oral bioavailability than free simvastatin crystal powder in beagle dogs (Lai et al., 2009). Zhang
et al. also developed several simvastatin-loaded lipid nanoparticle systems to enhance
oral bioavailability by means of an emulsification solvent evaporation technique with
surfactant, oil, and lecithin (Zhang et al., 2010). The particle sizes of thus prepared
simbastatin-loaded nanoparticles with various formulations fell into about 40 to 70 nm,
and greatly improved intestinal absorption compared to free simvastatin was found by
an in situ single-pass intestinal perfusion study in rats (Zhang et al., 2010). The plasma
concentration-time profile indicated 2.55- to 3.37-fold increased plasma concentration
of simvastatin after oral administration to rats, when it was delivered by the lipid
nanoparticle formulations (Zhang et al., 2010).
The oral administration of probiotic bacteria is an important field that has rapidly
expanded in functional foods (Cook et al., 2012). However, most orally administered
bacteria do not survive under gastric condition such as low pH and high bile salt level,
resulting in loss of bioactivity. Encapsulation of Saccaromyces boulardii in alginate
microspheres with or without chitosan coating increased significantly the intestinal
delivery of viable S. boulardii, after a single oral administration of 2 × 108 cfu/100 g to
rats (Graff et al., 2008); the excretion profile of viable yeast via feces showed that 13.3
and 9.0% of the administered yeast survived when uncoated and the chitosan-coated
microspheres were treated, respectively, as compared with only 2.5% survival rate
in the case of non-encapsulated yeast. A microencapsulation system of probiotics
in alginate-chitosan capsules was also developed, aiming at effectively delivering
Lactobacillus and Bifidobacterium to the colon as well as improving their survival in
gastric and intestinal environments, though their bioactivity was not demonstrated
(Chavarri et al., 2010). The two general approaches for bacterial encapsulation in
alginate are presented in Figure 14.6.
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Figure 14.6 Two basic approaches for probiotic bacterial microencapsulation.

14.4

Bioavailability of nano- and microencapsulated
bioactive components

Vitamin D3 (VD3 ), a group of lipid-soluble secosteroids, is an essential dietary substance for diseases such as rickets and osteomalacia. VD3 was encapsulated in nanoparticles of oleoyl alginate ester, demonstrating in vivo enhanced pharmacokinetic behaviors in terms of VD3 absorption (Sun et al., 2012). Thus prepared nanoparticulated
VD3 had also greater efficacy than the free drug without nanoencapsulation in vitamin D-deficiency rickets in vivo (Sun et al., 2012). In another report, VD3 was loaded
in a hydrophobic alginate derivative, which had sustained release property of VD3 in
vitro, though an in vivo experiment was not reported (Li et al., 2011).
An oral delivery vitamin B12 (VB12 )-nanosphere conjugate carrier system was
reported, aiming at enhancing oral insulin delivery through the uptake routes of both
nanoparticle and VB12 transporter (Chalasani et al., 2007). In fact, the possibility
of a VB12 conjugated oral delivery system for pharmacological proteins and peptides through the uptake mechanism of VB12 was reported though the number of
intrinsic factor-VB12 binding site in the ileal mucosa is limited (Russell-Jones, 1994).
The nanoparticles were synthesized with different molecular weight dextrans and
epichlorohydrin as a cross-linker in an emulsion form, followed by modification with
succinic anhydride for conjugation with amino VB12 , and finally loaded with different
amounts of insulin (Chalasani et al., 2007). Thus prepared nanoparticle conjugates in
the size range between 160 to 250 nm showed about 1.1- to 2.6-fold increased pharmacological availability depending on the insulin-loaded contents, thereby contributing
to effectively decreasing the plasma glucose level in diabetic model rats after oral
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administration (Chalasani et al., 2007). This research showed that the VB12 coupled
dextran nanoparticle system will be a promising candidate for oral delivery of bioactive
proteins.
Selenium (Se) has been well reported to exhibit cancer preventive or chemopreventive effects (Wang et al., 2012). Se has diverse physiological actions such as involvement
of expression of selenoproteins (glutathione peroxidases and thioredoxin reductase)
and induction of phase II enzymes (quinine reductase and glutathione S-transferase),
which play a role in antioxidant defense as well as in detoxification (Zhu et al., 2008;
Arner, 2009). Se is known to promote thiol oxidation to exhibit its biological functions,
but this process also generates intracellular oxidative stress, consequently causing cytotoxic effects (Seko and Imura, 1997). Thus, Zhang et al. developed nano red elemental
selenium (Nano-Se) by adding BSA to the redox system of selenite and GSH (Zhang
et al., 2001). This novel nanoformulated Se (an average size of 36 nm) exhibited 7-fold
lower acute toxicity than sodium selenite in mice (Zhang et al., 2001). A subchronic
toxicity study of thus prepared Nano-Se was further performed in rats, demonstrating
that Nano-Se exhibits less toxicity than selenite after feeding diets containing Nano-Se
or selenite for 13 weeks (Jia et al., 2005). Moreover, the Nano-Se was determined to be
much less toxic than Se-methylselenocystein, one of the most effective Se compounds
for chemoprevention, in mice after single-dose oral administration, as indicated by elevated median lethal dose, decreased level of biochemical parameters of liver injury, and
increased survival rate (Zhang et al., 2008). This is clear evidence that nanoencapsulation could be also useful to reduce the potential toxicity of bioactive molecules. The
Nano-Se was reported to have similar bioactivity to sodium selenite in terms of tissue
Se level and glutathione peroxidase activity in a Se-deficient rat model as well (Zhang
et al., 2001).
An attempt has been made to enhance the bioavailability of a powerful endogenous antioxidant, GSH, by intercalating GSH into an inorganic biocompatible layered
material, montmorillonite (MMT) (Baek et al., 2012). GSH acts as an intracellular
antioxidant as well as an immune booster and plays a role in many biological functions (Milne et al., 1993; Li et al., 2007c). Therefore, systemic GSH depletion is often
related to a variety of diseases including HIV infection, Alzheimer’s, Parkinson’s, and
liver disease (Jahoor et al., 1999). However, easy degradation of orally ingested GSH to
free amino acids and oxidation of its thiol group under an intestinal environment limit
its practical usage at the systemic level. Beak et al. synthesized GSH-intercalated MMT
(GSH-MMT) by ion exchange reaction, and further stabilized it with polyvinylacetal
diethylaminoacetate (AEA), resulting in two different hybrids with or without coating,
GSH-MMT and AEA-GSH-MMT (Figure 14.7) (Baek et al., 2012). The particle size
of the hybrids was determined to be about 1 μm, since the size of MMT itself belongs
to 1 to 1.5 μm (Baek et al., 2012). 2.1- and 4.7-fold enhanced bioavailability of GSH in
mice after oral administration were found without and with AEA coating, respectively,
as compared with free GSH (Figure 14.8), which was demonstrated by high plasma
GSH levels (Baek et al., 2012). Moreover, GSH concentration in a main target organ,
liver, significantly increased by using two different hybrid systems, demonstrating the
delivery efficiency of GSH-MMT hybrid systems (Figure 14.8) (Baek et al., 2012). Further study showed that the hybrids were effective in GSH-deficient model mice as well,
enhancing the GSH level in the plasma, heart, kidney, and liver after oral administration
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(Baek and Choi, 2012). These results clearly suggest enhanced oral bioavailability and
delivery efficiency of GSH by employing MMT carriers.

14.5

Conclusion

In this chapter, we describe recent developments in nano- and microencapsulated oral
delivery systems for bioactive molecules in functional foods, which show enhanced
absorption, bioavailability, physiological functions, and pharmacological activities
at the systemic level. The principal approaches to improve in vivo bioavailability of
bioactives include an increase in water solubility, protection against gastrointestinal
microbial and enzyme attack associated with rapid metabolism, and overcoming low
absorption via the GI tract by encapsulating with hydrophilic, nano- or microsized,
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easily membrane-permeable, and GI-resistant materials. Nanotechnology and the
encapsulation technique have promising potential to enhance bioavailability in food
science. This chapter will provide new insights into the design of efficient food
ingredient delivery systems.
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15.1

Introduction

Over the past few decades, a number of new technologies have revolutionized the
development of the food sector. One of the most notable disciplines is the application of
nanotechnology in food (WHO, 2008) (Table 15.1). It is used as a strategy to harness
a controlled delivery system for food ingredients and additives in processed food
(Chaudhry et al., 2008). Nano- and microencapsulation systems can be used to mask
the unpleasant flavors and tastes of ingredients and additives, such as fish oils, to avoid
the encapsulated ingredients from degradation during processing and storage, as well
as to enhance dispersion of water-insoluble food ingredients (FAO and WHO, 2009).
However, current studies on the nanoencapsulation application mainly address its
potential for target delivery of active ingredients of functional food and nutraceuticals
(Hsieh and Ofori, 2007). The food industry has claimed that the addition of nanoand microcapsules to processed foods will elevate both the availability and delivery of
nutrients, thus improving the nutritional status of food (ETC Group, 2003). At present,
a number of delivery systems are available with a range of encapsulated materials,
for example, food additives, such as benzoic acid, citric acid, and supplements (e.g.,
coenzyme-Q10 and β-carotene) used in food products. While the concept of nano- and
microdelivery systems can offer the benefit of improving the absorption, uptake, and
bioavailability of nutrients, it also has the potential to alter the distribution of the
substances in the body (FAO and WHO, 2009).
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.

