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Foreword

Over 60 years have passed since the invention and implementation of industrially significant microencapsulation pro-
cesses by NCR for carbonless paper applications. During this time, thousands of patents and academic papers have
been written and published along with over 50 books on this topic. Yet, with all this effort, there is a tremendous inter-
est in this field. Every year conferences and short courses are offered that are well attended. Every year at my company
we field over 300 calls from companies that are excited and intrigued about how microencapsulation can provide their
product or idea intellectual and physical protection in their markets. The use of microencapsulation methodologies for
markets as diverse as the food, pharmaceutical, industrial, personal and home care, and agribusiness sectors, has made
this area diverse, broad, and challenging to understand. Furthermore, the many techniques that are used in this field
tend to have very specific limitations, advantages, and trade secret modifications that compound the challenges to both
new and experienced practitioners.

Ten years ago, Dr. Anilkumar Gaonkar, with the help of many contributors to this book, organized the Pre-IFT
meeting short course on microencapsulation especially targeted for the food industry professionals. This short course
continued as a yearly offering from the IFT. Five years ago some of the contributors to this book and | realized that a
new short course on microencapsulation could be useful to the general public. Dr. Marc Meyers spearheaded the organi-
zation of that course and it included many of the authors that are in this book. What was unique about these courses
was the focus on a wide range of microencapsulation methods combined with applied examples and some of the practi-
cal issues that are easy to overlook considering the breadth and variety of the process solutions. This book addresses
these tremendously important issues such as the economics of microencapsulation, scale-up issues, and a whole section
on the materials that are used in microencapsulation. Through overviews, process descriptions, materials that can be
used to provide the encapsulation, production and regulatory issues, and finally interesting application examples, the
editors and contributors of this book have provided a clear and complete reference to this complicated area for both the
microencapsulation producers and the users of microencapsulation.

For over half a century, microencapsulation has been an exciting and industrially significant area to work in. New
materials, better process controls, and a continuing need to protect and deliver active ingredients on demand will push
this field to new heights. This book will provide you, the reader, with a reference to the technology and challenges and,
hopefully, expand your thinking and, ultimately, the breadth of the technology.

Good reading, good dreaming, and good innovation.
Willie Hendrickson, Ph.D.

CEO
AVEKA Group

Xiii
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Preface

The world of Microencapsulation has seen exponential growth over the past fifty years, and particularly more so over
the last decade. We, the authors, have held hands over the years, providing our scientific insight to evolving product
development demands as attendees at international conferences and workshops. It was June 2011 when one of us,
Anilkumar, had an epiphany it would be quite helpful for the attending audience if we captured our collective learn-

ing, experiences, and practices, along with our microencapsulation colleagues around the world, and created a handbook
of practical wisdom all in one place. The rest was history, and this was the genesis of our adventure together. A team
of qualified experts was sought with a core team to create, compile, edit, and format each selection. We thank Elsevier
for seeing our vision and appreciate their patience in getting the book ready for print.

We recognized that the fundamental researchers and scientists were seeking technology nuances. Finding these nug-
gets in this much-evolved field of science is difficult. Honestly, one would be misleading the reader if we state that
what is presented in the chapters is simply science. Microencapsulation is an art and a science, and we hope that the
book has done justice in balancing the two acts.

A few earlier pieces of literature in the field of microencapsulation have tapped in basic concepts, and fundamentals
of understanding of the process technologies. We understand that today’s reader is well versed in such fundamental con-
cepts and basics. We felt that a focus on industrial applications pertinent to the 21st century would yield greater value
to the reader. This involves exploring novel excipients, process technologies, analytical and characterization methods,
and regulatory roadmaps. We believe that this extends our understanding of the functionality of the final microencapsu-
lated product.

The thirst of today’s learners relates to finding unique solutions to some very specific product needs. As research
and development is not a static practice, the field of encapsulation has traversed from the micro-scale level to new
developments in the area of nano-scaled encapsulation. These developments have found many applications in health
foods, nutraceuticals, dietary and consumer health, and wellness products.

This book is comprised of 7 parts and 42 chapters. We have attempted to bridge fundamental concepts to the knowl-
edge of new and novel processing techniques, choice of materials along with the selection process, testing and evalua-
tion of materials, regulatory aspects, scale-up, packaging, economics, and application-specific uses of
microencapsulation in the food industry. We have chosen to include the expired and active intellectual property
highlighting this field of research as it applies to the food and nutraceutical industries. The content and format allows
us to create an Industrial Application Handbook capturing the art and science of this field to the food industry.

The book provides a single source consolidation of information pertaining to new challenges in the food industry
that can potentially be solved by microencapsulation technology. The projected audience encompasses college students,
scientists, engineers, professionals, business managers, technical leaders, marketing personnel, and small business own-
ers serving the food and nutraceutical industries. Most of the contributors to this book are from industry and a few are
from academia. Hundreds of years of collective experience of the authors from several countries have shaped this book.
We hope that the readers of this book will be enriched with knowledge of the current and emerging trends on microen-
capsulation of food ingredients.

The Editors

XV
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Chapter 1

Introduction to Microencapsulation and
Controlled Delivery in Foods

Robert Sobel™?, Ronald Versic’, and Anilkumar G. Gaonkar*
IFONA International, Geneva, lllinois, USARonald T. Dodge Company, Dayton, Ohio, USMpndeEz International, Glenview, lllinois, USA

1.1 INTRODUCTION

This introductory chapter provides the background, including the necessary theory and impetus, for the art and science
of microencapsulation techniques found within the food industry. The spirit of this communication is to provide a back-
ground of encapsulation techniques and procedures that are contemporary to the field of encapsulation technology, thus
giving the reader a clearer understanding of the science and an improved ability to apply this technology in their
environment.

This chapter is divided into nine key areas consisting of: (1) microencapsulation defined, (2) reasons for micro-
encapsulation, (3) types of microcapsules, (4) a historical account of encapsulation, (5) materials used for encapsulation
purposes and their regulatory aspects, (6) microencapsulation techniques used within the food industry and examples
thereof, (7) trends in microencapsulation, (8) challenges in microencapsulation of food ingredients, and (9) the future of
microencapsulation of food ingredients. The culmination of these nine areas becomes the foundation of material
presented herein.

This introductory chapter is the first of seven parts of this book. Part 2 describes concepts related to factors, mechanisms,
mass, and heat transfer. Different process technologies using microencapsulation of food ingredients are the subject matter
of Part 3. Part 4 deals with various materials (matrix, coating, excipient, etc.) used for microencapsulation of food ingredi-
ents. Testing and quality control are the subjects for Part 5. Regulatory, quality, scale-up, packaging, and economics are
addressed in Part 6. Finally, applications of microencapsulation technologies are described in Part 7.

1.2 MICROENCAPSULATION DEFINED

Microencapsulation (as it applies to the food industry) is the process whereby various food ingredients can be stored
within a microscopic size shell or coating for protection and/or later release. More specifically, microencapsulation is
the process of enclosing small particles, a liquid, or a gas within a layer of coating or within a matrix. Traditionally,
microencapsulation does not utilize capsules greater than 3 mm in length. Encapsulations that fall within the range of
100 nm to 1000 nm are classified as microencapsulations. Components that are between 1 nm and 100 nm are classified
as nanocapsules or nanoencapsulatidimses, 1999.

The common nomenclature used to define the various parts of the encapsulate includes terminology for the shell as
well as the ingredient to be encapsulated. The ingredient that is to be encapsulated is usually called an active, core, pay-
load, internal phase, encapsulate, or fill. The material that envelopes the active is commonly called shell, wall, coating,
external phase, support phase, or membrane. The shell material is usually insoluble and nonreactive with the core. It
accounts for 1 to 80% of the microcapsules by weight. The microencapsulant’s shell can be made of sugars, gums,
proteins, natural and modified polysaccharides, lipids, waxes, and synthetic polymers (Gibbs et al., 1999).

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00001-7
© 2014 Elsevier Inc. All rights reserved. 3
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1.3 REASONS FOR MICROENCAPSULATION

Microencapsulation—considered both an art and a science—is a versatile technology used in a variety of industries.
Examples include the pharmaceutical, chemical, food, and agricultural industries. One reason for using microencapsula-
tion technologies is ingredient protection, that is, to avoid degradation resulting from exposure to environmental factors
such as water, oxygen, heat, and light. Traditionally, this is done to improve the shelf-life of the active material. In
some cases, encapsulation can be used to mask undesirable taste, odor, and color, thus preventing interference with
product performance. Ease of handling is another reason for microencapsulating, as it can be used as a simple method
for converting a liquid food ingredient into a solid (free-flowing powder). Microencapsulation can be used to prevent
reactions and undesirable interactions between active food ingredients and those between actives and food components.
Considering the ease of handling, microencapsulation also provides the opportunity to reduce the flammability and
volatility of various food ingredients. Finally, microencapsulation can be used to control the delivery of a food ingredi-
ent. This is known as controlled release or controlled delivery.

Controlled release of food ingredients by microencapsulation can be achieved through understanding the mechanism
by which the food ingredient is to be released. Various release mechanisms, also known as release triggers or signaled
release, include temperature (thermal: heat, cold); moisture or solvent release via dissolution; shear or pressure release
(mechanical, chewing (mastication)); pH; and enzymatic release. Triggered release is usually fine-tuned to a specific
target release point. This also includes delayed release, or sustained release, over time. Targeted release seeks delivery
of the food ingredient at a specific processing or storage stage, the specific consumption stage of the consumer good, or
a specific location within the body (i.e., gastrointestinal tract).

The microencapsulation system must be designed with the release mechanism (trigger) in mind. As indicated earlier,
an active food ingredient (payload) can be delivered at different stages of the processing, storage, and consumption
cycle. The release trigger used will largely depend on the type of the food/beverage product and the location at which
the payload needs to be released. Water (moisture) is used as the release trigger for releasing an active during rehydra-
tion and dissolution of a food powder when the water is added. The same is applicable when saliva dissolves a ready-
to-eat food product during mastication. Water-soluble or -dispersible matrix/coatings (e.g., carbohydrates and/or
proteins) are employed when the active needs to be released with water as a release trigger. Heat is used as the release
trigger (thermal trigger) to release an active after warming, cooking, baking, roasting, steaming, or microwaving a food
product. Examples include an addition of hot water to the food powder used to prepare hot drinks (coffee, tea, cocoa
drink, chocolate drink, etc.) and soups. When heat is the preferred release trigger, lipids, fats, and waxes are used as
matrix/shell materials. Mechanical shear (mastication) is used as the release trigger during chewing of a ready-to-eat
(RTE) food. Enzymes and pH are used as release triggers when an active has to be delivered in a specific part of the
gastrointestinal tract (i.e., mouth, stomach, small intestine, or the colon). The matrix/coating made up of a starch
(sensitive to amylase in the mouth) is ideal for release in the mouth. When the matrix/coating is made up of protein, it
would disintegrate in the presence of proteases in the stomach. Enteric food polymers such as zein, shellac, and dena-
tured proteins are stable (insoluble) in the stomach (high acid environment; low pH) and soluble (disintegrates) at the
pH environment existing in the small intestine. Hence, enteric polymers are employed for stabilizing the active until it
exits the stomach and releases in the small intestine.

It is clear from these examples and applications of encapsulation that the food processing and consumption cycle is
critical to the development of the trigger release mechanism used.

At the start of the cycle, consideration must be given te ifigredients and how they will interact with the pro-
cessing step: this applies to both the creation of the microencapsulation system and the development and production
of the finished food product. The processing step in trenafacture of a food product may involve shear, tempera-
ture (heat or cold), pressure, aeration, and addition ofsinoé. How these parameters affect the integrity of the
microcapsules must be taken into account while developirgsystem itself. Once thedd product is processed,
its storage and handling must also be considered: this e do ensure that the previously encapsulated food ingre-
dients will be able to withstand the shelf-life and storammdition of the material. The final step in the cycle is the
preparation of the food by the consumer. The microesusggion must be able to perform and deliver the food
ingredient at the appropriate time, that is, during cogkiat hydration, or when the finished product is consumed
(i.e., mastication).

Information on microencapsulation of aroma, acidulant, bacteria, base/buffer, coloring agents, fatty acid, flavor, salt,
leavening agents, lipid, mineral, salt, nutraceutical, oxidizer, protein, peptide, and so on, can be found in many patented
art and literature references.
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1.4 TYPES OF MICROCAPSULES

The morphology (form and structure) of the microencapsulation falls into two categories—microcapsules and micro-
spheres. The grouping is based on the method used to manufacture the material. The first type, the microcapsule, is so
named because it has well-defined coshell morphology. Microcapsules are traditionally created solely by a chemical
means, formed in a liquid-filled tank or tubular reactdihies, 199%. The second type, the microsphere, is mechanically
formed through either an atomization process or milling process, whereby the active ingredients are disbursed within the
matrix. This microsphere encapsulate is sometimes referred to as a matrix encapsulation. There are also hybrids of this
technique in which a matrix particle can be coated with a shell material resulting in a sloe## morphology, whereby

the core is a matrix encapsulation. There are a variety of structures associated with these different morphologies.

Microcapsules come in a variety of shapes—the shape being dependent on the method used to form the particle. The
simplest shape is a well-defined corghell morphology, described as a microcapsule. Another shape is known as a multinu-
clear morphology. Previously, this was described as a matrix encapsulation, or microsphere. In some processes, bulk matrix
encapsulation must be milled or ground to the microscale, which results in the formation of an irregularly shaped microparti-
cle, which is not a sphere. Finally, the hybridization (previously described) is known as a multiwall encapsulation.

The merits of a matrix encapsulation versus a microcapsule depend on how the particle will be used and the econ-
omy of scale for that food ingredient encapsulation. Matrix particles do not have a specific outer coating, which results
in having some of the food ingredients, or actives, exposed near the surface. This leads to an incomplete encapsulation,
which may not be well suited to all applications. An example of where this technology is not well suited can be seen
with the encapsulation of various nutraceutical ingredients—more specifically, omega-3 fatty lacidsqwski et al.,

2009. Later chapters will discuss methods for optimizing matrix particles to minimize the exposure of food ingredients
at the surface. Matrix particles also give the ability to contain by weight less than 30% of a food active ingredient. This
technique tends to be a rather inexpensive form of encapsulation.

Microcapsules, on the other hand, tend to have very little exposure of the active food ingredient at the surface, and are
considered to be a complete form of encapsulation. This is because they have a well-defineshetbmrmorphology. The
formation of microcapsules tends to be a more expensive processing technique. This will be demonstrated in future chap-
ters. In many instances, there are more unit operations needed to create microcapsules than to create microspheres. Even
though they are more expensive to process, a higher level of food ingredients can be encapsulated.

1.5 HISTORICAL ACCOUNT OF MICROENCAPSULATION

Microencapsulation technology mirrors the progress and development of many other contemporary technologies today.
As with most innovations, component technologies are produced for a particular application or industry, then they are
merged to create an innovative new product. This trend can also be seen with the microencapsulation field, where
various technologies from unrelated industries have been combined to create a new product, for example, a microsphere
or a microcapsule used for the controlled delivery of a food ingredient. Another trend in the microencapsulation field
has been a reduction in particle size. Some of the first encapsulations occurred at the macro-scale level and were later
reduced to the microscale level. Continuing that trend, many innovative companies in the encapsulation field today are
seeking new ways to explore, develop, and commercialize encapsulation at the nanoscale level.

Microencapsulation technology can be traced back to the inception of one of its core techniques—spray drying.
Spray-drying technology was first patented in 1872 by Samuel Percy as a way of preserving of milk Belidg, (
1872. Percy outlined a “simultaneous atomizing and desiccating technique” for the improvement of desolvating liquid
substances. His new invention demonstrated that atomized liquid could be mixed with air (heated or at ambient temper-
ature), whereby rapid desiccation would occur, resulting in the production of powder with low moisture content. Drying
applications for dextrin, starches, and gelatin are outlined in the patent. Although Percy’s patent is not specific to
encapsulation technology, it does form the basis for many future encapsulation technologies.

Shortly after the publication of Percy’s patent, William Cairiza(ns, 187} received a patent titled “Improvement
in Apparatus for Sugar Coating Confectionary, Pills, etc.” This patent described a form of macroencapsulation that
could be used for the coating of food and confection ingredients, as well as the coating of pills. This coating technique
is commonly referred to as “pan coating.” While this technology does not directly scale to the micro level, it created
the fundamental basis by which many food ingredients are coated and enrobed today. In fact, Cains does not suggest in
his patent that there are chemical and physical property enhancements as a result of his technology. These enhance-
ments would be developed and exploited in the years to come as new discoveries were made in microencapsulation
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techniques. The application of a coating material on the outer surface of an active food ingredient is imperative for the
enhancement of chemical and physical properties of the newly coated material, as well as the delivery and controlled
release of the protected ingredient. Later techniques such as bottom spray fluid-bed coating have improved Cains’
design, and have provided the ability to coat microscale particulates§, 187h

The manufacture of fillable hard gelatin capsules was first reported in 1890. There were, however, many
manufacturing issues—issues that were still around in the 1930s. These issues included leaky capsules and inaccurate
metering of active ingredients because of the inclusion of air bubbles during the filling sealing process. As cited by
Scherer, “The formation of the capsules in this manner is a relatively laborious procedure inasmuch as it entails careful
manipulation by the operator of the gelatin plates, and the resulting product is not only lacking in uniformity by the
reason of the human element involved, but is very apt to be inferior by reason of the fact that it is almost impossible to
prevent the entrance of air into some of the capsules formed during each of the die stamping operations due to careless
manipulation by the operator'Scherer, 193¢

From this citation it becomes apparent that pre-1930s state-of-the-art capsule making had many difficulties metering
specific, discrete quantities of an active ingredient. In 1934, Scherer patented a process by which these problems could be
addressedScherer, 193/ This technique utilized a system of plates whereby one film of gelatin would be placed on each
plate with the insertion of liquid active residing in the middle and then sealed. Scherer introduced the world to a new way
of mass-producing actives that could be coated and protected from the environment. The other advantages of this technique
are the improved metering of actives and the avoidance of both air bubbles and the potential for leaky seams.

A few years earlier, a process was developed whereby emulsions in mixtures were spray dried first. This led the
development of early forms of matrix microencapsulati®apold and Volk A.G., 19296

The technology and chemistry illustrated by Scherer, however, could not be translated to the microscopic level. It
was not until 1957 that Barrett K. Green and Lowell Schleicher of the National Cash Register Company invented a
technique for the manufacture of oil-containing microscopic capsul@sen and Schleicher, 1967Green and
Schleicher described a technique that strayed away from mechanical application of a shell in an effort to exploit the
surface and film chemistry for shell applications. Their technique would later go on to be called coacervation, and
would be used in the first generation of carbonless paper. The invention of microencapsulation by coacervation
provided the intellectual stimulus for the invention of other methods known as urea-formaldehyde, melamine-
formaldehyde, and interfacial polymerization.

Later on in 1957, Horton E. Swisher explored the viscoelastic properties of polysaccharides to be used as shell mate-
rial for the preparation of solid flavorings. In Swisher's patent, he described a technique whereby a molten mass of
polysaccharides is created and blended with liquid flavorings. This blended melt composition is then extruded through
a die plate and chilled in a cooled solvent bagw{sher, 195). The particulates formed from this technique exhibit
improved product performance by inhibiting ingression of atmospheric gases into the encapsulation material. This
technique inhibits interactions with the environment, but does not halt chemical processes that can take place internally
within the substrate.

In the mid-1960s, another area of microencapsulation found it roots in liposome structures that acted like cell walls.
Initial studies of liposomes were pioneered by Alec Bangham and his group of researchers who were exploring the func-
tionality of various phospholipids. Bangham’s group was able to characterize the surface chemistry, as well as determine
the relative interior diameter of self-assembled phospholipids known as “Banghantitestjiffam and Horne, 1962,

1964; Glauert et al., 1962; Horne et al., 1963

Dale E. Wurster developed a coating technique that utilized a spouted bed dryer in conjunction with an upward spray-
ing nozzle positioned at the bottom of the fluid bédrster and Lindlof, 1966 This technique would be called fluid bed
spray coating or the “Wurster coating,” named after its inventor. On a macroscale, this technique could be used for encap-
sulating various food ingredients, pharmaceutical tablets, confectionary items, fertilizer particles, chemical prills, grain,
and seed. For macroscale materials, this technique would establish itself as a peer to pan coating technology as previously
described in “pan coating”™—Cains’ invention. The benefit of “Wurster coating” is that it provides an avenue for coating
micro-scale materials, whereas its predecessor, pan coating, does not provide this capability.

The next technique that furthered the art of encapsulation is known as organic phase separation. It is based on the
principle of polymer polymer incompatibility. This technique was highlighted in a 1968 patent describing a process of
“forming minute capsules en massé®dwell et al., 1968 This technique outlined the ability to create “seamless pro-
tecting walls surrounding the core” demonstrating a process to create well-definedsbete morphology similar to
the aforementioned coacervation technique invented by Green and Schleicher. In some cases, workers in the field even
consider organic phase separation as a form of coacervation.
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Coacervation was widely used for carbonless transfer paper applications. This technique was improved on by
Matson in 1970 with the introduction of an aminoplast encapsulation technigaes¢n, 197 Coacervation uses a
urea-formaldehyde pre-condensate that is mixed with actives, and then condensed to form a capsule morphology.
According to Matson’s claims, this technique is superior in comparison to its coacervation counterpart because it deli-
vers better control and reproducibility. Matson also argues that coacervation-based encapsulations are unsatisfactory
because of the gelatin raw material containing too much variation, which leads to quality control issues. This urea-
formaldehyde technique has found its way into many industries with the exception of the food industry because these
ingredients are not permissible for use in foods. There is a lack of agreement that the mechanism of urea-formaldehyde
is being classified as coacervation or &ssftu polymerization.”

An additional argument embracing encapsulation as an “art” can be found with the introduction of interfacial poly-
condensation, a form of polymerizatiowWgndegaer, 1971 This patent provides another pathway by which a liquid-
dispersed active can be coated through the use of polycondensate:

Procedure for encapsulation of materials initially embodied, contained or carried in liquid is affected by interfacial polycon-
densation between coacting intermediates respectively in immiscible liquids, droplets or one liquid which is to be encapsulated
and which contains one intermediate, being first established in a body of the other liquid. Thereafter the second intermediate is
incorporated in the other liquid to produce minute capsules of the first liquid having a skin of polycondensate, e.g., polyamide,
polysulfonamide, polyester, polycarbonate, polyurethane, or polywiandegaer, 1971

This technique expanded its utility into the food ingredient landscape when compared to its urea-formaldehyde peer.

The patent arena for coacervation expanded to include ligigdid phase separation. This technique sought to
improve the retention of volatile materials while also improving the shell properties of the microcapsuteef al.,

1973. This process overcame the limitations of the urea-formaldehyde encapsulation process in that the shell material
was much stronger than, and not as brittle as, urea-formaldehyde. The inventors mirrored their manufacturing technique—
unlike their predecessors—to create a stable dispersion of hydrophobic active in an aqueous phase. Like other techniques,
the dispersion approach ensured that particle size could be reduced to the microscale. The aqueous and hydrophobic active
dispersions were established in solution with the following materials: polyhydroxyl phenolic material (that is, resorcinol);

an aldehyde; and polyvinyl alcohol (PVA). After modification of the pH and temperature and the introduction of chemical
strains to the system, a polyhydroxyl phenolic-aldehyde deposition occurs at the interface of the two liquid lpheses.

et al. (1973)claim that this technique can be used for the encapsulation of a variety of food ingredients, including olive

oil, fish oils, vegetable oils, and cocoa butter. This process is known as VARFAC for vinyl alcohol resorcinol formalde-
hyde acid complex. In practice, VARFAC is not food grade, but may be used in packaging.

Prior to the mid-1980s, encapsulation techniques were primarily developed to protect ingredients with a very limited
ability to control release of the ingredient. Many of the techniques were dependent on mechanical crushing for the
release of the active. This was common for techniques that arose during the 1960s and 1970s. Other techniques devel-
oped during this time depended heavily on the dissolution of the shell material, resulting in active release. During the
mid-1980s a series of patents taught the use of shell materials to control and sustain the release of food ingredient
actives. One form of controlled release uses a porous shelled encapsitatn@ Moss, 1982; Won, 198.7This form
of encapsulant slowly diffuses the active over a period of time. This technique can be used to extend the release time of
a vitamin, pharmaceutical, or other functional food ingredients.

Lattice-entrapped active ingredients were used to expand controlled release and sustained release of active ingredi-
ents. This technique, highlighted in a 1989 patent, explores the entrapment of an active via thermodynamic mechanisms
within a lattice of shell material. The release of the functional ingredient can be mechanical or diffusion, permeation, or
degradation limited. The inventors suggest that this technique can be used for the encapsulation of flavors, sweeteners,
and other food ingredients\prutyn et al., 198}

Novel ways of using controlled release techniques progressed into the 1990s with the use of liposomal release by
irradiating with microwaves. A 1992 patent titled “Microwave Browning Composition” cites the use of a liposome-
encapsulated Maillard browning reagent that is released during the cooking process. Once released, the Maillard reagent
is able to engage in browning reactions with the food matrix, which cause the evolution of flavor and &taymeg
et al., 1992.

Flavor encapsulation came with the addition of a new processing technology for the creation of a glassy-matrix-
encapsulated flavor. This technique is similar to the Swisher technique (1957) with the exception that it utilizes an
extrusion system in place of a large pressurized vessel. This changed the manufacture of glassy encapsulated flavors
from being a batch process to being a continuous process.
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In summary, the ongoing development of microencapsulation as a viable science in the food industry began with
Samuel Percy’s creation of spray drying in 1872. Percy’s invention resulted in the production of powder with low mois-
ture content. William Cains followed in 1875 with his innovative “pan coating” process to coat food, confection ingre-
dients, and pills. In 1890, the manufacture of fillable hard gelatin capsules was first reported. In 1926, a process was
developed in which emulsions in mixture were spray dried first. In 1934, Scherer introduced the world to a new way of
mass-producing an active that could be coated and protected from the environment. In 1957, Barrett K. Green and
Lowel Schleicher of the National Cash Register Company invented a technique for the manufacture of oil-contained
microscopic capsules—a process that would later be known as coacervation and would be used to develop carbonless
paper. Later in 1957, Horton E. Swisher’'s patent described a technique whereby a molten mass of polysaccharides is
created and blended with liquid flavorings. In the mid-1960s, A.D. Bangham and his group of researchers discovered a
method for characterizing the surface chemistry as well as determining the relative interior diameter of self-assembled
phospholipids Bangham and Horne, 1984The “Wurster coating,” named after Dale E. Wurster, was developed in
1965 as a method for encapsulating various food ingredients, as well as other materials. In 1968, Powell and others
defined a technique that outlined the process for creating “seamless protecting walls surrounding the core.” In 1970,
Matson improved the coacervation process with the introduction of an aminoplast encapsulation technique that
improved coacervation by delivering better control and reproducibility. Furthering the “art” of encapsulation,
Vandegaer introduced a new way in which a liquid-dispersed active can be coated through the use of polycondensate.
The patent arena for coacervation expanded to include ligliggiid phase separation, with Hart and others introducing
a method for improving the retention of volatile materials while also improving the shell properties of the micro-
capsulesFulger and Popplewell (1997hvented a process for incorporating a volatile component into a matrix and
solidifying the mixture under pressure sufficient to prevent substantial volatilization of the volatile active. In the mid-
1980s, a series of patents taught the use of shell materials to control and sustain the release of food ingredient actives.
In 1989, Abrutyn’s patent explored the entrapment of an active via thermodynamic mechanism within a lattice of shell
material. In 1992, Haynes et al. introduced “Microwave Browning Composition,” which releases a browning reagent
during the cooking process.

Learning from the history of encapsulation has led to the exploration and development of innovation in both encap-
sulation methodologies and processes and these will be outlined further in subsequent chapters.

1.6 MATERIALS USED FOR MICROENCAPSULATION PURPOSES

Encapsulation materials are somewhat limited for the food industry. This limitation is based on allowable ingredients
for use in foods. Traditionally, the formation of a microencapsulation requires that there be incompatibility between the
shell and the active so that a coating will exist at the surface of the active ingredient. For hydrophobic actives, a hydro-
philic material must be used to encapsulate. An example of a hydrophobic active is edible oil and fat. A wide variety of
polysaccharides, proteins, and polymers have been used for encapsulatitnl1.loutlines these various ingredients.

TABLE 1.1 Materials Used for Microencapsulation of Hydrophobic Actives

Polysaccharides Polysaccharides Polysaccharides Proteins Proteins Polymers

(unmodified) (modified) (gums) (vegetable) (animal)

Sugar Dextrin Gum arabic Soy Gelatin PEG

Starch Cyclodextrin Alginate Wheat Casein PVA

Glucose syrup OSA starch Carageenan Corn (zein) WPC PVP

Maltodextrin Cellulose Pectin WPI Cellulose

derivatives

Caseinate Chitosan

Abbreviations: OSA, octenyl succinate; WPC, whey protein concentrate; WPI, whey protein isolate; PEG, polyethylene glycol; PVA, polyvinyl acetat e;
PVP, polyvinyl pyrrolidone.
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TABLE 1.2 Materials Used for Microencapsulation of Hydrophilic Actives

Lipids Waxes Polymers
Hard fat Beeswax Shellac
Hydrogenated fat Paraffin wax Ethyl cellulose
Glycerides Microcrystalline wax

Phospholipids Carnuba wax

Fatty acids

Plant sterols

Sorbitan esters

TABLE 1.3Methods Used in Microencapsulation

Physical Methods Chemical Methods
Spray drying Phase separation

Spray cooling/chilling Solvent evaporation
Spinning/rotating disc Coacervation

Fluidized bed (drying, granulation, and coating) Interfacial polymerization
Extrusion Liposome

Coextrusion Coextrusion

Molecular encapsulation Nanoencapsulation

Multiple emulsions

In systems where a hydrophilic active requires encapsulation, a hydrophobic material is usually used as a matrix or
coating material. These hydrophobic materials include lipids, waxes, and polymers. Various hydrophobic materials used
for encapsulation of hydrophilic actives are outlinedTiable 1.2 A detailed account of the materials used as a matrix
and/or coating in the process of microencapsulating an active is presented in Part 4 of this book.

1.7 MICROENCAPSULATION TECHNIQUES USED WITHIN THE FOOD INDUSTRY

As previously mentioned, there are two classifications of microencapsulation based on the formation of the micro-
spheres or microcapsules. Microspheres are typically formed by physical means, and the techniques associated with this
include spray drying, spray cooling, spray chilling, spinning disk, fluid-bed coating, extrusion, coextrusion, molecular
encapsulation; and multiple emulsions. Chemical processes associated with the formation of microcapsules include
phase separation, solvent evaporation, interfacial polarization, coextrusion, coacervation, nanoencapsulations, and
liposomes. The various methods used for microencapsulation are presefitediénl.3 These methodologies are fur-

ther explored in greater detail in Part 3 of this book.

1.8 TRENDS IN MICROENCAPSULATION

As presented in both the introductory materials and the historical account of microencapsulation, there have been a vari-
ety of new techniques added to this field over the past 30 years. In the mid-1950s, coacervation and spray drying were
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the primary techniques: unfortunately, few publications were offered on the subject. It was not until the mid-1980s that
these techniques were being exploited for encapsulation purposes, as shbgnrin 1.1 In the figure it can be seen

that the fields of extrusion, fluidized bed, liposome entrapment, spinning disk, and spray drying are growing
significantly.

Trends relating to patents in the area of microencapsulation for the food/beverage industries are shown in
Figure 1.2 It is clear that the patents in the area of microencapsulation have grown exponentially over the years. The
growth rate in the number of patents is significantly higher in the United States than in other régiionsnd Sumiga
(2008) have also reported an exponential increase in humber of patents and scientific articles on microencapsulation
over the years. With the demand for encapsulation technology to protect, mask, and control delivery of food ingredients,
it is anticipated that the number of papers and patents in this area will continue to grow.