Novel or improved tastes, ﬂavors,
textures

The nanocarrier systems are used for
taste masking of ingredients and
additives such as ﬁsh oils, and
protection from degradation during
processing. They are also claimed for
improved bioavailability of
nutrients/supplements, antimicrobial
activity, improved optical appearance,
and other health beneﬁts.
Due to larger surface area, lower
amounts would be needed for a
function, of a taste attribute.

Due to larger surface area, lower
amounts would be needed for a
function, or taste attribute. other
projected beneﬁts include
antimicrobial activity etc.

Processed nano-structures in
food

Nanoencapsulated bioactive
substances in the form of
nanomicelles, liposomes,
or bio-polymer-based
carrier systems mainly
additives and supplements
for food and beverage
products.
Organic additives (many of
them naturally occurring
substances) manufactured
in the nano-size range.

Inorganic additives
manufactured in the
nano-size range

Nano-structured
food ingredients

Nanodelivery
systems for
nutrients and
supplements

Organic nano-sized
additives for
food, health food
supplements, and
animal feed
application

Inorganic
nano-sized
additives for
food, health food
supplements, and
feed application.

Function

Nanotechnology

Application

Table 15.1 List of nanotechnology applications in food.

Ingestion via food/
drinks, and
potential
bio-accumulation
in the body.

Ingestion via food/
drinks.

Ingestion via food/
drinks.

Ingestion via food/
drinks.

Exposure pathway

CH 15

The main advantage is claimed to be the better
dispersibility of water-insoluble additives in
foodstuffs without the use of additional fat or
surfactants, and enhanced tastes and ﬂavors
due to enlarged surface areas of the nano-sized
additives compared with conventional bulk
forms. Virtually all products in this category are
also claimed for enhanced absorption and
improved bioavailability in the body compared
with conventional equivalents.
Enhanced tastes and ﬂavors due to enlarged
surface areas of the nano-sized additives over
conventional forms. Products in this category
are also claimed for enhanced absorption and
improved bioavailability in the body compared
with conventional equivalents.

Use of less fat, better tasting food products, more
stable emulsions. a typical product of this
technology would be in the form of a low-fat
nano-textured product. (e.g., ice cream,
mayonnaise, spread, etc.) that is as “creamy”
as the full-fat alternative, and hence would
offer a “healthy” option to the consumer.
Preservation of ingredients and additives during
processing and storage, masking unpleasant
tastes and ﬂavors, controlling the release of
additives, as well as enhanced uptake of the
encapsulated nutrients and supplements.

Potential beneﬁts
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15.2

FACTORS INFLUENCE THE TOXICITY OF NANO- AND MICROPARTICLES

365

Nano- and microtoxicologies are the study of the toxicity of nano- and micromaterials. Due to the quantum size effects and large surface area to volume ratio, nano- and
micromaterials have unique properties compared with their larger counterparts. Nanoand microtoxicologies are a branch of bionanoscience which deals with the study and
application of toxicity of nano- and micromaterials (Cristina et al., 2007). Nano- and
microtoxicological studies are likely to evaluate whether and to what extent these properties might pose a threat to human beings (Mahmoudi et al., 2012). Some nano- and
microparticles seem to be capable of translocating from their site of deposition to distant sites, such as the brain and the blood. This has resulted in a profound change in
how particle toxicology is viewed. Instead of being confined to one single site (e.g., the
lungs), particle toxicologists may now study other sites of deposition (e.g., the brain,
blood, liver, skin, and gut). Nano- and microtechnologies have revolutionized the way
we view particle toxicology (Nel et al. 2006). The potential use of nano- and microtechnologies in the food and pesticide industries still require further clarification. The need
for clarification also holds true for the improvements and benefits that these applications should bring about. In the USA, the Food and Drug Administration (FDA)
has approved products containing nano- and micromaterials. FDA-approved products
known to date include drugs, sunscreen lotions, medical devices, nutrients, and pet food
supplements (Avella et al., 2005).
Various European Commission (EC) initiatives have established a framework
for the Health & Consumers Protection Directorate General action on nano- and
microtechnologies. The European Action Plan, adopted on 7 June 2005, defines a
“safe, integrated, and responsible approach” for nano- and microtechnologies (Balbus
et al., 2007). The Scientific Committee on Emerging and Newly Identified Health Risks
(SCENIHR) first adopted a scientific opinion on “The appropriateness of existing
methodologies to assess the potential risks associated with engineered and adventitious
products of nanotechnologies” on 10 March 2006. The committee concluded that the
current risk assessment of the methodologies for micro/macroscale chemicals requires
modification in order to deal with the risks associated with nanotechnologies. In
particular, the existing toxicological methods might not be sufficient to address all the
issues arising from nanoparticles as size confers unique properties on nanomaterials
(Borm et al., 2006). For instant, reduced size enhanced the reactive surface per unit
volume for particles compared to larger particles. Size also potentially reduces the
effectiveness of barriers to the penetration of foreign objects into the body and to
their movement within it. The committee also indicates that very little is known about
the physiological responses to nano- and microparticles and that there are major gaps
in the knowledge necessary for risk assessment (Buzea et al., 2006). This chapter will
focus on the potential toxicity of food ingredients loaded in nano- and microparticles.

15.2

Factors inﬂuence the toxicity of nano- and
microparticles

Studies specifically dealing with the toxicity of nano- and microparticles have only
recently appeared. Although now emerging in the literature, studies are still rare.
Data concerning the behavior and toxicity of particles mainly comes from studies
on inhaled nanoparticles (Oberdorster, 1996; Donaldson et al., 2001; Donaldson
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and Stone, 2003; Kreyling et al., 2004). Because there is no authority to regulate
nano- and microtech-based products, there are many products that could possibly be
harmful to humans. Scientific research has reported the potential for some nano- and
micromaterials to be toxic to humans (Wan et al., 2003; Xu et al., 2006). The small size
of fabricated nano- and micromaterials also means that they are much more readily
taken up by living tissue than presently known toxins. Nano- and microparticles can
be inhaled, swallowed, and absorbed through the skin and deliberately injected during
medical procedures. They may be inadvertently released from materials implanted into
living tissue.
Size is a key factor in evaluating the potential toxicity of a particle. However, it is
not the only important factor. Other properties of nano- and micromaterials that influence toxicity include: the shape of the particles, the chemical composition, such as the
polymers and surfactants used, as well as the organic solvents used during the synthesis
process (Table 15.2). Additionally, solubility (Kotsilkova et al., 2001) and the presence
or absence of functional groups of other chemicals also influence the gradient of toxicity
of nano- and micromaterials (Balogh et al., 2007). The large number of variables influencing toxicity means that it is difficult to generalize about health risks associated with
exposure to nano- and micromaterials, since each factor must be assessed individually
and all material properties must be taken into account.

15.2.1 Size of the nano- and microparticles
The reduction in size to a nano- and microscale results in an enormous increase in the
surface to volume ratio, and this means that the intrinsic toxicity may be enhanced due
to the greater number of molecules of the chemical being present on the surface (Donaldson et al., 2004). This might be one of the reasons why nano- and microparticles are
generally more toxic than macroparticles of the same insoluble material when compared on a mass dose basis. The expression of a dose response relationship on the basis
of particle size leads to a similar dose response relationship between low toxicity–low
solubility and particles of various sizes (Oberdorster et al., 2000). In studies of low toxicity particles, TiO2 induced greater lung inflammation and particle lymph node burden
compared to BaSO4 when dosed at mass burden in milligrams (Tran et al., 2000). Surface area was, therefore, the major factor to trigger inflammation for these materials,
the differences in severity of the response disappeared when the dose was expressed as
surface area. These examples emphasize the importance of particle size, and by implication, the amount of surface area presented to the biological system for particle toxicity.
Table 15.2 Factors affecting the toxicity of nano- and microparticles.
Factor

Potential toxicity

Example

Size

Increase of the surface to volume ratio results in
toxicity
Can cause lung toxicity on a dose per mass basis
Changes in solubility can alter biokinetics
Toxic substances used in micro and nanoparticles
may induce cytotoxicity

TiO2

Shape
Solubility
Chemical
composition

Nanotube
Metal oxide nanoparticles
Encapsulation polymers
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15.2.2 Shape of the nano- and microparticles
Shape is also an important factor, though there is little definitive evidence yet. Fibers
provide an example of the debate about shape, especially in relation to inhalation.
A special category of fibers are nanotubes, which might be of a few nanometers in
diameter but with several micrometers length. Risks should be assessed, bearing in
mind the well-known carcinogenic effects of certain asbestos fibers. In two recently
published in vivo studies, single-wall carbon nanotubes (SWCNTs) were demonstrated
to induce lung granulomas after intratracheal administration (Lam et al., 2004; Warheit
et al., 2004), indicating that these nanotubes are not able to be classified as a new form
of graphite on material safety data sheets. On a dose per mass basis, the nanotubes
were more toxic than quartz particles. They are well known for their lung toxicity, and
also mechanical blockage of airways. Multifocal granulomatous lesions were observed
without accompanying inflammation, cell proliferation, or cytotoxicity, which suggested a potentially new mechanism of pulmonary toxicity and injury by the nanotubes
(Warheit et al., 2004). In vitro studies using a human keratinocyte cell line showed
that exposure to carbon nanotube results in accelerated oxidative stress and cellular
toxicity, which may be interpreted as the potential for dermal toxicity (Shvedova et al.,
2003).