1.9 CHALLENGES IN MICROENCAPSULATION OF FOOD INGREDIENTS

There are no all-encompassing techniques or approaches that apply to the microencapsulation of food ingredients.
A tailor-made solution is required in each situation because of a wide variation in types of food, storage and transporta-
tion requirements, and the necessity for different release triggers and consumption requirements. Harsh processing con-
ditions can negatively impact the integrity of the microencapsules, thus the process must be designed around those
conditions. Another challenge is that only a very limited number of matrix/coating/excipient materials have been
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approved for use in food. Regulatory compliance narrows the selection of generally regarded as safe (GRAS) materials
for use in the encapsulation of food ingredients. In addition, narrow profit margins may not support the additional cost

(e.g., capital, process, and materials) of microencapsulation. Review chapters pertaining to microencapsulation of food
ingredients exist elsewher&glassa and Fanger, 1971; Jackson and Lee, 1991; Shahidi and Han, 1993; Risch and

Reineccius, 1995; Dziezak, 1998; Gibbs, 1999; Vilstrup, 2001; Uhlemann et al., 2002; Ubbink and Schoonman, 2003;

Lakkis, 2007; Garti, 2008; Zuidam and Nedovic, 2010

1.10 THE FUTURE OF MICROENCAPSULATION OF FOOD INGREDIENTS

In spite of all the challenges mentioned, the use of microencapsulated ingredients in food is steadily growing because
consumers are now ready to pay extra for the use of microencapsulation technology to successfully incorporate sensi-
tive, health-promoting ingredients in food. The report titled “Food Encapsulation: A Global Strategic Business Report”
by Global Industry Analysts, Inc. (GIA) provides a review of noteworthy market trends, growth drivers, and challenges
(Global Industry Analysts, Inc., 20)0This report analyzes markets for food encapsulation in the United States,
Canada, Japan, Europe, Asia-Pacific, Latin America, and the rest of the world. Annual estimates and forecasts are given
for each region for the period of 200@015. The report profiles 45 companies, including many key and niche players.
According to the report, the global food encapsulation market is projected to reach about $39 billion by 2015. Growth
in the market is especially driven by factors such as changing dietary habits; increased popularity of exotic flavors,
cuisines, and the gourmet food segment; the rising emphasis on preservation of food quality; and the speed and agility
of new product innovation. Venture capital investments are expected to be especially high in the functional foods seg-
ment because of the growing demand for foods with disease prevention benefits for a rapidly aging population.
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Chapter 2

Factors and Mechanisms in
Microencapsulation

Niraj Vasisht
BioDelivery Sciences International, Inc., Raleigh, North Carolina, USA

2.1 INTRODUCTION

Microencapsulation technology serves two key applications in the food industry. The technology is used extensively for
providing stability of the active ingredient in food products, which may otherwise render undesirable functionality.
Whether the product relates to flavors, chewing gum, candies, coffee, probiotics, health foods, vitamins, minerals, or
enzymes, the governing principles to achieving desirable product stability can be managed by controlling the structural
design of the microcapsule that offers improved performance in the food products.

Another primary application of microencapsulation technology is to bring a desired physicochemical change in
sensory perception in the food product at the desired time or by using a suitable triggering mechanism. Having an
improved understanding of the molecular and physicochemical interaction of the active ingredient and material compo-
sition is critical to creating such dynamicsystem.

This chapter describes the factors and the theoretical mechanisms that impact the stability, mass transport, and offer
triggered release. The major building blocks for developing food-grade delivery systems are given. This section is
followed by design concepts for the microcapsule structure. Because food products are complex, multicomponent
systems, a discussion of multivariant characteristics of the factors is presented. The chapter concludes with a compari-
son of the theory and industry practice with regards to release mechanisms.

2.2 STRUCTURAL DESIGN OF THE MICROCAPSULE

A microcapsule comprises many different components of which the active ingredient and the matrix polymer are the
two key components that control the rate of diffusion. Understanding the morphology, physicochemical compatibility,
and thermodynamics of both the active and matrix polymer is important.

In food systems, the microcapsule shell can provide several different functionalities for stability:

Protection of sensitive active ingredients such as flavors, vitamins, minerals, unsaturated lipids, essential oils, and
salts from oxygen, water, and light.

Processing convenience by converting difficult-to-handle liquids to powdered food systems.

Separation of two components during storage hold time.

From a morphological or structural standpoint, the factors affecting the stability and release are type, size, shape,
and payload of the microcapsules. Also, molecular weight of the active, functional moiety and surface charge, concen-
tration, solubility, wettability, and temperature are important parameters and they will be discussed in the following
sections.

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00002-9
© 2014 Elsevier Inc. All rights reserved. 15
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2.3 MICROCAPSULE OR MICROSPHERE TYPE

Morphological configuration in which the active ingredient is configured into a microcapsule with a distinct matrix
wall around the active ingredient, or in microsphere morphology where the active ingredient is contained in a number
of small discrete droplets or particles that are dispersed in the matrix material, can significantly impact stability and
release of the active ingredient. One may also envision that the small droplets in a microsphere are so small that the
active may be inherently soluble in the matrix polymé&igure 2.1shows the different structural configurations of
microencapsulated systems and presents how the active ingredient is distributed in the matrix polymer, however,both
microcapsule and microsphere morphologies must be free of defects, pin holes, or high curvatures to provide enhanced
stability. The presence of defects can cause oxidative or hydrolytic degradation over longer periods of time.

Q) ) © ©) B)

Irregular Core shell Polynuclear Insoluble Soluble
shaped microcapsule microcapsule matrix matrix
microcapsule microsphere microsphere

FIGURE 2.1 Microcapsule (A, B, and C) versus microsphere (D and E) morphology.

2.4 MICROCAPSULE SIZE, SHAPE, AND PAYLOAD

Particle size is one of many parameters that may be adjusted to control release rates of encapsulated ingredients, as
shown inFigure 2.2

The size of the microcapsule (or microsphere) and its corresponding active payload are interrelated. For a defined
microcapsule size, a lower active loading in a microcapsule will offer better protection than a high loading, because the
thickness of the matrix wall increases dramatically with a decrease in loadirige 2.1shows how the volume of the
thickness of the shell wall is impacted by the size of the microcapsule and loading. This is also described in a plot in
Figure 2.3 As the microcapsule shell thickness increases, the ability of the microcapsule to provide barrier properties
increases.

Note that as the microcapsule dimensions become smaller and smaller, the thickness approaches infinitesimal values
(i.e., nanoscale). In other words, large microcapsules of the same active loading offer the advantage of greater stability
because the surface area per unit mass of the active is significantly higher as the surface area of transport increases as a
square of the radius of the microcapsufégure 2.4describes the relationship between the microcapsule size and the

10 microns

20 microns

40 microns

FIGURE 2.2 Impact of size of the microsphere in controlled release.
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TABLE 2.1Effect of Thickness of the Shell Wall on the Microcapsule Volume and Loading

Diameter (um)
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5
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1

300.0

250.0

200.0

25150.0
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0.0

Vol. Microcapsule (um?3) Thickness (um) Thickness {um) Thickness {um)

@ 90% Load @ 50% Load @ 10% Load
523,600,000 17.3 103.1 267.9
65,450,000 8.6 51.6 134.0
8,181,250 4.3 25.8 67.0
523,600 1.7 10.3 26.8
65,450 0.9 5.2 13.4
8181.25 0.4 2.6 6.7
523.6 0.2 1.0 2.7
65.45 0.1 0.5 1.3
8.18125 0.0 0.3 0.7
0.5236 0.0 0.1 0.3
—&— 10% loading
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90% loading
» — oo —*
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FIGURE 2.3 Microcapsule thickness as a function of microcapsule diameter.
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FIGURE 2.4 Microcapsule size and the surface area relationship.

17



18 PART | Il Concept of Microencapsulation

total surface area (as demonstrated by number of microcapsules) at the same payload. The figure shows that when the
size of the microcapsules is small, the surface area is significantly high as compared to the size of the microcapsules. In
such a situation, it is inherently difficult to design a sustained release formulation. As a result, sustain release formula-
tions are often designed with surface area/volume ratios less than approximately 0.2.

2.5 PHYSICOCHEMICAL FACTORS

From a physicochemical compatibility perspective, the factors affecting the microcapsule stability and release are as
follows.

2.5.1 Molecular Weight of the Active Agent

Often one cannot alter the size once the active ingredient for the food product is ascertained. In this context, it is simply
important to know that size of the active ingredient is important. Typical food active ingredients have molecular
weights that are less than 500 Da. Because of the small molecular dimension, these molecules can slip through tortuos-
ity of the matrix polymer interstitial space or through the polar heads of the phospholipids in the case of a liposome. As
the molecular size increases, the diffusion decreases exponentially. This means that larger molecules, such as proteins
and peptides, cannot diffuse quickly.

2.5.2 Functional Moiety and Surface Charge

Glucose enters cells much faster than other sugars, facilitated by a carrier protein specific for glucose. This concept is
also known as facilitated diffusion and has applications in the pharmaceutical drug industry, although its use in the food
industry is rare. In contrast, the ionic surface charge on the active ingredient can play a significant role in retarding the
rate of diffusion by electrovalent binding to the matrix polymer moieties. Changing the ionic properties often results in

a change in solubility of the active ingredient in the matrix phase. Thermodynamics also affects microcapsule stability
and release. Thermodynamic properties such as concentration, temperature, solubility, and interfacial properties are all
key factors contributing to the performance and stability of the microcapsule.

2.5.3 Concentration

Molecules are in constant motion and tend to move from regions where they are in higher concentration to regions
where they are less concentrated. Microcapsules are no exception. The active ingredient moves from areas of high
concentration of that material into areas of low concentration of that material. As the concentration gradient between
the inside of the microcapsules increases as compared to the surrounding food outside, the rate of diffusion increases.
This is important from two standpoints. First, because the initial concentration gradient in a microcapsule is high, this is
a contributing cause for a burst effect. Also, as the concentration gradient decreases, the driving force associated with
release decreases and, therefore, such a system exhibits a first order release.

2.5.4 Solubility

In most product development efforts, one often needs to make a decision whether the active ingredient must be in a
solubilized state or a dispersed state. When the active is in a solubilized state, one can expect faster release. The
concepts for such a release and its kinetics are presented in the next chapter. Microcapsules with active ingredients in a
dispersed state require a balance between the stability and release rate. This is particularly relevant when the active has
low solubility in the food product in which the microcapsule is placed.

As the solubility of the active ingredient increasesthe matrix, the active ingredient can move through the
matrix more easily. Thesolubility is characterized by partitionP] or distribution D) coefficients. These coeffi-
cients are a measure of the difference in solubility of thetive ingredient in an gqueous versus oil phase.
Normally, one of the solvents used is water, while tleeand is hydrophobic, such as octanol. Hence, both the par-
tition and distribution coefficients armeasures of how hydrophilic (“wateoJing”) or lipophilic (“oil loving”) an
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active ingredient is. The logarithm of thatio of the concentration is called |08 The logP value is also known
as a measure of lipophilicity.

Log P5 log¥4® in octanob=aC in watelb

2.5.5 Wettability

The wettability of the active ingredient impacts dissolution and subsequent release. If the aqueous media cannot wet the
surface of the active ingredient, no release will occur. To quantitate the wettability, Griffin in 1954 defined the term
hydrophilic lipophilic balance (HLB) and a useful scale between 0 and 20 that allows one to explore how wettable the
active would be with water. Griffin proposed a mathematical equation as follows:

HLB5 20 Mh=Mw

where Mh is the molecular mass of the hydrophilic portion of the active ingredient molecule and Mw is the molecular
mass of the entire molecule, giving a result on a scale of 0 to 20 (Garti, 1996). An HLB value of 0 means completely
lipophilic, while a value of 20 corresponds to completely hydrophilic. Using this scale, the HLB value can be used to
predict the surfactant properties of a molecule, as presentédtite 2.2

In addition to these properties, scientists also use solubility parameters to take into account hydrogen bonding
between water and the hydroxyl groups.

TABLE 2.2 Griffin’s HLB Guidance Chart

Ingredient HLB Guidance
Oil soluble , 10

Water soluble . 10
Antifoaming agents . 4and, 8
WI/O (water-in-oil) emulsifier . 7and, 11
O/W (oil-in-water) emulsifier . 12and, 16
Wetting agent . 11and, 14
Detergent . 12and, 15
Solubilizing agent . 16 and, 20

2.5.6 Temperature

Temperature is the most critical thermodynamic property that influences the release of the active ingredient. In most
cases, increase in temperature causes molecules to move faster, therefore enhancing diffusion. The temperature also
allows the matrix to undergo entropic relaxation from a metastable state to an equilibrium state. As the density
increases, the molecule undergoes fewer collisions; this allows for faster diffusion. Similarly, lowering the temperature
will lower the diffusion rate by lowering the energy of each particle. As a result, microcapsules stored at room tempera-
tures or under refrigeration offer greater stability than those kept at elevated temperatures.

Because temperature is a controllable property, its impact on matrix polymers cannot be undermined. Polymer
matrices typically undergo phase transition with respect to temperature, thus changing from a crystalline to amorphous
state, glassy to rubbery state, or solid to molten state, and sol to gel state. In each of the phase transition states, the
product release profiles differ. Obviously, the selection of the matrix material becomes a key factor in microencapsula-
tion design. The selection criteria for the matrix polymer are described in Chapter 16.
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TABLE 2.3 Critical Process Control Parameters That Influence Release and Stability

Process Critical Process Control Parameter

Atomization Mixing time, mixing energy, evaporation rate, thermal profile, feed rate, air flow

lonic gelation Mixing time, mixing energy, salt content, zeta potential, cooling temperature, cool rate, gel point, feed ratio
Coacervation Mixing time, mixing energy, pH control/zeta potential, cooling temperature, cool rate, gel point

Liposome Mixing energy, pH, ionic charge, thermal conditions, freezing cycling

Fluid bed batch size, evaporation rate, thermal profile, feed rate, air flow rate, feed ratio

2.5.7 Process Factors

Each microencapsulation process uses its specific critical control variable, and so a detailed description of all processes
that can lead to a change in release profile is not possible. However, common pitfalls for an ill-designed microcapsule
structure that result in high porosity or lower density are describé&thlvie 2.3

2.6 MECHANISM OF DIFFUSION

The mechanism of diffusion or mass transport has been a topic of extensive research over the past Tam@ars (
1975. Despite years of history, one skilled in the state-of-the-art must construct an assessment for the target food prod-
uct. Because food products are complex, diffusion mechanisms are controlled by several attributes. Diffusion entails
several steps:

Surface wetting

Hydration or swelling of the matrix composition or layer

Disintegration or erosion of the matrix

Dissolution of the active ingredient to induce molecular diffusion or mobility
Permeation of the active ingredient in the matrix phase

Permeation of the active ingredient through the matrix phase into the bulk food phase

Each of the steps has the potential to control the rate and amount of release, and depending on the release duration,
the rate controlling step may change over time. As an example, the microencapsulation of a water-insoluble food active
ingredient in a poorly erodible matrix may provide the stability protection one needs, but the rate of release will be sig-
nificantly compromised because the rate and amount of the active release will undergo two critical rate controlling
steps: rate of erosion followed by solubilization of the active ingredient. Fundamentally, the rate controlling step in a
complex food product ultimately defines the release kinetics.

However, in most engineering practices, the standard approach is to consider the rate controlling step, which can
potentially dominate over the others. The rate controlling step depends on the choice of matrix material, morphology,
physicochemical properties of the active and matrix polymer, and system in which the microcapsule is placed. With
respect to practical considerations, one must recognize that using a single rate controlling step as a basis may not mimic
a superimposition of several kinetics. A number of methods are described to determine the kinetic model of diffusion
(Benita, 198). Some of the tools used include gradients of chemical poteriiatlf et al., 201)) equilibrium analyses
(Donbrow et al., 1988 cell dynamics models@hosal et al., 1992 Monte-Carlo simulationJalsenjak, 1992 and non-
regression analysesiiguchi, 1963; Thies, 1982; Nixon, 1984

An excellent starting point to understand the different kinetic release profiles is to consider concepts of zero order
diffusion, Fickian diffusion, first order diffusion, Higuchi's diffusion model, and case Il diffusieiyre 2.5.

2.6.1 Zero Order or Pseudo-Zero Order Diffusion Model

A zero order diffusion rate is independent of the concentration of the active ingredient. Increasing the concentration
will not speed up the rate of release, nor does the reduction in concentration slow down the diffusion. This is
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FIGURE 2.5 Schematic release profiles for microencapsulated systems.

counterintuitive. In a zero order diffusion model, the hypothesis is that the amount of active loading is infinite. In other
words, one can achieve zero order diffusion when the release amount is extremely slow as compared to the amount of
active loaded in the microcapsule. Zero order release in diffusion is described as the amount released is directly propor-
tional to time. As shown irFigure 2.5and mathematically:

Ct 2.1)
dCe=dt5 ko 2.2)

whereC; is the amount of active ingredient released in titmandkg is a zero order constant.
By integration ofEq. 2.2

aC;  Cobb koWt 2 0P (2.3)
whereC, represents the initial releasetat O for a fixed volume in which the release is measured:
Ci5 Col kot (2.4)

This equation is called the integrated zero order rate law.

It must be pointed out that a true zero order kinetics is often rare in the food industry, because of the short desirable
release time, solubility of the active agent in the matrix, surface activity, and desirability for a burst release from the
microcapsule.

2.6.2 Fickian Diffusion Model

Fickian diffusion postulates that the diffusive fluk,goes from regions of high concentration to regions of low concen-
tration, with a magnitude that is proportional to the spatial concentration gradient. In terms of one-dimensional spherical
coordinates relating to a microsphere morpholdgigk’s first law is:

J5 &=ARHC=dt52 D dC=dr (2.5)

whereJ is the diffusion flux or mass flow of the active ingredient under the assumption of steadyBtestehe diffu-
sion coefficientr is the radius of the designed microcapsule, &nid the surface area of the microcapsule. The nega-
tive sign inEq. 2.5is because diffusion occurs in the direction opposite to that of increasing concentration. It must be
emphasized that the equation is consistent only for an isotropic medium, where the diffusion properties do not change
in other spherical coordinates.

Equation 2.5can be simplified with the knowledge that the concentration difference between the inside and outside
of the microcapsule is:

dC=dt52 DWW CRR (2.6)

where ( C)5 Cou2 Cyu, and whereCyy, is the concentration of the active agent on the outside of the microcapsule
while Gy, is the concentration of the active agent on the inside of the microcapBuis. the thickness of the
microcapsule.

ComparingEgs. 2.2 and 2,6one can show that Fickian diffusion will approximate zero order diffusion when:

ko52 DAS CER 2.7)
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In essence, for constant release, a pseudo-zero order rule can be used for a practical approximation. The higher the
ko, the faster the rate of diffusion. One also concludes that the rate of diffusion can be increased by an increase in diffu-
sion coefficient, surface area, and concentration driving force, while it can be decreased by increasing the thickness of
the microcapsule wall.

2.6.3 First Order Diffusion Model
First order diffusion depends on the concentration of the active agent. The rate law for a first order diffusion is:
dC=dt5 k,C (2.8)

wherek; is the first order rate constant, which has units of 1/s.
The integrated first order rate gives:

INC2 INCy52 kit (2.9)

A plot of In C versus time gives a straight line with a slope &f k;.

2.6.4 Higuchi’s Diffusion Model

In 1961, Higuchi published the derivation of an equation that allowed for an active agent to diffuse from a matrix phase
when the active is a finely dispersed drug into a perfect sink. He based his equation on a pseudo-steady state where the
cumulative amount released is proportional to the square root of time. His model is based on the hypotheses that:

1. Initial active ingredient concentration in the matrix is much higher than the solubility in the matrix.

2. Diffusion takes place only in one dimension.

3. There is no surface contamination with the active agent (edge effect must be negligible) and the active agent parti-
cles are much smaller than the microcapsule system.

4. No swelling or dissolution of the matrix occurs.

5. Diffusivity of the active agent is constant.

6. Perfect sink conditions are always attained in the release environment.

Initially conceived for planar systems, it was then extended to different geometrics and porous systems. For a one-
dimension system, the following equation can be used:

Ci52 BAPCy2 CiCit 172 (2.10)

whereCg is the solubility of the active in the matriD is the diffusion coefficientC; is the concentration of the active
released at timg andA is the surface area through which the release occurs.

The major benefit of this equation is that a formulator could be used to facilitate microsphere optimization, where
the active agent is well dispersed in the microsphere matrix rather than using a microcapsule morphology to understand
the release mechanism.

2.6.5 Case Il Diffusion

In many cases, the diffusion mechanism of an active ingredient cannot be described adequately. This is particularly true
when diffusion of the active agent occurs in a glassy polymer matrix in contrast to the rubbery state. In essence, the
phase transition point, such as glass point, plays a significant role in the type of diffusion mechanism the active agent
will exhibit from the microsphere. Such form of diffusion is known as non-Fickian case Il diffusion.

Unlike Fickian diffusion, which is controlled by diffusion coefficient, in case Il diffusion the parameter is a constant
velocity front, which marks the boundary of the swollen gel and the unswollen glassy niébrixmeyer et al. (1983)
derived a simple relationship based on power law that allows for the release of the active agent from a polymeric
matrix. They presented the diffusional release in a power law relationship, as shdwiblmn2.4

2.6.6 Osmosis

Osmosis is a specialized case of diffusion that involves the passive transport of water. In this case, water moves through
a selectively permeable membrane from a region of its higher concentration to a region of its lower concentration.
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TABLE 2.4Interpretation of Diffusional Release Mechanisms from Polymeric Films

Transport Mechanism Power Law Release Release Rate as a
Exponent (n) Function of Time

Fickian diffusion 0.5 (G

Non-Fickian transport 0.45, n5 0.89 tn21

Case |l transport 0.89 Zero order release

Super case Il transport Higher than 0.89 tn21

The key to designing an osmotic release system is to select a polymer membrane that selectively allows passage of cer-
tain types of molecules while restricting the movement of others. Although each molecule moves down its own concen-
tration gradient, from a region of its high concentration to a region of its low concentration, the rate of release is
impacted because of backpressure exerted by other molecules such as water. Changing the ionic solute concentration
changes the way the membrane behaves.

Osmosis as a mechanism of release can be used for triggered release (Deasy, 1984). In an ill-designed microcapsule
product, which has defects and holes, osmotic pressure can be used to provide sustained release by virtue of the osmotic
pressure. The pressure required to stop osmosis is called the osmotic pressure. Osmotic pressure arises when two solu-
tions of different concentrations, or a pure solvent and a solution, are separated by a semipermeable membrane.

In dilute solutions, osmotic pressure X is directly proportional to the molarity of the solution. The Van't Hoff
equation provides osmotic pressure calculations as:

L 5 MRT (2.11)
where:

5 osmotic pressure
M5 molarity5 moles4 volume (L)
R5 8.3145 J/k mol is the normal gas constaRfF 0.0821 L atm/K mol is the gas constant expressed in terms of
liters and atmospheres)
T5 temperature (K)

A schematic that demonstrates osmotic release being triggered by the absorption of water into the microcapsule core
is presented ifrigure 2.6 At the pressure where osmotic pressure is exceeded, subsequent swelling ruptures the micro-
capsule shell.

In this chapter, while most of the discussion is focused on the physics of mass transport versus diffusion concepts,
almost any mechanism that induces a structural change to the microcapsule can be used as a triggering mechanism.
Figure 2.7depicts many such triggered release concepts. The most common triggering mechanisms are temperature,
pH, use of salts, osmotic pressure, and light.

Rupture

H,0 H,0

H,0 H,0

FIGURE 2.6 Concept of burst release by osmotic pressures.
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FIGURE 2.7 Nondiffusion release mechanisms.

Depending on the triggering and the morphological difference in the microcapsules, the response release curve may
be sigmoidal, waveform, or asymptotic in nature. Release profiles such as these are unique to different food products in
the food industry.

2.7 CONCLUSION

In this chapter, the different rate controlling factors were presented. The mechanisms of release are subject to how the
microencapsulation is conducted, that is, method or process, shell composition, physicochemical state, and morphologi-
cal properties. The versatile technologies that have resulted from the evolution of this technology can improve product
performance and provide better controlled delivery of ingredients. Understanding of the molecular and physicochemical
interaction of the active ingredient and material composition is critical to creating submamicsystem. Selection

and development of microencapsulated food ingredients for controlled delivery require a careful balance of physical
and chemical properties and processing of ingredients, available techniques, and regulatory guidelines. Finally, there
are no all-encompassing techniques or approaches that apply to the microencapsulation of food ingredients.
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Chapter 3

Applications of Mass and Heat Transfer In
Microencapsulation Processes

Niraj Vasisht
BioDelivery Sciences International, Inc., Raleigh, North Carolina, USA

3.1 INTRODUCTION

The stability and release properties are different for microcapsules depending on the morphology. The morphology of
microcapsules depends mainly on the core material and the coating attributes of the shell. Both microcapsules and
microspheres may have regular or irregular shapes, or may be classified as mononuclear, polynuclear, and matrix types,
as shown irFigure 3.1

Core shell morphologies of mononuclear microcapsules contain the shell around the core, while polynuclear cap-
sules have many cores enclosed within the shell. Alternatively, in a microsphere, the core agent is distributed homo-
geneously into the matrix polymer. While the schematicFigure 3.1shows a spherical geometry, this may be
irregular, as shown ifrigure 3.2

For purposes of simplicity, we consider two morphological structures—microspheres andshelie microcap-
sules—to understand how the concept of mass and heat can be used. The microsphere embodiment assumes that the
active ingredient is fully solubilized in the matrix material, and the microcapsule, which is envisioned as alvelte
morphology, has a distinct wall surrounding the active material from the surrounding media. Obviously, core materials
in microcapsule morphology may exist in the form of a solid, liquid, or gaseous state.

To gain a better insight into mass transfer problems of microencapsulated food product systems, a combination of
experimental investigations and mathematical modeling is required. This allows the use of a model as a predictive tool
to decide on gross difference rather than in lieu of a well-designed experiment to assess storage stability or to assess the
release profile. While unsteady-state diffusion is important, from a practicality standpoint, this chapter keeps away from
unsteady-state diffusion, and therefore the governing partial differential equations are not discussed.

3.2 MECHANISM OF DIFFUSION
As described in Chapter 2, the diffusion entails several steps:

Surface wetting

Hydration or swelling of the matrix composition or layer

Disintegration or erosion of the matrix

Dissolution of the active ingredient to induce molecular diffusion or mobility
Permeation of the active ingredient in the matrix phase

Permeation of the active ingredient in the bulk food phase

Each of the steps has the potential to control the rate and amount of release. Fundamentally, the rate controlling step
in a complex food product ultimately defines the release kinetics. This chapter assumes that the diffusion is the rate
controlling step and as a result we focus on the permeation of the active ingredient in the matrix.

The release profiles through matrices are classified into two key types of ofdgrse 3.3provides a schematic to
the types of order in microencapsulated systems: zero order diffusion and Fickian diffusion.

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00003-0
© 2014 Elsevier Inc. All rights reserved. 25
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FIGURE 3.1 Morphology of microcapsules.
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FIGURE 3.2 Geometric and irregular shapes of microcapsules. (A) Microcapsule morphology, (B) Microsphere or microparticlate morphology.
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FIGURE 3.3 Schematic release profiles for microencapsulated systems.

3.3 ZERO ORDER OR PSEUDO-ZERO ORDER DIFFUSION MODEL

A zero order diffusion rate is independent of the concentration of the active ingredient. Increasing the concentration
will not speed up the rate of release, nor does the reduction in concentration slow the diffusion down. This is counterin-
tuitive. In a zero order diffusion model the hypothesis is that the amount of active loading is infinite. The release
amount is so slow as compared to the system that the microcapsule behaves effectively as an unlimited drug source
with only a limited rate of release. Zero order release in diffusion is described as the amount released directly propor-

tional to time. As shown in Figure 2.4 (see Chapter 2) and mathematically:
Ct
or dC;=dt5 kg
where C; is the amount of active ingredient released in titpeand kg is a zero order constant. By integration of
equation:
aC;  Cobs kot 2 0P
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FIGURE 3.4 A practical representation of zero order kinetics of an active releasing from a hydrogel.

whereC, represents the initial releasetat O for a fixed volume in which the release is measured:
Ci5 Col kot

This equation is called the integrated zero order rate law.

Equation (3.3) which represents the zero order kinetics, is presented graphicallyuire 3.4 The figure describes
a hypothetical release of an active ingredient by zero order kinetics. One may assume such kinetics in these different
scenarios (1) an active insoluble ingredient entrapped in an eroding polymer, (2) ingredient or an active ingredient in
hydrogel that requires a mobile phase (hydrating front), or (3) an osmotic release necessary for the active to leave the
hydrogel matrix. They-intercept which represents “initial burst,” is defined 8y. As one can see, the percent release,
which is presented aé& is a linear function. The common practice is to consider zero order release up to 80%. In
most cases, the profile then flattens out as there is inadequate driving force to continue the zero order kinetics.

It must be pointed out that true zero order kinetics is often rare in the food industry, because of the short desirable
release time, solubility of the active agent in the matrix, surface activity, and burst release from the microcapsule.

3.4 FICKIAN DIFFUSION MODEL

Fickian diffusion postulates that the diffusive fluxgoes from regions of high concentration to regions of low concen-
tration, with a magnitude that is proportional to the spatial concentration gradient. In terms of one-dimensional spherical
coordinates relating to a microsphere morpholdgigk’s first law is:

J5 dlmFARHC=dt52 D dC=dr

whereJ is the diffusion flux described as the amount transferred per unit area per unit time or mass flow of the active
ingredient under the assumption of steady stBtés the diffusion coefficientr is the radius of the designed microcap-
sule, andA is surface area of the microcapsule. The negative sign in the equation is because diffusion occurs in the
direction opposite to that of increasing concentration. It must be emphasized that the equation is consistent only for an
isotropic homogeneous medium, where the diffusion properties do not change in other spherical coordinates.

The equation can be simplified with the knowledge that the concentration difference between the inside and outside
of the microcapsule is:

dC=dt52 DWAW CPkR

where ( C)5 Cou2 Cyum, and whereCyy, is the concentration of the active agent on the outside of the microcapsule
while Cj, is the concentration of the active agent on the inside of the microcapBuis. the thickness of the
microcapsule.

Comparing equations, one can show that Fickian diffusion will approximate zero order diffusion when:

ko5 DA3 CPR
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Thus, for steady state under constant reservoir conditions represented by a high loading, Fickian diffusion can be repre-
sented by zero order kinetics. For constant release, a pseudo-zero order rule can be used for a practical approximation.
The higher thekg, the faster the rate of diffusion.

However, as unsteady-state diffusion is most common in microencapsulated systems, the mass transport and diffu-
sion kinetics can be presented by using two concepts: Fick's law and conservation of mass.

In the following subsections, mass transfer in microspheres and microcapsules are considered with different bound-
ary conditions that mimic practical possibilities for industrial systems.

3.4.1 Mass Transfer in a Microsphere Morphology

The mathematics of mass transfer from a solid microsphere into an unbound fluid of infinite sink can be characterized by a
simple model of diffusive transport, which occurs between the solid microsphere and the surrounding fluid. For purposes of
simplicity, the model can help us calculate the rate of mass transfer, and eventually the rate of change of the radius of the
microsphere with time. Such a system can be envisioned as a flavor microsphere that dissolves in saliva in the mouth.

Lewis (1984)presented a simple model of the diffusive transport, which can be constructedjine 3.5 The
figure describes a microsphere as a radias here the microsphere contains a pure comporferiBecause there is
no concentration gradient inside the microsphere, we only need to consider the mass transport process in the surround-
ing fluid. We can assume that the problem is spherically symmetric. This means that in a spherical polar coordinate
system, described by, , -coordinate system, there are no gradients in the polar angular coordinatén the azi-
muthal angular coordinate.

After, an initial transient steady state is assumed to prevEilMatteo et al. (2003)in the example defined in
Figure 3.5and studied here, assume that the rate of dissolution is slower than the rate of diffusion. This implies that the
change in size of the microsphere due to mass transfer occurs on a time scale that is very large compared with the time
scale for the diffusion for a given radius of the microsphere to reach steady state.

Using steady-state mass transfer through a thickness of

41282 4 &1 rBJ&F1 50
Dividing by 4 (' r) and rearranging with limits r- 0, we get:
d

U x2
dr&JDSO

Using Fick’s law:
J52 Ddc=dr; and where c5 Cyx

d 1 1
—x52 Kl———
er5 CoDr2

FIGURE 3.5 Diffusion of active in a microsphere morphology.
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Integrating:

11
52 KI—-1 K2
X CoDI’

For the microsphere dissolving in the surrounding liquid:

xaP5 xoandxd- N P50
Therefore:

K15 Cy D a xpandK25 0

Furthermore, the concentration @fr) will be:
Xa b5 x0§1 or Cabb Co?
Or flux can be calculated to be:
J5Co D xor%

And the steady-state mass transfer can be calculated as:
54CyDa

3.4.2 Unsteady-State Diffusion From a Microsphere

For one-dimensional mass transfer a@ ©# R with no angular dependence, the differential equation that defines the
mass balance in an unsteady state can be described as:

@_ _ @
e @

Caretto (2009considered two cases with the following initial and boundary conditions that allow us to represent a
simplified practical case in food applications using microspheres. In a semi-infinite medium:
For a constant surface concentration:

Case 1. Initial conditiont5 O; c&; 0P5 ¢
Boundary conditioncd; tb5 Csandcd- N ; th5 ¢

For a constant surface flux condition:

Case 2: Initial conditiont5 O; c&; 0b5 ¢

Boundary condition:2 D%jrg,OS Jo and c&- N ; tb5 ¢

The solution to the differential equation can be solved to yield the following solution:
For Case 1, the constant surface concentration boundary condition yields:

&2 cb X as2 cb
5erf p— J,5 DPp——
&2 cb 2 Dt ° Dt

For Case 2, the constant surface flUg,5 0)5 Jo:
co;th2 ¢ 5 23,

whereerfc(W)5 12 erf(W).
The solution for constant surface concentration (Case 1) can find applications where the flavor releases from a typi-
cal spray-dried microsphere as a flavor microsphere dissolving in saliva in the mouth. Constant surface flux (Case 2)



30 PART | Il Concept of Microencapsulation

120

100

80

60

40 y =20.0x 0.5 —
R2=1

% Active release

20

Time (min)

FIGURE 3.6 A practical representation of Fickian diffusion of an active releasing from a matrix microsphere in a one-dimension system.

can find applications in food packaging, where an antimicrobial active is required for release at a constant flux to main-

tain antimicrobial effectiveness.

Subramanian’s (2010assessment of a constant surface concentration condition—Case 1—can be plotted as a
representation of a practical example of Fickian diffusion of an active ingredient released from a solid matrix micro-
sphere Figure 3.6shows the shape of the curve where significantwecis released early, and as the concentration of
the active in the microsphere reduces, so does the dyifdmce. This results in a flattening of the profile as it
approaches complete release.

3.4.3 Mass Transfer in a Microcapsule Morphology

Mass transfer from a microcapsule into an unbound fluid of infinite sink can be characterized by a simple model of a
reservoir and a surrounding sink media separated by a wall of spherical geometry.
For purposes of simplicity, the model can be calculated using Fick’s law, where the net particle flux is:

JXP5 2 Dlbc=dx

based on conservation of mass.

In spherical coordinates, consider a microsphere with inner and outer yaaidr,, respectively. Using Fickian dif-
fusion and the mass equatioRidure 3.7 in spherical coordinates where azimuthal and polaroid symmetry becomes
one dimension, a steady state equation can be written as:

d ,dc
ar ra 50
dx

FIGURE 3.7 Diffusion of active in a microsphere morphology.
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Integrating:
1
ca b5 AF 1B

Using concentration inside the microcapsule todheat r5 r, and the concentration outside the microspheresis
the differential equation can be solved with the boundary conditions to yield:

1,1
1

Similar to the Case 2 condition at a constant surface flux in an unsteady-state solution, the above equation can be
used to determine the size of the reservoir microcapsules of ragliwghere the antimicrobial active needs to maintain
an effective concentration for a minimum required constant fluXRuiz-Lopez et al., 2011). One also concludes that
rate diffusion can be achieved by increasing the diffusion coefficient, surface area, and concentration driving force,
while it can be decreased by increasing the thickness of the microcapsule wall.

3.4.4 Analogy to Heat Transfer

Heat transfer analogies can be derived similarly:

d ,dT
ara 50

Integrating:
1
Taks AF 1B

Using flux inside the microcapsule to ¥ atr5 r; (Neumann boundary condition) and the concentration outside
the microsphere ig, at r5 r, (Dirichlet boundary condition), the differential equation solved gy and Sengupta
(1991)can be solved with the boundary conditions to yield:

1.1
T&B 32 =1 = 1T,
r Iy
Thus, the unknown temperature inside the microcapsule can be calculated as:

1.1
Ti@P5 Jirf =1 - 1T,
. r

Obviously, this equation is designed for wall thicknesses that are reasonably large and,vapgmoaches,, T,,
andT,.

Let us look at practical applications of such a boundary condition. Say we have active material that exists in a solid
form but melts at temperatuf®, which is desired for release by diffusion where the surrounding media temperature is
T,. In essence, the hedt can be calculated when, r,, T, andT, are close. In such a case, we can envision a trig-
gered melt release system where the wall melts at temperafure

Heat transfer problems are also used in terms of creation of microcapsules. For example, quenching of the micro-
spheres at a fixed temperature in a cooling tower or refrigerated system can be expressed as an unsteady-state solution
as follows:

where is the thermal heat coefficient of the wall materials and the surrounding temperature is setTeeldyy and
@5 0atr50
@ .
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FIGURE 3.8 Concentration gradient in first order diffusion.

3.5 FIRST ORDER DIFFUSION MODEL

First order diffusion depends on the concentration of the active agent alone, where other competing mechanisms are
zero order or do not impact the release of the active agent. The rate law for a first order diffusion is:

dC=dt5 k;C

wherek; is the first order rate constant, which has units of 1/s.
The integrated first order rate gives:

INC2 InCy52 Kkt

A plot of In C versus timet gives a straight line with a slope @ k in Figure 3.8

3.6 CONCLUSION

Because the concept of diffusion is fundamental to the part of the release system for which we plan to design our micro-
encapsulated formulations, we have singled out mass transport from the concept of heat transfer to establish an under-
standing of complex systems. To gain a better insight into mass transfer problems of microencapsulated food product
systems, a combination of experimental investigations and mathematical modeling is needed. The model used in this
chapter should be used as a predictive tool and should not be in lieu of experiments to assess the release profile or prod-
uct stability. Establishing a foundation in mass transfer concepts will allow the engineering intuition needed to design
microencapsulated systems to be built.

REFERENCES

Caretto, L., 2009. Engineering Analysis, Notes on Solution to Diffusion Equations. California State University, Mechanical Engineering Bigpartme
Northridge, CA.

Di Matteo, M., Cinquanta, L., Galiero, G., Crescitelli, S., 2003. A mathematical model of mass transfer in spherical geometry: plum drying. J. Food
Eng. 58, 183 192.

Lewis, B.E., 1984. An Unsteady-State Material Balance Model for a Continuous Rotary Dissolver. Oakridge National Research Laboratories,
ORNLITM-9019, Dist. Category UC-86T, U.S. Department of Energy.

Roy, S.K., Sengupta, S., 1991. An evaluation of phase change microcapsules for use in enhanced heat transfer fluids. Int. Comm. Heat Mass Transfer.
18, 495 507.

Ruiz-Lopez, I.l., Ruiz-Espinosa, H., Luna-Guevara, M.L., Garcia-Alvarado, M., 2011. Modeling and simulation of heat and mass transfer during dry-
ing of solids with hemispherical shell geometry. Comp. Chem. Eng. 35, 199.

Subramanian, R.S., 2010. Mass Transfer between a Sphere and an Unbounded Fluid. Clarkson University, Department of Chemical and Biomolecular
Engineering.



Part Il

Process Technologies In
Microencapsulation



This page intentionally left blank



Chapter 4

Overview of Microencapsulation
Process Technologies

James Oxley
Southwest Research Institute, San Antonio, TX, USA

4.1 INTRODUCTION

During the twentieth century, encapsulation methods and techniques evolved to produce capsules with varying size, mor-
phology, payload, and materials. Dozens of processes are now available for preparing microcapsules, while no single
process exists to capture the wide variety of capsule permutations andstetecombinations. Processes are available to
prepare matrix particles and corshell capsules, capsules with sizes from tens of nanometers to millimeters, and capsules
with solid, liquid, or gas cores. The process chosen is highly dependent on the capsule design and function. Common
processes often encountered in the food industry are spray drying, fluid-bed coating, and complex coacervation. While these
processes account for a large number of the encapsulated products on the market, they do not fully represent the complete
array of available technologie& dndo, 1979; Sparks, 1989; Gibbs et al., 1999; Vilstrup, 2001; Lakkis, 2007; Garti and
McClements, 201

The availability of multiple processes offers capsule engineers options for each aspect of the capsule. Small micro-
spheres can be prepared via spray drying, while large liquid-filled celnell capsules may be prepared using annular jet
atomization. An even coating may be applied to solid particles with fluid-bed coating to form a slweé morphology,
while complex coacervation is employed to generate small liquid-filled cehell capsules. The variety of processes also
accommodates a range of production capacities from milligrams per hour to tons per hour, with contract or toll manu-
facturers available for several of the processes. For development support, several of the processes are also available on a
lab scale with commercially available specialized equipment.

The numerous processes available may also be challenging for capsule development. A particular process may prove
fruitful in the development stage on a laboratory scale, while capital equipment costs, contract manufacturer availabil-
ity, or maturity of the process may be cost prohibitive. Alternatively, microcapsule engineers may only have access to
one or two processes, limiting the scope of size, materials, payload, and production capacity.

Despite the challenges associated with process selection, the numerous process technologies provide a wide spec-
trum of options for designing and producing microcapsules. Knowledge of each process is recommended to support
informed decisions for selecting the appropriate process. This chapter and the subsequent chapters provide introductory
information for the most common processes.

4.2 PROCESS COMPONENTS

The primary components of a microcapsule are showRigure 4.1and include the core material and shell materials.

In a microsphere, the shell material is also referred to as the matrix. The process components are core formation, shell
or matrix formation, and shell or matrix solidification. Core formation can occur prior to or during the encapsulation
process. For the encapsulation of solid particles, core formation typically takes place prior to encapsulation. Grinding,

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00004-2
© 2014 Elsevier Inc. All rights reserved. 35
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FIGURE 4.1 Encapsulation morphologies. (Copyright 2014 James Oxley.)

milling, or granulation may be required to generate a core material that is suitable for encapsulation. If the core material
is soluble in the encapsulating matrix or solvent used for depositing the encapsulating material, preprocessing may not
be required for the core material. When encapsulating a liquid, core material preparation typically consists of emulsifi-
cation to form droplets in a two-phase system. If the physical properties of the core material and process permit, a solid
core material may be melted and processed as a liquid. Viscosity modifiers or surfactants can be added to a liquid core
to facilitate the incorporation of a core material into a microcapsule.

The encapsulating matrix or shell material is generally applied as a liquid to permit enrobing of the core material.
The interfacial tension between the core and shell material must favor the wetting of the core material by the shell
material. The shell material may be a molten coating material, a solution of dissolved shell material, a suspension of
shell material and binder, or a composition of multiple dissolved and suspended components. Viscosity must be low
enough for the shell material to flow around the core material. Furthermore, the miscibility of the core and shell mate-
rial must be minimized to prevent blending of the two phases prior to solidification of the shell material. Some of the
encapsulation processes, such as coextrusion or spray coating, can tolerate some miscibility between a shell material
solvent and core material. However, the encapsulated product stability and shell integrity will be degraded if the solidi-
fied shell material has some solubility in a liquid core.

Once the core material is surrounded by the shell material, the liquid shell material must be solidified to form the
microcapsule. Solidification mechanisms include solvent evaporation, gelation, freezing, or chemical reactions. Solvent
evaporation is one of the most common shell solidification mechanisms, especially when using water as the solvent.
Shell material is dispersed or dissolved into an aqueous solution, followed by the application of heat to remove the
water once the solution has encapsulated the core material. The resulting precipitation of dissolved solids results in the
formation of a solid shell. Common examples include starch or gum acacia. Other volatile solvents can be used when
appropriate.

Thermal solidification is used with gelling or freezing shell materials. A core material is dispersed, dissolved, or
emulsified into an aqueous phase containing a gelling agent heated above the gelling temperature. After surrounding
the core material and after cooling, the gel solidifies and encapsulates the core material. Additional water removal may
be required depending on the final application of the microcapsule. An alternative gelation mechanism is ionic gelation.
Rather than using heat to induce the formation of a gel, ion exchange is the trigger for solidification of the gelling mate-
rial. Alginate is the most common example of this system, where water soluble sodium alginate is hardened with
calcium ions to form a water insoluble calcium alginate gel.

Freezing a shell material is a common technique for solidifying a shell material without the use of water. A core
material can be dissolved, suspended, or emulsified in a molten shell material, followed by exposure to a cooler envi-
ronment to solidify the molten shell material. Common examples include fats, waxes, or lipids where the melt tempera-
ture is above 5QC for processing. Lower melting coating materials can be used, but may require climate controlled
storage after formation of the encapsulated products.

The final shell solidification mechanism is chemical, requiring the formation of bonds between shell material com-
ponents or noncovalent intermolecular interactions to form a solid shell. The lipid bilayers of liposomes are formed
through hydrophobic and hydrophilic interactions of lipid amphiphiles within aqueous soluiieméccius, 19956
Polyanions and polycations, such as gum acacia and gelatin, interact to form a complex coacervate shell. A third
example is the crosslinking of proteins, such as gelatin, with gluteraldehyde or transglutanit@asec¢ius, 1995;
Fuchsbauer et al., 1996
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4.3 PROCESSES

There are multiple encapsulation processes available to combine the shell and core materials into microcapsules. The four
general categories are atomization, spray coating, coextrusion, and emulsion-based processes. Each general technology
offers a unique method of forming an encapsulated product, with a variety of advantages and disadvantages. The existence
of each technique is required to produce the range of particle sizes and morphologies that are commercially available. The
first three general processes rely on physical changes to form particles, primarily through drying, gelling, or freezing of a
shell material. The fourth category, emulsion-based processes, utilizes chemical-based solidification methods as a major
shell solidification method.

4.3.1 Atomization

Atomization is the formation of an aerosol or suspension of small droplets in a gas phase. For the purposes of encapsulation,
the gas phase is generally air and the small droplets contain a mix of shell material and core rraierial4.2shows an
illustration of the process where a homogeneous mixture of core and shell materials is atomized through a nozzle. This
process is the foundation of several more specific processes including spray drying, spray chilling, spray congealing, rotat-
ing disc atomization, electrospraying, and prillindgsters, 199)L The atomized mixture may be core material dispersed in

a solvent (spray drying), typically water for food applications, with a dissolved or suspended shell material. Alternatively,
the mixture may consist of core material dispersed in a molten shell material (spray congealing, prilling) or thermally
gelling mixture (spray chilling). Additional details about atomization are available in Chapters 5 and 6.

Aerosol . . FIGURE 4.2 Basic illustration of atomization
Dissol -
Core issolved matrix process. (Copyright 2014 James Oxley.)
Nozzle
Atomization Solvent or heat Microsphere
loss
Dissolved shell ) FIGURE 4.3 lllustration of spray-coating
aerosol Core Solid shell process. (Copyright 2014 James Oxley.)
Nozzle
o Coating buildup
Atomization

and solidification Microcapsule

4.3.2 Spray Coating

Spray coating is the deposition of atomized droplets onto a solid particle. This process is practiced in many forms and
under many names, including fluid-bed coating, Wurster coating, air suspension coating, granulation, and pan coating
(Teunou and Poncelet, 2002; Sahni and Chaudhuri, YA @eneral illustration of the process is shownRmyure 4.3

Solid core particles are suspended in air (fluid-bed coating) or rotated in a drum (pan coating), followed by the introduction
of an aerosol containing shell material. The aerosol may be solvent based or a melt material. The droplets wet and spread
around the solid core patrticles, followed by solidification through drying or congealing. Subsequent droplets wet the sur-
face and dry, resulting in a buildup of shell material around the solid core. The spray-coating technique is further described
in Chapters 7 and 9.

4.3.3 Coextrusion

An alternative form of atomization is annular-jet atomization, also referred to as coextrusion. An illustration of this pro-
cess is shown ifrigure 4.4 Using a concentric nozzle system, coshell droplets are first formed through axisymmet-
ric breakup of an annular jet. The outer shell droplet then solidifies to form a microcapsule shell. Multiple
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Liquid FIGURE 4.4 lllustration of coextrusion process. (Copyright 2014

shell James Oxley.)
Solid

shell Core

Core

configurations are available for coextrusion, including stationary coextrusion, vibrating nozzle coextrusion, centrifugal
coextrusion, submerged nozzle coextrusion, electrohydrodynamic (EHD) coextrusion, or flow focused coextrusion
(Brandau, 2002; Loscertales et al., 2002; Berkland et al., ROMére information about this technique is available in
Chapters 10 and 11.

4.3.4 Emulsion Based

The first three processes just defined all require atomization to form droplets for the formation of microspheres, forma-
tion of microcapsules, or coating solid particles. An alternative method of droplet formation is the use of emulsions,
forming droplets in a two-phase liquid system. The first part of this process is the emulsion formation, dispersing a core
material liquid phase into an immiscible liquid phase that may contain dissolved shell material. Adjustments are then
made to the two-phase system to induce shell formation around the dispersed phase droplets. Oil-in-water is the most
common two-phase system used for encapsulation. Variations of this process include simple coacervation, complex
coacervation,in situ polymerization, interfacial polymerization, liposomes, layer-by-layer emulsions, micelles, solvent
evaporation, in-water drying, solid lipid nanopatrticles, and sol-gel chemigiyo, 1979; Reineccius, 1995; O’'Donnell

and McGinity, 1997; Scher, 1999; Hench and West, 2002; Brown et al., 2003; Guzey and McClemenjtsNa0adl of

these systems are suitable for use in food, but may find applications in relevant areas such as agriculture or food packaging.
A general illustration of the emulsion-based process is showrignre 4.5 Additional information about emulsion-based
techniques is available in Chapters 115.

Core emulsion Shell formation Microcapsule FIGURE 4.5 lllustration of emulsion-based
formation process. (Copyright 2014 James Oxley.)
Liquid Continuous phase Core Shell
core with shell
4.3.5 Other

A variety of encapsulation processes exist beyond the four general categories described. Some of the common processes
include extrusion, molecular complexation, and absorption/desorption systems. Extrusion, described further in Chapter 8,
is the processing of a hot melt through a single or twin screw system to extrude a formed shape of the cooling melt
(Porzio, 200). Core material is dispersed into the hot melt prior to extrusion for matrix encapsulation. Subsequent milling

of the extruded material results in the formation of matrix particles, as illustratedime 4.1 Molecular complexation is
commonly associated with cyclodextrinddineccius et al., 2003Cyclodextrins are cyclic oligosaccharides with a hydro-

phobic pocket capable of reversibly binding (e.g., molecular complexation) hydrophobic molecules for sequestration and
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controlled release. Finally, inorganic materials (matrix) may be used as sorbents for the delivery and controlled release of
active ingredients (core material). Common sorbents include clay (e.g., montmorillonite, kaolin) and other aluminosilicates
(e.g., zeolites). Further information about microporous materials for ingredient delivery is described in Chapter 25.
The process of encapsulation using cyclodextrins or inorganic absorbents generally consists of exposing the sorbent to the
active ingredient followed by removal of excess unabsorbed material.

4.4 COMPARISONS

The multiple processes available for encapsulation offer a wide range of capabilities for producing particles with
various sizes, morphologies, payloads, materials, and costs. Each process has a unique set of strengths and weaknesses
related to these variables, justifying the need for multiple encapsulation processes. Selection of the proper process
begins with understanding the objectives for developing a microcapsule (Chapter 2) and the specifications for the avail-
able processes. Feasibility of encapsulated product development is then determined by matching the objectives with
potential processes and materials (Part 1V).

4.4.1 Size

Encapsulation is a proven technology for preparing particles from approximately 10 nm to 10 mm. The size of the parti-
cle is crucial to both the final application of the encapsulated material and the product in which it will be incorporated.
Criteria such as mouth-feel, beverage suspension, product homogeneity, and mechanical stability of the particle all
contribute to selection of a suitable final encapsulated product size. Additionally, the wide range of potential food and
beverage products using encapsulated materials requires that multiple technologies be available to meet the various
particle design requirements. The breadth of this size range relative to common encapsulation techniques is illustrated
in Figure 4.6 The illustration is an approximate guide to the size range limits achievable with the techniques on a
commercial scale. The size ranges may shift higher or lower depending on material properties, operating conditions,
equipment specifications, and other process parameters. Furthermore, ongoing research and development for each
process continues to expand the feasible size range limits.

The physical processes for atomization, spray coating, and coextrusion are listed in the top half of the graph, while the
emulsion-based techniques are listed in the bottom half. With the exception of EHD coextrusion, a trend is evident that
physical-based encapsulation techniques are best suited for the formation of capsules overTh@s is due to the
physical limitations of the equipment used to form the coextruded or aerosolized droplets for each process. The emulsion-
based techniques are better suited for capsule sizes below this range, stretching into submicron sizes with the proper
emulsification techniques. High shear processes, such as high pressure homogenization and ultrasound, combined with
surfactants and viscosity modifiers, can readily generate submicron droplets for encapshlatienef al., 201p

FIGURE 4.6 Size comparison of common encapsulation
processes. (Copyright 2014 James Oxley.)
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4.4.2 Morphology

In addition to size options, each process offers variation in the encapsulated product morphologies that can be produced.
Morphology, as shown inFigure 4.1 can influence release rate, core material protection, and payload capacity.
Microspheres commonly generate a first order release, provide less protection for core material located at or near the
surface of the microsphere, and carry less core material. Microcapsules can provide a burst release mechanism, uniform
protection for a core material, and can carry a higher payload with less shell maletigt. 4.1summarizes the processes,
their ability to prepare microspheres or microcapsules, and the core material phase. While gases can be encapsulated using
many of the processes described, solids and liquids are the primary phases encapsulated for food products. Atomization and
most of the emulsion-based processes are capable of encapsulating both solid and liquid core materials. Spray coating and
coextrusion are limited to core materials that are solid and liquid, respectively. However, liquids can be encapsulated using
spray coating if the liquid is first encapsulated within a solid matrix. Similarly, solids can be encapsulated using the
coextrusion techniques if the solids are first dispersed into a liquid carrier phase. The disadvantage of these approaches is
the dilution of core material and lower final payload concentration.

The atomization processes are best for preparing microspheres. The main exception to this is the use of rotating disc
atomization to overcoat solid particleSohnson et al., 1995A more rare exception is the use of unique formulations

TABLE 4.1 Process Morphology Comparisons

Process Microsphere Microcapsule Phase
Atomization Yes No Solid/liquid
Spray drying Yes NG Solid/liquid
Spray chilling/congealing/prilling Yes No' Solid/liquid
Rotating disc Yes Yes Solid/liquid
Spray coating No Yes Solid
Fluid-bed/Wurster coating No Yes Solid
Pan coating No Yes Solid
Granulation Yes No Solid
Coextrusion Yes Yes Liquid
Stationary nozzle Yes Yes Liquid
Vibrating nozzle Yes Yes Liquid
Centrifugal nozzle Yes Yes Liquid
Submerged nozzle Yes Yes Liquid
EHD nozzle Yes Yes Liquid
Emulsion Yes Yes Liquid
Simple/complex coacervation No Yes Solid/liquid
In situ polymerization No Yes Solid/liquid
Interfacial polymerization No Yes Liquid
Solvent evaporation Yes NG Solid/liquid
Liposomes No Yes Liquid
Sol-gel Yes Yes Solid/liquid
Extrusion Yes No Solid/liquid
Molecular complexation Yes No Liquid

2Some rare unique formulations capable of forming coreshell capsules.



Overview of Microencapsulation Process TechnologiesChapter | 4 41

capable of forming discrete coreshell droplets, and subsequent capsules, after atomizatiori(al., 201). Spray coating

is used to prepare coreshell microcapsules with a solid core. An exception is the use of spray coating to facilitate granula-
tion, or agglomeration of smaller particles into a larger particle. Coextrusion was originally developed as an alternative for
spray drying to prepare coreshell morphology capsules and remains the primary function of this technique. However, the
outer nozzle of a coextrusion system can be disabled to allow for the preparation of microspheres. All of the emulsion meth-
ods are suitable for the encapsulation of immiscible liquids, and most can also be used for the encapsulation of solid
particles. Similar to the atomization processes, extrusion can encapsulate both solids and liquids. Finally, molecular com-
plexation requires the core material to be liquid or, more preferably, dissolved in a liquid to promote complexation.

4.4.3 Payload

The payload resulting from an encapsulation process is the amount of core material encapsulated within a shell or matrix.
A payload amount can range from less than 1% to approximately 99%, depending on the particle morphology, encapsula-
tion materials, and process. Particle morphology has the greatest influence on payload. As the morphology becomes more
complex, such as combining a microsphere within a microcapsule, the loading decreases. A microsphere, as shown in
Figure 4.1 is the simplest morphology and will commonly accommodate payloads of 10 to 30%. As seen in the figure,
the payload is dispersed homogeneously through the encapsulating matrix. Lower loadings are feasible, but may be cost
prohibitive as more encapsulated material is required to achieve a set concentration of active ingredient within the finished
product. Higher loadings, while feasible, have significant disadvantages. The primary problem associated with higher load-
ings in a microsphere is decreased protection of the encapsulated ingredient. As the concentration of core material
increases, the amount of protective matrix material decreases. Furthermore, the amount of core material at or near the sur-
face of the microsphere will increase, resulting in faster degradation from, or release into, the surrounding environment.
As the payload in a microsphere surpasses 50%, the risk of inverting the morphology also increases. Depending on the
phase of the core material and the interfacial tension between the core and matrix phase, the intended core material may
encapsulate the shell material resulting in an inverted microsphere and no protection or release control of the core mate-
rial. Despite the disadvantages of increasing payload in a microsphere, higher payloads may be desirable for situations
such as granulation, quick release, or minimal environmental protection of a core material.

The core shell microcapsule morphology can accommodate a significantly larger payload than the microsphere
morphology. Payloads up 99% are feasible, while lower payloads can be more difficult to achieve depending on the
encapsulation process. The payload is directly related to the shell thickness of a microcapsule. Higher payloads require
a thinner shell, as shown irigure 4.7 while lower payloads will have a thicker shell. Although a thinner shell affords
a higher payload, it also provides less mechanical strength and a thinner diffusion barrier against the surrounding envi-
ronment. Also evident fronfrigure 4.7is the observation that small linear changes in shell thickness have a more signif-
icant impact on microcapsule payload. For example, apifiCcapsule with 90% payload will have apen thick shell,
approximately. Increasing the shell thickness touif) which appears as a small 8% change relative to the diameter of
the microcapsule, reduces the payload to 50%.

The combination of a microsphere and microcapsule is shown as the middle morpholéigyiia 4.1 The addition
of a shell to a microsphere can alleviate some of the problems encountered with incorporating higher loadings into a

18 FIGURE 4.7 Payload comparison: loading versus

16 shell thickness. (Copyright 2014 James Oxley.)
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microsphere. This continuous shell can also act as a triggered release barrier prior to enabling the release properties of
the encapsulated microsphere. However, the addition of an outer shell can negate the payload gains and further reduce
the payload depending on the thickness of the shell. Additional payload reductions occur as the core material is diluted
with additives, such as antioxidants or plasticizers.

The relationship between payload capabilities and processes follows the possible morphologies for each process. The
atomization techniques will generally yield lower payloads of 10 to 30%. Spray drying can accommodate higher loadings
through adjustment of the core/shell ratio in the spray-drying solution. Spray congealing or prilling of hot melts is limited
to lower loadings, especially with solid core materials, because the feed slurry for atomization must remain at a low
viscosity to form an aerosol. Spray coating offers a wide range of payloads, using the exposure time of the solid core
material to the spray coating to adjust the shell thickness and corresponding payload to the desired levels. Similarly, coex-
trusion can be tuned to generate capsules with a wide range of payloads, limited by the nozzle geometries and shell mate-
rials. A lower critical amount of shell solution is required to ensure axisymmetric breakup of a coaxial jet intacshetle
droplets. The use of a solvent-based shell material will facilitate the formation of a thin shell through evaporation of the
solvent while affording sufficient volume to first form the corshell droplet. Finally, the emulsion-based processes offer
the highest potential payloads. Shells can be prepared only a few molecules thick, resulting in capsules with loadings over
99%. Micelles or capsules prepared with layer-by-layer shells are examples of emulsion-based systems that can accommo-
date the highest loadings(izey and McClements, 2006

4.4.4 Materials

Each encapsulation process has limitations related to the potential shell and core materials used in a capsule formula-
tion. The limitations of each process are related to the use of solid or liquid core materials and were previously summa-
rized in Table 4.1 Further limitations arise from the properties of the core and shell materials, including melting points,
boiling points, glass transition temperaturdg)( interfacial tension, solubility, and reactivity. Atomization can utilize

the matrix solidification mechanisms of evaporation, gelling, or congealing for the shell material. Therefore, shell mate-
rials can be used that are gelling agents, hot melts with a high melting poinTarat materials that are soluble or
suspended in volatile solvents. The core material must have lower volatility than the solvent to prevent evaporation
during the shell hardening stage of the process, or loss during the gel or hot melt preparation process.

Similarly, spray coating uses the evaporation or congealing mechanisms to deposit shells onto solid particles. Additional
properties to consider are wettability of the shell material onto the core particles and solubility of the core material in the
shell material solution, which may result in some extraction of the core material into the final dried Shetliberg and
Durant, 2003 Due to long exposure times of the core material to heat during the spray-coating process, especially when
using evaporation to deposit a coating, the use of core materials with volatile components should be avoided.

Building on the shell material considerations for atomization and spray coating, coextrusion adds the consideration
of reactivity between the core and shell materials. While reactivity can be a concern during atomization and spray coat-
ing, potential interference with the coextrusion encapsulation process is more likely to occur. An initial reaction
between components during spray atomization will occur when the initial components are mixed prior to atomization.
The core material for spray coating is in a solid state, which will slow potential reactions between the core and shell
material. Because the core material for the coextrusion process is liquid, and likely remains liquid after encapsulation,
precautions must be taken during shell material selection to avoid problematic chemical reactions between the two
capsule components.

The emulsion-based encapsulation processes present the greatest restrictions for materials used in the encapsulation
process. The most prevalent restriction applies to the common use of an oil-in-water emulsion. Reverse phase or double
emulsion systems can be used to encapsulate aqueous solutions, but their stability, payload, or difficulty of preparation
often negates the benefits of having an aqueous core. Therefore, an oil core is the most widely used with emulsion-based
processes for techniques such as complex coacervation. Aqueous cores are more often used with liposomes or solvent
evaporation capsules. The shell materials for emulsion-based processes are closely tied to the particular process. For exam-
ple, complex coacervation is associated with the use of gelatin and gum arabic for formation of th&shed,(1979.

In situ polymerization results in the formation of a poly(urea-formaldehyde) or poly(melamine-formaldehyde) shell, while
interfacial polymerization can be used to form polyamide, polyamine, polyurea, or polyurethane Shels, (1990
Liposomes are limited to phospholipid materials, and micelles are limited to amphiphilic molecules for formation. Solvent
evaporation can accommodate a larger number of materials, comparable to the atomization techniques, presuming they are
insoluble in the continuous phase used for the process.
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4.4 5 Production Scale

The production scale of a process is an important factor when considering an encapsulation process. The major
processes described are available on an industrial scale with varying production capacities. A key difference in the
processes on a large scale is their operation in continuous production or batch production. Atomization and coextrusion
can continuously produce encapsulated material on a large scale. While process limitations may exist that require batch
processing, such as preparing the feed stocks or postproduction processing, the fundamental encapsulation step of atom-
ization and coextrusion will continue as long as core and shell materials are fed into the equipment. Atomization
processes are capable of producing material at rates up to 30 féinth 2012. Large-scale coextrusion systems are
capable of producing capsules up to at least 1 to&ftarfdau, 200 Conversely, spray coating and emulsion-based
processes are traditionally batch processes, requiring starting and stopping of the process to produce and collect micro-
capsules. Spray coating has evolved to include industrial-scale continuous fluid-bed coating, though a large portion
of the commercial-scale units continue to operate as batch processes. Batch spray coaters can have capacities up to
1 ton/batch, while continuous spray coaters can operate at a capacity of 1Temto(t and Poncelet, 200@/ysshaar,

2012. Of the emulsion-based processes, solvent evaporation and liposomes are the two processes with continuous
production operationsB@arnadas-Rodriguez and Sabes, 2001

4.4.6 Cost

The cost of operating an encapsulation process can vary significantly, from tens of cents per kg to tens of dollars per
kg. Multiple parameters influence cost, such as the formulation, quantities, particle size, payload, and collection. In
general, the physical processes and, more specifically, the continuous processes are the least expensive to operate. Cost
of encapsulation production rises as particle size decreases, payload decreases, and morphology complexity increases.
Figure 4.8illustrates a comparison between some of the common encapsulation process, approximately placing each
process on a scale of complexity versus capacity. Potential cost of an encapsulation process rises as the capacity
decreases and complexity increases. The atomization processes offer the highest capacity (approximately 30 ton/h) with
minimal complexity, while a process such as EHD coextrusion is currently a slow process (approximately 5 g/h) with
multiple components to consider. Each process can move throughout the graph depending on the specifics of the formu-
lation and process parameters. For example, the production capacity of spray drying may be significantly diminished if
preparing small particles, 10um, using a very dilute solution of shell and core materials, such &8 solids.
Complexity is also increased due to the difficulties involved with solvent reclamation and collection of small particles.
Conversely, a spray-congealing application for preparing larger particlé80um, from a hot melt will have greater
production capacity and simplicity. When using a hot melt, all of the feed material is incorporated into the final

FIGURE 4.8 General process comparison. (Copyright2014
James Oxley.)
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product, which translates to a higher production capacity for the same flow rates when comparing dissolved spray-dried
formulations. The process is also simplified through the use of an ambient temperature collection chamber and simpli-
fied particle collection technique, as particle500um are easier to collect.