15.2.3 Solubility of the nano- and microparticles
In view of the possible interaction and the active functionalization of nano- and
microparticles with biomolecular structures, it is important to consider their ability to
be distributed within the body, the decay of number concentration, and the erosion of
individual particles. Many nano- and microparticles will have considerable solubility.
For these materials the interaction with living systems remains close enough to the bulk
chemical agent to justify the use of well-established toxicological testing procedures
and approaches. For biodegradable particles, their particle composition and degradated
products will influence their biological effects. Moreover, materials with a very low
solubility could accumulate within the biological system and persist for a long period of
time. Particles with these characteristics raise the greatest concerns, and attention will
have to be paid to a comparison of the persistence of the particles and the time constants
of the metabolic and cellular activities within the target host (Renwick et al., 2004).
Some studies have already reported that the use of insoluble (or indigestible) materials for nanoparticles in food applications, such as certain metal (oxide) nanoparticles,
that are unlikely to be assimilated inside or outside the GI tract, raises a number of
consumer safety concerns (EFSA, 2009).

15.2.4 Chemical composition of the nano- and
microparticles
The chemical composition is of the most importance for the toxicity of particles
(Donaldson et al., 2004). Previous reports suggest that nano- and microparticles can
induce lung inflammation and epithelial damage to a greater extent than their larger
counterparts (Xia et al., 2004). The production process of nano- and microparticles
should be low cost, simple, and easy to scale up. It is preferred that the process of the
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production excludes organic solvents or any potentially toxic components, such as
certain encapsulating polymers or surfactants involved in the production of nano- and
microparticles. All the components of the formulation are preferred to be commercially
available, safe, non-toxic, and biodegradable (Olbrich et al., 2004; Katsikari et al., 2009;
Melgardt et al., 2009; Song et al., 2012).

15.2.4.1 Toxicity of organic solvents There are various methods of producing nanoand microparticles, for instance, the solvent evaporation method. However, during the
process, the addition of the organic solvent, such as dichloromethane or ethyl acetate,
to dissolve the initial encapsulation polymers may result in certain gradient of toxicity,
including oxidative stress (Melgardt et al., 2009).
The use of the in vitro method for toxicity testing, as an alternative to traditional
tests in animals, has received much attention in recent years (Walton and Buckley,
1978). Tissue-cultured cells from different origins have been used in experiments to
study the assessment and mechanisms involved in the toxicity of the organic solvents.
Peterson et al. (1981), carried out a toxicity study of various organic solvents on
mouse neuroblastoma 41A3 cells. Two commonly used parameters in cell culture
toxicity tests are inhibition of cell growth and morphological signs of cellular injury.
They have chosen a third one, which is cell detachment. By the use of a standard
electronic cell counter, a reproducible and objective quantification of the toxic effect
was obtained after a comparably short incubation time. First, cells were seeded into
Falcon Petri dishes at a cell density of 5 × 105 cells/cm2 . Twenty-four hours later,
the medium was replaced by a fresh batch of medium containing various organic
solvents. Test cultures and control cultures, with complete or serum-free medium, were
then incubated at 37 ∘ C for 24 hours. Then all cultures were inspected under a phase
contrast microscope. The number of attached and suspended cells was determined
separately with a Coulter counter. Results were expressed as cells in the supernatant
as a percentage of the total cell count. The concentration needed to cause 25% of
the total cell number to detach was obtained. The cell density, used in this work,
grew loosely attached to the substratum as distinct spheroids with few intercellular
contacts. Similar observations have been reported by others (Augusti and Sato, 1969;
Ross et al., 1975). Cell detachment increased with increasing concentrations of organic
solvent in a sigmoid fashion, including acetone, n-butanol, t-butanol, benzene, dioxin,
dichloromethane, n-propanol, HgCl, CdC12 , CH3 HgCl, and ppDDT. Several cell
culture systems for the assessment of acute toxicity have been reported (Smith et al.,
1959; Wilsnack, 1976; Autian, 1977; Ekwall and Sandstrom, 1978). These studies make
use of cells of non-neuronal origin, such as the epithelial cell, fibroblasts, and lymphocytes. Moreover, good correlations between in vitro and in vivo studies have also
been studied by others (Smith et al., 1963; Wilsnack, 1976). One possible explanation
of this phenomenon could be simplified in vivo toxicokinetics of these organic solvents
when tested in high concentrations for general effects such as animal death. If so,
simple in vitro tests may be used to predict acute toxicity of certain organic solvents
(Smith et al., 1963).
15.2.4.2 Toxicity of surfactants Surfactants are a large group of surface active substances with a list of applications. Most surfactants have degreasing or wash active
properties. They reduce the surface tension of the water, so it can wet the surfaces
and the fibers, they loosen and encapsulate the dirt and in that way the soiling will
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not be redeposited on the surfaces (Lee et al., 2008). For solid lipid nanoparticles, in
vitro cytotoxicity is dependent on the surfactant used in the stabilization of nanoparticles with one of the investigated surfactants known to induce cytotoxicity (Muller et al.,
1997; Olbrich et al., 2004). The stabilizing surfactants showed the greatest differences
in toxicity, though toxicity could be markedly reduced by binding to the nanoparticles
(Olbrich et al., 2004).
A study by Song et al. (2012) investigated the cellular toxicity of the surfactant
used, by measuring their effects on membrane integrity, metabolic activity, mitochondrial activity, and total protein synthesis rate in a cell culture. Polyethylene glycol,
monoethylene glycol, and propylene glycol exhibited no cellular toxicity even at a
high concentration of 100 mm. Polyoxyethylene lauryl ether and sodium lauryl ether
sulfate significantly damaged the membrane, reduced mitochondrial activity and the
protein synthesis rate as well as disturbing cellular metabolic activity. However, their
toxicity was much lower than those of the severely toxic chemicals at comparable
concentrations. The severely toxic category included polyoxyethylene tallow amine,
polyoxypropylene glycol block copolymer, and polyoxyethylene lauryl amine ether.
These surfactants were cytotoxic between 3.13 and 100 μm in a dose-dependent manner. In conclusion, the results suggest that when choosing an appropriate surfactant for
formulation purposes, its toxicity should be known and the concentration to be used
must also be taken into consideration (Song et al., 2012).

15.2.4.3 Toxicity of the encapsulation polymers The application of the nano- and
microparticle encapsulation polymers influences the overall toxicity of the delivery
systems, particularly when the concentration of the polymers increases, it generates a
significant influence in cytotoxicity. From the study by Katsikari et al. (2009), the
toxicity of poly(D,L-lactide-co-glycolide) (PLGA) polymer-formed nanoparticles was
determined by colorimetric cytotoxicity tests, measuring the membrane integrity and
the mitochondrial activity for determination (Katsikari et al., 2009). Results from the
study suggest a significant cytotoxicity can be observed at high PLGA concentrations.
The concentrations between 25 to 500 μg/ml did not affect cell viability and were
recorded as unaffected by the length of exposure. Cytotoxicity was significantly
found only at higher concentrations. Reported IC50 concentrations of PLGA vary
(Gaspar et al., 1998; Davda and Labhasetwar, 2002) due to many factors, including
particle size, surface properties, and charge, as well as cell type, experimental methods,
and conditions used to evaluate cell viability (Davda and Labhasetwar, 2002). The
mechanisms of toxicity observed at high PLGA concentrations were not convincingly
elucidated and remain largely undetermined. Nevertheless, the results from the lactate
dehydrogenase (LDH) colorimetric cytotoxicity test, demonstrated that they do not
involve direct cell lysis. It has been suggested that cytotoxic effects may be partly due to
polymer degradation products interfering with cellular functions or adhesion of solid
nanoparticles to the cell surface altering the cellular transport of various substances,
thus affecting cell viability (Seal et al., 2001).
However, not all encapsulation polymers induce toxicity of the system. According
to the study by Kim et al. (2003), though some minor toxicity of 15–20% growth
reduction persists, the in vitro cytotoxicity of an indomethacin-loaded nanoparticle
(size < 200 nm), composed of methoxy poly(ethylene glycol)/poly(𝜀-caprolactone)
polymers, was lower when compared to free drugs. In vivo acute toxicity studies found
a LD50 value of 1.47 g . kg−1 , and 50% of this LD50 value administered for 7 days

370

CH 15

POTENTIAL TOXICITY OF FOOD INGREDIENTS LOADED IN NANO- AND MICROPARTICLES

did not induce acute toxicity in lungs, heart, kidney, and liver. It was concluded that
these methoxy poly(ethylene glycol)/poly(𝜀-caprolactone) polymer nanoparticles were
non-toxic (Kim et al., 2003).

15.3

Behavior and health risk of nano- and
microparticles in the gastrointestinal (GI) tract

Whether it exists as a nano- and microstructured food ingredient, a nano- and microcarrier or nano- and micro-sized particles incorporated in food packaging, humans will
eventually be exposed to it through ingesting such components when they are present in
food or food contact substances. The whole cascade of events, including absorption, distribution, metabolism, and excretion/elimination, occur following ingestion determined
by the internal exposure and toxicity of these substances. However, due to the interactions of the nano- and micromaterials with the surrounding matrix and the unexpected
effects resulting from this, little is known regarding the behavior and fate of nano- and
micromaterials in the GI tract (EFSA, 2009).