4.5 EMERGING PROCESSES AND TRENDS

The major encapsulation processes of atomization, spray coating, coextrusion, and emulsion-based systems were devel-
oped and commercially implemented many decades ago. These processes now serve as the foundation for the develop-
ment of new processes to solve emerging encapsulation challenges. Market and product trends are pushing the limits of
encapsulation processes, leading scientists to modify existing processes or develop new processes. The trends of encap-
sulation processes are focused on reduced capsule size, reduced production costs with higher capacity, reduction in the
use of solvents or other potentially harmful chemicals, and generation of narrow size distribution particles. The aca-
demic and patent literature contains humerous examples of encapsulation process development. Four examples follow
for each major process category.

As the application of nanoparticles becomes more prevalent, the ability to readily produce nanoparticles and nano-
capsules is increasingly important. Standard atomization techniques are not feasible for producing nanoparticles due to
limitations of both the traditional atomization processes and collection techniddestdrs, 199l To meet current
demands, a laboratory-scale benchtop spray dryer was developed ®yIBlAabortechnik AG and made commercially
available as the B-90 Nano Spray Dryér €t al., 2010. This equipment is suitable for making nanoparticles down to
300 to 500 nm with recovery over 90%, depending on the formulation. While the production rates are low and scale-up
is not yet fully realized, the public availability of this technology for research purposes will accelerate nanocapsule
development and transition to a larger scale.

Spray coating, and specifically fluid-bed coating, was initially developed as a batch process. Recent advances in pro-
cessing technology have resulted in the broad adaptation of continuous fluid-bed coating for higher production capaci-
ties (Teunou and Poncelet, 2002Additional space for advancement of this technology is available for overcoating
smaller particles, less than $in in diameter.

The future of the coextrusion process is focused on preparing smaller microcapsules. Current large-scale commercial
coextrusion processes have an approximate lower capsule size limit of 150 tor20the emulsion-based processes
can produce coreshell capsules below this size range, but at the expense of a continuous technique and more limited
shell material choices. Therefore, multiple research and development efforts have focused on the modification of the
coextrusion process to produce smaller cashell microcapsules. The most successful developments include the use of
EHD, vibration, and flow focusingLoscertales et al., 2002; Berkland et al., 2004; MaBanderas et al., 2005These
developments have evolved into the commercial companies Yflow, Orbis Biosciences Inc., and Ingeniatrics' dgcnolg
respectively.

While emulsion-based processes can be used to prepare low micron or submicron capsules, size distribution is often
difficult to control. Several recent advances have focused on the formation of monodisperse or designer emulsions.
Membrane emulsification was recently commercialized by Nanomi and Micropore Technologies Ltd. for the prepara-
tion of monodisperse droplets, which can then be encapsulated using one of the numerous emulsion-based techniques
previously describedKosvintsev et al., 2005; Wagdare et al., 2DJ1Alternatively, the use of microfluidic systems can
be employed to produce more complex emulsions showfidare 4.9(Chu et al., 2007; Shah et al., 2008

4.6 PROCESS SELECTION

Considering the number and variety of encapsulation processes, selection can be a challenging task. Multiple factors
must be considered to help narrow the list of possible processes, including core material, shell material, particle
morphology, particle size, size distribution, production quantities, budget, and process availability. If more than one
process remains feasible after considering the initial parameters for encapsulate product development, the advantages
and disadvantages of each process can be compared further to determine the best process for a particular application. In
some instances, original encapsulation development objectives and expectations may need to be adjusted to accommo-
date a process that has more favorable characteristics that outweigh the sacrifice in specification adjustment. For exam-
ple, expectations of a specific particle size or distribution may need to be adjusted to accommodate a process that is
more economically favorable for the end application. As a second example, a microsphere with a lower payload may
need to be considered in place of a coshell capsule with higher loading if the desired shell material is not
suitable for use with a coreshell formation process.
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The information in this chapter is set forth to provide a comparative overview of the multiple processes available in
the encapsulation industry. Specific values provided, such as particle size limits and production capacities, are guides
and not absolute values for each process. While the encapsulation processes are supported by numerous engineering
and scientific studies, the selection and operation of an encapsulation process remains empirical. The subsequent chap-
ters provide more detailed information about each process and should serve as an informative guide for further under-
standing of each process, their benefits, and their limitations.
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Chapter 5

Atomization and Spray-Drying Processes

Irwin C. Jacobs
Jacobs Controlled Release Consulting, LLC, Defiance, Missouri, USA

5.1 INTRODUCTION

Spray drying is a method by which a liquid or slurry is converted to a dry powder by atomization into a flowing stream
of hot gas. Air is generally the heated gas, although if the liquid contains flammable solvents such as ethanol or toxic
solvents such as methylene chloride, nitrogen is generally used as the dryinggasn@ar, 200). This is the
preferred method for drying emulsions such as flavor oil emulsions in the food industry.

A common configuration for spray drying is shown fimgure 5.1 Here the liquid is atomized into drops at the top
of the chamber. The drops travel into the turbulent flow of heated air in the top of the chamber with both the heated air
and drops flowing in the same direction, which is known as cocurrent flow. The liquid phase is rapidly heated and
molecules of the liquid move to the surface of the drop and transfer to the gas phase. As the drops solidify, they are
entrained in the heated gas flow and move to a cyclonic flow chamber where the solids move out of the chamber and
the gas is exhausted to atmosphere.

All spray dryers use these basic components although there are variants in chamber configuration, atomizers used,
cyclone design, solids recycle, gas conditioning or recirculation after condensation and/or cooling, air flow designs, and
attached devices such as fluid beds, air sweeps, post filtering or washing, horns, rattlers, or other vibration devices.

Spray dryers come in sizes from evaporating less than a liter per hour to thousands of liters per hour. The dryer
shown inFigure 5.2is specifically designed to evaporate small quantities for the collection of very valuable substances
at high efficienciesFigure 5.3is a bench-top spray dryer from Buchiigure 5.4shows a laboratory spray dryer from
Niro that is capable of evaporating about 3 L per hour of water.

Feed Hot gas
Drying
chamber
Exhaust
gas

Powder
FIGURE 5.1 Spray dryer in simplest fornCourtesy of GEA Process Engineering, Inc.

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00005-4
© 2014 Elsevier Inc. All rights reserved. 47
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FIGURE 5.2 Spray dryer from ProCepT. FIGURE 5.3 Buchi B-290 spray dryer.

FIGURE 5.5 Stream of fluid breaks up into

FIGURE 5.4 Niro Mobil Minor spray dryer. smaller packets.

5.2 ATOMIZATION

The Plateau Rayleigh instability, often just called Rayleigh instabilitirdyleigh, 187% explains why and how a

stream of fluid breaks up into smaller packets with the same volume but less surface area. This is ewdentis.5

The driving force of the Rayleigh instability is that liquids, by virtue of their surface tensions, tend to minimize their
surface area. One might note that as the surface perturbation is resolved in the stream, a large drop is formed as well as
a smaller drop forming from the thread connection between the larger diameters.
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All spray dryers use what can be termed as an atomizer to transform the solution, dispersion, or emulsion into a
spray with a prescribed drop size. Different techniques for atomization vary based on how energy is applied to the bulk
liquid. The atomizers generally used in spray drying are often one of several types: rotary, single-fluid high pressure
nozzles, and two-fluid nozzles that use air or nitrogen gas to atomize the liquid into droplets. More recently, ultrasonic
nozzles have become available when only smaller volumes are needed to be atomized, although with the added limita-
tions of viscosity or solids in suspension. The amount of liquid to be atomized, the drop size, narrowness or breadth of
desired size distribution, viscosity of the liquid, size and amounts of particles in suspension, and chamber design all are
factors that can weigh into the decision as to atomizer type, size, and design. With higher volume applications, multiple
nozzles can be placed in a chamber in such a way so as not to interact and allow constant evaporation conditions.

Pressure nozzles, as representedriure 5.6 are generally designed using a swirl chamber to provide the drops
leaving the orifice with a swirl pattern, with the drops often defining a hollow cone as shown in the figure. The drops
have a fairly broad range of particle sizes depending on the orifice size and the liquid flow rate to the nozzle. The
capacity (flow rate) of the nozzle is approximately directly proportional to the square root of the pressure and inversely
proportional to the square root of liquid densityigsters, 1970 Pressures of liquid to the nozzle are often in the 1500
to 5000 psi range. Higher viscosity, higher solids content or liquid density, and lower atomization pressure all result in
larger particles. Conversely, increases in feed rate will decrease the droplet size up to the rated capacity of the nozzle.
With varying orifice sizes and applied pressures, drops can be achieved in the range of 50 microns up to hundreds of
microns with a typical orifice size of 0.5 to 4 mm. In other words, to produce smaller drops for a given feed rate, one
would increase the pressure drop across an orifice by going to a smaller orifice. In very high volume applications,
multiple pressure nozzles can be used with 3 to 7 nozzles in chambers as large as 5 to 7 meters in diameter. Typical
feed rates per nozzle are on the order of 200 to 1000 kg liquid/hour. A hollow cone pressure nozzle is shown in
Figure 5.7 Nozzles of different orifice sizes are shownRigure 5.8

Two-fluid atomizers consist of an orifice and an air cap, which allows interaction of the liquid stream with the mass
flow of an atomizing gas. The gas, generally air, but sometimes nitrogen, can interact with the liquid stream external to
the liquid stream, or by exiting the cap as a sheath of air surrounding the liquid as in the cap shéiworan5.9 In
larger units, the cap orifice may be external to the liquid jet orifice, forcing air to interact in a chamber. This type is
known as an internal mix nozzle. Two-fluid nozzles are generally used in lower volume applications and when the feed
solution or suspension is more viscous or with abrasive feeds, and also in situations where smaller particles cannot be
achieved with the pressure nozzles. Two-fluid nozzles do require a compressed gas source. The liquid is pumped at
near atmospheric pressure although the internal mix nozzles may require pressures on the order of 20 to 75 psi. Gas
pressures to the nozzles are in the range of 15 psig to approximately 150 psig. Two-fluid atomizers can carry solids,
although the solids content may be a lower percentage than with rotary atomizers and also generally with more uniform

FIGURE 5.6 Pressure nozzle. FIGURE 5.7 Hollow cone pressure nozzle.
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FIGURE 5.8 Assorted pressure nozzles of varying size.

) Fluid cap FIGURE 5.9 Two-fluid atomizers from
Alr cap spraying systems.
Round spray
pattern A
B 3612
D Gasket

1158 Retainer ring

Round spray and flat spray
air caps

fine particle slurries as these nozzles are more subject to blockage. The particle size range of the generated drops is
often narrower than that of the pressure nozzle, although not quite as narrow as the rotary atomizer. One big advantage
of 2-fluid atomizers is that these nozzles can achieve much finer average particle size distributions than other types of
atomizers, with average particle sizes of 10 microns and lower and at or below 1 micron with very dilute solutions and
at very high pressures as shownHigure 5.10 In general, the particle size is proportional to the mass ratio of the flows

of atomizing gas to liquid flow. The design of a type of 2-fluid atomizer is showRiijure 5.9

Liquid feed solutions or suspensions can by centrifugally accelerated using a rotary atomizer. Velocities of greater
than 300 ft/sec can be achieved with the production of very fine droplets. The degree of atomization depends on feed
rate, viscosity of the liquid feed, and the peripheral speed of the wheel or disc. The liquid feed is delivered to the center
of the wheel or disc in varying designs and the liquid spreads over the surface as a thin film, which varies in thickness
based on the speed, viscosity of the liquid, and the feed rate. The fluid tends to slip and so is flung from the edge at a
lower velocity than the peripheral speed. To prepare smaller drops, one can roughen the surface of the disc or provide
radial vanes to minimize this slippage.

For flat, smooth, sharp-edged discs and at slow disc speeds when viscosity and surface tension dominate the mecha-
nism of atomization, drop formation can occur at the edge of the rotating disc to provide quite uniform size distributions
with very few satellite drops formed. With increased speed and feed rate, the droplet formation mechanism changes to
that of ligament break-up as shown liigure 5.11 Further increase in feed rate or increase in viscosity may result in
sheets of liquid leaving the disc edge, which can further break into drops giving a very broad droplet size distribution.

Rotary atomizers, as designed by a number of compahigsyes 5.12and5.13 have been found to provide nar-
rower size distributions than other types of nozzles and can reduce losses of volatile components on drying or to
achieve specific final product characteristics.

More recently, ultrasonic atomizers have found use in dryers designed for small quantities such as the ProCepT
spray dryer and the unit from Buchi. The nozzle showirigure 5.14is from Sono-Tek.

5.3 DRYING CONFIGURATIONS

The most common spray-dryer configurations can be tersiegle effectin that the drying air enters the top of the
drying chamber and flows cocurrently with the incoming atomized drops of the liquid feed. An example of this



Atomization and Spray-Drying Processehapter | 5 51

FIGURE 5.10 Spray-dried particles of about 1 micron diameter
(photomicrograph and size distribution).

FIGURE 5.13 Rotary atomizer designsCourtesy of Drytec
Contract Processing.

FIGURE 5.11 Rotary atomizer droplet formation.

FIGURE 5.14 Ultrasonic atomizer (note electrical connection on
left and liquid feed port at top).

FIGURE 5.12 Rotary atomizer designsCourtesy of GEA Process
Engineering.
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Feed FIGURE 5.15 Spray-drying chamber with cyclone
and bag filter in a once-through configuration.
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design is shown irFigure 5.15 The powders obtained with such types of dryer are fine with a lot of dusts and poor
flowability. To reduce the dusts and increase the flowability of the powders by formation of agglomerates, a newer
generation of spray dryers termenultiple effectspray dryers has been designed. Instead of achieving the finished
product in one stage, the drying is done in two steps. One step dries as normal in the chamber with the larger parti-
culates passing into an integrated vibratory fluid bed at the bottom of the chamber. Heated air is delivered into the
fluidized bed (Step 2 of the drying), forcing fines upward to be combined with fines coming from the drying cham-
ber to pass into a cyclone separator. This combined stream of fines, now separated from the main air flow, exits the
cyclone and is conveyed to the top of the chamber to interact with incoming atomized droplets. In an alternate
design, these fines enter into the lower part of the chamber to be combined with fines recently dried in the top of the
chamber where they enter into the initial stage of the fluid bed where they can be rewetted. The integration of this
fluidized bed provides the production of agglomerated particles within a size range of approximately 100um 300
depending on chamber size and air flows. Because of this large particle size, these powders are free flowing and
much less dusty. The produced granules are sometimes known as “instantized” powders. Also, this type of dryer has
been used to achieve better particle flow and granule compressibility, which can be used in directly compressible
tablet operations.

Another dryer configuration has the hot gas entering the chamber in a counter-current flow to the atomizer
direction. The counter-current flow enables the pdescto have a longer residence time within the system for
more complete utilization of heat energy; this kind ofsig is more appropriate for larger atomized drops. This
type of dryer is not used as often in tfieod or pharmaceutical industries because of the longer thermal exposure
of the product particles.

For spray drying of food ingredients concerned with the recovery of volatile components or for spray drying where
flammable or toxic solvents such as ethanol or dichloromethane are in use, a closed cycle system is used. This is shown
in Figure 5.16 Nitrogen from either a gas separation system or liquid nitrogen storage is added to purge the closed
cycle system. Gas only needs to be input to the system as required such as at the bag house pulsers for bag cleaning. In
this system, pressure nozzles or rotary atomizers are generally used. If solvents are used, vented gas is generally
scrubbed further using charcoal filter beds. Condensers can use glycol systems or nontoxic solvents such as limonene as
the circulating subzero liquid. Heaters are generally electric in this type of system rather than the direct or indirect gas-
fired systems more typical in food plants. This type of system has found utility in the pharmaceutical industry for the
spray drying of solutions of active ingredient with polymers or other additives for the formation of amorphous solids
needed to improve the overall oral bioavailability of the formulation.

Drying chambers can be of several basic designs. Cylindrical flat-bottom dryers are of a fairly old design and were
used for egg products, toppings, and juices or pulps. A pneumatic powder discharge was used to remove the product.
Conical bottom chambers are more commonly used for many food products, including maltodextrins, flavors, and nutri-
tional products such as dried oil emulsions. The angle of the cone bottom would be based on the flow requirements of
fine particles down the chamber walls.
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FIGURE 5.16 Closed cycle desigrCourtesy

Atomizer/nozzle options A ’
of GEA Process Engineering.
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5.3.1 Mass Transfer and Heat Transfer Considerations

The evaporation of volatiles from atomized droplets involves both heat transfer and mass transfer. Heat is transferred
from the heated gas in the dryer to the droplets and converted to latent heat within the liquid. Mass transfer occurs as
molecules transfer from the surface of the drops to the boundary layer of gas surrounding each drop. The rates of heat
and mass transfer are a function of thé between drop and chamber gas and the humidity within the chamber. The
rates of transfer are also a function of droplet diameter and relative velocity between the droplet and the chamber gas.
For each product there is a representative curve that describes drying properties for that product at specific temperature
and gas velocity within the chambeFigure 5.17shows an example of such a curve. The drop initially gains in



54 PART | Il Process Technologies in Microencapsulation

temperature over a relatively short period of time in the top of the chamber by transfer of what is known as sensible
heat. Then, as molecules of liquid move into the gas phase at the surface of the drop, a period of constant rate drying
occurs where most of the free moisture of the drop is removed. The wet-bulb temperature represents the droplet temper-
ature. If drying occurs too rapidly, an outer layer of dry material forms as molecules of liquid cannot reach the surface
rapidly enough and the dried layer presents a formidable barrier to moisture transfer. The inner temperature of the drop
can rise until the liquid vapor pressure can burst through the surface layer and cause a change in overall particle
morphology and what might be termed “blast holes” or burst balloons to be evident on the product surface. This may
sometimes be corrected by proper dryer design or changes in matrix coating formuldtigms€n, 197). The control

of the temperature of this constant rate drying regime can sometimes assist in reducing the overall temperature exposure
of the product and thereby decrease losses of volatile components or thermal degradation of the product.

The last stage of spray drying is the separation of the dried solids from the gas stream, and with proper design this
can be accomplished with high efficiency. The product is removed from the cyclone where it is collected into interme-
diate or final packaging. The exhaust gas stream for open cycle dryers must meet local, state, and national standards.
For closed cycle dryers, all solids have to be removed to prevent scorching or other degradation on reheating of the gas.
Separation equipment generally involves a high efficiency cyclone and/or a bag filter assembly. Occasionally, wet
scrubbers are used downstream of the cyclone separators. Also, in the case of difficult-to-handle materials where there
may be surface stickiness or cohesive powders, a cyclone separator may not be needed and the chamber product is sent
directly to a bag filter assembly equipped with bag pulsing to remove product from the filters. Efficiency of collection
in cyclones can be adjusted by the design with an understanding of air velocities and particle sizes to be removed.
Other options to improve collection efficiencies include chamber air sweeps and quenching gas streams introduced
either in the lower part of the chamber or between chamber and cyclone.

5.4 OPERATIONAL PRACTICE

The controlled operation of once-through, single-effect spray dryers involves the maintenance of the parameters of the
liquid feed system as well as the conditions of temperature and air flow within the dryer. Modern control systems allow
for the setting of any two of the three main operational parameters: inlet temperature, outlet temperature, and feed rate
(keeping air flow constant). More often, a feed rate is set and a desired outlet temperature is set to obtain a moisture
specification, and the controls adjust inlet temperature to achieve the appropriate outlet temperature. It is also possible
to have set a desired inlet temperature and then either manually or have a control to adjust feed rates to achieve a
desired outlet temperature. Manual control is more often used on smaller laboratory or pilot plant equipment. For exam-
ple, if a dryer is started at an initial pumping rate of liquid and the desired outlet temperature is too high and needs to
stay at the maximum inlet temperature for efficient operation, it is simple to increase the feed rate to achieve the desired
outlet temperature. However, if the moisture content is too high in the product, a decision has to be made whether to
increase the inlet temperature and the subsequent outlet temperature to achieve the lower moisture, or to lessen the feed
rate so as to bring up the outlet temperature or to possibly change the atomization conditions to achieve smaller parti-
cles, which will dry faster and to a lower moisture content.

Integral fluid beds add a level of complexity to the setting of drying conditions. It is generally desired to achieve
only partial drying in the chamber and to do some drying in the fluid bed. Also it is necessary to return fine particles to
the drying zone in the upper part of the chamber to interact with atomized droplets for the formation of aggregates.
There are added variables of incoming temperature and velocity of gas to the fluid bed as well as the need to convey
air from the bottom of the cyclone to the top of the chamber. Besides moisture control in the product, parameters have
to be set to achieve specified agglomerate friability and particle size.

There are a number of ways to address problematic materials during the spray-drying process. Fine particles do not
necessarily flow well in chambers. Cone bottoms can be designed with sharper angles to promote movement down
without excessive wall buildup and larger radius curves can be used to prevent buildup in angled piping. However, it is
often necessary to apply various vibration methods to prevent powder layers forming on chamber walls or in curved
sections of piping at the bottom of the chamber, the entrance to the cyclone, or other places in the equipment. There are
quite a variety of devices known to assist in removal of solids from chambers and piping surfaces, which include
rattlers, sonic horns, and pneumatic hammers. If other methods do not solve these issues, air lances or air sweeps have
been used in chambers to assist in sweeping the product toward the bottom outlet.

Flow aids can be introduced to the chamber during spray drying for the improved powder flow of tacky materials.
Because a spray-drying chamber is operated under a slight negative pressure, most often with fans pulling air or nitro-
gen through the chamber, a small port can be opened in the top of the chamber to allow controlled feeding of flow aid
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materials such as micron to submicron particulate silica. The silica can greatly improve the flow of the product and
decrease chamber buildup, generally increasing product collection efficiencies.

Safety in operation is most important especially when related to prevention of dust explosions and air over layer
exothermic degradation. Determination of dust explosion pressure rise (Kst), the maximum dust explosion pressure
(Pmax), and minimum ignition temperature (MIT) may be important to measure before operations commence.

5.5 FEED PREPARATION

The preparation of the feed solution, suspension, or emulsion is often overlooked in considering the successful spray
drying of a product. Proper addition of additives so as not to cause foaming, the use of surface active materials for the
wetting out of solids to get uniform dispersions, proper use of agitators or high speed rotor/stator or high pressure
homogenizers with circulating loops can all be major factors to achieve homogeneous feed suspensions or uniform
emulsions. Proper tank design to maintain the homogeneity of the suspensions is often important.

Emulsions can often be quite tricky. Flavor oils or nutritional oils may need to be homogenized uniformly into very
fine drops to be microencapsulated into a matrix particle with the continuous carrier being gum acacia or possibly a
succinylated starch. Other hydrophilic polymers such as maltodextrin or gelatins can be used. Addition of emulsion
stabilizers such as lecithins can also improve the quality of the emulsion and thus the improved performance in a
product. A very fine emulsion drop is generally important in producing dry particles with little surface oil. There is
generally a limit to the amount of active oil in the product at approximately 40 to 50%. If higher amounts are attempted,
there may be too much surface oil as the drop dries. Any surface oil runs a much greater risk of fire in the chamber or
bag house. Flavors often have volatile components, which can be lost. Besides adjusting the film-forming material,
minimizing the amount of loss can sometimes be controlled with addition of less volatile components thus diluting out
the volatile component and reducing its partial vapor pressure by Raoult's law. Other additives to improve oxidative
stability of oils may be added as well as components that can affect the film strength as the drop begins to dry.

An interesting paper describes the various morphologies of particles that can be achieved with spray drying.
Particles can be engineered by the use of varying drying conditions or feed suspensions, which can lead to some
unusual particle morphologies and product functionalitglfring, 2008.

Emulsion droplet size is a critical parameter for reducing the loss of precious high value volatile flavor oils or food
ingredients during spray drying. Increasing emulsion droplet size led to reduction in the flavor retention. The emulsion
droplet size was optimized by the use of high shear mixing followed by high pressure homogeniZatiotitgntawat
et al., 2003. The optimum emulsion droplet size for the highest flavor/food ingredient encapsulation and lowest surface
oils needs to be found with experimentation and appropriate combination of wall material with surfactants and viscosity
modifiers (afari et al., 2008

5.6 RECENT ADVANCES IN ATOMIZATION AND SPRAY-DRYING PROCESSES

ZoomEssence, Incwivw.zoomessence.com/index.hjrhias claimed that it has a patent pending DriZootechnology
that eliminates the use of heat and thereby improves volatile flavor retention and reduces the loss to the atmosphere.
This results in an improved quality of spray-dry powder (higher density powder) that quickly dissolves into liquids.
This spray-drying technology is applicable for encapsulation of highly volatile aromatic flavors.

Orbis Biosciences v{ww.orbisbio.com/precision-particle-fabrication.h)rthas a unique atomization process that
makes monodispersed microscapsules based on coaxial nozzle technology. This precision particle fabrication tech-
nology may enable superior control over the release rates of the food actives.

5.7 CONCLUSION

The design and operation of spray dryers can vary greatly, with these units being used to process many types of food
products and ingredients used in the marketplace today. With varying characteristics of particulates in suspension, fats,
and oils contained in dispersions or fine emulsions, each product may require unique processing conditions to generate
free-flowing dry powders with the desired product characteristics. Safety, energy conservation, and economics all can
weigh into the design of spray-drying equipment and formulation design.
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Chapter 6

New Advances in Spray-Drying Processes

Karin Nordstro'm Dyvelkov, and Jakob Sloth
GEA Niro, GEA Process Engineering A/S, Soeborg, Denmark

6.1 INTRODUCTION

Today, spray drying is the most widely used technique for microencapsulation in the food indbstrgi @nd Park,

2005. The reason for this is the possibility of continuous production of tailor-made particles for very specific functions
and needs of the food industry. Each particle in the final powder can be customized not only in its physical (size, shape,
density, etc.), chemical, nutraceutical, and organoleptic (e.g., smell, taste) properties but also the release mechanism
(in time and place) of the shell material and/or microencapsulated material. The microencapsulated systems can be
multilayered to serve several purposes at once or in several steps when eaten or used.

The range of products that are microencapsulated by spray drying is vast, including aromas, flavors, oils, probiotic
cultures, vitamins, nutraceuticals, and much more. The shell materials are also numerous, and some examples are carbo-
hydrates (e.g., starch, maltodextrins, chitosan, corn syrup solids, modified starch, or cyclodextrins), cellulose (e.g.,
carboxymethylcellulose, methylcellulose, or ethylcellulose), gum (e.g., gum acacia, agar, sodium alginate, or carra-
geenan), lipids (e.g., wax, paraffin, beeswax, diacylglycerols, oils, or fats), protein (e.g., gluten, casein, gelatin, albumin,
or peptides), and mixtures theredai€sai and Park, 2005; Murugeasan and Orsat, 2012

Spray drying can be combined with other techniques, such as fluid beds (integrated or external), for further drying
(Pisecky, 201}, agglomeration, granulation, multicore encapsulatidaidri et al., 2008 coating, and/or functionaliza-
tion of the powder. Often the agglomeration option is a great advantage because the granules can be produced instead
of the traditionally often dusty products.

6.2 TECHNOLOGIES

Spray drying is a method of drying liquids, solutions, and liquid suspensions. The spray drying system is described in
general in Chapter 5, so in the following sections only the recent advances are described. In recent years there has been
quite a development within optimization of the chamber design and dimensions, optimization of air dispersers, inlet air
control, energy optimization, temperature optimization for sensitive products, and the sanitary aspects of the entire
system. The spray-drying systems have also been further developed with adaptive means as well as online and inline
measurements of the powder quality.

6.3 COMPUTATIONAL OPTIMIZATION

To optimize the spray dryer performance and design, computational fluid dynamics (CFD) can be used. CFD can be
used to design vital parts of a spray-drying system (séam, 2005; Ullum et al.,, 2008, 20)0 such as the air
disperser, drying chamber, cyclone, bag filter setup, and much more. In a spray dryer, the dimensions and geometry are
vital for a successful drying of a specific product to avoid chamber deposits while keeping the dimensions as small as
possible to minimize the productions costs.

Conventional CFD simulation programs assume that all feeds are essentially alike, but in reality they are not. Some
feeds take longer to dry than others, and some are also sticky, which can lead to deposits on dryer walls, significantly
impairing system performance. However, without empirical data, it is difficult to predict whether a given feed would
pose such problems or where deposits might form. The reliability of this simulation technique has been vastly improved

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00006-6
© 2014 Elsevier Inc. All rights reserved. 57
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FIGURE 6.1 Left: DRYING KINETICS ANALYZER. Right: Zoom on the levitated droplet where the helix illustrates the ultrasonic field. Note the
holes in the reflector used to inject conditioned drying gas.

using a method called DRYNETIGS" which puts the software on a more scientific footing. In DRYNETICS the dry-
ing rate is calculated based on actual measurements (as described in this chapter) through advanced mathematical
modeling, and implemented in computer simulations of full-scale spray dryers.

6.4 ANALYZING THE DRYING PROCESS OF A DROPLET

Full-scale spray drying experiments are expensive in terms of materials consumption, operational costs, and man-hours.
This may be a limiting factor when developing new formulations for microencapsulated food systems as only a small num-
ber of formulation candidates can be tested experimentally. Furthermore, often only a few process parameters (e.g., drying
temperature) are evaluated, although these have significant influence on final spray-dried powder pragetties Z00(.

Single droplet drying experiments provide a fast and inexpensive method for testing new formulations and optimiz-
ing process parametersi¢cht and King, 2000; Liu et al., 20D0Single droplet drying experiments are often based on
the principle of suspending a droplet from a filament and monitoring the drying pro¢gsSaged et al., 1990;
Fu et al., 201p. However, this method has the obvious drawback that the filament affects the particle morphology for-
mation. Alternatively, the droplet may be suspended in an ultrasonic field, which is the case for the DRYING
KINETICS ANALYZERt (Sloth et al., 2006, 20)¢

In the DRYING KINETICS ANALYZER, a high power ultrasonic horn (58 kHz) is placed 5/2 wavelengths above a
concave reflector to generate an acoustic field. Due to the forces of this acoustic field, a small aropl&00um) of
feed may be inserted and held constant against the gravity, as showgure 6.1 While the droplet is drying, it is
monitored with a CCD camera and an infrared thermometer. The former is used to record a video of the drying process
and morphology formation while the latter is used to record the development in surface temperature.

The levitation unit is encapsulated in a small drying chamber (not shovidigimre 6.) so that the drying gas (nitro-
gen) temperature and humidity may be set arbitrarily. The drying gas is injected into the drying chamber through a
number of small holes in the reflector below the particle, which gives a relative velocity between the drying gas and the
droplet, like in a conventional spray dryer. When the particle is dry it may be extracted from the acoustic field and
subjected to different laboratory analyses. These could, for example, be optical or scanning electron microscopy for
instigating the particle morphology in detail.

Experiments figure 6.3 have shown that if the drying gas conditions in the DRYING KINETICS ANALYZER are
the same as the corresponding outlet conditions from a conventional spray dryer, the particle morphology in the two
drying systems matches. Thus, one major advantage of single droplet drying is the option of screening different feed
formulations for morphology using this system instead of a full-scale drgéstlf, 201). The single droplet drying
experiments can reduce the consumption of valuable feed and help narrow down the number of formulation candidates
used in pilot and full-scale test8(ask et al., 200}/

A simple example of food microencapsulation is showrigures 6.3and6.4. Here a droplet of homogenized low
fat milk has been dried in the DRYING KINETICS ANALYZER. Before drying, the milk is water/fat emulsion with
fat droplets in the size range of 0.1 touB as the discrete phasEigure 6.3shows an optical image of a droplet of

1 DRYNETICS is a trademark of GEA Process Engineering A/S.
2 DRYING KINETICS ANALYZERt is a trademark of GEA Process Engineering A/S.
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FIGURE 6.2 SEM images of particles dried in
the DRYING KINETICS ANALYZER (left) and
in the spray dryer (right). The diameter of the
DRYING KINETICS ANALYZER particle is
d5 720pum while the spray-dried particle has a
size ofd5 32um. The feed dried was a solution
containing 29% maltodextrin DE18 solids.

FIGURE 6.3 An optical image of a droplet of low fat milk with staining of the fat
particles.

FIGURE 6.4 Low fat milk particle produced
using the DRYING KINETICS ANALYZER. (a):
A whole particle of size 48@m. (b): A cut-
through particle—the scale bar indicates}if.

milk where there is coloring bound to the fat dropletsyure 6.4shows electron microscope images of the cut-through
particle and it can be seen that the emulsion fat droplets remain after the drying process. It is noted that the fat droplets
can be seen only as concavities due to the sample preparation procedure for the electron microscope. By comparing the
images of the milk before and after drying, it can be seen that the size and shape of the fat droplets are unaffected by

the drying process.
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The experiment described does not represent a widely used food microencapsulation system and the approach taken
does not resemble that of spray-drying milk of any type. However, the experiment serves well as an example of how
the DRYING KINETICS ANALYZER can be used for evaluation purposes during the design phase of food microen-
capsulation systems.

6.5 DRYING KINETICS AS INPUT FOR CFD

Using the DRYING KINETICS ANALYZER, it is also possible to find the drying rate for a given feed. During an
experiment, data for the development in particle size and surface temperature are logged along with the position of the
particle in the ultrasonic field: as the particle dries it gets lighter and rises a bit in the field. Based on these data, the
drying curve (i.e., the particle residual moisture content as a function of the drying time) is found through advanced
mathematical modeling and used in CFD simulations of spray dryerd~seec 6.5. That is, the specific drying kinet-

ics for the product in question may be found and used in the CFD simulations, which are important for achieving high
accuracy resultsl{llum et al., 200§. The results can also be used together with CFD to produce state-of-the art simula-
tions of spray dryersThybo et al., 2008

FIGURE 6.5 The three steps in the
DRYNETICS method.
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6.5.1 Spray Drying Equipment and Controls

As already mentioned, spray drying systems consist of several components. Each component can be optimized on its
own or in a system perspective. These components, as well as spray drying in general, were described in Chapter 5.
Therefore, in the following, only new developments on selected topics are addressed.

6.5.2 Temperature Control

Many products in the food industry are sensitive to high temperatures. Therefore, there has been quite an intense effort
as to how to lower the temperatures in the spray dryers. There are several ways of doing this, but one of the key
elements has been the dehumidification and temperature control of the inlet air for it to run at stable conditions indepen-
dent of the season, outside temperature, outside humidity, and so on. By dehumidifying the inlet air, lower temperatures
are possible than traditionally used. It is, for example, possible to spray dry with inlet temperatures as lo®@ asad0
outlet temperatures as low as 4) These temperature ranges open up spray drying to many new products that have
otherwise been spoiled by the process conditions.

Figure 6.6shows the temperature profile in an industrial size spray dryer cut through the center axis. The hot drying
gas is quickly cooled due to the evaporation resulting in a low temperature in the majority of the drying chamber.

6.5.3 Flexible Spray Drying, Agglomeration, and Granulates

In modern spray dryers, it is possible to have several built-in functionalities in the same setup. It is, for example, possi-
ble to integrate a fluid bed for further agglomeration (e.g., by adding a nozzle) and/or drying of the product. This makes
it possible to run several different products and a large span of particle sizes on the same drying system.

Figure 6.7shows examples of spray drying chambers with integrated fluid beds for agglomeration and/or further
drying.
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Temperature  FIGURE 6.6 Temperature plot of a spray dryer.
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6.5.4 Cleaning-In-Place

The very nature of, for example, dairy and food products means that there is a risk of product deposits on the surface of
the process equipment. The products’ fat, sugar, and protein content gives hygroscopic and sticky characteristics at the
temperature and humidity conditions present during processing. To meet today’s strict sanitary requirements, drying
plants must satisfy the highest design standards to avoid product degradation and contamination during plant operation.
For drying plants in general, it is often relevant and profitable to equip the plants with automatic cleaning in place
(CIP) to reduce the downtime of the plant.

Cleaning requirements for well-designed liquid processing equipment are achieved by circulating cleaning solutions and
water under well-controlled conditions. Cleaning requirements for the drying and powder handling equipment—the dry
areas—can be met by either dry or wet methods, or a combination of both. Dry methods involve the manual sweeping of
surfaces in contact with the product, or air sweeping by allowing a high velocity air stream to pass over the surfaces in ques-
tion. Wet methods can involve either manual hosing of surfaces or more effectively by use of automated CIP systems.

The longer the plant operates, the greater is the risk of deposit formation. Spray drying plants have been developed
for minimizing deposit formation and to permit plant operation over longer periods of time. However, occasionally the
plant has to be shut down for cleaning, and cleaning-in-place has become essential to minimize cleaning time and
thereby maintain high plant productivity.

Systems that are suitable for cleaning individual items or complete process plants are already on the market. The
cleaning process involves integrating cleaning nozzles into the plant components together with their associated pipe-
work and instrumentation. The CIP operation is computer controlled and documented. A program controls pump and
valve functions, and cleaning sequences are given the optimum timing for efficient cleaning of all parts of the plant.
The system is flexible and different washing programs can be selected according to the needs. The program software
includes the flexibility to alter and adapt the washing programs according to experience and need when new products
are processed or new operating conditions are applied. Further, individual programs can be developed for specific
products for which cleaning efficiency, cleaning time, or the amount of chemicals used can differ.

6.5.5 Sanitary Bag Filters

One of the components that have to be especially sanitarily CIP designed is the bag filters. The SANi&gFfilter
is designed in accordance with the strictest sanitary requirements given by the leading international agencies in the
European Union and the United States.

The exhaust air containing fine powder particles is passed through the SANICIP filter for powder separation. The
bag filter consists of a cylindrical bag housing with a spiral-shaped or radial air inlet, clean air plenum on top, and a
conical bottom with fluidized powder discharge. During operation, the product collected on the outside of the filter
material is periodically blown off by a compressed air jet stream from the inside of each bag by means of a specially
designed reverse jet air nozzle positioned above the bag.

This results in a very even discharge of powder. The frequency and duration of the blowing sequence can be adjusted
to suit actual running conditions. The result is a low pressure drop across the filter, that is, reduced energy consumption
and noise emission. Another special feature of the SANICIP bag filter is that the bags are wet cleaned from the inside
toward the dirty outside by means of a clean water spray, reducing the overall amount of CIP water considerably.

All the fines discharged from the bag filter are returned to the process. This means that no powder is lost as waste,
but is sold as first-class product. It is also possible to upgrade old plants equipped with cyclones and traditional bag
filters or wet scrubbers with the new sanitary bag filter design.

6.5.6 Process Controls and Adaptive Feedback

The individual components as well as the entire drying systems can be regulated by a number of process and component
controls. For example, a spray dryer may be controlled by regulating the outlet gas temperature, or the inlet gas temper-
ature, or an inlet air flow rate, or by inline or online measurements of the product.

The SPRAYEYE * (patent pendingJensen et al., 200Pnozzle monitoring system provides better monitoring of
the spray drying process by giving a highly detailed, unimpeded, real-time view of the spray nozzles inside the drying

3 SANICIR is a trademark of GEA Process Engineering A/S.
4 SPRAYEYE is a trademark of GEA Process Engineering A/S.
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chamber. Infrared cameras measure and survey temperatures to the control system. This allows operators to check for a
wide range of faults before they become a problem and take corrective action in due time and only when needed.

In the nozzle monitoring system, cameras show a real-time continuous picture of the spray zone allowing operators
to ensure that there are no leaks or any product buildup on the nozzles and that the spray pattern of the nozzles into the
drying chamber remains at an optimum level. Furthermore, it is possible with cameras to check whether the high pres-
sure shut-off valves are leaking. This helps avoid unnecessary shutdowns, improves product quality, and reduces the
risk of heat buildup within the chamber, which can, in extreme cases, cause fire or an explosion. In an emergency, the
control can be set to shut down the spray dryer if there is a risk of a fire or an explosion.

6.6 CONCLUSION

POWDEREYE ° is a system for inline powder analysis made specifically for spray dryers. The system allows producers of
food and dairy powders to perform all the most important product quality tests during spray drying in a single operation.

Other technologies are available, but POWDEREYE has taken the process one level up. The samples are taken in a
timed frequency and followed by real-time analysis. The analysis includes powder moisture content (e.g., by near-
infrared technology), powder bulk density (loose and tapped), powder temperature, and scorched particles (by digital
image analysis). All data are displayed as trend curves, and alarms in the plant human machine interface (HMI) system
allow swift, corrective action to be made, thus minimizing both loss of product and process capacity.
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Chapter 7

Fluid Bed Coating-Based
Microencapsulation

Charles Frey
Coating Place, Inc., Verona, Wisconsin, USA

7.1 INTRODUCTION

Many dry foods or food ingredients are particulate materials such as powder, crystals, or granules. Fluidization is often
used in upstream or downstream processing of these materials. Fluidization is a process where air is drawn or pushed
upward through a bed of particulate material at a rate that lifts and suspends particles. Lifted and suspended particles
are free to move about and the particle bed behaves like a fluid. Fluidization can be used for a variety of purposes
including particle size classification, heat treatment, evaporation of volatile components from wet material, or particle
transfer. In most fluidizing systems, the air is drawn through the bed, which creates a negative pressure compared to the
atmosphere and helps confine material to the process.

Fluidization can be interfaced with spray processes to apply coatings to particles and/or agglomerate particles to
form larger granules. These processes are often referred to as fluid bed coating or fluid bed granulating processes. In
these systems, process air used to fluidize particles also evaporates and removes the volatile vehicle of the coating/
granulating system or congeals the molten spray on particle surfaces. These systems are designed to pass or cycle the
particles through the spray region in a manner that achieves the desired coating or granulating goals most economically.
Fluid bed coating/granulating is used for a variety of purposes in the food industry including the following:

Reduction of fine particles or dust

Improved handling properties

Improved homogeneity

Color or flavor addition

Reduction of undesired off flavors or bad taste

Protective barrier coat applications to shield from oxygen, moisture, or other reactive ingredients
Introduction of sustained, delayed, burst, or enteric release properties

NogrwNE

Most fluid bed coating/granulating systems in common use today have evolved from the work of Dr. Dale E. Wurster
at the University of Wisconsin in the 1950s and 1960éu(ster, 1963, 1964, 1965a,b,1966aPatents from his work
disclosed a variety of ways to cycle particles through the spray region of a nozzle or nozzles. Commercially viable varia-
tions of nozzle design and equipment configuration have been disclosed sinceKihkigta and Sawaguchi, 1989;
Imanidis et al., 1990; Huttlin, 1990, 1991, 1992, 2000, 2002, 2004, 2005, 2009, 2010a,b; Littman et al., 1993; Jones,
1995, 2009; Walter, 2001; Jones et al., 2004; Schneidereit and Pritzke, 2006; Jacob et al., 2007; Mehta e}.alhe007
most widely used processes today are Wurster (bottom spray), top spray, and tangential spray (rotary) systems. Process
selection and comparisons of products produced with these processes have been disoussed985; Mehta and Jones,

1985; Rubino, 199 “Static” tangential spray designs involving use of a diagonally slotted plate are also in use today.
These designs are detailedTiable 7.1andFigures 7.1 through 7.©ther variations of these designs may provide similar
processing capabilities, but they have not realized broad practical use and will not be discussed in this chapter. There are
also continuous process fluid bed configurations discussed later in this chapter that have found a commercial niche
(Wurster, 1966b; Jacob et al., 2007

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00007-8
© 2014 Elsevier Inc. All rights reserved. 65



66 PART | Il Process Technologies in Microencapsulation

TABLE 7.1Fluid Bed Processes

Process Nozzle Position Process Typical
Type Process Goal

Wourster (bottom At the fluidization plate with spray directed upward concurrently with low Batch Coating or
spray) density particle flow granulating
Top spray Above fluidizing bed with spray directed downward countercurrent to Batch Granulating

particle flow
Tangential spray In side positions with spray directed tangentially with high density particle Batch Granulating
(rotary) flow
Tangential spray At the fluidization plate with spray directed diagonally concurrent with Batch Granulating
(static) high density particle flow

Pressure
pulse
Exhaust blower to
environment,
recovery system, or
incineration
Expansion
chamber

Coat chamber
Process air intake: | [ pown

filtered and bed

preconditioned to
temperature and

dew point

requirements Up bed Coat solution,

dispersion, or
hot melt

FIGURE 7.1 Wourster (bottom spray) fluid bed coater.

Although fluidization requires solid particulate materials, liquid or volatile components can be coated or granulated
if they are confined in or to a solid particulate. This can be achieved by either absorbing the liquid or volatile compo-
nents in or on a solid core material through a mixing or coating process, or encapsulating the material in some manner
prior to application of a fluid bed process. If components are volatile such as flavor or fragrance components, selective
evaporative losses are likely during fluidization due to the relatively high volume of air moving through the system.
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FIGURE 7.2 Top-spray granulator.
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FIGURE 7.3 Tangential spray granulator (rotary).
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FIGURE 7.4 Tangential spray granulator (static).

Use of the Wurster process in the food industry is often limited by the potentially higher costs associated with
Wurster equipment or the longer process time commonly required for coating individual particles without agglomera-
tion. Processing costs are typically based on process time and process times for agglomeration processes such as those
performed in a top spray system are linked to process air flow (drying capacity). Process air needs for the Wurster
process are comparable to those for top spray; thus, process times and costs can be comparable for granulation work on
these systems.

This chapter first reviews the details of particle movement in each process and follows with a discussion of technical
aspects of fluid bed particle granulating and film coating. A general overview of fluid bed coating and granulation
applications in the food industry is provided to outline the practical scope of its use.

7.2 WURSTER (BOTTOM SPRAY) FLUID BED COATING

The Wourster process is recognized as the best of the fluid bed processes for coating individual pattbkesand
Jones, 198k The upward movement of particles at low population density concurrently with spray direction and rapid
drying minimize the potential for particle agglomeration and attrition. In addition to this coating capability, this system
can also be configured and operated to granulate material and provide products comparable to those produced by other
fluid bed processes.

The Wurster fluid bed coating system illustratedrigure 7.1is characterized by a differential air flow induced by
the fluidization plate at the base of the particle bed. This differential induces rapid upward movement of air in the “up
bed” or “coating zone” concurrently with the upward spray direction. The air velocity in this region is significantly
higher than the minimum requirement to fluidize particles; thus, particles are carried rapidly upward concurrently with
spray. The nozzle is mounted at the base of the bed in the center of this up bed region. Particles decelerate as they pass
from the up bed region into the expansion chamber due to the increase in cross-sectional area. After decelerating, they
fall into the “down bed” region that surrounds the up bed region. In a properly designed and run system, the process air
is sufficient to both accelerate particles though the up bed region and maintain fluidization in the down bed region. At
the base of the fluidizing down bed region, the path of least resistance for air flow is toward the up bed region due to
lower particle population; thus, particles near the base of the down bed are carried inward to feed into the up bed
region. Particles complete a cycle about once every 6 to 10 seconds in an optimal configuration and batch loading. The
process is carried out until the desired coating or properties are achieved.

The physical partition shown iffigure 7.1around the up bed region creates a physical barrier between the up and
down bed regions for more ordered particle flow; however, a similar particle flow pattern is realized in the absence of
this partition. Although a partition is described in the original Wurster patent, it is the differential air flow that was the
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novel aspect of the patent. Given sustained release, formulations applied with and without the partition have been
shown to provide identical controlled release products. Use of a partition is dependent on equipment design, particle
characteristics, and personal preference.

Removal of the partition and reduction of the fluidizing air differential allows the bottom spray process to be used
for granulating. In general, reduced differential promotes more random, turbulent particle flow in the spray region.
Sufficient differential remains to maintain a cyclic particle flow and ensure optimal uniformity.

More detailed discussion of the fluidization and coating dynamics in a Wurster fluid bed coating process can be
found in a book chapter authored by Dr. Wurstgvifster, 199 A recent general article on application of the
Wourster process in the pharmaceutical industry has been publishedg; 2000 Detailed modeling and imaging of the
flow in Wurster systems have also been attemptddf@di et al., 2003; Heng et al., 2006; Palmer et al., 2007; Gryczka
et al., 2008; Fries et al., 2011

7.3 TOP SPRAY GRANULATION

A top spray configuration is shown iRigure 7.2 This process incorporates one or more nozzles in each of several
potential spray positions spraying downward into a fluidizing bed. As coating or granulating solution or dispersion is
sprayed into a fluidizing bed, the relatively high population density of the bed promotes agglomeration. As granulated
particles form, their larger size requires more air to fluidize; thus, they remain lower in the bed and allow smaller parti-
cles to wet and agglomerate. This size stratification in the bed provides a leveling tendency to bring granules to a
similar size.

The top spray process is not well suited to coat individual partidiéshfa and Jones, 19R5Attempts to reduce
agglomeration and promote coating in a top spray system typically involve slower application rate, more fluidization air
to reduce particle population density in the spray region, and/or raising the nozzle(s). Such changes lead to both reduced
coating efficiency and poor coating uniformity due to spray drying and less ordered particle movement.

7.4 ROTARY TANGENTIAL SPRAY GRANULATION

The rotary tangential spray process illustrated-igure 7.3uses a rotating nonperforated base plate with process air
flowing upward around the outer edge of the plate into the moving particle bed. Variations of this process were
disclosed in patents issued in 1990 and 1988l{ibata and Sawaguchi, 1989; Hirschfeld and Weh, }9%He fluidiz-

ing process air and plate rotation impart an outer circulating, rolling motion of the bed. Nozzle(s) are oriented to spray
in a tangential position into the circulating bed. The relatively high particle population in the spray region coupled with
the drying and physical action promotes agglomeration to a uniform size. Granules produced with the rotary process
tend to be denser compared to other fluid bed granulations with a smoother surface due to significant physical interac-
tions between particles.

7.5 STATIC TANGENTIAL SPRAY GRANULATION

A static tangential spray design is illustratedRigure 7.4 This design uses a base plate that is perforated with slots
that are cut diagonally through to the plate to angularly direct process air flow as it passes through the plate. Nozzles
imbedded in the plate spray concurrently with the process air and particle movement. The process is described in
greater detail in a 1990 pateritittlin, 1990.

7.6 DISCUSSION

The following discussion is focused on critical process parameters associated with fluid bed coating or granulating.
Subjects of this discussion include fluidization requirements, temperature, drying capacity, nozzle and spray, scale-up,
and continuous processing.

7.6.1 Fluidization

Process air (the air used to fluidize particles and carry solvent vapor away) is often set based on past experience and
visual observation of the fluidizing bed. Depending on several factors, this can lead to less than optimal results and
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conclusions, which could easily compromise applications. A good knowledge of fluidization is important to the proper
application of these processes.

Fluidization is achieved through the application of adequate air velocity. Although the pressure differential across a
given bed of material will vary with bed depth (material mass), the velocity required to fluidize the given material is
the same regardless of bed depth; thus, if 500 scfm (cubic feet per minute at standard conditions) of air in a given coat-
ing unit is adequate to fluidize 20 kg of material, it is also adequate to fluidize 50 kg in the same unit. Air velocities
higher than the minimum requirement will lift particles higher, but the differential pressure from the base of the bed to
above the upper particles will remain relatively constant for a given amount of the material when fluidizing. Required
velocity will vary with particle size, shape, and absolute density.

Table 7.2indicates approximate velocities required to deaninimum fluidization for various materials. These
velocities are based on observed bed behavior at vary@ocities in a 6 or 9 inch dianter chamber with uniform
air distribution. The error associatedittv these numbers is estimated to be within5%. Be aware that these are
minimal values and rates might be set up to three timesarenabove the minimum for small particles to ensure con-
sistent fluidization through a coating process for the endisgribution of particle sizesni the bed. Also, less spheri-
cal and less dense materials will typically require lesstai lift, taking into account that the surface area of a
fluidization plate allows extension of this informatioa the volume of air flow needed to reach this minimum fluidi-
zation point. For example, a given igat of 25/30 sugar spheres on 0.5 #rea of fluidization plate would require

46 cfm (cubic feet per minute) of air to reach minimum fluidization (92 ft//8i0.5 f©5 46 cfm). This informa-
tion can be helpful in establishing press air flow requirements and adjustiihdor particle growth throughout a pro-
cess. This information can be easily translated to a topyspystem with a uniform air digbution across the entire
surface of a plate.

Translation to a Wurster coating process is a bit more challenging. The air distribution plate for a Wurster process
creates separate zones for the differential air flow. A limiting factor is the down bed area where air flow should be ade-
guate to at least minimally lift or fluidize particles. The need in this region must be factored up appropriately to deter-
mine overall process air need. The air distribution realized from a given plate is related to the amount of open space in
each region of plate and the diameter of the holes used to create that open space. A basic assumption is that the pressure
drop across the entire surface of the plate is equal. For this to be true, air must pass faster through the more open space
due to less resistance. In addition, air passes more freely through larger holes; thus, air drawn through portions of a
plate in which each portion contains equivalent open space, but each open space is created with different hole sizes,
will distribute with a higher percentage going through the large hole region. Proper circulation in a Wurster process is
realized by maintaining adequate fluidization in the down bed region with sufficient up bed region air to dilute and pass
particles completely through the up-bed zone without excessive velocity. This creates a path for material at the bottom
of the fluidizing down bed zone to feed into the up bed. Material flow is influenced by the amount of air entering the
up bed region through the plate, the length of the partition, the gap between the plate and the partition (which gates
down bed air and particles into the up bed), and the amount of material in the down bed. More material in the down
bed will speed the feed to the up bed region.

TABLE 7.2Minimum Fluidization Velocities

Material Absolute Bulk Minimum
Density (g/ Density (g/ Fluidization
cc) cc) Air Velocity (ft/min)

550 mg tablet 1.6 0.8 458

2mm3 3 mm pellet 0.8 0.4 169

18/20 sugar sphere ( 850 to 1.6 0.8 132

1000 pm)

25/30 sugar sphere ( 600 to 710 pm) 1.6 0.8 92

20/60 KClI 1.98 1.0 34

Bakers’ special sugar ( 75 to 300 pm) 1.59 0.8 26

cc5 cubic centimeter.
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In the tangential spray (rotary) system, the air flow need is dependent on particle size and the gap at the outer edge
of the plate.

Table 7.2indicates some practical limits associated with fluid bed coating processes. Larger particles require more
air to fluidize. Eventually, an upper limit is realized where a given blower reaches its limit and cannot provide enough
air to fluidize the material. More air can always be supplied with a bigger blower; however, the large amount of air
needed to move large particles results in coating inefficiency as the coating material has greater potential to dry or con-
geal before contacting particles. The limit associated with these concerns creates a practical application limit close to 2
to 3 cm in particle size for common particle shapes and densities.

A fine particle limit is realized due a number of factors including the low air flow requirement needed to fluidize.
This low air flow requirement reduces the drying capacity, which lengthens process time.

Core particle size distributions should remain relatively consistent for a coating process to perform equivalently each
time it is run. This is less critical for granulation work in top and tangential spray systems as the process is designed to tie
fine particles up into bigger agglomerates. In a Wurster coating system where particles must not only fluidize but also
pass upward through the up-bed region, particle size distribution must be relatively narrow. If distribution becomes too
wide, the air flow needs for the extremes of the distribution become too wide and particle circulation is compromised. An
ideal distribution for Wurster coating is one where the largest particles are not more than four or five times the size of the
smallest; however, it will work for distributions where the largest is up to 10 times the smallest.

An often overlooked aspect of fluidization is the volume change of the air as temperature shifts through the process
air path. The general gas equation can be used to estimate the volume change:

nRT
V5 -
where:

V5 volume in liters
n5 number(lofémoles
. patmb
R5 0.0821(,5mlm<_D
T5 temperaturein ks C1 273

P5 pressure in atmospheres

Assuming 1 atmosphere pressure (or a constant pressure), the volume shift from one temperature to another can be
determined from the K temperature ratio:
T2
V25 Vy—
2 1T1
where:

V; 5 volume at temperature 1
V,5 volume at temperature 2
T.5 temperature 1 (K)
T,5 temperature 2 (K)

This volume change can be significant as indicate@imure 7.5showing the relationship of volume versus temper-
ature for a quantity of air equal to 1*fat 77 F and 1 atmosphere pressure. Knowledge of the equipment and conditions
of process air flow and temperature can be critical to achieving desired outcomes. For example, 500 cfm of &r at 77
is equivalent to 550 cfm at 136 (500 cfm3 (1.1 f at 130F)/(1.0 f at 77 F)5 550 cfm).

Process air is typically drawn from the atmosphere, filtered, and treated to meet the temperature and humidity
requirements of the process. Exhausted process air and volatile materials (such as evaporated solvent vehicle) pass
through the unit filters that retain particles in the process and either exhaust to atmosphere or, in the case of organic sol-
vent or odor concerns, pass through an incineration or recovery system to minimize environmental impact.

7.6.2 Temperature

The inlet process air temperature for fluid bed coating in food applications generally ranges from near ambient to
210 F. The inlet temperature is measured in the plenum area immediately below the product chamber and base plate.

The inlet temperature setting depends on a variety of concerns including the solvent vehicle (volatility), ingredient sta-

bility factors, process concerns (such as electrostatic cling), and core or coating properties such a glass transition
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Volume vs Temperature for 1 ft3 of 77°F air at 1 atmosphere FIGURE 7.5 Graph indicating the air volume change with
1.3 temperature.

1.2

1.1

Volume (ft3)

1.0
0.9

0.8
-10 10 30 50 70 90 110 130 150 170 190 210
Temperature (°F)

temperature or melt point. Fluidized beds are only exposed to the inlet temperature near the base plate because the
temperature rapidly shifts after passage through the plate to temperature conditions within the coating unit.
Temperature within the unit is influenced by the surrounding environment temperature and the losses or gains from it,
the volume of air flow, and evaporative cooling or hot-melt warming from the sprayed coating material. In the absence
of other limiting factors, inlet temperatures for evaporative processes are set to provide an optimal drying capacity with-
out spray drying coating before particle contact. For hot-melt coatings, inlet temperature is typically set below the melt
point of the melt material to congeal coating on particle surfaces.

Other critical temperatures are the bed (product) and outlet temperatures. Bed temperature is measured in the outer
fluidizing region and outlet temperature at a point above the fluidizing bed near the transition into the expansion cham-
ber. The difference between bed and outlet temperature is typically within a few degrees of one another and dependent
on equipment configuration and process conditions.

7.6.3 Drying Capacity

Drying capacity is the amount of “space” in the process air that is available to carry solvent vapor away. It is related to
air quantity, temperature, dew point, solvent vapor pressure, and current baseline quantity of the solvent in the air. The
graph displayed irFigure 7.6indicates the saturation point of various solvents in air at atmospheric pressure versus

Air capacity vs Temperature FIGURE 7.6 Air capacity for organic solvent
45 vapor.
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Lower explosive limits FIGURE 7.7 Lower explosive limits (LEL) for var-
3.0 ious organic solvents.
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temperature. Below each line is the air capacity available for that solvent. For example, the capacity for acetone in air
is 32 g/ft at 100F; thus, a fluidized bed operating at 500 cfm and Fo®ed temperature has the capacity to carry
acetone vapor away at a rate of 16,000 g/min (328/f600 f&/min5 16,000 g/min).

In actual practice for organic solvent processes, systems must be operated at conditions below the lower explosive
limit (LEL). Figure 7.7indicates the LEL for the selected organic solvents for a range of temperatures. Spray rate must
be maintained safely below the LEL level. A generally safe rate would be at or bielta¥. of the LEL. For acetone
at 100F bed temperature, the LEL is near 1.65Y/thus, an upper spray rate of 0.825 iftould be at): the LEL. At
500 cfm of air flow, this equates té¢ 412 g acetone/minute (0.825 ¢/& 500 cfm5 412 g/min). Note that this is
solvent rate and if a solution contained 10% solids (90% acetone), the solution rate wotild b457 g solution/min-
ute [(412 g acetone/min)/(0.9) 457 g solution/min].

Precautions are taken in commercial systems to prevent or arrest an explosive condition with organic solvent use.
Such precautions include either a pressure relief system or interlocks to ensure pumps shut down in the event of inade-
guate process air flow. Because process air is pulled through fluid bed systems, they are typically under a negative pres-
sure compared to atmosphere and relatively open to quickly reduce pressure associated with an explosive condition.

Aqueous systems are not restricted by LEL concerns; however, drying capacity is reduced by the amount of water
already in the process air. The water line fréfigure 7.6has been expanded igure 7.8 The amounts of water that
would already present in the process air at dew points of 10, 40, ¢ B@ve been added to the chart. The difference
between the saturation point and water content at the process air dew point is the available drying capacity. Higher tem-
peratures provide higher drying capacity. Ideally, process air dew point is controlled to a consistent level; however, this
can add significantly to equipment and operational costs depending on geographic location and the treatment
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requirements to provide that consistent dew point. As a result, process air dew point is often left to the whims of
“Mother Nature” or, at a minimal level of control, reduced to an acceptable level during more humid times of the year
with a dehumidifying chiller or desiccant to remove water. A varying dew point can be problematic for processes due
to the shifting drying capacity. Processes can be built with spray rate, temperature, or process air parameter ranges that
allow adjustment to the dew point conditions to provide a consistent product.

Most aqueous fluid-bed granulation processes are applied at spray rates near and above the available drying capacity.
When spraying above the drying capacity, a portion of the sprayed water is left in the fluidizing material. This water builds
up through the process to promote granule formation. The rate of water buildup can be estimated from the graph in
Figure 7.8 For example, at 6%, the saturation point is 0.44 g/ff and the water content at a 4Dprocess air dew point
is  0.18 g/ff; thus, the difference is 0.26 gfft At 500 cfm process air, 130 g/min water will saturate the air
(0.26 g/ff3 500 cfm5 130 g/min). If water is sprayed at 180 g/min, 50 g/min would build up in the product
(180 g/min2 130 g/min5 50 g/min). After 1 hour of spray time, 3000 g of water would be present in the product bed.

At the conclusion of the spray process, spray is stopped and parameters are set to dry to the required moisture content. Dry
time can be estimated from the water content and the drying capacity of the process air (drying capacity is the difference
between the saturation point and dew point water content at the bed temperature). Actual dry time may be longer than
such an estimate because the process air will not likely be saturated as the drying progresses. The end of a drying process
can often be detected by the increase in bed or outlet temperature as cooling effects of evaporation lessen.

7.6.4 Nozzles and Spray

Two-fluid nozzles are typically used to spray solvent, solution, dispersion, or hot-melt material into the fluid bed.
A standard two-fluid nozzle is illustrated iRigure 7.9 Other designs including an annular, radial spray pattern have
been disclosed and configured into fluid-bed systepnsti(in, 1991, 1992, 2000, 2002, 2004, 2005, 2009, 2070t

these will not be discussed here due to limited application in the food industry.

With the standard two-fluid nozzle, sprayed material is pumped through the tip of the nozzle as one of the fluids.
The second fluid is typically air and it is supplied by pressure from a desiccated, compressed air supply through the
coaxial channel surrounding the nozzle tip to atomize the liquid as it emerges. Nozzle design, air velocity, and air vol-
ume govern the extent of atomization. Nozzle tips vary by the inside and outside diameter of the tip, the inside diameter
of the cap orifice, extension of the tip above the cap, and directional channeling of the air prior to exiting the cap.

Atomized droplet diameters typically range from 5 to 108. Parameters are generally adjustable to provide a rela-
tively narrow droplet size distribution ranging from a median diameter ngan &r higher. The actual distribution
depends on spray rate, viscosity, and nozzle design limits. Droplet size is not always critical in granulation work where
the goal is to build larger agglomerates; however, it can be a critical parameter when coating individual particles in a
Waurster coater. The critical concerns are relatgd to drying speed, and core particle size and iritggrity.7.10is a
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FIGURE 7.9 Two-fluid nozzle. FIGURE 7.10 Theoretical assessment of water droplet size.
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heoretical assessment of the surface area provided at water droplet sizes from jinio Sdaller droplets create more
surface area per given amount of a fluid. Note that reducing droplet diameter in half doubles the overall surface area.
Because drying is a surface phenomenon, this could potentially halve the drying time and allow faster spray rate and
improved process efficiency.

Smaller droplets can be achieved through higher atomizing air pressure (higher air velocity and volume), reduced
spray rate, or reduced liquid viscosity. Higher pressures impart energy not only to droplet formation but also to fluidiz-
ing particles. If particles are not robust enough to withstand that energy, they can fracture into smaller fragments, which
can compromise the coating goals. In addition, the faster drying achieved with smaller droplets can result in spray dry-
ing where droplets dry before contacting a particle to deposit coating. This can also result in nozzle capping where coat
material dries on the nozzle tip and obstructs atomization and liquid flow.

Droplet size also imparts a limit on the range of particle sizes that can be coated in a Wurster coater. In
Section 7.6.1a lower particle size limit associated with the low fluidization air requirement and low drying capacity
was mentioned. Particle sizes that can be coated by this process are also limited by droplet size. When particles are
near or smaller than spray droplets, overwetting of particles and the potential for multiple particles to adhere to droplets
can lead to particle agglomeration. The extent of agglomeration can be related to these phenomena as well as the char-
acteristics of the coating system. Successful Wurster coating of individuainS@iameter particles, without significant
agglomeration, has been achieved with acceptable yield.

Coating solution and suspension viscosity is typically less than 300 centipoise. Nevertheless, viscosities up to 3000
centipoise are potentially applicable depending on coating/granulating goals. As solution viscosity increases, more
atomizing air energy is needed to break it up; thus, droplet size increases. Also at higher viscosity, droplets do not wet
the particle surface as well, which promotes agglomeration. In general, lower viscosity is needed for individual particle
coating and viscosities as low as 5 to 10 centipoise may be required for particles belqmn2f¥pending on coat for-
mulation properties.