15.3.1 Absorption
Food ingredients loaded in nano- and microparticles may be readily absorbed from the
GI tract. Translocation of the active components through the epithelium of the intestinal wall depends on their physiochemical properties, for example, size, surface charge,
hydrophilicity or lipophilicity, presence or absence of a ligand, and physiology of the
intestinal tract (Des-Rieux et al., 2006). Oral delivery of gold nanoparticles to mice
indicated that the gastrointestinal uptake of these particles increased with reducing size
(Hillyer and Albrecht, 2001) and smaller particles are absorbed more readily than bigger ones (Szentkuti, 1997). The very small size of nano- and micro-food ingredients and
additives may lead to their greater ability to cross the gut wall. The resulting increase
in absorption and bioavailability could generate a higher internal exposure, with higher
plasma concentrations due to a higher absorption rate, or a higher area under the curve
exposure due to higher uptake efficiency. From these, a number of possible consumer
health implications arising from the consumption of nano- and micro-foods might be
envisaged. For instance, this might give rise to an altered nutrient profile in the body
due to better absorption of certain nano- and microingredients, or enhanced health
consequences due to more absorption of some nano- and microadditives, such as preservatives. It is well documented that the GI uptake of exogenous nanoparticles is greater
than microparticles (EFSA, 2009).
However, it is also possible that the ingested nano- and micromaterials may not
remain in a free form in the lumen due to transformations, such as aggregation,
agglomeration, adsorption, or binding with other food components, and thereby are
not readily available for translocation through the intestinal wall. Recently, only
limited information is available on the absorption of nano- and micromaterials after
ingestion (FAO and WHO, 2009). The present studies of absorption have mostly been
performed on plastic and metal nano- and micromaterials but not intended for food
use. The translocation of the nano- and micro-sized particles potentially used as food
ingredients through the GI tract remains an area to be explored (EFSA, 2009).
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15.3.2 Distribution
Upon contact with the intestinal sub-mucosal tissue, the ingested nanomaterials can
enter the capillaries, that will carry them through the portal circulation to the liver, or
they may enter the lymphatic system through the thoracic ducts. Experimental data
showed that the distribution of nanoparticles via oral administration is dependent upon
particle size. Nanoparticles of a small size have a more widespread tissue distribution
to organs like the liver, the lungs, the kidney, and the brain while the bigger particles
usually remained in the GI tract (Hillyer and Albrecht, 2001). Studies have been
performed on the capability of nanoparticles to penetrate the placental barrier. There
is also information that certain nanomaterials (C60 fullerene) can cross the placenta
(Tsuchiya et al., 1996). However, due to the inconsistent results of some in vitro
(Myllynen et al., 2008) and animal studies (Tsuchiya et al., 1996), no general conclusion of the penetration power of nanoparticles across the placental barrier can be
made yet.

15.3.3 Excretion/elimination
There is very limited information on the excretion of absorbed nanomaterials. Animal studies feeding mice with radioactive iridium nanoparticles have shown that the
ingested nanoparticles were not substantially taken up through the GI tract and were
rapidly excreted via feces within 2 to 3 days. No significant translocation of the nanoparticles from the GI tract to other organs through the blood was found (Kreyling et al.,
2002). A positive surface charge was also observed to increase both urinary and fecal
excretion (Balogh et al., 2007).

15.4

Toxicity studies of nano- and microparticles

15.4.1 Oral exposure studies for toxicity
Owing to their increase in surface reactivity and potentially altered bi kinetics,
nano- and microparticles may have a toxicity that deviates from that of their bulk
equivalents (Dingman, 2008; FAO and WHO, 2009). However, studies on the toxicology of nano- and micromaterials are not common and much of the research addresses
primarily inhalation exposure (Chaudhry et al., 2008) and occupational hazards
associated with the production and handling of nano- and microstructured materials
(FAO and WHO, 2009).
Regarding oral studies, so far, they are limited to acute dosing, long-term studies
have not been conducted (EFSA, 2009). The FAO/WHO Expert Meeting on the
potential food safety implications has pointed out that a number of qualified published
oral toxicity studies are questionable and severely limit the use of the information.
Based on previous data, our current knowledge does not permit a reliable prediction
of the toxicological characteristics of any given nano- and micromaterials (FAO and
WHO, 2009) (Figure 15.1). Also there are no data available on the genotoxicity,
teratogenicity, and carcinogenesis of nano- and microparticles (Bouwmeester et al.,
2009; FAO and WHO, 2009).
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Nano and micro particles
Exposure assessment
Oral acute toxicity
YES

NO

Reject

Geno toxicity
Subchronic toxicity
Metabolism and Pharmacokinetics
YES

NO

Reject

Chronic toxicity
YES

NO

Reject

Accept

Figure 15.1 Summary of decision-tree protocol proposed for the use of nano- and microparticles in
food.

15.4.2 In vitro studies for toxicity
Another important aspect to consider in relation to potential harmful effects of
nanoparticles is their ability to penetrate cellular barriers. This adds a new dimension
to particulate toxicology, as nanoparticles can potentially reach new targets in the body
where the entry of larger particulates would be restricted. Depending on the surface
chemistry, nanoparticles can interact with various chemical and biological entities
and such interactions may have a substantial effect on the distribution and excretion
(EFSA, 2009). There is a wealth of in vitro studies of nanoparticles in human or animal
cells and a wide range of concentrations and exposure times have also been studied.

15.4.2.1 Potential to cross cellular barriers and cause oxidative damage In vitro
studies have demonstrated that free engineered nanoparticles are capable of crossing cellular barriers (Geiser et al., 2005; Koch et al., 2005) and exposure to ultrafine
particulate pollutants (<100 nm) can lead to increased production of oxyradicals, and
consequently oxidative damage to the cell (Li et al., 2003).
Greater uptake, absorption, and bioavailability of certain nano-sized food additives,
such as preservatives, may also lead to certain health consequences. Certain metal
(oxide) ENPs are known to have strong antimicrobial activity. However, it is not
known how their intake via food and drink might affect the gut natural microflora
(Geiser et al., 2005).
15.4.2.2 Potential for brain-cell damage Exposure of mouse microglia, the
specialized cells that protect the brain from harmful external stimuli, to titanium
dioxide (TiO2 ) nanoparticles has been shown to trigger a rapid and long-lasting
defensive response. Although microglia generate reactive oxygen species (ROS) as
a defensive mechanism, sustained release of these ROS can be harmful to the brain
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by mechanisms similar to the cause of neuronal damage in certain neurodegenerative
diseases, such as Alzheimer’s and Parkinson’s (Thrall, 2006).

15.4.2.3 Potential to cause impairment of DNA replication and transcription In
vitro study of human epithelial cell cultures using silicon dioxide (SiO2 ) nanoparticles
demonstrated that particle size within 70 nm could enter cell nuclei. The study also indicated that protein accumulated in the nuclei and demonstrated the impairment of DNA
replication and transcription (Chen and Mikecz, 2005). Although SiO2 is used as an
additive in food, it is not known whether its intake through the gastrointestinal route,
along with other food substances, will give rise to comparable effects in vivo (Chaudhry
et al., 2008).
Although the potential toxicity of certain nanoparticles has been reported in a number of in vitro studies, the limitations of these studies are such that the toxicity of the
food ingredient loaded in nanoparticles could not be totally reflected. Typical problems
have been the administration of physiologically non-relevant doses, direct exposure
of the cells to nanoparticles, aggregation of particles, and the uncertainty about the
interaction between nanoparticles and other food components. Despite the limited
information on the toxicity of nano food, a study conducted by the House of Lords
Select Committee on Science and Technology in the UK received no evidence of
instances where ingested food ingredients loaded in nanoparticles have harmed human
health (House of Lords Science and Technology Committee, 2010).

15.4.3 Lack of an analytical method model to evaluate the
safety of micro- and nanoparticles
In face of the novelty of the nano- and microparticles, our conventional knowledge
about the health effects of chemicals and materials based on their chemical and physical properties, might not be applicable when dealing with nano- and microproducts
(Dingman, 2008). Processes for identifying and establishing the relevant hazards of various chemicals were only developed for the molecular form of materials. Therefore, the
ability of the available methods may not be appropriate to analyze the biological effects
of nano- and microparticles (USFDA, 2007), since nano- and microscale materials may
behave in a different manner.
Currently, a number of analytical techniques are available for the qualitative and
quantitative characterization of nano- and micromaterials. These include microscopy
and related techniques, such as atomic force microscopy (AFM), to observe the
properties (the state of size, shape, structure, aggregation, sorption, and dispersion) of
nano- and micromaterials and chemical analytical methods to detect the presence of
these materials (Tiede et al., 2008; EFSA, 2009). Due to the large variety of nano- and
micromaterials, there are various methods of analysis and there is no single method
that can be used for all situations and thus a combination of techniques is usually
required (EFSA, 2009).
As the properties of nano- and micromaterials may be influenced by the surrounding matrix, therefore, limitations may exist for the precise detection, quantification,
and characterization of nano- and micromaterials in food. For example, detection by
electron microscopy is only possible if the number of the nano- and micromaterials
is sufficiently high to find a detectable number of nano- and micromaterials in the
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matrix, and detection might also be hindered by interactions with solutes or cell constituents that obscure clear analytical signals (EFSA, 2009). In other cases, engineered
nano- and micromaterials might not be able to be distinguished from naturally occurring
variants of the same material. The limited number of standardized reference materials for nano- and micromaterials is another limitation on precise and reproducible
detection and quantification of the nano- and micro-sized materials in food. For some
chemical analytical techniques, artificial losses during preparatory steps and the analytical limits of these techniques make them unsuitable for precise quantification of
nanomaterials present in food (USFDA, 2007; EFSA, 2009).
In summary, there are methods available to detect and analyze nano- and micromaterials under certain conditions, however, there are no routine methods available
to analyze nano- and micromaterials in the food science field. In view of the present
difficulties in the detection of nano- and micromaterials in food matrices, knowledge
regarding the presence of nano- and micromaterials in food products relies on information provided by the industry (EFSA, 2009).