A nozzle shield has been employed in some Wurster systems to help insure more complete spray pattern develop-
ment before particle contacfgcob et al., 2007; Jones, 1993, 1995, 200his need may be related to the physical
dimension elements of the system and resulting particle flow dynamics. The added gap has potential to promote spray
drying due to added distance to reach particles.

For hot-melt systems where molten wax is sprayed and congealed on particle surfaces, solution, liquid lines, and
nozzles must be maintained at temperatures that keep the wax in a liquid state. Process air temperature is maintained
appropriately to congeal the wax on particle surfaces after it exits the nozzle tip.

7.6.5 Scale-Up

Because fluid bed processes are batch processes, scale-up generally involves increasing the size of the unit. Size
increases can involve vertical increases in bed depth and/or increases in the base plate area. Small research-scale
Wurster equipment includes coat chamber sizes ranging from 2 inch diameter and higher and can accommodate batches
as small as 10 to 20 grams. As base plate area is increased, process air must be increased to maintain required air veloc-
ity for fluidization. Spray rate is typically increased in proportion to air flow to maintain consistent drying conditions.
Eventually, a spray limit is reached where the nozzle either cannot reach required spray rates with adequate atomization
or can no longer cover the bed or coating zone with adequate uniformity. In the Wurster system, a limit is reached
where the outer perimeter of the up bed region exceeds the outer limit of spray droplet travel within the particle flow.
Although this limit may vary with configuration and design, it generally falls at a 4 to 5 inch radius from the nozzle tip.

This limit defines the optimum upper capacity for a Wurster coating unit.

Regardless of the limiting factor in the single nozzle design, further scale-up is achieved by introducing multiple
nozzles and coating zones. Top spray systems can be configured with multiple nozzles on a supply manifold and/or
multiple spray locations. It is relatively inexpensive to increase unit size for top spray due to the relatively low cost and
flexibility of adding size. The lower equipment cost is one reason top spray may be preferred in some situations over
Wurster (bottom spray) for granulation work.

Properly designed multiple-nozzle Wurster systems ensure complete circulation of material and feed coating zones
in a manner consistent with the single nozziégure 7.11illustrates various coating zone partitioning layouts for
varying multinozzle configurations. Manufacture of the air distribution plate is relatively expensive due to the precise
air distribution needs across the plate. Note the areas outside any of the down bed regions but still within the outer cir-
cumferences of the multinozzle configurations. Proper handling of these zones to ensure particles remain circulating in
the system is critical to a successful scale-up. Also, process air must be properly balanced to ensure that all zones
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FIGURE 7.11 Wourster scale-up illustration.

receive an equivalent amount of process air to prevent “plugging off” a zone or zones due to excess buildup of the parti-
cle bed in one area of the plate. Some multiple nozzle systems are designed with linear scalability from the basic single
nozzle design to allow relatively easy scale-up. A linear scale-up includes scaling the charge and process air flow line-
arly with zone number. For example, a 50 kg charge at 500 scfm process air in a single nozzle unit would scale to a
350 kg charge and 3500 scfm in a seven nozzle unit; each nozzle sprays at the same rate as the single nozzle unit.

7.6.6 Continuous Processes

Continuous processes have been developed by arranging material flow through a set series of spray nozzles to a dis-
charge point. The continuous bottom spray coater configuration illustratédgime 7.12was disclosed in a patent
authored by Wurstei{/urster, 1966) This configuration is similar to a multinozzle Wurster coater; however, the coat-

ing zones are arranged in series. Core material is fed in at the feed point on the left and jumps from one chamber to the
next chamber and eventually to the discharge on the right. Although particles may spend varying amounts of time in
each chamber, the time each particle spends in the entire system is somewhat uniform. This means that,
acceptable product can be achieved depending on the goal. Variations of this continuous concept are commercially
available.

7.7 FORMULATION CONSIDERATIONS

Coating or granulating formulations are generally created from food-grade materials that are generally regarded as safe
(GRAS). As mentioned irbection 7.6.3organic solvent and agueous systems are applicable; however, organic solvent
systems require that residual solvent following a fluid bed process falls within allowed limits. Organic solvent systems
generally involve the use of acetone or the lower alcohols such as methanol, ethanol, and isopropanol. Aqueous systems
are preferred and make up a majority of applications.

Sprayed material can be solutions, dispersions/suspensions of small particles with binding ingredients or film form-
ing properties, or hot-melt waxes. A critical concern is that the sprayed material can reliably be passed through the
nozzle tip.

It is possible to add dry ingredients to a process while it is running. This is typically done by opening a feed port to
the bed of the unit and allowing the negative pressure within the unit to draw the material in.
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FIGURE 7.12 Wurster continuous coater conceptual design.

Granulations rely on one or more components in the formulation to have binding properties that help hold agglomer-
ates together. Potential binding materials include maltodextrins, gum arabic, starches or starch derivatives, methylcellu-
lose, hydroxypropylcellulose (HPC), hydroxypropylmethylcellulose (HPMC), protein materials (zein, whey or soy
protein isolates, caseinates, or gelatin), and waxes. Binding ingredients can either be incorporated into the coat solution
(to be fully hydrated and sprayed to take full advantage of the binding capacity) or added to the dry fluidized bed
charge and sprayed with water alone or binder solution to wet the dry binder during processing and “activate” the bind-
ing properties.

Binding materials are also useful for uniformly incorporating color, flavor, or other low-level ingredients into a bulk
material. If dry mixed, such ingredients may segregate or stratify in a dry blend. If they are bound to the surface of the
bulk ingredients in a fluid bed process, the integrity of the mix is maintained throughout storage and handling.

7.8 CONCLUSION

Nutritional supplement incorporation into food has been an area of continuous growth. Often these ingredients impart a
bad taste or a taste incompatible with the food it is in. This bad taste can be masked by the addition of a protective coat-
ing on the bad tasting ingredient. The coating is formulated to remain relatively intact until it has passed the mouth.
Release is realized due to eventual permeation through the coating shell or elimination of the shell through dissolution,
enzymatic degradation, or erosion processes. Any food-grade coating material has some capacity to mask taste and the
selected ingredients depend significantly on the intensity of the bad taste.
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Some ingredients are prone to instability due to oxidation, hydrolysis, or incompatibility with other formulation
ingredients. Addition of a protective coating around the ingredient or the coreactive ingredient will extend shelf-life.
One example is starch or a starch derivative applied as an oxygen barrier layer on a core particle. Another example is a
physical/structural layer on iron or a protein ingredient to prevent protein degradation accelerated by their contact.

High temperature instability can be realized in downstream processing or during a cooking process. Incorporation of
a wax coating with an appropriate melting point can moderate temperature sufficiently to locally reduce heat exposure
and improve stability.

Extended release coatings are useful for some applications such as nutritional supplements. This is often approached
with a strategy similar to that of taste masking. These coatings generally involve the use of water-insoluble materials
that release slowly with a semipermeable coating layer. Coating materials that can be used in this capacity include hot-
melt materials such as food-grade waxes or fatty acids, shellac (confectioners’ glaze), and zein. Material releases by
either permeation through the layer and/or slow dissolution, degradation, or erosion of the layer. Dissolution or degrada-
tion can be influenced by pH, hydrolysis, and enzymes.

Coatings are used to provide enteric release (release in the intestinal region). Enteric release is best achieved by
application of a neutral to base soluble coating that remains intact at the low pH of the stomach but dissolves at the
higher pHs of the intestinal region. Enteric coatings typically involve the use of weakly acidic coating polymers that
dissolve after deprotonation at neutral to basic pH. The enteric polymers commonly used in the pharmaceutical industry
are not approved for use in foods; thus, materials such as alginic acid, fatty acids, or shellac products with a
suitable acid value are incorporated.
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Chapter 8

Extrusion-Based Microencapsulation for
the Food Industry

Jenni Harrington® and Martin Schaefer?
Buhler Inc., Plymouth, Minnesota, USZBuhler AG, Switzerland

8.1 INTRODUCTION

Encapsulating flavor oils, omega-3 fatty acids, and enzymes commercially through extrusion technology is relatively
new: it represents only 2 to 3%°¢rzio, 200§ of all the technologies for encapsulating active or sensitive materials.
This is largely because the extrusion process is quite complex and much less explored than traditional encapsulation
processes.

Besides the extrusion process conditions that will be discussed further in this chapter, the composition of the matrix,
properties of the encapsulated material, and their interaction with each other play a significant role in the success of the
extruded encapsulate. Other authors discuss these topics in detail in the appropriate chapters of this book. Here, we will
refer to an encapsulate as a certain carbohydrate matrix, or a mixture of starch and protein matrix, that is stable in the
glass state at room temperature. The main goal for the extrusion process in this application is to produce a hard, dense,
glassy pellet that will protect the well-mixed, encapsulated material from evaporation and oxidation for an extended
period of time, but will still easily release the active material when desired. A high-density pellet shows greater stability
and better protects the active material. However, an expanded, low-density extrudate will be prone to releasing the
encapsulated materials prematurely and may considerably reduce its shelf-life.

Different extruders are used in the food industry: single-screw; twin-screw, co-rotating; and twin-screw, counter-
rotating. To encapsulate active materials, developers and manufacturers typically use twin-screw, corotating extruders
because they provide mixing and kneading efficiency, good pumping capability, flexibility to use different ingredients,
and the ability to reproduce results.

An example of the twin-screw, corotating extruder is shownFigure 8.1 A twin-screw extruder consists of a
frame, motor, gearbox, process section or barrels, extrusion head, and cutter. The extruder has a modular design, with a
process section as short as three or four barrels or as long as 14 barrels. The length of the process section will depend
on the application and what functions and residence time are required to achieve the desired product quality. Within the
process section are two shafts with screw elements that are rotating in the same direction—corotating—and those
elements, which can be configured in an almost infinite number of ways, are responsible for conveying, mixing, melt-
ing, and cooking the product inside the extruder. The extruder head consists of the distribution plate and cone that guide
the product flow from the screw channels to the dies, ensuring homogeneous and even flow through all die holes. At
the end of the extruder head is the die plate, which contains holes that provide desired shape to the product. The fin-
ished product, or extrudate, can be cut with fast-rotating knives immediately after exiting the die, or later downstream.

The process for manufacturing encapsulated products commercially can be as follows. Powders are metered by a
gravimetric feeder into the feed throat of the extruder’s first barrel. Water or another plasticizer is added in the same
barrel to plasticize the powder. Flavoring oil can be added right after the water injection or later in the process. The
main goal is to create a melted carbohydrate matrix and evenly distribute flavoring oil within the matrix.

To accomplish this, starch gelatinization or “matrix melt” is conducted at relatively gentle extrusion conditions,
with low mechanical energy input and low temperatures. It is also important to cool the melt prior to its exiting the die
so that volatile components are not lost as it flashes at the die, and to ensure a high-density, tight pellet. For this
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FIGURE 8.1 Twin-screw extrusion
equipment.

FIGURE 8.2 Samples of the extruded pellets with encapsulated flavor oils.

purpose, the last barrels are chilled to maintain a die temperature below 180wever, the temperature should not be
so low as to prevent the carbohydrate melt recrystallizing before it exits the die, thus clogging the die holes.

To melt the matrix at low temperature, disperse the oil, and cool the homogeneous mass, this extrusion process
requires a longer residence time and thus a longer machine, about 7 to 11 barrels long.

Extrusion die can be tempered to better control the viscous material flow through the die holes. Shear rate through
the die results in the generated heat that could be removed through active cooling or tempering. Liquid heating is
preferred to electrically heated dies, but it is more complicated in design. Coat-hanger dies are unique kinds of dies that
allow strands to be formed onto a belt where the product is oriented in parallel. Product strands are subjected to cooling
from top or bottom and cut with a remote pelletizer. It may be challenging to keep the individual strands separated
from each other, especially when cooling air is blown from the top.

The size of the extruded, encapsulated product that is formed and cut directly at the die is usually in the range of
0.5 to 1.5 mm. As the pieces become smaller it is more difficult to separate them during cutting. The pellets are quite
sticky and tend to adhere to each other, creating a chain of pellets rather than separate pieces. The extrudate can also be
smeared, rather than cut, by the knives. To improve cutting at the die, hot air can be blown through the pelletizer hous-
ing. This helps to maintain favorable temperature at the die while avoiding significant cooling and melt crystallization
in the die hole. It also allows volatile aroma to be more easily evaporated from the outer surface of the pellet resulting
in a less sticky product and fewer lumps. Samples of the extruded pellets with encapsulated flavor oils are shown in
Figure 8.2

High pelletizer speed is required to cut the strands into small beads directly at the die. Typically, the pelletizer motor
turns in the range of 2500 to 4500 rpm, depending on the number of knives installed and the amount of die holes. Thin
knives of 0.5 to 1 mm thickness are made from flexible steel, and are sometimes°Tefated to prevent beads stick-
ing to the blades.

Depending on the product application, this relatively large size of the pellet can be viewed as a benefit or a limita-
tion of the extrusion process. It is a benefit in the applications where visible pieces are desired. For example, in particles
with flavor substance for tea bags, and in reconstituted rice with embedded vitamins. However, extruded pellets cannot
compete with spray-dried materials where the smaller particles are desired.

In some cases, product is extruded as a continuous rope or sheet, cooled and dried, and then milled to the desired
particle size; however, this process can potentially damage the integrity of the pellet and, thus, propagate the oxidation
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of the oils {yan Lengerich, 2001 One has to carefully investigate the impact of the milling process on the encapsulated
material’s shelf-life.

Several flavor companies have developed their own encapsulated, volatile flavor oils or active ingredients using
extrusion technology. These include McCormick’s FlavorZelCaplocR from International Flavors & Fragrances,
Evoglas$ from Symrise, Duraronfe from Firmenich, as well as many other commercial products. All these products
are proprietary and patented. It is worthwhile to review at least some of these patents to get a broad overview on this
subject.

8.2 EVOLUTION OF EXTRUSION TECHNOLOGY

One of the earliest examples of oil encapsulation by extrusion is described in the US patent granted to Sunkist in 1957
(Swisher, 195y and referred to through the years in many other patents. This method includes several process steps to
produce encapsulated essential oil that can be used in the food, soaps, cosmetics, and other industries. First, the corn
syrup-based mixture is heated to a molten state while moisture content is adjusted to a low rate between 3 and 9%.
Then the mixture of essential oil, heat-stable antioxidant, and emulsifier are agitated to disperse them evenly in the
melted corn syrup matrix. The oil-soluble antioxidant is used to protect the essential oil from degradation in the hot
molten corn syrup, while the emulsifier is used to ensure a finely dispersed emulsion. Sunkist found that adding the
emulsifier, with its ability to assist in distributing small droplets of oil in the molten matrix, increased the oil load from

6 to 12%. In this case, the extruder is used to shape solid particles. After the extruder, these particles are washed with
organic solvent to eliminate surface oils. Finally, the solvent is dried and the particles are ready for storage.

Sunkist described other interesting findings in this work as well. For example, it proposed to mount the extruder ver-
tically. When the melted mass exits the die, the strands will not touch or stick together, instead becoming stretched
under the force of gravity. The extrudate will fall directly into a solvent bath, creating thin, hardened cylinders. These
cylinders are further reduced in size by impact breaking, which creates uniform particles and results in a reduced new
open area for oxidizing the oil compared to the traditional irregular products of grinding.

Other patents describe using solvent baths. For example, US Patent 4,70VB&7and Mutka, 198) describes
the process of mixing and melting a carbohydrate mixture to a molten state, together with an emulsifier, followed by
adding flavor oil to the closed vessel under certain pressure to form a homogeneous mixture. This melted mixture is
then extruded through a die into a cool solvent bath. The melt is extruded as a continuous rope and broken into small
particles through fast agitation action in the solvent bath. Hardened particles are separated from the solvent, dried,
dusted with anticaking agent, and packaged.

A solvent bath requires additional process steps. Also, increasing capacities to make this process more economical
is a great challenge. Because of this, many producers have eliminated this step and perform cooling within the extruder.

US Patent 5,183,690B@gley et al., 1998 describes an extrusion process for encapsulating biologically active
agents, such as bacteria and viruses, in the carbohydrate matrix. The carbohydrate matrix was mixed with water, melted,
and cooled to 25C prior to introducing the active agent into the extruder. No die was installed at the end of the
extruder. The product was air dried to 10% moisture, and then ground to the desired particle size.

In some cases, cooling the melted matrix is enhanced by evaporating steam, as described in US Patent 6,416,799
(Porzio and Popplewell, 2002Here the powder and plasticizer were mixed in the extruder barrel, powders were
melted, and the plasticizer was vented to the atmosphere. After that, the flavor oil was added to the relatively cool
process. The plasticizer, in many cases water, plays an important role in melting and gelatinizing the matrix, as well as
protecting product from being oversheared. However, reducing the plasticizer through venting reduces or completely
eliminates the need for a postextrusion drying step, which, in turn, reduces the capital investment, as well as lowers
energy costs.

US Patent 6,190,591vén Lengerich, 2001describes very similar process where first a matrix material, such as
starch, is extruded under low shear mixing conditions and plasticized at high moisture content. Water addition rates in
the range of 20 to 50% based on the weight of the matrix material are specified. While the material is conveyed and
mixed, the barrel temperature of the extruder is raised above the gelatinization temperature to at least partially gelati-
nize the starch. Once the material is plasticized, the patent describes removal of some of the water by evaporation to
the atmosphere through an open barrel. As a result, the plasticized hot mass will lose some of the heat and temperature
will decrease to some extent. Further barrel cooling and/or the direct injection of inert gas such as carbon dioxide or
nitrogen is suggested to efficiently cool down the temperature of the mass before the heat-sensitive ingredient is
admixed into the matrix.
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The same patent outlines how the cooled, plasticized mass is extruded through dies having openings of about 0.5 to
5.0 mm allowing pellet size to be adjusted. The inventor also describes different cutting methods: by either cutting
directly at the die plate or by cutting with a remote cutter installed away from the extruder. The latter method allows
for additional surface cooling and for surface drying. This procedure makes the ropes less sticky which improves cutting
into small particles.

US Patent 7,803,413&n Lengerich et al., 20)@escribes a process of encapsulating omega-3 fatty acid in the car-
bohydrate and protein mixture matrix, incorporating the antioxidant to protect the encapsulated oil against rancidity. In
this case, glycerol was used as a plasticizer, allowing the antioxidant to be mobile in the glassy state. The antioxidant
has to stay mobile within the matrix to react with the penetrating oxygen before this oxygen can reach and react with
oil. In this patent, the matrix consisted of the carbohydrate and protein mixture. Matrix powder was metered into the
extruder with a gravimetric feeder; oil-in-water emulsion was pumped into the extruder with one liquid addition system;
glycerol with solubilized antioxidant and water was added through a second liquid addition system; and supplementary
water was added through a third system as an aid to control the melt's viscosity. Within the extruder the dry powder
was intensively mixed with all liquids to produce a homogeneous dough, to disperse oil into tiny droplets, and to evenly
distribute these droplets within the dough. Multiple liquid components create a significant lubrication effect, which pro-
motes a low-temperature, low-shear, and low-pressure extrusion process. Through the continuous mixing and conveying
action of the extruder, dough is moved through the extruder to the die. The extruder barrels are chilled to increase vis-
cosity of the dough such that it can be cut after exiting the die. The die holes in this case are round, with diameter of
0.5 to 1 mm. These freshly extruded pellets claimed to have oil loads of 10 to 25% by weight. At the cutter, the pellets
can be dusted with anticaking agent to prevent them from clumping.

One of the limiting factors in using extrusion technology for encapsulation of volatile components is that oil load is
limited to 10 to 15% (using the spray-drying process, oil load is about 20%). With higher oil addition to the matrix in
the extrusion process, excess oil will start separating at the die from the product mass, creating a spitting effect of oil
out of the die. It seems as though the matrix cannot hold more oil in its medium. Free surface oil is expensive waste,
because it will evaporate, but at the same time it is also a potential hazard as these volatile components are combustible
and can be dangerous to transport.

8.3 CONCLUSION

Extrusion technology has great potential for usage in the flavor and other sensitive materials encapsulation industry. It
is a continuous and robust process and a plant can produce products 24/7, using very little water and thus requiring
minimal drying. As in other applications of the extruders in the food industry, encapsulation mechanism and interaction
between different components of the system within the twin-screw extruder are very little explored and understood.
There is still a lot of art involved in this process. However, as water and energy become more expensive in the devel-
oped countries, the more interesting and valuable extrusion technology will become for the encapsulation industry.
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Chapter 9

Spheronization, Granulation,
Pelletization, and Agglomeration
Processes

Michael Jacob
Glatt Ingenieurtechnik GmbH, Weimar, Germany

9.1 INTRODUCTION

A number of different process principles can be used to manufacture products with compact strulctaoes 2007,
Glatt Ingenieurtechnik GmbH, 201)aln process development, the most suitable process and equipment must be
selected.

Factors to be considered are, for example:

raw materials (powder, liquids) and their properties (solubility, viscosity)
formulation (use of additives, composition)

final product specification (mass, flow, moisture, size)

flexibility of plant (number of products, frequency of product changes)
regulations and guidelines (food safety, FDA, GMP)

interfaces (up- and downstream process steps)

operation (batch, continuous)

health and safety (explosion risks, emissions)

In any case, as much specification as possible of the project is required to evaluate different process designs and
options. Specific aspects of different industries such as pharmaceutical or food must be taken into account. The process
needs to be discussed and clarified in the context of the huge number of options in industry.

The “spheronization” option describes processes where structured and typically wet materials with plastic properties
are transferred to a more spherical shape. To do this, the preforms must undergo mechanical forces to create plastic
deformation and compaction of particle surfacegure 9.1shows the basic principle of spheronization for two typical
applications.

On the left inFigure 9.1is an example of a spheronization process using wet granules as feed material. Such raw
materials can be produced by means of different types of mixers or high-shear granulators. Depending on the level of
acting forces, the wet mass can be soft (low density), more compact (higher density), and compact in the case of a pre-
forming process step such as extrusion. Essential for all options is that the materials to be spheronized have to be plastic
and deformable over the required processing time and there should not be too much stickiness during processing.
Figure 9.2shows two typical samples of products manufactured using spheronization.

Agglomeration is one of the principles used to manufacture coarser particles. It is a process where small particles or
powders were stuck together to form coarser particle structliigsie 9.3 left). This is typically done by means of a
liquid binder that is applied to the powder. The process can be done in batch-wise or continuous operation.

When the apparatus cannot apply drying energy, the agglomerates remain wet and plastie 9.3 right). Such
products can be spheronized in an additional process step. High-shear granulators are frequently used to produce wet
granules. The agglomerates are compact and dense, as shévwguia 9.4(left).

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00009-1
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Another processing option for agglomeration is fluidized bed procesBiggre 9.3(left) shows the principle of par-
ticle formation. In fluidized bed processing, the drying step is part of the overall mechanism of particle growth. Due to
the heated fluidization of air (or other gases such as nitrogen, etc.), the binder liquid (supplied as solution, suspension,
etc.) dries by evaporation of water (or organic solvent) and the remaining solid forms liquid bridges between individual
particles.

Agglomerates produced using fluidized bed technologies are less compact and more porous compared to high-shear
products Figure 9.4 right).

A second option to produce granules is spray granulation. This process is based on a layering principle and produces
denser particle structures than agglomeration using fluidized beds or high-shear equipimerat 9.5.

Spray granulation has to be carried out in fluidized beds. Here, different technical options are available. These varia-
tions show different process flexibilities and final granule properties. Continuous processing has advantages in spray
granulation applications.

Granule Spheronizing Pellet Extrudates Breaking up  Spheronizing Pellets

‘Snowball” Long rods
structure

FIGURE 9.1 Principle of spheronization.

FIGURE 9.2 Product samples produced using spheronization of a wet agglomerate (left) and an extrudate (right).

Spaying Spreading Solidifying Wetting Saturation Consolidation
densification
Binder Powder Liquid bridges Solid bridges Granule Binder Powder Liquid bridges Granule
droplet

FIGURE 9.3 Principle of agglomeration in fluidized beds (left) and high-shear (wet) granulators (right).

FIGURE 9.4 Product samples produced by agglomeration using high-shear processing (left) and fluidized bed technology (right).
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In the case of spray granulation processes, a liquid raw material (e.g., solutions, suspensions, emulsions, melts) is
sprayed on fluidized particles. The solvent (typically water, organic solvents) evaporates from the particle surfaces and
the remaining solid builds a new layer that increases the particle sizé-{gees 9.5 and 9)6

In the following section, the different processing options are explained in more detail in relation to the available
technical concepts of equipment that can be utilized.

Spaying Spreading Solidifying

Droplet Seeds/powder Solidified shell Granule

FIGURE 9.5 Principle of spray granulation.

FIGURE 9.6 Product samples produced by spray granulation from suspension (left) and solution (right) using fluidized bed technology.

9.2 BASIC EQUIPMENT

A wide range of technical principles are available to carry out processes such as spheronization, granulation, pelletiza-
tion, and agglomeration. As mentioned in the previous section, different executions of fluidized bed equipment, high-
shear processors, or pelletizers can be used. Moreover, special equipment was developed for customized needs and spe-
cialty products.

Figure 9.7shows a summary of technical options for fluidized bed apparatuses for batch operation. These options
are mainly used for drying, agglomeration, and coating. If complex operations must be realized, the process is divided
into separate sequences, which are carried out successively.

For optimized energy efficiency, minimal operator activity, higher capacity, and requirements for long-time auto-
matic operation continuous fluidized bed technologies were developed. Some examples for continuous fluidized bed
configurations are shown iRigure 9.8(Glatt Ingenieurtechnik GmbH, 20D6

WST/WSG WS Combo/GPCG Rotor

FIGURE 9.7 Summary of batch fluidized bed equipment.
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ProCell GFG/GFC AGT

FIGURE 9.8 Summary of continuous fluidized bed equipment.

Rotor fluidized bed High-shear granulator Rotor pelletizer

FIGURE 9.9 Summary of pelletization and high-shear granulation equipment.

Filter housing

Top spray system

Processing chamber/
product vessel
Bottom screen
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FIGURE 9.10 Glatt batch fluidized bed system for drying and agglomeration: process principle (left) and industrial equipment (right).

In all fluidized processing principles, particle movement is established by the acting fluidizing medium, where typi-
cally air or nitrogen is used. Due to that basic principle, the level of mechanical forces in fluidized bed processors is
limited compared to equipment designs where mechanical tools are additionally integrated into the process chamber.
Rotor fluidized beds is one of the options where advantages of fluidized beds are combined with the mechanically sup-
ported particle mixing by a rotation dis€igure 9.9is a summary of technical concepts using mechanical agitation to
handle the product in the processing chamber.

9.3 BATCH FLUIDIZED BEDS FOR DRYING, AGGLOMERATION, AND COATING

Batch fluidized beds have been used for decades for a wide range of applications. Typically, the pharmaceutical and
food industry uses these processors in different applicatieigsire 9.10shows the basic principle of a batch fluidized

bed unit. The circular design of the bottom screen is the fundamental principle. In most cases, the process chamber has
a conical design to slow down the velocity of process air steam in the upper part of the apparatus. Depending on the
application, spray nozzles can be integrated in the process chamber. For agglomeration, top-spray nozzles can be
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Wurster tube

Spray nozzle

FIGURE 9.11 Glatt Wurster processor: process principle (left) and impression from industrial equipment (right).

installed above the fluidized bed. They atomize the binder liquid against the process air flow and distribute the spray
liquid on the fluidized particles. The same concept can also be used for some coating applications (e.g., hot-melt coat-
ing). Especially for agglomeration, filter systems are mounted above the process chamber. Different concepts are avail-
able such as bag filters, cartridges with blowback purge, or shacking filters designed as one or more filter chambers.

If a very uniform distribution of spray liquids on the particles is needed, the so-called Wurster process is preferred
over top-spray processing. This can be the case when dense pellets have to be built up in a batch operation starting
from powder or small particles using the layering principle. In a Wurster processor, the bottom-spray principle is always
used. Here, the injection of spray liquid is in the direction of the process air flogu(e 9.1).

A specially designed bottom plate is used and a Wurster tube is installed above the bottom-spray nozzle. Due to the
design of the bottom plate, a higher air flow is created inside the Wurster tube compared to the outer fluidized bed region.
All particles entering the Wurster tube will be pneumatically transported upwards and will fall down to the outer fluidized
bed in the upper part of the apparatus. This principle ensures a very uniform and controlled particle movement and a well-
defined passage of all particles through the spray zone, which makes optimized layering and pellet buildup possible.

9.4 CONTINUOUS FLUIDIZED BEDS FOR DRYING, AGGLOMERATION, SPRAY
GRANULATION, AND COATING

Continuous processing is a need in some fields of application. This can be the case due to capacity reasons, needs from
upstream and downstream processes, or due to the process itself. In principle, there is no real limitation from the product
output point of view. Continuous fluidized bed systems are available from small scale (a few grams per hour) to large
commercial scale (a few tons per houBlétt Ingenieurtechnik GmbH, 2006, 2010b; Jacob, 3007

This concept has significant advantages in industrial-scale production if 24-hour operation is possible for at least a few
days without product changeover. In smaller-scale production, continuous processing can be used to manufacture a wide
range of lot sizes by keeping a small unit running for a long time at steady-state conditions. Here, the operation time
defines the size of a production lot. Also, for continuous fluidized bed processing, different design concepts are available.

From the process flexibility point of view, the most suitable concept is horizontal fluidized bed equipment, which is
characterized by a rectangular design of the bottom scriegnire 9.12shows the overall technical design of such a
continuous fluidized bed unit.

The typical design of the process chamber with rectangular cross-section ensures a uniform movement of particles
from the inlet (solid feed at one end of the chamber) to the outlet of the processing chamber (at the opposite end of the
chamber). On its way from solid feed point to the product discharge, the product can be treated in different zones of the
processing chamber. For instance, in drying applications different inlet air temperatures or flow rates can be supplied
depending on the process needs. So, multistep processing is possible in one appayate.13illustrates the vari-
ability of a horizontal fluidized bed. Different colors of the vertical arrows represent different air temperatures. The
sketches show various nozzle setups including top and bottom spray. Also, different liquids can be sprayed
simultaneously.

When different processes have to be done in a continuous apparatus, the residence time distribution has to be as nar-
row as possible to avoid undesired back mixing between the process zones. This distribution can be influenced directly
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FIGURE 9.12 Glatt GF processor: process principle (left) and industrial equipment (right).

FIGURE 9.13 Glatt GF processor: variability of the process principle (differences in air temperature distribution, nozzle orientation, internal or
external filter setup).

by design (length-to-width ratio) or indirectly by integration of partition plates or weirs in the process chamber
(Jacob, 201D

In contrast to horizontal fluidized bed concepts, designs with circular cross-section of the bottom screen are more
suitable for single-step processes such as spray granulation or agglomefragiore 9.14shows the principle of the
Glatt AGT continuous fluid bed granulator.

Such granulators have been in use for decades for applications in spray granulation in a wide range of industries.
Typically, the AGT type produces products with dense and compact particle morphology. This type of equipment is
characterized by a unique classifying product dischaFggufe 9.14. To separate dust or fines from the final product,

a vertical tube is integrated into the inlet air chamber up to the bottom screen level. A classifying air stream, which is
additional to the main process air stream, enters the discharge tube and creates an upwards flow into the process cham-
ber. Any fluidized particle can enter the discharge tube downwards. Here, a separation process takes place where light
and small particles will be blown back to the process chamber by the counterflow of classifying air. The size of contin-
uously discharged granules can be controlled by setting the flow rate of classifying air. This principle allows direct con-
trol of the granulation process only by changing process conditions.

Depending on process needs or customer requirements, the technical setup of an AGT processor can differ from
case to case. As in all fluidized bed granulation processes, nozzle orientation has a direct influence on product proper-
ties. Additionally, the choice of filter concept depends on factors such as particle distribution in the fluidized bed, flu-
idization velocity, particle density, cleaning mode, and so on. As a few examplgsre 9.15illustrates different
technical setups.

9.5 PROCELL TYPE OF CONTINUOUS SPOUTED BEDS FOR DRYING,
AGGLOMERATION, SPRAY GRANULATION, AND COATING
The market and demands on product properties in various industries are changing all the time. Because of this, new

innovative products have to be designed. These new products need unique and efficient process tech@Gadbigies (
Ingenieurtechnik GmbH, 2010a, 2010b
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FIGURE 9.14 Glatt AGT processor: process principle (left) and industrial equipment (right).

FIGURE 9.15 Glatt AGT processor: variability of the process principle (classifying or nonclassifying product discharge, nozzle orientation, internal
or external filter setup).

To fulfill these requirements, Glatt has developed the ProCell apparatus based on a patented air distribution principle
(Figure 9.19.

In general, spouted bed processing can be considered a special processing option in particle technology. In contrast to
standard fluidized beds, particles are fluidized by a gas jet in a strongly conical or prismatic process chamber. The innovative
ProCell processing unit was developed to carry out various processes such as spray granulation, coating, and agglomeration.

Typical of this apparatus is that the fluidizing air enters the process chamber through two paralletigaps 9.16
(right)). The two flows are diverted upwards and combine. This produces a central air flow in which particles will
move upwards. The particles separate from the central air spout in the upper part of the apparatus, and then circulate
back into the outer zones. There they return toward the point of air entry slipping down the walls. Due to the flow char-
acteristics, the spout zone provides optimal conditions for the injection of fluids. All particles return to the nozzle with
a very high frequency and pass the nozzle with high velocity. This is why spraying conditions are similar to batch
Wurster coating technology (see alsmure 9.17.

In industrial-scale production, the ProCell units are designed based on the GF type of horizontal fluidized beds
(Figures 9.12 and 9.)3This allows all the technical options (filter configurations, nozzle orientations, and positions)
of that standard equipment to be used.
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FIGURE 9.16 Glatt ProCell unit: process principle (left), detailed view of bottom-spray nozzle and air distributor (center), and principle of fluidiza-
tion (right).
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FIGURE 9.17 Glatt ProCell industrial-scale unit: process principle (left) and industrial equipment (right).

9.6 TECHNICAL OPTIONS FOR PELLETIZATION

As explained before, different options are suitable to produce pellets. The most used option is the combination of a
wet-state process step to produce the plastic preform (high-shear processes, extruders) and subsequent mechanical pro-
cessing in a rotor-pelletizer to create the homogeneous and dense pellet structicelrin9.18 the basic principle of

such a rotor-pelletizer is shown. Here, a rotating disc is integrated at the bottom of a circular process chamber. The non-
perforated disc is speed adjustable and supplied with smooth or structured surfaces. Between the rotating disc and the
housing, a circular gap is designed where a process air steam can enter the process chamber. Due to the rotating energy,
centrifugal forces are created and the particles move to the outside where they are pushed upwards by the process air
steam. This combination of forces is responsible for the special (helix) type of particle movement and due to that an
intensive treatment of the plastic raw material is ensubéglivirth et al., 2013 The outer forces soothe the plastic par-

ticle surface and change the particle shape to the typical spherical pellet form.

As long as the product shows plastic behavior, the pelletizer can form the required product shape. In this state, an
incorporation of dust is possible. Dust can come from attrition or be supplied with the wet preform. After a defined pro-
cessing time (batch time), the pellets are discharged for further treatment in a dryer, and so on.

Sometimes continuous processes such as extrusion are used to manufacture the preforms. In such cases, continuous
pelletization is required to avoid intermediate buffering or storing of wet materials. Therefore, pelletizer cascades can
be used as shown iRigure 9.19 The control of residence time in the individual pelletizers is realized by level adjust-
ment in each of the process chambers. Here, adjustable overflow weirs can be used.
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FIGURE 9.18 Gilatt pelletizer: process principle (left) and industrial equipment (right).

Pelletizer 1
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Pelletizer 2
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FIGURE 9.19 Glatt pelletizer cascade: process principle (left) and industrial equipment (right).

9.7 TECHNICAL OPTIONS FOR HIGH-SHEAR GRANULATION

For any pelletization process starting from powder as raw material, high-shear granulation (also known as wet granula-
tion) is one of the options to manufacture wet granules. The process principle is agglomeration, where a binder liquid is
used to stick small particles together to produce granules. These granules are not dried in process and are still plastic
when discharged. The products obtained by high-shear granulation have to be dried afterwards.

Figure 9.20illustrates the process principle of a batch type of equipment. Here, a mixing tool is used to move the
material inside the product bowl. The binder liquid is added by a spray nozzle from the top of the bowl. To avoid local
overwetting and lump formation, choppers are installed next to the mixing tool. These fast rotating tools are essential
for uniform particle growth due to their positive effect on binder liquid distribution.

Other types of high-shear granulators are designed to be top driven. This concept has advantages regarding cleaning
and easy sealing of the mixer shaft. Moreover, continuous granulation systems are also available for high throughputs
(Jacob, 200y

9.8 TECHNICAL OPTIONS FOR EXTRUSION

Extrusion using various principles (single or double screw, basket) can be used to densify wet masses produced by mix-
ing or high-shear granulation (wet granulation).

In Figure 9.21 the basics of a continuous basket extruder are shown. This equipment is suitable to treat wet granules
produced by a premixing or wet-granulation step. Basket extrusion is preferred over screw extrusion when heat- or
pressure-sensitive materials have to be handled.
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FIGURE 9.20 Glatt VG wet granulator: process principle (left) and industrial equipment (right).
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FIGURE 9.21 Glatt GBE basket extruder: process principle (left) and industrial equipment (right).

9.9 APPLICATION CASE STUDIES

Product development requires a wide flexibility from the process engineering point of view. Additional experimental
studies have to be carried out in different scales. Usually, lab-scale investigations start from gram scale and end at a
scale of a few kilograms.

For such feasibility studies and process developments, the modular designed ProCell LabSystem was developed
(Figure 9.22 (Glatt Ingenieurtechnik GmbH, 201RbThis equipment offers a maximum operation range from a temper-
ature and flow rate point of view as well as from process flexibility.

Figure 9.23shows different process inserts available for the ProCell LabSystem. All processing options (besides
Rotor 7) can be operated in both batch and continuous mode.

All case studies explained in the following sections were carried out using modules of this type of lab equipment.

9.10 FORMULATION OF ENZYMES

Formulations containing enzymes are of significant importance in a wide range of industries. For instance, suppliers of
feed, food, and detergent additives use different types of enzymes for their innovative products.

Because of their sensitivity to heat and shearing forces, the formulation of these products must be done very care-
fully. One of the topics in formulation is the protection of the enzyme using additives to increase stability.

To fulfill the requirement, different processing options can be utilized. Two examples will demonstrate the options.
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FIGURE 9.22 Glatt ProCell LabSystemJatt Ingenieurtechnik GmbH, 201)b

FIGURE 9.23 Glatt ProCell LabSystem.

FIGURE 9.24 Formulation of enzymes: pellet produced by GBE basket extrusion and rotor pelletization (left); Wurster-coated pellets (right).

Figure 9.24shows samples of a formulation manufactured by the following process sequence:

spray drying of the liquid enzyme formulation

agglomeration of the enzyme powder by wet granulation using a binder liquid and additional base powders when
needed

basket extrusion of the wet mass

rotor pelletization of the extrudates

fluidized bed drying of the pellets

Wourster fluidized bed coating of the pellets with protective additive
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FIGURE 9.25 Formulation of enzymes: granules produced by spray granulation (left); Wurster-coated pellets (center), and matrix product produced
by combined spray granulation of enzyme and additive (right).

This approach is frequently used for feed enzymes. For example, the adjustment of the final product enzyme activity is
easily possible by changing the ratio of enzyme and additional base powders. Depending on composition, moisture con-
tent, and processing conditions, the pellets can be more spherical or more irregular. Special attention must be taken on
the final shaping step. Particle shape should be as spherical shaped as possible to support easy coating due to a low spe-
cific surface.

Another possibility for enzyme formulation is based on spray granulation using fluidized bed technology. The prod-
uct was produced using:

continuous spray granulation of the liquid enzyme formulation using fluidized bed
batch-wise Wurster fluidized bed coating of the pellets with protective additive

Figure 9.25left shows typical granules produced by spraying the liquid enzyme in a fluidized bed granulator. The
granules need no additional drying step and are very compact, dust free, and free-flowing. A Wurster processor is used
to apply a protective coating on the granules.

In some cases, the overall process can be simplified further. Depending on the functionality of the protective addi-
tive, a matrix structure of the final product is also an option. Therefore, the additive is mixed into the liquid enzyme for-
mulation. The complete formulation can then be spray granulated in a continuous fluidized bed granulator. This
processing option is optimal regarding operational costs and process stability. Additionally, any handling of enzyme
dust or powder can be avoided.

9.11 FORMULATION OF VITAMINS

The different types of vitamins are considered very sensitive during processing. There is more than one option to formu-
late vitamins to free-flowing and stable solid product forms.

In the case study, the vitamins were supplied in liquid form. To test different options, experimental studies were car-
ried out in lab-scale equipment. The concentration of vitamin in the final product was adjusted by recipe of the formula-
tion. Different approaches were compared:

continuous spray granulation of the liquid enzyme formulation using fluidized bed

continuous spray granulation of the liquid enzyme formulation using spouted bed technology (use of ProCell
apparatus)

agglomeration of the enzyme powder by wet granulation using a liquid vitamin and additional base powder

mixing of base powder with liquid vitamin; basket extrusion of the wet mass; rotor pelletization of the extrudates;
and fluidized bed drying of the pellets

All process options can produce free-flowing and mechanically stable prodtgts¢ 9.2§. The differences in par-
ticle growth principles have a direct influence on the mechanical properties of the granules or pellets. Additionally, the
behavior of the different formulations in application is different. This situation is quite normal and can be used in prod-
uct development studies. Ultimately, the most suitable process version can be selected depending on the field of appli-
cation and required product specification.

9.12 ENCAPSULATION OF VOLATILE INGREDIENTS

The process of continuous spray granulatibig(re 9.5 is suitable for a lot of different applications. A special case of
product formulation is matrix encapsulation of etheric oils or of volatile substances. In this case, the active ingredient
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FIGURE 9.26 Formulation of vitamins: granules produced by spray granulation in fluidized bed, in spouted bed; agglomerated in rotor-fluidized
bed; pelletized extrudates (from left to right).

FIGURE 9.27 Formulation of vitamins. Granules produced by encapsulation in spouted bed: lavender oil (left), orange oil (middle), PUFA (right).
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FIGURE 9.28 Surface plot of particle size. Three dimensional profiles for particle optimizatlendb, 201p

(e.g., the oil) is emulsified in a carrier liquid (e.g., starch type, maltodextrin, etc.) and then spray granulated. For such
processes, where heat-sensitive materials are processed, treatment at low temperatures and at minimum residence time
is needed; the spouted bed principle has significant advantages compared to standard types of fluidized bed units.

Some product examples produced by encapsulation using spray granulation in the ProCell apparatus are shown in
Figure 9.27for illustration.

In any encapsulation process, the process conditions (e.g., temperature, air or nitrogen, residence time) and type of
equipment (e.g., nozzle position) have to be taken into consideration as well as the formulation of the emulsion (e.g.,
concentrations, additives, droplet size distributioigdob, 201p

In product and process development, these factors must be investigated to find an optimal selotion {.28§.

9.13 CONCLUSION

Spheronization, granulation, pelletization, and agglomeration can be used to transfer powders or liquids to free-flowing
granules with defined properties.

This chapter provided practical examples of the particle formation process using operation principles of different
types of equipment. Finally, practical examples of food formulations and processes were summarized.
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Chapter 10

Annular Jet-Based Processes

Thorsten Brandau
BRACE GmbH, Alzenau, Germany

10.1 INTRODUCTION

The technologies described in the previous chapters are very well suited to producing powders, or in some cases gran-
ules, that have properties that either correspond to their liquid precursor or supersede it by delayed release. Delayed
release, in this case, meaning that those powders or extrudates lose their precious content while in storage and exposure
permanently. This leads to certain economical inflictions, as the active content is typically a valued one and changes in
the composition can reduce the product quality quickly.

A search for alternative delivery systems and production methods was mainly driven by food technology, namely,
fermentation as initial industrialization efforts, but in the course of the development led to further benefits for many
other fields of application.

The use of a single nozzle was well known in the technologies used, such as in spray drying, dripping, and even
vibrational drip casting methods to yield particles of varying qualities. In all cases, only matrix materials, so-called
microspheres, consisting of a mixture of all ingredients, could be accessed. One drawback in such morphologies is that,
in most cases, actives, especially hydrophobic and liquid actives as flavors, could only be added in small amounts. The
matrix material was still a main part of the resulting particle and furthermore some of the desired properties of the
liquid flavor were lost altogether.

Researchers in the field tried to use a multitude of concentric nozzles. The shell material was now used in the outer-
most nozzle and the active was used in the core. This allowed for not only a much higher load of the particle of up to
90%, but also maintained many of the desired properties of the liquid flavors. Some of the early applications include
tobacco products, fermentation of alcoholic beverages, and chewing gum. Nowadays, many products contain visible or
invisible capsules made by the technologies described here to enhance product quality and protect the active agents.

The use of flavors in food that were encapsulated goes back in the 1960s and 1970s where tobacco manufacturers
tried to enhance cigarette filters with various devices that encapsulated liquid flaBorsgir, 1969; Leake and
Coghill, 1969; Neals, 1970

10.2 PROCESS TECHNOLOGIES
10.2.1 Laminar Flow Breakup

Laminar flow breakup is the general term for a number of processes based on the same theoretical background, but lead
to different apparatus and units, with different fields of applications and scalability.

In the beginning, the experiments of SavaBayart, 1833; Eggers, 2008howed that a laminar flow of a liquid
breaks up into droplets. Savart could verify that a circular flow of liquids separates into droplets (and satellite droplets).
It was, however, not yet realized that the surface tension was the reason for the breakup, which was found later only by
Plateau Plateau, 184p Later, Rayleigh Rayleigh, 1880; Eggers, 20p&vas able to enhance this theory. Nowadays,
experimental aids such as high-speed camera techniques make it possible to investigate and exploit the breakup of
laminar flows in detail.

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00010-8
© 2014 Thorsten Brandau. Published by Elsevier Inc. All rights reserved. 99
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By extruding a liquid through an orifice with no more than gravitational force, droplets, the diameters of which are
determined by viscosity and surface tension of the liquid, are formed. The resulting droplets in that case (gravitational
dripping) have a diametex, which is only related to those material properties and the gravitational force, and not
related to the diameter of the orific®(andau, 200R

If the flow rate is accelerated, there is a resulting minimum flow rate for the transition of “dripping” to “flow,” the
latter meaning that a constant flow of liquid is extruded from the nozzle. This minimum flow or critical flow rate is a
function of the surface tension, the viscosity, and the nozzle orifice.

If a liquid flow reaches the critical speﬁd ofi, the surface tension tries to compress the liquid thread and an insta-
bility with a minimal wavelength ok 5 3:3 & =pgPb8. fdDpbresults.

This instability disrupts the thread and forms liquid cylinders that subsequently form (due to the surface tension)
spherical droplets. Assuming the identical volume for droplet and cylinder, an ideal droplet diameter that only corre-
sponds to the nozzle diameter resultsg 1.8D), always assuming that the flow is laminar and is within the laminar
flow breakup range of the OhnesorgBeynolds plot Figure 10.). Recalling that the flow rates are dependent on
material properties, resulting in a droplet size related to the nozzle diameter only, it is necessary to understand that this
is a two-step process. Initially, a laminar flow is generated—the properties of which are determined by the material—
and second, same-sized droplets are formed, which is determined by the nozzle diameter.

The disruption of the flow can lead to so-called satellite droplets, which have a diametg$ df.1x. Their quan-
tity is comparably small (0.11%) but the total surface of the spray increases. Because droplets of different diameters
have different falling speeds, the distance of the droplets is not constant anymore and droplets can merge once again.
This leads to the typical “noseforming” that can be found on unoptimized processes. The forming of the satellite
droplets is determined mostly by the surface tensioof the liquid. The viscosity has only a minor role (because
Pstatd (4 D )/(D? )5 4 D, Payn5 V?/2, 5 density,D5 nozzle diameterp5 pressure), but for all prachaI purposes
the viscosities can range between 18 and 1d N/m. Due to this, the Ohnesorge number (3®h5 = D can
range over seven magnitudes. Therefore, the influence of the viscosity is in fact quite high. Materials that have a higher
viscosity produce a longer wavelength and therefore larger droplets.

The maximum viscosity usable for the laminar flow breakup processes is determined by the fact that a laminar flow
has to be obtained. In practical terms, upper limits (not absolute limits, only a guideline) of 500G rafareasonable.

To avoid these problems, an external vibration is introduced in the flow. The vibration can be either in the direction
of the flow or perpendicular to it. With that vibration, the flow breakup is supported and leads to uniform droplets deter-
mined by the frequency of the external vibration and the reduction of satellites. When using optimized frequencies,
satellite forming no longer exists.

It is not important how the vibration is brought into the liquid (vibration of the nozzle or the liquid, vibration in the
flow axis or perpendicular to it), but due to technical reasons, a vibrating nozzle with a vibration in the flow axis
performs better.
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FIGURE 10.1 Ohnesorge Reynolds plot showing the region where liquid laminar flow can be broken into regular droplets.
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10.2.2 Vibrational Drip Casting

Vibrational drip casting is one of the most scalable technologies to produce sed encapsulated microcapsules.
There is a wide range of equipment sizes available, starting from small or very small units up to large-scale equipment
for the production of more than 20,000 kg products per hour. Of course, there are not many products in food applica-
tions yet that use such large-scale equipment, but large products such as encapsulated products can already reach
several thousand tons per ye8u(ger et al., 199

The principle of those technologies has been known for some time but their industrialization took a considerable
time as there were, despite technical problems in scaling up, also the need and acceptance of such products to be over-
come. In fact, the first commercialization took place in nuclear fuel production in Germany for the high temperature
reactor (pebble-bed reactor). With the end of nuclear technology in Germany, this technology was transferred to other
fields of application, among them food technology. One of the early applications was the preparation of encapsulated
yeast used to ferment champagnéll( 1991). Since then, many applications have been freshly developed, but also a
lot of ideas have been newly redeveloped with this technology, as it was not economically possible to produce sufficient
amounts with little effort.

Vibrational drip casting is a process working with a laminar flow breakup according to the Rayleigh flow breakup
with a vibration of the flow under resonance to give same-sized dropletsHigee= 10.). In this process, the liquid
feeds (one for the core and one for the shell material) are extruded through an annular gap nozzle. The flow is kept
laminar so that it disrupts the droplets. By applying a vibration in resonance axial or lateral to the flow—either via the
nozzle or the liquid directly—the resulting droplets have a very narrow monomodal size distribution. By adjusting the
flow rates for core and shell nozzle separately, the load can be adjusted easily during processing.

These processes can easily be applied for room temperature or heated processes by installing a heating chamber
around the nozzle head.

Microsphere production
facility

BRACE Binder process

PIC 5

TI
TV

5 1 Control cabinet .
2 Vibrator unit Microcapsules

3 Feed tank with double
4 Fine pressure 8 nozzle
adjustment
5 Nozzleplate
6 Stroboscope
7 TV camera
connection device

8 Coagulation line

Matrix
spheres

FIGURE 10.2 Schematic principle of annular jet nozzle processes with vibrating nozzles. Shown are the room temperature processes of reactive
mixtures (e.g., alginate, pectin, cellulose, etc). Optional heating and cooling towers used in process drying or spray cooling are possilseaor other

tive processes. On the right side, microspheres (matrix encapsulation) and microcapsuleshelbrencapsulation) are shown during processing
Courtesy of BRACE GmbH, Germanyiyw.brace.de
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Another big advantage of those processes is that it can be scaled easily by increasing the number of nozzles. By
using multinozzle plates, capacities of several hundred kilograms per hour can be reached. To further increase the
capacity, the number of drip-casting heads can be increased to reach capacities of 20 tons/h and more.

There are different types of nozzles used in the market such as double nozzles (a core and a shell liquid), triple
nozzles (a core, an intermediate, and a shell), and even quadruple nozzles. But with double nozzles, the mechanical
capabilities even of advanced tooling shops are already limited, so that the use of larger-scale triple and quadruple
nozzles is not widespread. As the tooling capabilities are bound to improve in the future, there is a reasonable hope that
triple and quadruple nozzle systems will be available for large-scale production in the foreseeable future.

10.2.3 Submerged Nozzle

The differences between submerged nozzle systems and vibrational drip casting systems are subtle, but essential with
regard to the products produced. A submerged nozzle system works by introducing the nozzle—inner and outer
nozzle—into a transport medium (Suzuki et al., 1999). In most cases this is an oil. This transport medium flows codir-
ectional to the nozzle and separates the droplets due to the external disruption introduced. The resulting droplets are of
spherical shape due to the interfacial tension of the droplet shell material (usually gelatine) to the transport medium
(usually oil). A vibration in this case is not necessary, but in some cases it is applied. The vibration applied here is in a
low frequency range and is typically little varied (around 50 Hz). The resulting capsules range in size of about 2 mm up
to 10 mm. The scalability of this process is technically difficult, as the flow has to be applied evenly around each
nozzle. Large-scale equipment with this process is not available on the market currently and the prices for small-scale
equipment are typically quite high in comparison to vibrational drip casting processes. It is, however, not possible to
produce such small particles as it is with vibrational drip casting.

10.2.4 Flow Focusing

A special niche annular jet-based process is the flow focusing technadtagya¢i, 2009. Here, instead of using a liquid

shell material, a matrix sphere is produced, but the outer nozzle is operated with an inert medium (usually gas) (see
http://en.wikipedia.org/wiki/Flow_focusingIn this case, a monomodal range of droplets can be produced that have a
mean diameter that is substantially smaller than the nozzle diameter. The size distribution is less narrow as with, for
example, the vibrational drip casting method; however, with this technology, it is possible to produce very small
droplets, and even those that could not be processed in other nozzle-based technologies, as the primary particle size in
the feed mix is larger than the to-be-used nozzle.

10.2.5 General Principle

The general principle of this process is that two liquids are extruded concentrically through an annular gap nozzle in a
laminar flow. With the flow rates of the two liquids, their ratio in the final capsule can be varied through a wide range.
The nozzle, or the liquid itself, is moved typically in the direction of the flow. By finding the right resonance frequency,
the vibration introduces a disturbance in the flow that leads finally to breakup. The separated parts of the flow form a
spherical droplet due to the surface tension of the liquids. Then, the droplet becomes solidified quickly. This can be
done in different ways, but always depends on the materials, mostly the shell material. Typically in food applications,
the shell consists of hydrocolloids such as gelatine, alginate, agar, or fats; therefore, solidification is performed by cold
oil, calcium chloride solution, or cold air.

10.3 EQUIPMENT

Annular jet-based processes are nowadays used in foods frequently to produce highly monodispersdebit @mcap-

sulated products. Those products, referred to as “microcapsules,” are typically used in confectionery such as chewing
gums Marmo and Rocco, 19§, breath refresher, in tobacco products, ready meals, soft and hard drinks, and dairy
products. Most of the time they are used as flavidie{er et al., 199) or additive containment for special effects

(“flavor burst”), but also for delivering ingredients such as vitamins, caffeine, probiotics, essential oils, and minerals.
Last, but not least, some ingredients in “health food” have poor taste and need to be encapsulated so that the bad taste
does not affect the consumption of the foods.
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There is a wide range of equipment available that uses different forms of annular jet nozzle systems for food appli-
cations. The following subsections describe some examples of different sized equipment from various suppliers around
the world. As the processes deployed are different between this equipment, results are usually not fully transferable.
This is to be kept in mind when developing with these devices, as only some of the vendors supply pilot equipment and
even fewer supply production-scale equipment. Typically available equipment sizes are listed where available at the
vendors’ site.

10.3.1 Nisco Engineering

Nisco Engineering AG, Zurich, offers a range of small-scale laboratory devices that work with different processes.
Besides vibrational drip casting, Nisco offers electrostatically driven breakup and air-driven flow focusing processes.
Most of the units can be obtained also in GMP versions.

Typically, the Nisco devices are well suited for small-scale tests and development works on a feasibility test basis
or if only very limited quantities are needed. The units are small and simple to operate. The vibrational drip casting or
laminar jet breakup devices of the Var-D series are available with single nozzles for matrix beads as well as with annu-
lar gap nozzles for coreshell encapsulation. Variations with more than one nozzle or contained systems are currently
not available with annular gap nozzles to produce capsules, but only for matrix encapsulation.

For electrostatically driven jet breakup, Nisco offers the Var-V1 seriégufe 10.3. These small units are also
available with multinozzle systems to produce larger amounts. However, due to the electrostatic nature of the drip cast-
ing, scaling up with multinozzles is very difficult. Here, coagulation can often be seen.

For flow focusing, the Var-J1Higure 10.} devices are available. These units work according to the theory
described elsewhere in this book. Here, the flow of a single nozzle is focused by an air beam into a much smaller drop-
let. The throughput with these devices is pretty small; however, very small droplets can be produced. A triple nozzle
version to produce capsules with flow focusing is currently not available.

Lastly, the Var-W1 is available with annular gap nozzles for gravity dripping, meaning that there is no vibration or
means to strip out the droplets from the nozzle other than gravity.

FIGURE 10.3 Nisco Var V1, electrostatically driven jet breakupourtesy of Nisco Engineering, @ch, Switzerlandyvww.nisco.ch

10.3.2 BUCHI

The BUCHI Encapsulators-(gure 10.% (formerly known as Inotech Encapsulators) are small-scale microsphere and
microcapsule generating devices, mainly used for feasibility tests and small-scale processing, for example, in university
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FIGURE 10.4 Coaxial air flow droplet generatiof€ourtesy of Nisco Engineering, dch, Switzerlandyvww.nisco.ch

FIGURE 10.5 BUCHI Encapsulator B-39@Courtesy of BUCHI Labortechnik AG, Switzerlandyw.buchi.com

or for early development stage use. As bench-top ready-to-use devices, they are easy to install and use out-of-the-box.
With their small process volume, they are predominantly used for very expensive or difficult to generate materials.

The units are based on vibrational drip casting with a focus on electrostatic dispersion. The electrostatic dispersion
works by using vibrational drip casting as a source for generating identically sized droplets. These are superficially
charged with a high voltage load that repels the pellets from each oftguré 10.§, so coagulation of the droplets
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FIGURE 10.6 Process scheme BUCHI Encapsulatourtesy of BUCHI Labortechnik AG, Switzerlandyw.buchi.com

during the free-fall period is reduced if not eliminated. The drawback of this technology is that it only works well for a
single nozzle and the space consumption of the reception bath is increased dramatically. For larger droplets, the electro-
static dispersion is seldom used, as those droplets sink into the reception liquid fast enough to avoid coagulation.

10.3.3 BRACE

BRACE is currently the only manufacturer of machinery that uses laminar flow breakup technology that is able to pro-
vide units from small laboratory size equipment up to large-scale production facilities. The focus of the BRACE units
is on industrial manufacturing. The Spherisator Series is designed as modular machinery, and pilot and production size
equipment is designed for specific products. The Spherisator S and M units are designed for laboratory use, for exam-
ple, for feasibility tests or small sample productions. They are convenient desktop systems, but both can be equipped
with numerous options starting from different tank sizes up to continuous production systems. The Spherisator M unit
is commonly used to match production-scale processes in the laboratory to simulate and develop formulations. All
results can be transferred 1:1 to any production unit, so a production can be started quickly by using identical para-
meters and recipes. Scalability was the focus on the design of all BRACE units, and they are clearly targeted for the
industrial market. The size range of the BRACE units is from abouytrfiQup to about 10 mm and they offer some of

the broadest particle sizes in the market. With capacities starting around 1 L/h up to 20,000 L/h, they are the largest
machines available for annular gap nozzle equipment. These units are used in all industries, for example, chemical
industries processing and producing grinding media, catalysts, catalyst carriers, proppants, waxes, intermediates, metal
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FIGURE 10.7 BRACE Spherisator SCourtesy of BRACE GmbH, Germanyyw.brace.de

FIGURE 10.8 BRACE Spherisator MCourtesy of BRACE GmbH, Germanyyw.brace.de

and metal alloy microspheres, phase-change-material capsules, and various other chemicals; food industries producing
matrix and core shell encapsulates of flavors, pre- and probiotics, yeast, nutritious additives, vitamins, and such; as
well as cosmetic and pharmaceutical industries producing cosmetics, exfoliants, pharmaceutical formulations, excipi-
ents, and feed products.

A Spherisator S (seEigure 10.7 is a very small desktop unit with a compact control and a PC for displaying and
operating the device. In can be equipped with single nozzle heads (i.e., one nozzle) for matrix anshetirencapsu-
lation. As a compact desktop unit, it is mainly designed for feasibility tests and very small-scale processing. The maxi-
mum throughput is about 1 L/h.

The Spherisator M (segigure 10.§ is the “little bigger brother” of the Spherisator S. Being still a desktop unit, it
can be equipped with more than one nozzle, thus making it possible to produce microspheres or microcapsules up to
10 L/h. With a number of options such as feed tanks up to 100 L and continuous production options, this unit is very
well suited for producing pilot batches.

Both units can be equipped with heating chamber systems and cooling towers for use with hot materials (e.g., gela-
tine, agar, waxes, metal alloys, etc.). With their design being compatible with GMP/GLP pharmaceutical, cosmetic,
food, and even normal chemical development such as grinding media, catalyst carriers or such are easily possible.
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For pilot and production operation, BRACE offers customer-tailored machinery and equipment up to turnkey instal-
lations with capacities of 20,000 L/h and more. Those units are specifically made for one or a number of products and
are fully automatic for the production. Besides drip casting, BRACE also offers auxiliary equipment for preparation,
vessels, washing and separation, drying, sieving, and sorting machinery; in short, it offers the full turnkey with
optimized equipment.

10.3.4 Freund Corporation

The Freund Corporation’s Spherex is a small-scale unit capable of producing stek microcapsules in a diameter

range of 1 to 8 mm. It works with a submerged nozzle process, meaning that the nozzles are in a transport medium
(typically an oil). The oil flows in the direction of the flow from the nozzles and transports the capsules away from the
nozzle. By changing the speed of the flow, the capsule size can be adjusted. Production rates of up to 200 capsules per
second place the equipment in the small laboratory size category. Because these machines are usually equipped with
only one nozzle, they need to be scaled by a number of machines. As the materials are limited to nonreactive materials
such as gelatine or agar, the applications are mostly in the pharmaceutical and food market (see Freund Corporation,
www.freund.co.jp.

10.3.5 Other Annular Jet Systems

Apart from the previously described annular jet systems, there are also a number of extrusion systems working with
annular jet nozzles. Most of them are used for processing high viscous materials such as cereals or other wheat-based
products in food applications. As there is no outstanding vendor but numerous vendors offering basically identical
equipment, a detailed list or description is not given here. However, a general search for extruder companies should
lead quickly to a desired result.

10.4 MATERIALS

Annular jet processes are fairly generous when it comes to choosing materials. This means that a very broad range of
different materials can be used, in general. “In general” means that once again, as is so often in microencapsulation,
only trials can decide if one material is usable or not.

As annular jet processes work with two material flows, those two materials should be compatible with each other.
This means that they do not react in such way that they solidify (quickly) or dissolve, for example, lemon oil in
Eudragit . It is possible to produce very nice capsules with a lemon oil core and a solid Eudragit shell. However,
within a few minutes the shell is dissolved by the lemon oil and all that is left is a squishy mass.

For food technology, not only is the chemical compatibility important, but also the properties of the finished product
and, of course, regulation issues. In this chapter, regulation issues are not addressed, as this subject is far too complex
and evolving to be covered here.

As each application is different, as well as each material to be encapsulated, a number of questions have to be
asked:

Is the material to be encapsulated hydrophobic or hydrophilic?
Will it be released and, if yes, how and when?

Are there constraints for the size?

What is the purpose of the encapsulation?

These are very basic questions. However, experience shows that most of the time during project start times not even
these four very basic questions can be answered clearly. When the answers to those questions are clear, the next steps
are to select and understand a group of materials that will be used for the encapsulation—the shell materials. These
materials should be different in the hydrophobocity to the core materials. Typically, the higher the difference, the easier
the encapsulation process.

Release is another important factor when selecting the shell material. Normally, many possible options that would
be suitable after the first question can be eliminated here. The size of the microcapsules will also affect the possible
choice. High solid content shell materials such as gelatine or starch usually yield thicker shells than alginates or pectin.
Wax shells are much bigger than any of the hydrocolloids and to obtain reasonable loads in the core diameters, less
than 1 mm is seldom possible.
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Lastly, the purpose of the encapsulation is important when selecting a shell material that either dissolves or breaks.
A chewing gum formulation is, of course, different to an enteric formulation that passes the stomach.

10.4.1 Encapsulation of Hydrophobic Materials

For food applications, a hydrophobic material such as a flavor will be the most common form of active to be encapsu-
lated. For those materials, a hydrophilic material such as a shell made of alginate, gelatine, agar, gellan gum, pectin,
shellac, (modified) cellulose, starch, or similar hydrocolloid is usually acceptable. If a release during chewing or on
mechanical pressure is needed, all shells are suitable. The shell should in any case be thin enough to be either not
noticeable by the user or quickly dissolve in water. In case the release has to be triggered by temperature and water or
by water alone, the choices are limited to gelatine or agar. There are some materials that are soluble in water but only
at elevated temperatures, for example, agar needs a substantial temperature increase to be disb@ived.1lgives

an overview of commonly used shell materials with their respective applications. Values given in brackets mean that
the material by itself is not a good choice but needs to be combined, for example, with temperature or with an additive,
to be useful under the conditions.