15.5

Risk assessment of micro- and nanomaterials
in food applications

The effects of nano- and micromaterials on human health can be identified via
risk assessment. The process consists of four elements: (1) hazard identification;
(2) exposure assessment; (3) hazard characterization; and (4) risk characterization
(FAO/WHO, 1997) (Figure 15.2). Hazard identification involves recognizing potential
hazards that negatively affects human health including a biological, physiological, or
chemical agent. Hazard characterization is a qualitative and quantitative evaluation of
adverse health effects caused by exposing to the hazard of interest. The dose–response
relationship should be obtained from this step. Exposure assessment includes the estimation of intake of potential hazards via dietary or other relevant exposure pathway.

Risk assessment
Hazard identification
- Identify potential hazards

Hazard characterization
- Qualitative and quantitative
evaluation
- Dose-response relationship

Risk
characterization

Exposure assessment
- Estimation of intake
- Characterize exposure pathways

Figure 15.2 Risk assessment of nano- and micromaterials in food applications.
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Risk characterization integrates hazard identification, hazard characterization, and
exposure assessment into an evaluation of the adverse health effects about to arise in
a given population, including the uncertainties.
For hazard characterization, the relationship of any toxicity to the various dose metrics that may be used is currently discussed and several dose metrics may need to be
explored in addition to mass. Case-by-case evaluation of specific nano- and microparticles may be currently possible, the Scientific Committee wishes to emphasize that the
risk assessment processes are still under development with respect to the characterization and analysis of nano- and microparticles in food and feed, and with respect to the
optimization of toxicity testing methods for nano- and microparticles and interpretation
of the resulting data. Under these circumstances, any individual risk assessment is likely
to be subject to a high degree of uncertainty. This situation will remain so until more
data on and experience with testing of nano- and microparticles become available. The
limited database on assessments of nano- and microparticles should be considered in
the choice of appropriate uncertainty factors. The overall aim of the following section is
to briefly review the risk assessment of nano- and micromaterials for food applications.

15.5.1 Risk assessment
15.5.1.1 Hazard identiﬁcation The major reason to be considered in risk assessment of nano- and micromaterials is that as the size of the particle decreases, the
surface-volume ratio increases. Owing to their specific physiochemical properties, it
is to be expected that nano- and microparticles could interact with proteins, lipids,
carbohydrates, nucleic acids, ions, minerals, and water in food, feed, and biological
tissues. Therefore, it is important that the effects and interactions of nano- and
micromaterials are characterized in the relevant food matrix (Oberdorster et al., 2005;
Powers et al., 2006; Gatti et al., 2009). It makes them free from their bulk, providing
different profile of biokinetics and toxicity in human body. Biokinetics deals with
absorption, distribution, metabolism, and elimination (ADME) of substances in the
body. After ingestion, nano- and micromaterials may pass the epithelial barrier lining
the digestive tract, followed by either the systemic circulation or the portal circulation
to the liver. Among the multi-step processes for crossing the cell membrane, active
transport was suggested due to a major characteristic of nano- and micromaterials,
that is, interaction of proteins resulting in either enhancing cellular uptake or causing
malfunctioning of protein (Hoet et al., 2004; Des-Rieux et al., 2006). Administration
of I125 labeled polystyrene nanomaterials in rats revealed that 34% of translocation in
the label in the 50 nm nanomaterials, but data had to be corrected because the label
was not stable (Jani et al., 1990). Polystyrene nanomaterials (50 nm) showed about 7%
of uptake in the liver, spleen, blood, and bone marrow. Gastrointestinal uptake by
mice after ingestion of gold nanoparticles (Au-NP) (58, 28, 10 and 4 nm) was observed
to be increased by reducing size (Hillyer and Albrecht, 2001). After repeated oral
gavage administration of titanium dioxide (TiO2 , 500 nm) particles for 10 days to rats,
about 5% of them were appeared to be absorbed (Jani et al., 1994). It was observed
to be uptaken in the Peyer’s patches and the mesenteric lymph nodes. Whereas a tiny
amount of retention by the gastrointestinal (GI) tract of 25, 80, and 155 m of TiO2
particles was found 14 days after administration of single dose of TiO2 to mice (Wang
et al., 2007). The difference in the surface coatings of nanomaterials was revealed
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to have affected the gastrointestinal absorption. For instance, oral administration of
detergent-coated polymethyl methacrylate (130 ± 30 nm) to rats ranged from 1–3%
(Araujo et al., 1999). Albumin or polyvinylalcohol -coated poly (D, L-lactic acid)
nanoparticles (95 and 150 nm) slowly degraded in the GI tract when administered by
gavage to guinea pigs. The biokinetics of silver nanoparticles (Ag-NP, 60 nm) have
been evaluated. The highest Ag levels occurred in the stomach, followed by the kidney
and liver, lungs, testes, brain, and blood, andwere found after an oral administration
for 28 days (Kim et al., 2008). When 58, 28, 10, and 4 nm of (Au-NP) were given to
female mice by oral gavage, the Au level in kidneys was twice as high in females. This
is because smaller particles have a greater distribution coverage (Hillyer and Albrecht,
2001). Park et al found that consumption of nano-calcium enriched milk resulted in an
increase in the urinary excretion of calcium and a decrease in that of deoxypyridinoline
and hydroxyproline in ovariectomized (OVX) rats (Park et al., 2008). There is still little
information available about the effects of nanocalcium carbonate and nanocalcium
citrate supplements on bone mineral density (BMD). This study characterized the size
distribution and morphology of nanocalcium carbonate and nanocalcium citrate.
There are limited clinical studies on micro- and nanoparticles. A previous study evaluated the bioavailability of the coenzyme Q10 (Co Q10 ) encapsulated in hydrophilic
nanoparticles in oily solutions and crystalline preparations. Compared to other preparations, all formulations with nanoencapsulated CoQ10 showed a significant increase in
area under the cure (AUC) up to 4 hours after long-term supplementation (Schulz et al.,
2006). In a clinical study on the bioavailability of nanoencapsulated α-tocopherol, the
greater AUC was found between 0 and 320 minutes later than bulk (Back et al., 2006).

15.5.1.2 Hazard characterization Hazard characterization in risk assessment of
nano- and microparticles may be the most challenging part due to the limitations of
the data on toxicity. Absorption, distribution, metabolism, and elimination (ADME)
is practically required to infer hazard characterization for individual assessments.
Although humans have consumed some natural nano- and microparticles since earliest
times, epidemiological studies on exposure to naturally occurring substances, including
titanium dioxide, silica, clay and soot, and aquatic colloids, or intentionally added
nano- and microparticles in foods were not found to our knowledge (Carretaro, 2002;
Nowack and Bucheli, 2007). Since studies on rodents have revealed that nanoparticles
can be absorbed by mammalian GI, human exposure to nanoparticles through food
is of concern (Chen et al., 2006). Tentative exposure pathways to food containing
nanomaterials for humans include: (1) consumption of wild caught food, such as fish
and game; (2) crops, meat, or fish treated nanomaterials during farming practice; (3)
health or dietary supplements; (4) via food packaging-treated nanomaterials; and (5)
intake of food products that are manufactured to contain nanomaterials (Nowack
and Bucheli, 2007). Dietary exposure to nanomaterials from environmental and
agriculture sources will also depend upon whether the nanomaterials are available to
be taken up in the food chain or transported to water sources. Exposure assessment
of nanoparticles in the diet has to be estimated (Tiede et al., 2008), but potential
environmental exposure to nanomaterials poses greater challenges because of the
need to characterize and quantify the material once it is released.
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15.5.1.3 Risk characterization With respect to risk characterization for nano- and
micromaterials, the uncertainty factors applying to larger forms of the same chemicals
should be developed. So far, no studies have been conducted to address such issues.

15.6

Conclusion

At present, there is no tenable evidence that food or food contact materials derived
from nano- and microtechnology is any safer or more dangerous than their conventional counterparts. No general conclusion can be made on the safety of nanofood and
food contact materials incorporated with nanomaterials. But in general perspectives
of nano- and microparticles, there are several particle factors that influence the overall
toxicity, which include: size, shape, solubility, and chemical components of the particles.
With regard to risk assessment and safety evaluation of nanomaterials, the following
studies should be undertaken; (1) absorption, distribution, metabolism, and elimination studies in rodents using oral and intravenous routes of administration (including
blood–brain transfer); (2) single and repeat dose acute (single and repeat dose) toxicity studies in rodents; (3) subchronic, dose-response toxicity studies in rodents; and
(4) chronic toxicity.
Moreover, most scientific committees that have reviewed the applications of nanoand microtechnology have concluded that new data and measurement approaches may
be needed to ensure the safety of products using nano- and microtechnology is properly
assessed (EFSA, 2009). As methods for detection and characterization of nano- and
micromaterials in food were not readily available, in many instances the claimed nanoand microscale character of the applications could not be verified. Knowledge regarding the presence of nano- and micromaterials in food products relies on information
provided by the industry, producers, and marketing organizations.
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16.1

Introduction

The safety of nanomaterials has been controversial in recent years and it is an important issue that needs to be clarified in the further development of nanotechnologies.
Nanomaterials have their own unique properties which lead to their uses and products
as being used in special ways (Bhattacharya and Mukherjee, 2008; Cole et al., 2010;
Akhter et al., 2012; Delehanty et al., 2012; Jariwala et al., 2013). However, these properties could cause different interactions with the human body and consequently might
result in adverse effects for people (Fubini et al., 2010; Kunzmann et al., 2011; Fourches
et al., 2011; Pelaz et al., 2013). Many researchers have shown the negative impacts of
nanomaterials on biological systems, though the data are still controversial (Johnston
et al., 2010; Albanese et al., 2012; Bohnsack et al., 2012; Pattan and Kaul, 2012; Pelaz
et al., 2013; Zhu et al., 2013).
As nanotechnologies have already brought or are expected to bring significant
innovations and benefits to human beings, these new technologies have advanced and
evolved in diverse areas, including food industries (Magnuson et al., 2011; Grobe and
Rissanen, 2012; McIntyre RA, 2012). Food marketing is becoming more competitive
because international trade has been globalized and the world is considered one
market these days. Therefore, much effort has been put into creating and developing
new products, and emerging technologies including nanotechnology arouse the interest
of food entrepreneurs. Although it is hard to estimate the exact size of the food market
that uses nanotechnologies at present, market analysts predict that the market share
will grow significantly in the near future (Helmut Kaiser Consultancy, 2011).
Nano- and Microencapsulation for Foods, First Edition. Edited by Hae-Soo Kwak.
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Due to the possibility of the adverse effects of nanomaterials, many regulatory
agencies, such as governmental bodies and international organizations, have initiated
regulatory activities to protect consumers from any potential harm. Food can be
consumed by an unspecified number of the general public in an unpredictable quantity
for a long time; thus the importance of ensuring food safety cannot be overemphasized.
Since nanomaterials have been used in many different areas, various regulatory plans
and actions have been developed, sometimes individually and sometimes in harmony.
In this chapter, regulatory activities related to the food sector are mainly discussed. Up
to now there has been no active legislation which clearly addresses nanomaterials or
nanotechnologies in food. Many agencies claim that the existing legislation is applicable
to food using nanomaterials and that the safety of these products is adequately ensured.
The definition of nanomaterial has not been harmonized yet at the international level,
though several agencies have proposed (working) definitions of nanomaterial as an
initial step towards developing their policy (DoHA, 2010; EC, 2011; Health Canada,
2011; Korea MFDS, 2012a). The European Commission (EC), the United States
of America (USA) and Korea each have issued guidance for safety assessment of
nanomaterials, which specializes in food containing nanomaterials (EFSA, 2011; US
FDA, 2011; Korea MFDS, 2012b). The new EU legislation on food labeling, which
is expected to be effective starting in 2014, has proposed that all ingredients present
in the form of engineered nanomaterials should be clearly indicated in the list of
ingredients (EU Regulation 1169/2011). Despite many challenges from the emerging
and uncertain nature of nanomaterials in food, the development of regulatory systems
is globally under construction.

16.2

The European Union (EU)

The European Union, as a leading player in proper measures and policy development,
is taking steps to organize a regulatory system to ensure nanomaterial safety in the food
sector. The EU has made attempts to introduce a clear description of nanomaterial for
regulatory purposes. And the European food safety authorities have published practical risk assessment guidance for food containing nanomaterials. Moreover, the EU has
proposed new legislation regarding mandatory food labeling for nanomaterials used as
food ingredients. These initiative activities have played a pivotal role in introducing a
management scheme of nanomaterials in the food area.

16.2.1 Deﬁnition
The Commission reviewed relevant Union legislation and available scientific knowledge, and adopted the “Recommendation on the definition of nanomaterials for legislative and policy purposes” in 2011 (EC, 2011). According to the recommendation,
the definition of nanomaterials is as follows:
• Nanomaterial means a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for
50% or more of the particles in the number size distribution, one or more external
dimensions is in the size range 1–100 nm.

16.2 THE EUROPEAN UNION (EU)
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• In specific cases and where warranted by concerns for the environment, health, safety
or competitiveness, the number size distribution threshold of 50% may be replaced
by a threshold between 1 and 50%.
• By derogation from the above, fullerenes, graphene flakes and single wall carbon
nanotubes with one or more external dimensions below 1 nm should be considered
as nanomaterials.
The Recommendation is addressed to the Member States, Union agencies and economic operators who should use the definition in the Recommendation as a reference
to determine whether a material should be considered as a nanomaterial for legislative
and policy purposes.
Prior to the Recommendation, the Scientific Committee on Newly Identified Health
Risk (SCENIHR) had published a scientific opinion, “Scientific basis for the definition
of the term ‘nanomaterials’” in 2010 (SCENIHR, 2010). This opinion was initiated at
the request of the EU and served as the basis for adopting the Recommendation above.
The SCENIHR, an independent committee made up of external experts from the EU,
provides scientific advice for the Commission regarding emerging or newly identified
health and environmental risks as well as a comprehensive assessment of risks to consumer safety or public health. The SCENIHR’s scientific opinion of 2010 addressed
various scientific points of view with the definition of nanomaterial. One of the major
claims in this opinion was that no scientific evidence exists for the appropriateness of
100 nm as an upper limit in the nanoscale, though many agencies and organizations
usually specify 100 nm as an upper limit of nanomaterial. The SCENIHR set the upper
limit as 500 nm and proposed that materials could be categorized into three subgroups:
materials with a median particle size of above 500 nm (group 1); 100 nm < materials with
a median size< 500 nm (group 2); and 1 nm < materials with a median size < 100 nm
(group 3). The materials in groups 1 and 2 could be required to follow or be waived for
the nano-specific risk assessment depending on the size distribution. On the contrary,
the materials in the group 3 should undergo nano-specific risk assessment.

16.2.2 The EFSA Guidance
The European Food Safety Authority (EFSA), the regulatory body of food safety in
the EU, published a guidance document, “Guidance for the risk assessment of the
application of nanoscience and nanotechnologies in the food and feed chain” in 2011
(EFSA, 2011). This guidance introduces the practical considerations for risk assessment of food and feed which contain nanomaterials. It provides a schematic outline
and detailed considerations for risk assessment of nanomaterials. In this document, the
general risk assessment paradigm is adopted and consequently the typical steps of risk
assessment are followed to assess the risk of nanomaterials in food. But, because of
the unique characteristics and properties of nanomaterials, additional requirements of
physico-chemical characteristics and testing approaches are included.
According to the guidance, physico-chemical properties of nanomaterials could
change in different environmental conditions. Therefore, physico-chemical properties
have to be analyzed for the nanomaterials in five different stages: (1) as manufactured
(the pristine state); (2) as delivered for use in food products; (3) as present in the food
matrix; (4) as used in toxicity testing; and (5) as present in biological fluids and tissues.
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In the cases of (1) and (2), prior to food application, various parameters of the nanomaterials are required to be analyzed for material characterization and identification,
including chemical composition, particle size, physical form, specific surface area, etc.
(Table 16.1). On the other hand, the nanomaterials in a food matrix could be hard
to detect or characterize because of their low presence in complex food matrices.
Thus, a few characteristics have to be analyzed regarding the interactions between
nanomaterials and food matrices. Nanomaterials could react with functional groups of
proteins, lipids, polysaccharides, or nucleic acids, and might affect the behavior of these
molecules. Catalytic activity of nanomaterials could generate reactive radical oxygens
or photoreactions. These properties need to be investigated and characterized for the
nanomaterials present in food products. For the nanomaterials in toxicological testing,
the properties of nanomaterials in the test medium or formulation are important to
characterize and batch-to-batch variations and aging effects need to be examined. In
biological fluids or tissues, it is emphasized that nanomaterial surface transformations,
such as adherence of proteins or other biomolecules, could have a significant effect on
the characteristics of nanomaterials.
For the toxicity tests, no further tests are needed if scientific evidence demonstrates
no human exposure to a nanomaterial. If nanomaterials are completely solubilized
prior to ingestion, or if nanomaterials have not migrated from a food contact substance
which contains nanomaterials, there is no need for further toxicological testing. Once
the presence of nanomaterials is verified in the food matrix or biological fluids, the
toxicity tests, including ADME, genotoxicity, and a 90-day oral toxicity study in
rodents, are necessary for risk assessment. And the test results have to be compared
with those non-nanoform ones of same substance if available. Further toxicity tests may
be needed if these test results show toxic effects or an accumulation of nanomaterials
in certain organs or tissues.
The guidance also considers uncertainties in risk assessment as an important issue.
Lots of uncertainties arise from nanomaterial risk assessment due to lack of standard
methods, limited analytical tools, few validated reference materials, and absence of
essential data. It is emphasized that these uncertainties should be handled as precisely,
understandably and transparently as possible. In the guidance, the term “nanomaterial” is defined as “a material with at least one size measurement between approximately
1 nm and 100 nm.” But the study indicates that this term is used only for the guidance
independently of a regulatory definition and will be revised when a legal definition has
been agreed upon.
The guidance provides six individual scenarios, which each address different toxicity
testing approaches. Also an appendix of currently used characterization methods for
individual parameters is found at the end of the guidance, though many methods have
not been validated for nanomaterials yet. These aspects of the guidance could assist
stakeholders as well as regulators to find a practical way to develop a proper approach
for risk assessment of nanomaterials in food.

16.2.3 Regulation
16.2.3.1 Labeling The new EU legislation (EU Regulation 1169/2011) concerning
the provision of food information to consumers was proposed in December 2011, and is
expected to be effective from December 2014. This new rule includes the requirements
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Table 16.1 Parameters for characterization and identiﬁcation of engineered nanomaterial.
Parameter

Requirements

Description

Chemical
composition/identify

Essential

Particle size
(Primary/Secondary)

Essential (two methods,
on being electron
microscopy)

Physical form and
morphology

Essential

Particle and mass
concentration

Essential for
dispersions and dry
powders
Essential for dry
powders
Essential (for ENM with
surface modiﬁcations)

Information on chemical composition of the
ENM – including purity, nature of any impurities,
coatings or surface moieties, encapsulating
materials, processing chemicals, dispersing agents,
and/or other formulation e.g. stabilizers.
Information on primary particle size, size range, and
number size distribution (including batch
variation – if any). The same information would be
needed for secondary particles (e.g. agglomerates
and aggregates) if present.
Information on the physical form and crystalline
phase/shape. The information should indicate
whether the ENM is present in a particle-. Tube-,
rod/shape, crystal, or amorphous form, and whether
it is in free particulate form or in an
agglomerated/aggregated state as well as whether
the preparation is in the form if a powder, solution,
suspension or dispersion.
Information on concentration in terms of particle
number and particle mass per volume when in
dispersion and per mass when as dry powder.
Information on speciﬁc surface area of the ENM.

Speciﬁc surface area
Surface chemistry

Surface charge
Redox potential

Essential
Essential for Inorganic
ENMs

Solubility and
partition propertiesa

Essential

pH

Essential for liquid
dispersions
Essential for liquid
dispersions
Essential for granular
materials
Essential for dry
powders
Essential

Viscosity
Density and pour
density
Dustiness
Chemical
reactivity/catalytic
activityb
Photocatalytic
activity
a

Essential for
photocatalytic materials

Information in ENM surface – including any
chemical/biochemical modiﬁcations that could
modify the surface reactivity, or add a new
functionality.
Information on zeta potential of the ENM.
Information on redox potential. Conditions under which
redox potential was measured need to be
documented.
Information on solubility of the ENM in relevant
solvents and their partitioning between aqueous and
organic phase (e.g. as log Kow if appropriate).
pH of aqueous suspension.
Information on viscosity of liquid dispersions.
Information on density/porosity of unformulated ENM
and pour density.
Information on dustiness of powder products – such as
spices, creamers, and soup powders.
Information on relevant chemical reactivity of catalytic
activity of the ENM and of any surface coating of the
ENM.
Information on photocatalytic activity of relevant
materials used in food packaging, coatings, and
printing inks and internal reactions.

Dispersion, solution, dissolved: An insoluble ENM introduced to a liquid form a ‘dispersion’ where the liquid and
the ENM coexist. In a true solution the ENM is dissolved (and thus not present) (see OECD ENV/JM/MONO(2010)25)
b If an ENM has catalytic properties, it may catalyse a redox or other reaction that may perpetuate resulting in a much
larger biological response even with small amounts of the catalytically active ENM. Thus, compared to a conventional
biochemical reaction that uses up the substrate, ENM reaction centres may perpetuate catalytic reactions.
Source: European Food Safety Authority Scientiﬁc Committee (2011). Reproduced with permission of European Food
Safety Authority.
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for the information on any food ingredients in the form of engineered nanomaterials
to be shown on the labeling. In Article 2, a definition of engineered nanomaterial is
presented as follows:
any intentionally produced material that has one or more dimensions of the order of
100 nm or less or that is composed of discrete functional parts, either internally or at
the surface, many of which have one or more dimensions of the order of 100 nm or less,
including structures, agglomerates or aggregates, which may have a size above the order
of 100 nm but retain properties that are characteristic of the nanoscale.

Article 18 states that all ingredients present in the form of engineered nanomaterials
should be clearly indicated in the list of ingredients. The names of such ingredients
should be followed by the word “nano” in brackets.
The definition of nanomaterial in this regulation differs from that of the EC Recommendation of 2011. In order to achieve the objectives of this regulation, the definition in
the proposed rule should be adjusted and harmonized at the Union level as well as at the
international level. Moreover, technical support should be advanced to enforce this regulation effectively, such as analysis of nanomaterial in a food matrix. Many challenges
remain, but this is the first regulatory trial for the mandatory labeling of nanomaterials
in the food sector. Success in this regulation could act as a stepping stone to prepare for
another leap forward of nanomaterial-containing food safety policy.

16.2.3.2 The Novel Food Regulation Currently there is no specific mention of nanomaterials in the novel food regulation (EC 258/07). The Novel Food Regulation of
the EU requires pre-authorization for the foods or food ingredients which have not
been used for human consumption in a significant degree in the European Community
before 1997. A draft update of this regulation endeavored to clarify nanomaterials as a
novel food ingredient and to require pre-authorization for such foods and ingredients.
However, the European Parliament and the European Union Council failed to reach
agreement on the renewed regulation.

16.3

The United Kingdom (UK)

The UK Food Standards Agency (FSA) is responsible for the regulation of food safety
in the UK. The agency has stated that it is obliged to assess safety of food using nanomaterials if a company requests a UK FSA’s authorization to market such a food item. The
agency claims that its assessment of nanomaterial would utilize the guidance issued by
the EFSA in 2011. The information required for an assessment includes composition,
nutritional value, metabolism, intended uses, levels of microbiological and chemical
contaminants, toxic and allergenic effects, and manufacturing processes. The UK FSA
also consults with the Advisory Committee on Novel Foods and Processes (ACNFP),
which is composed of a wide range of food experts on food safety assessment.
Moreover, the UK FSA sets up the nanotechnologies and food discussion group
consisting of stakeholders from academia, industry, other government departments,
consumers, as well as policy leads from the FSA. This group aims to exchange information between different sectors. The main focus of this group is to discuss the methods to
develop a register of nanotechnology-enabled foods and food contact materials on the
UK market and to determine what research needs to be carried out in the food industry.

16.5
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France

The French Decree on the requirement of declaration for engineered nanosubstances
(2011/0673/F) will enter into force in 2013. This new legislation will apply to substances
used in all industry areas, including the food-contact sector. The Decree includes a definition of nanomaterial that is as follows:
the substance intentionally manufactured to a nanometric scale, containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, a minimum proportion
of the particles in the number size distribution, has one or more external dimensions is in
the size range 1–100 nm.

Manufacturers, importers and distributors of nanoparticles should submit an annual
declaration to the French Ministry of Environment, however, the information required
in the annual declaration is not finalized yet. It is anticipated that the declaration should
include the following information:
•
•
•
•
•
•
•
•
•
•

identity of the substance with nanoparticle status
chemical identification of the substance
potential presence of impurities
particle size and particle size distribution by number
state of aggregation
state of agglomeration
form, crystalline state, specific surface, surface charge, etc.
quantity of nanoparticle substance
uses
identity of professional users.

16.5

The United States of America (USA)

The US Food and Drug Administration (FDA), the governmental body for food
safety and regulation in the USA, set up the Nanotechnology Task Force in 2006. The
Task Force is an internal operative unit to determine regulatory approaches on the
US FDA-regulated products using nanomaterials. The Task Force has endeavored
to identify ways to address any knowledge or policy gaps that enable the agency to
evaluate the safety of the products using nanomaterials. It also has been finding proper
methods to communicate with the public and other federal and international agencies.
The first report of the Task Force was published in 2007 and it included various
recommendations for science and regulatory policy issues regarding nanomaterials.
The key recommendations in the report were to improve scientific knowledge and to
develop additional tools to evaluate nanomaterials where necessary. Consequently, the
Task Force has coordinated research programs, known as “Nanotechnology regulatory
science research programs.” The research programs are designed to establish tools,
methods, and data to support regulatory-decision making. Details of the programs are
described in the Table 16.2. The agency also has been developing scientific expertise
and core facilities within the agency to support regulatory science.

390

CH 16 CURRENT REGULATION OF NANOMATERIALS USED AS FOOD INGREDIENTS

Table 16.2 US FDA’s Nanotechnology regulatory science research programs.
Physico-Chemical Characterization in FDA-Regulated Products
• To develop improved methods and tools to detect and measure the physical structure, chemical
properties, and safety of nanomaterials in FDA-regulated products:
• In biological matrices, to assess the impact of biological systems on physical structure, chemical
properties, and safety; and
• To be used by manufacturers to assess product quality and consistency
Nonclinical Modeling of Nanomaterials in FDA-Regulated Products
• To develop and evaluate in vitro and in vivo assays and models to assess safety and/or efﬁcacy
of nanomaterials in FDA-regulated products, in order to:
• To better understand the adequacy of preclinical evaluations necessary to assess safety and
efﬁcacy of nanomaterials;
• To obtain data on absorption, distribution, metabolism, and excretion, relevant to in vivo fate
of nanomaterials; and
• To obtain data to improve understanding of structure-function relationships
Risk Characterization Information
• To targeted research in FDA-regulated product areas of potential nanotechnology applications
where risk characterization information would help to enhance the understanding of hazard
identiﬁcation, exposure science, and risk modeling
Risk Assessment
• To enhance state of knowledge and scientiﬁc evidence to support potential development of
generalized class-based approaches to risk assessment of FDA-regulated products containing
nanomaterials
Risk Communication
• To improve risk communication associated with FDA regulated product areas that either contain
nanomaterials or product areas otherwise relevant to nanotechnology
Source: Food and Drug Administration (2011). Reproduced with permission of FDA.

The US FDA claims that nanotechnology products could be regulated under its existing statutory authorities, and currently a regulatory definition or specific legislation has
not been adopted on nanomaterial or nanotechnology. Instead, the agency issued specific guidance to food industries, “Draft Guidance for Industry: Assessing the effects
of significant manufacturing process changes, including emerging technologies, on the
safety and regulatory status of food ingredients and food contact substances, including
food ingredients that are color additives” (US FDA, 2011). This draft guidance alerts
manufacturers to the potential impact of new manufacturing processes, including nanotechnology, on the safety and regulatory status of food substances. In the absence of
a formal definition, the guidance describes the provisional definition of nanomaterials
as follows:
• materials or products which have at least one dimension in the nanoscale range
(approximately 1 to 100 nm);

16.6

CANADA
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• materials or products which exhibit properties or phenomena, including physical or
chemical properties or biological effects, that are attributable to its dimension, even
if these dimensions fall outside the nanoscale range, up to one micrometer.
This guidance recommends that manufacturers should consider whether a new process results in any significant effects on a food substance already in the market. The
manufacturers’ responsibilities are to do the following:
• identify any changes made to the identity of the food substance, including its physicochemical structure and properties, purity, and impurities;
• assess safety of the use of the food substance regarding the change in identity;
• consider the regulatory status of the use of the food substance;
• warrant a regulatory submission to the US FDA.
According to the guidance, the US FDA keeps a strong stance that the paradigm of
current safety tests is sufficient to evaluate the safety of nanomaterials. However, additional testing would be necessary for the specific nanomaterials. The agency emphasizes
that all the studies to establish the safety of nanomaterials should be validated appropriately for the given materials to support a meaningful safety assessment. The draft
foods guidance also recommends that manufacturers consult with the US FDA regarding a significant change in manufacturing process for a food substance already on the
market.

16.6

Canada

Health Canada, the regulatory agency for foods in Canada, has adopted a working
definition of nanomaterial. A policy statement regarding a definition of nanomaterial was issued, which includes its objectives, scope and application (Health Canada,
2011).According to the statement, a working definition of nanomaterial is as follows:
• nanomaterials are the manufactured material at or within 1 to 100 nanometers in at
least one external dimension, or having internal or surface structure at 1 nm–100 nm.
• materials exhibiting one or more nanoscale properties or phenomena are considered
as a nanomaterial even though it is not within 1 to 100 nm, including aggregates and
agglomerates.
This working definition is expected to apply in diverse areas and legislative authorities
across Health Canada, including foods. As the science and technology of nanomaterials evolve, the policy statement could to be updated based on the integration of new
knowledge and the progress of international standards.
The policy statement also provides that manufacturers of nanomaterials are encouraged to submit the safety information for the products such as:
• intended use and end products;
• manufacturing processes;
• physico-chemical properties and characteristics;
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• toxicological, metabolism, environmental data;
• risk assessment and management strategies.
Currently specific legislation does not exist for the health and food products using nanomaterials in Canada. Health Canada claims that the existing legislation could require
certain information or assessment of potential risks and benefits for these products prior
to an authorization for sale.

16.7

Korea

Korea is one of the most competitive countries regarding nanotechnologies and
nanosciences, and efforts are made to develop new products using these technologies.
The Korea Ministry of Food and Drug Safety (MFDS), which is in charge of food
safety in Korea, put current scientific knowledge and information on nanomaterials
together and drafted the definition of nanomaterials and nano-ingredients used in the
food sector (Korea MFDS, 2012a). Nanomaterials are defined as follows:
materials which have at least one external dimension within 1 nm to 100 nm measured by
an electron microscope.

Nano-ingredients are described as follows:
• manufactured materials of which the average size is within 1 nm to 100 nm;
• manufactured materials containing 50% or more of the particles in the number
size distribution, of which one or more external dimensions is in the size range
1 nm–100 nm;
• manufactured materials exhibiting one or more nanoscale properties or phenomena
are considered as a nanomaterial if its average size is less than 1000 nm in at least one
external dimension;
• aggregates and agglomerates of materials above.
This definition is expected to be updated as more information and knowledge become
available.
There is no specific mention of nanomaterials in the legislation for food or food ingredients in Korea. The Korea MFDS claims that the existing regulatory authorities could
be applicable to the products including nanomaterials. Instead, a safety assessment
guidance for nanomaterials in food was issued by the Korea MFDS in 2012 (Korea
MFDS, 2012b). This guidance aims to help industries by providing a practical tool to
assess the safety of the food products using nano-ingredients or nanotechnology. The
guideline presents the necessary information for the safety assessment of nanomaterials in a food, regarding its physico-chemical properties and toxicological tests. The
required physico-chemical properties include size and size distribution, surface potential, and surface area. Essential toxicological tests include ADME, 90-day oral toxicity
study in rodents, and in vitro genotoxicity. The guidance also proposes a detailed characterization for nano-ingredients present in food, such as added amount, existing form
or status, and intended role or feature of nano-ingredients present in food.
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Australia and New Zealand

The Food Standards Australia New Zealand (FSANZ) is the regulatory agency of food
products in Australia and New Zealand. The agency has stated that new foods manufactured using nanotechnologies which may present safety concerns should undergo
a safety assessment prior to market supply. The legislation does not include a specific
definition or remark on nanomaterial. However, the agency claims that the current regulatory tools for novel foods are applicable to foods using nanomaterials.
A working definition of industrial nanomaterials has been developed by the Department of Health and Ageing (DoHA) in Australia (DoHA, 2010), which is as follows:
• Nanomaterials are industrial materials intentionally produced, manufactured or
engineered to have unique properties or specific composition at the nanoscale, that
is a size range typically between 1 nm and 100 nm, and is either a nano-object or is
nanostructured.
• Aggregates and agglomerates are considered to be nanostructured structures.
• A material that includes 10% or more number of particles that meet the above definition will be considered to be a nanomaterial.
The DoHA also introduced an administrative regulation that nanoforms of new industrial chemicals are required to be reported and assessed for their safety before their
appearance on the market. However, nanoforms of existing chemicals can be legally
used without this notification or assessment. Food and food additives are not considered
as industrial chemicals, and thus this notification is not applicable to foods.
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Figure 2.3 Schematic representation of microencapsulation via interfacial polymerization.
Source: Saihi et al. (2006). Reproduced with permission of Elsevier.
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Figure 6.10 Schematic diagram of the formation of nanoparticles, nanoemulsion or nano-dispersion
by emulsiﬁcation and solvent diffusion/evaporation methods. Source: Adapted with modiﬁcations from
Acosta (2009).
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Figure 8.3 Potential pathways for particle uptake: (a) transcytosis by a normal enterocyte; (b) transcytosis by M-cells; (c) passive diffusion or persorption through openings left by sloughed-off cells;
(d) paracellular transport. Source: des Rieux et al. (2006). Reproduced with permission of Elsevier.
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Figure 9.1 Solid-in-liquid dispersions type colloidal systems including (a) polymer microsphere, scale
bar = 200 μm; (b) core-shell microcapsule from food grade materials (Patel et al., 2011a), scale bar =
200 μm, and (c) colloidal (nano) particles from protein zein (Patel et al. 2012), scale bar = 200 nm.
Source: Patel et al. (2012). Reproduced with permission of Elsevier.
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Figure 9.2 Polarized optical microscopy images showing microcapsules from gelled oil droplets prepared in presence (a) and absence (b) of calcium chloride (scale bars = 100 mm).

Figure 9.5 Differences in the appearance of procolloidal systems: Self-emulsifying systems forming
sub-micron emulsion (left) and self-microemulsifying system forming microemulsion (right) on dilution.
Source: Patel (2011). Reproduced with permission of John Wiley & Sons.

Figure 11.6 Water in oil in water (w/o/w) emulsion of microencapsulated lactase.
Source: Ahn et al. (2013).
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Figure 12.5 UV-VIS spectra of hydrogel indicators when exposed to different relative humidity conditions. The color labels are photographic images corresponding to the test humidity conditions. The
scanning electron micrographs are surface morphologies of poly (styrene—methyl methacrylate—acrylic
acid) photonic crystal (top) and the resulting hydrogel after inﬁltrating acrylamide solution into the
photonic crystal voids followed by photo polymerization. Source: Tian et al. (2008). Reproduced with
permission of Royal Society of Chemistry.
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Figure 14.7 Schematic illustration of synthetic method for GSH-intercalated MMT hybrids.