Modifiers that change the dissolution properties of these shell materials are usually sugars. High sugar content modi-
fies pectin or agar to a low temperature melt formulation.

It should, however, always be kept in mind that most of these commonly available materials are standardized (with
sugar). This is good for the manufacturer, but bad for encapsulation, as it changes the properties of the resulting micro-
capsules. In the laboratory, this does not make a big difference, as there are other parameters to investigate first. But for
production purposes, it will be necessary to discuss this issue closely with the manufacturer or even better, standardize
the materials oneself.

As hydrocolloid shell solutions used during processing consist mostly of water, the shell of such capsules will shrink
considerably. A shell thickness of 3@@n molded with an alginate shell ends up—depending on the solid content—
after drying as a shell of 30 to 5@n thickness. This, of course, makes the hydrocolloids highly attractive for this type
of encapsulation, when active load is high and shell is so low that the consumer usually does not even notice it.

The biggest applications for such hydrocolloid capsules are chewing gums and tobacco products, where alginate and
gelatine shells are used. The use of gelatine is, however, declining, as it cannot be used for all markets. The use of algi-
nate, however, or agar or other nonanimal-derived products, is increasing considerably. With the choice of the right
encapsulation materials, production can be dramatically facilitated, which makes encapsulation very economical.

One of the major obstacles to encapsulating flavor is the flavor itself. Some of the components react with the shell
materials (e.g., alcohols with alginates), but others do not remain tightly in the capsules. In these cases, both materials
have to be optimized. The shell material can be enhanced with additives such as glycerol, sugars, which “close” the
hydrocolloid mesh and “tighten” the shell. But also the flavor can be optimized for microencapsulation. Here, it is
necessary to talk to the flavorists. Most of the commonly used flavors have been developed for spray-drying applica-
tions and it can be difficult to communicate with a flavorist and make him/her aware of the problems with the different

TABLE 10.10verview of Commonly Used Shell Materials with Their Respective

Applications

Pressure Temperature Water Enteric
Alginate 1 2 2 1
Agar 1 0 (0) 0
Gelatine 1 1 1 2
Pectin 1 0) 2 2
Gellan gum 1 2 2 2
Shellac 1 2 ) 1
CMC 1 (0) 1 2
Starch 1 1 @) 2
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processes. Interfacial tensions play a major role in such annular jet processes and the effects of different carriers can be
huge. It is strongly advisable to involve the flavorists in such an encapsulation project right from the start, otherwise it
may end up as a short excursion into microencapsulation with limited success.

10.4.2 Encapsulation of Hydrophilic Agents

Hydrophilic actives are usually more challenging to encapsulate than hydrophobic ones. Although hydrocolloids are
very helpful for the majority of the actives, they are miscible with these actives, which makes it impossible—or at least
very difficult—to get a good phase separation between the core and the shell. Under some circumstances, it is possible
to change the physicochemical properties of the shell material in a manner so that the core can still be kept inside, but
the resulting microcapsules tend to have a lower quality than with a hydrophobic core. Even if microcapsules can be
formed, products typically need to be dried. During drying, the core is in most cases extracted, which leads to high
material losses and therefore uneconomical products.

There are a number of applications where this can work. For example, gelatine forms a tight diffusion barrier against
alcohols—even ethanol—when the water content of the gelatine is low enough. Under these circumstances, a gelatine
capsule can be formed nicely and the losses can be compensated by varying the alcohol component in the core
material.

An alternative to the normal route of encapsulation for hydrophilic agents is the so-called inverted solidification.
Instead of using the shell material directly in an annular jet nozzle process, the shell material forms the reception bath
and a reactive solution is used for the outer liquid. Here, especially, alginates or other reactive hydrocolloids are used.
For alginates, for example, a calcium chloride solution is used as the “shell” material and drip casted into an alginate
solution. The reaction with the alginate is very fast so capsules are formed (“inverted crosslinkifgr), (L985. As
the calcium continuously diffuses into the reception bath, the shell thickness can be adjusted by the hardening time. It
is evident that even for laboratory tests, such products can only be produced with continuous processing equipment
where the residual time in the hardening bath can be closely controlled. Other materials that can be likewise processed
are all reactive hydrocolloids such as gellan gum, carageenans, pectins, etc. Even agars can be used as reception baths,
as the solidification of agar below 4@ is only reversible at high temperatures.

The addition of a reactive ingredient such as a calcium salt to an active agent can be tolerated under some circum-
stances, for example, when cell slurries are encapsulated; however, these additives do not come for free. A yeast slurry
tolerates quite substantial amounts of calcium chloride and can be encapsulated well in alginate for fermentation
processes. A sweet flavor for a chewing gum, however, can end up with an intolerable salt level.

If the actives are quite potent or a lower load is acceptable, it is also possible to form an emulsion for the core.
Here, the hydrophilic core is emulsified first with a hydrophobic material (e.g., an oil or fat) and the emulsion is used
as core material with a hydrophilic shell. Emulsions are generally difficult to process, but by preparing very fine emul-
sions, agreeable microcapsules can be obtained. If a fat or a hydrogenated oil is used, the solid core at room temperature
even has enhanced features such as a very strong flavor retention and increased stability. There are numerous ways to
change the properties of these hydrophilic materials, which can yield a totally new range of products with outstanding
properties.

When a hydrophilic shell and a hydrophilic core are essential for the application and the previously-mentioned
methods fail, there are still possibilities—a triple nozzle system, for example, an where intermediate substance such as
hydrophobic material is introduced as a separating agent. Such “fish-eye capsules” can be an attractive, if expensive,
way to solve the hydrophilichydrophilic problem for the customer (seevw.jintanworld.com/english/capsule/sinka.
html).

Even though there are a number of options to encapsulate hydrophilic materials with hydrophilic shells, there will
still be unsolved problems, for example, the shell has to be prepared from hydrophobic shells. The basic process here,
of course, is the same. However, the disadvantages are numerous: a fat or wax-type shell is not shrinking during drying,
the visibility during processing is difficult, and the hardness of wax shells is seldom comparable with, for example, a
gelatine capsule. On the positive side, wax capsules are insoluble in water, form a tight barrier for water diffusion in or
out, and microbiological contamination is less of a problem than with the hydrocolloids. Lastly, there is no additional
drying step as the capsules are directly produced as dry material.

For shell materials, fats or hydrogenated oils are commonly used. The hydrogenated oils have the advantage that
their melt points are sharp in comparison with fat, while they form harder capsules. Waxes such as carnauba can be
used too; they even produce extraordinary hard capsules with a very good diffusion barrier.
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Often, microencapsulation and especially annular jet encapsulation depends dramatically on the properties and
behavior of all ingredients. A phase of trial and error is unavoidable. This phase is even more difficult as encapsulation
materials and additives behave differently, not only when they are of different specification, but also when a vendor is
changed. It happens quite frequently that by changing the vendor of a carrier oil (e.g., medium chain triglycerides), an
encapsulation that was giving very bad results ends up giving very good results—and vice versa.

10.5 CONCLUSION

Annular jet nozzle processes are widespread in industry and commonly used to producshetirencapsulated pro-

ducts (and many nonencapsulated products, too). With the focus on food technology, a number of technologies have
been brought up to scale so that already a good number of products are available. Here, especially, vibrational and
nonvibrational laminar flow breakup processes are the predominant technology. They produce monomodal size micro-
capsules with tight size distribution and can be used for a vast array of materials. The resulting products are better, eas-
ier to handle, and when looking at the full application, are usually cheaper than regular spray-dried products. A number
of companies use and produce equipment for such processes from laboratory to large-scale production size. However,
the process technology is not yet as far advanced as much older technology such as extrusion or spray drying, where
basic knowledge about the processes can be assumed with any engineer, but they demand a good evaluation of materi-
als and knowledge for successful implementation. As the processes are more widely used, the basic technology will
improve, but microencapsulation with annular jet nozzles is still a system with a lot of parameters. To an outsider, what
an experienced operator of a system can achieve by choosing the right materials and combining them might look like
magic.

Certainly, the future will bring a great deal of highly advanced products, as knowledge increases and raw material
makers start to understand the needs of encapsulation chemists and adopt their products so that a large amount of the
current trial and error work is reduced, and equipment makers can improve their machinery in such a way that the
chemist can concentrate on the real work: to create a better tomorrow.
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11.1 INTRODUCTION

Microencapsulation science has led to many applications of great utility in pharmaceuticals, vaccines, cellular biology,
agriculture, and food science. A common theme with microencapsulation technologies is the desire to control the
release of a drug, protein, organism, flavor, or fragrance in different environments, at specific times, or in a particular
fashion. When the microencapsulated form of an active is contained within a uniformly shaped vehicle, such as a spher-
ical particle, the ability to predict release characteristics can be relatively straightforward with mathematical modeling.
Because release rate and mechanism is typically governed by particle diameter (or shell thickness), a population of
differently sized spherical particles will behave, at best, as an average of all particle sizes within that population. If,
however, all particles in the population are of uniform size, prediction and repeatability of release mechanisms, timing,
and duration are straightforward. Furthermore, many recent microencapsulation technologies focus on creating particles
with a high degree of monodispersity, specifically with sizes in the micrometer range. This chapter covers the salient
characteristics of technologies that can allow uniform microsphere production from submicron to millimeter range, and
how the field of the food and flavors industry can benefit from such capabilities.

11.2 MONODISPERSE PARTICLE FABRICATION TECHNOLOGIES

A number of technologies for monodisperse particle fabrication have recently emerged. They differ from each other in
complexity of the setups, ability to handle the precursor materials (e.g., viscosity of the feed material), capability of pro-
ducing particles of certain shapes and size ranges, scalability, and application-specific cost effectiveness. In this section,
we highlight the prominent features of these technologies in their current form and provide examples, where possible,
of their existing or potential use in the food and flavors industry.

11.2.1 Microfluidics

Microfluidics has been widely studied for use in microelectronics and for molecular analysisegides, 2005 how-

ever, more recently it is being used to produce uniform microspheres and microbubblesuiuri and Doyle, 2009

As the field has matured, three general types of microfluidic processes have been adapted to pharmaceutics, nutraceu-
tics, and the food industry: droplet based, lithography based, and colloid basedukuri and Doyle, 2009The com-

mon fundamental feature of these microfluidic processes is the concerted microscale fabrication mechanism, which is
capable of extreme complexity.

From an industrial perspective, droplet-based microfluidics is generally regarded as continuous, rather than a batch
process. The formation of microspheres is achieved by using two or more immiscible fluid phases flowing either adja-
cent or perpendicular to one another. Microsphere droplets are formed as a result of shear forces and surface tension
between the two intersecting streanisgure 11.1A. One (or multiple) stream contains a polymer or material solution
that the microspheres are made of, and the surrounding fluid acts to break, stabilize, carry, and collect the droplets

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00011-X
© 2014 Elsevier Inc. All rights reserved. 111
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FIGURE 11.1 Microfluidic processes. (A)
Schematic of a T-junction and Y-junction
used to create uniform droplet breakup in a
microchannel. (B) Schematic of coaxial
flow of multiple streams leading to
binucleated droplets. (C) Triangular-shaped
microstructures from lithographic microflui-
dics. (D) Colloid sphere formed from con-
trolled aggregation of microemulsion
droplets. (A) Reproduced with permission
from Maan et al. (2011)r Elsevier 2011.
Middle fluid Outer fluid (B) Reproduced with permission froBun
et al. (2010) r American Chemical
Inner fluid-1 Society 2010. (C) Reproduced with permis-
sion fromJang et al. (2007)r Wiley &
Inner fluid-2 Sons 2007. (D) Reproduced with permis-
sion from Yi et al. (2003) r Elsevier
2003.
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either individually or en masse. Microsphere size and shape are governed by velocities, orifice diameters, and architec-
ture of the stream interface&igure 11.18, which can enable more complex geometries such as dsdukuri et al.,

2005, capsules$un et al., 2010; Abate et al., 2015and biphasic dropletsShepherd et al., 2006Depending on the
formulation, before exiting the stabilizing architecture of the microfluidic process, sometimes droplets are consolidated
(hardened, stabilized, or crosslinked) by light(is et al., 201}, chemical exposureTtivedi et al., 2009, or other nat-

ural mechanismsHreslauer et al., 2010; Wasset al., 201}.

Lithography-based microfluidics uses the same principles as droplet based, but is analogous to a pseudobatch pro-
cess, which capitalizes on the ability to create highly complex morphologies. The formation of microstructures is
achieved by injecting the material stream of interest into a micromold or chamber and arresting the flow just long
enough for the hardening or crosslinking step to occur, after which flow resumes, carrying away the stabilized micro-
structure and making space for the next injectidigre 11.1G. The lithography-based process is capable of producing
unique shapes such as triangleksir(g et al., 2007 gears Ehepherd et al., 2008and other compound structures
(Chung et al., 2008 A cGMP nonwet method for creating small volumes of reproducible structures was recently devel-
oped by Liquidia. Liquidia’s PRINT technology DeSimone et al., 20Q7s designed to control the kinetics of active
or biological molecule presentation on the surface of a uniform structure, through the formulation of specialized poly-
mers. Moreover, compared to droplet-based microfluidics, lithography-based processes are better candidates for more
detailed microsphere and microstructure formulations.

Lastly, a superset of droplet-based and lithography-based microfluidics utilizes assembly of colloids to form larger
structures ffigure 11.10. Here, microstructures previously formed through the basic fluidic systems, acting as colloids,
are combined together to form large-scale three-dimensional structures, such as zipper\shapesli( et al., 200Band
even larger sphere¥{et al., 2003. Microsphere arrangement is guided by complex channel orientation, magnetic fields,
phase separation techniques, or thermal guidance. Interface bonding between the colloids is performed by methods simi-
lar to other microfluidic applications, such as light crosslinking or chemical bondiegdukuri and Doyle, 2009

Depending on the complexity of the microsphere or microstructure, the size range capabilities of microfluidics are
generally limited to below 500m (Dendukuri and Doyle, 2009 Specifically, simple spheres created with droplet-
based or lithography-based techniques can be belopwni@r up to 20Qum, whereas more complex shapes typically
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fall in the range of 50 to 20Qm. Only colloid assembly applications can reach structure sizes near 1.0 mm, by massive
assembly of smaller substructures.

While microfluidics exels beyond other monodisperse fabricatiosht®logies in process control, intricacy,
efficiency, and reproducibility, theresipaucity with regard to the potentiabif high volume scalability. Major fac-
tors that can be considered limiting to the scalability ofcrofluidics include low flow rates and precision machin-
ing of microchannels and arrays. Several examples exist, however, of how microfluidics can be scaled for the
aforementioned specialized applications. These assembjpically multiplex flow chanels parallel to one another
in a lattice-like structureKobayashi et al., 200Q5or radially oriented Klisisako et al., 2006 As such, this approach
is a “wet method” for microparticle mduction, thus further particle purdation and/or drying may be needed.

For applications requiring modest quantities of product (e.g., cell carriargi(ra et al., 2007or e-paper applica-
tions (Nisisako et al., 200, microfluidic processes represent a suitable candidate. For commodity and consumer pro-
ducts (e.g., perishables/food items, lotions/gels, and major pharmaceutical formulations), the reasons for selecting
microfluidics as the primary scaled process are less compelling, although there are a handful of food science examples
to date (Neves et al., 2008; Chuah et al., 2009; Maan et al., 2011; Wdeasisal., 201). Utilization of microfluidic tech-
nology for food applications would more likely focus on impurity detection and subsequent filtration from food pro-
ducts before distribution to the consumer, rather than be integrated within the process to produce the consumable. Thus,
using microfluidics for large-scale production of monodisperse microspheres has captured a limited number of, yet
important, market niches.

11.2.2 Electrohydrodynamic Spraying

Electrohydrodynamic spraying (EHDS), also referred to as electrostatic spraying, is an atomization process that utilizes
an electric field to generate the droplets of a primarily liquid feed stream (for more details, see reviewadnek,

2008. The feed material consists of a liquid (or a suspension) with a polymer solution, an emulsion (water-in-oil or oil-
in-water) or a melted material as the primary matrix, which is passed through a nozzle that usually consists of a hypo-
dermic needlel(opez-Herrera et al., 2003The feed material is charged by applying a high voltage between the hypo-
dermic needle (or, in some instances, the high voltage is applied directly to the feed maieridh(d et al., 2009

and a grounded electrode. Due to the Coulombic interactions of the charges, the liquid is drawn out of the nozzle and
takes the shape of a meniscus. At this stage, depending on the process conditions, the feed material can be (1) spun in
the form of a fiber, (2) atomized into droplets due to charge repulsion (known airifhing modé (Figure 11.2A, or

(3) in the form of a cone through which a jet of material emanates, breaking up into small droplets at some distance
from the cone (known as thet mod¢ (Jaworek, 2008; Xie et al., 2008; Rezvanpour et al., 20The formation of the

jet occurs as a result of electrical forces overcoming the surface tension. In specific cases, when the meniscus forms an
axisymmetric and stable cone (Taylor cone), the spraying occurs viadhe-jet moder Taylor cone mod€Taylor,

1964; Jaworek, 2008; Xie et al., 200 igure 11.2A. There are two sets of EHDS variables that affect the droplet gen-
eration and their size, namely, the process parameters and material parameters. Prominent process parameters affecting
EHDS include the feed flow rate, applied voltage, and ambient temperature, whereas some of the most important mate-
rial parameters include the viscosity of the feed, surface tension, and solvent properties (such as dielectric constant, con-
ductivity, and vapor pressure)ieng et al., 200R In addition to the formation of matrix-type microspheres, the process

is amenable to producing microcapsules with a single core and a multilayer structure where the feed streams are coex-
truded through a coaxial dual capillary nozzleogcertales et al., 2002; Lopez-Herrera et al., J006Ba tri-needle

(Ahmad et al., 2008 respectively Figure 11.2B.

Microspheres produced using EHDS are not always uniform. In fact, it is extremely common to have bimodal and
multimodal distributions of the particles, where primary droplets (on the order of jet diameter), satellite droplets
(formed due to instabilities), and offspring droplets (formed due to Coulomb fission of the primary droplets when the
Rayleigh limit is reached) may formréng and Gomez, 1996; Hartman et al., 2000; Meng et al., 2009; Rezvanpour
et al., 201). However, spatial expansion of the spray due to electrostatic inertia can be exploited during the collection
to obtain highly monodispersed particleSsdmez and Tang, 1994; Tang and Gomez, 1996; Hong et al., 2008; Meng
et al., 2009 (Figure 11.2Q. The efficiency of the monodisperse particle collection could therefore be increased by
adjusting the process and material parameters in a manner that minimizes the offspring and satellite droplet formation,
for which there is typically a very narrow window éng and Gomez, 1996; Rezvanpour et al., J0With respect to
the size of the microspheres, EHDS can produce a wide range of microsphere sizes. The dripping mode usually pro-
duces larger particle sizes (in the order of mmp(celet et al., 1994; Moghadam et al., 2))0Bhereas the cone-jet
mode can produce much smaller microparticles or microcapsules (in the rangel®01lm or lower) with a high
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FIGURE 11.2 Electrohydrodynamic spraying (EHDS). (A) A jet of material emerging from a nozzle under various modes: dripping mode without
applying voltage difference, dripping mode under a low voltage, dripping mode under a higher voltage, and Taylor cone-jet mode (from left to right).
(B) A close-up view of coextruded feed streams through a coaxial dual capillary nozzle. (C) A schematic representing an EHDS setup with a modified
collection method, where spatial expansion of the spray due to electrostatic inertia was exploited for the elimination of lighter satellge(4)oplet
Reproduced with permission frokie et al. (2008)r Elsevier 2008. (B) Reproduced with permission froopez-Herrera et al. (2003y Elsevier

2003. (C) Reproduced with permission fréinng et al. (2008)r  Elsevier 2008.

degree of monodispersity_g@scertales et al., 2002; Lopez-Herrera et al., 2003; Bocanegra et al., 2005a; Hong et al.,
2008; Bohr et al., 2011 To predict the particle size in the cone-jet mode, Fernandez de La Mora and Loscertales pro-
posed a scaling law for droplet size determination, as describ&d.ifi11.1)

1=3
QOr

d5 K

(11.1)

whered is the diameter of the droplet, is a constantQ is the feed flow rate, is the permittivity of the free space,
is the relative permittivity of the liquid, anHl is the liquid conductivity Fernandez de La Mora and Loscertales, 994
EHDS has been widely explored for use in the pharmaceutical area. Comparatively, there are limited examples for
its use in food and flavors applications. In one example, EHDS was applied to encapsulate curcumin, a naturally occur-
ring nutraceutical and also a natural food dye, in matrix-type zein nanopatrticles in the size range of 175 to 900 nm
(Gomez-Estaca et al., 201L.4n another example, cocoa butter was used as a shell material to encapsulate sugar solu-
tions and emulsions in the core, forming monodisperse capsules with mean diameters in the range of fihto 20
(Bocanegra et al., 200pan one study, a melt of -eicosene wax was subjected to EHDS for the purpose of generating
uniform disc-shaped wax particles with reported mean droplet diameters of as lowlasn (Mejia et al., 2009.
There is also another example where EHDS was applied to encapsulate invertase (an enzyme) in sodium alginate
(Watanabe et al., 200,1but the particle preparations were not reported to be monodisperse.
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One of the biggest challenges associated with EHDS tloapplication in the food industry is the issue of low
throughput, which becomes more challenging if the required size of the microspheres is fairly low (in the order of
1 10pm). As a single nozzle cannot process liters of feed mal®iin an hour, multinozel and linear-slit nozzle
designs have been shown to scale the systems for relatively higher production Pateselet et al., 1994;
Almekinders and Jones, 19pAnother point of concern is the safety @sp. Application of high voltages, especially
when fine particles are to be produced, accompanies major safety concerns (personal injury or fire hazard due to
arching) {feo et al., 200%h

11.2.3 Jet Cutting

The jet cutting technique, developed by Vorlop and Breford, utilizes mechanical breakup of a liquid jet by means of a
rotating cutting tool consisting of several wireSigure 11.3A (Pri3e et al., 1998b,c; Vorlop et al., 200Zhe feed
material is passed through a nozzle and the emanated jet is cut into uniform cylinders using the rotating wire brush. As

(A) Pressure FIGURE 11.3 Jet cutting process. (A) A schematic
representation of the jet cutting process. (B) The angle of
Cutting Nozzle the cutting tool with respect to the feed stream affects the
tool cutting loss, where a diagonal angle of cutting can reduce
Motor D the loss.(A) Reproduced with permission fromrtiRe
) Un Liquid et al. (1998b) r Springer 1998. (B) Reproduced with
M Cutting n qut permission fronPriiRe et al. (1998a)r John Wiley and
wire
U Sons 1999.
or wire
Cut cylinder
Bead
(B) Liquid
Jet Liquid jet
Cutting Cutting loss
wire .
Additional
spraying loss
Bead-building
Cutting volume
angle Additional
spraying loss
Liquid
Cutting jet
wire Liquid jet
Inclination Cutting loss

angle

Bead-building
volume
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a result of surface tension, the jet fragments take the form of spheres and transform into particles after consolidation
(Pride et al., 1998) Because the cutting wire removes some materials during the fragmentation of the jet, there is a
cutting or spray lossassociated with the process, which is a function of wire diameter and nozzle diameter, as well as
the pitch of the wire relative to the jet axi§igure 11.3B (Prii3e et al., 1998a, 2002; Vorlop et al., 200¥ariables
that affect the size of the droplets include rotating frequency of the cutting tool, number of wires in the cutting tool,
diameter of the wires, material feed rate, and nozzle desigii3¢ et al., 1998b)c Using a simplified model with the
assumption of a diagonal cutting and a perfectly cylindrical cutting loss, the droplet diameter could be predicted with
Eq. (11.2)
S
ds ° gDz Vi

o 2 dwire (11.2)

whered is the droplet diamete) is the diameter of the nozzley,q is the velocity of the fluid,n is the number of
rotations of the cutting took is the number of cutting wires, ard},i.. is the diameter of the wire(ii3e et al., 200R

Droplets produced using the jet cutting method are fairly monodisperse, as long as the jet flow is laminar. It is diffi-
cult, however, to produce particles in the 1 to 300 range using the jet cutting method alone. Reported particle sizes
range from 15@m to several millimeters in diameter with a relatively narrow standard deviation in BiZ&¢ et al.,
1998h). Another disadvantage with the process pertains to the aforementioned cutting losses, which reduce the produc-
tion yield. Cutting losses, however, can be minimized by recycling and adjusting the cutting angle €t al., 200R
The major advantage of jet cutting over other methods is related to the viscosities of the feed material that this tech-
nigue can handle, which allows processing of highly viscous mateffal&¢ et al., 1998c¢ This process also results in
a high throughput, where high fluid velocities (up to 30 m/s)—a prerequisite to produce a continuous jet—lead to high
production ratesKri3e et al., 200R Multinozzle designs and increased jet cutting frequency are suggested as two pos-
sible routes to scale the system Uprif3e et al., 200R A number of materials commonly used in the food industry,
such as alginate, chitosan, gelatin, cellulose derivatives, waxes, etc., have been found to be suitable for use with this
technique of microencapsulatioR1{i3e et al., 200R

11.2.4 Rotary Disc Atomization

Rotary disc atomization or spinning distomization is a process where cefitgal forces are used to generate uni-

form droplets. Another variation of thiprocess is a rotating nozzle atomizérri3e et al., 200R In rotary disc
atomization, a feed stream is dropped directly onto a rotating disc. Centrifugal forces discharge the feed stream into
the surrounding area in the form of droplets. In certain optimal rotating conditions with respect to the viscosity of the
feed stream, centrifugal forces stretch the jet in the form of ligaments or threads outside of the periphery of the disc,
and the droplets thus produced are relatively uniform in natiiigute 11.3 (Pri3e et al., 2002; Teunou and
Poncelet, 2006 Both viscosity of the feed stream and rotating speed affect the dropletMizeképlow et al., 2006
Advantages of this process, similar to the jet cutting process, are the high throughput and higher viscosities of the
feed material that the process can handle and simplicity of the setup. However, the particles produced usually have a
much wider size range than most other technologies discussed in this cheptaraplow et al., 2006 Improved col-

lection schemes can be implemented to segregate particles of different sizes during the collection (1.3
(Teunou and Poncelet, 2005

11.2.5 Vibratory Process

Lord Rayleigh first described the phenomenon of creating spherical droplets from a jet through a series of publications
(Rayleigh, 1878, 1879a,b, 188FRayleigh noted that although droplet formation would occur naturally as a result of
surface tension, there existed a range of wavelengths (if imposed on a fluid stream) that would result in uniform droplet
breakup. Likewise, droplet formation by jet instability provided a scientific foundation for the most established method
of producing uniform microspheres, and has generated considerable momentum in progressing the field of precision
microencapsulation and vibration technology.

The components of the vibrating nozzle, at minimum, typically consist of a nozzle with defined orifice diameter, a
waveform generator attached to a frequency transducer, and a pump for feeding one or more fluid streams into the noz-
zle (Whelehan and Marison, 20).1The material streams are flowable either by means of solvent addition or heat
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Hot FIGl_JRE _11.4 A schematic rgpresentation of the
paraffin Nozzle rptatlng disc process. Under dlﬁereht speeds of rota-
T;=57°C tions, droplets may form through different mechan-
Rotating disc isms, including direct droplet formation straight from
the disc, controlled droplet generation through liga-
Direct formation ments projected from the disc, or random droplet

generation from a sheet formed on the disc. Shown
on the left, an improved collection process was
adapted to segregate particles based on their sizes.
Reproduced with permission fronTeunou and
Poncelet (2005)r Elsevier 2005.
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FIGURE 11.5 Vibratory instrumentation
and beads. (A) Vibrating nozzle head with
concentric compartments for producing lay-
ered beads. (B) Confocal image of fluores-
cently labeled whey protein bead produced
with vibratory technology.(A) Reproduced
with permission fromLee et al. (2011)r
Elsevier 2011. (B) Reproduced with permis-
sion fromDoherty et al. (2011)r Elsevier
2011.

application. Once the fluid reaches the nozzle tip, a combination of jet velocity and vibratory excitation breaks the
stream into uniform segmentbigure 11.5A. The diameter of the resulting droplets can be predicteédy(11.3)
!
3rdy,
4f

1=3

rs (11.3)

wherer is the droplet radiusy; is the radius of the undisturbed jet, is the linear velocity of the jet, anflis the fre-
guency of vibration Rayleigh, 187% Higher frequencies specified by the user result in shorter wavelengths, and hence
smaller droplets, assuming the wave amplitude is sufficient to disrupt the jet. Conversely, low frequencies produce
larger droplets. In some instances, the amplitude of vibration can be adjusted to aid in breaking more viscous solutions
and/or larger diameter jets. Vibration technology sets itself apart from flow focusing and more complex systems by the
fact that droplet formation occurs only due to surface tension and vibration of the material stream itself. In some appli-
cations, droplet breakup and dispersion is promoted by downstream charge induction right before colectiand
Kim, 2010; Lee et al., 201

Nozzle architectures can be simple, or more complex, having two or three concentric compariiesitsh@n and
Marison, 201). Multiple compartments can be used to isolate streams of different matefialsr¢ 11.58 such as
polymers, oils, and liquefied actives, which can produce capsules, multinucleated microspheres, or beads that are car-
riers for biologics such as cellsiginzen et al., 2002 A few important considerations for the nozzle design include
material of construction (considering operating temperature and/or contacting fluids), simple assembly, and accessible
contact surfaces for inspection and ease of cleaning.
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For applications where solvents need to be removed (as seen in biodegradable polymer formulations), the droplets
require solvent evaporation and hardenihgd et al., 201). Conversely, if microsphere hardening takes place immedi-
ately, either thermally (waxRrandau, 200g, chitosan (iu et al., 201)) or chemically (acrylateKim and Kim, 2010,
alginate Geifert and Phillips, 1997Brandenberger and Widmer, 1938Thus, postprocessing or drying steps could be
minimized and usage or storage can take place immediately.

Unlike other uniform microsphere fabrication processes, vibration technology is restricted to primarily larger sizes
(Whelehan and Marison, 20).IMatrix (noncapsule) particles under 16 are rarely produced, while the minimum size
typically reported for capsules is just slightly larger. A common rule of thumb is that the diameter of the jet produced from
a vibrating nozzle is approximately half the smallest achievable droplet diameter. The upper size limit, however, is essen-
tially undefined; higher flow rates and larger nozzle orifices lead to larger droplets. Thus, common diameters for vibration-
based droplets range up to several millimeters.

The simplicity of vibration-based microsphere technology, combined with large particle sizes (which translates to high
volume throughput), makes it the very best candidate for scalability. In fact, several companies have taken this technology
beyond experimental units to pilot-scale production (Buchi Encapsulator B 390/395, Nisco VAR E/C) and large-scale pro-
cessing (BRACE GmbH). With these options, production rates can reach up to 1000 liters per hour or more.

Currently, the usage of vibration technology for microencapsulation is only excluded from instances requiring
microsphere sizes below 15@n. These small particle sizes, however, require small orifices to produce a jet (roughly
half the microsphere diameter). Decreasing orifice size increases the probability of nozzle plugging and limits the use
of viscous encapsulation materials. If particles larger than 280can be utilized, products in pharmaceutics, taste
masking, cell transplantation, cosmetics, pigments, agriculture, and food science can benefit. Specific examples relating
to the food industry include formulation of whey protein microcapsulesherty et al., 201}l or encapsulation of
vanilla flavoring (Manojlovic et al., 2008 While vibration technology may be the least complex and customizable
method for creating monodisperse droplets, it compensates with breadth of application, scalability, and robustness.

11.2.6 Flow Focusing

Traditionally, droplet breakup in a jet can be induced by gravity or produced in a uniform manner with vibratory distur-
bance Rayleigh, 1878, 1879a,b, 1883Nithout vibration, however, uniform droplet size can be achieved by a method
called flow focusing {lart n-Banderas et al., 2005Flow focusing does not rely on an external disturbance (such as
vibration) of a laminar jet of fluid. Here, shear caused by a sheath fluid leads to concentric stretching of the stream in
the direction of flow. Tapering of the fluid jet imparts a downward shear force greater than that of gravity alone, which
forces jet breakup at a much smaller diameter than seen with vibratory processes.

Flow-focusing instrumentation is extremely similar to that of its vibratory and microfluidics process counterparts, in
that a nozzle with a specified orifice diameter is used. The additional criterion for flow focusing is that a concentric
outer stream of either air or liquid, typically flowing at a much higher rate, is used to taper the production stream
(Figure 11.6A. This focusing stream does not become part of the droplet and no vibration is needed. Like all fluid

(A) @ (B) FIGURE 11.6 Flow-focusing technology. (A)
Schematic of flow-focusing device. Material stream
(top arrow) tapered by air jet (side arrow) breaks up
droplets. (B) UV-cured capsules produced after a
flow-focused stream was tuned to include multiple
cores. Reproduced with permission froriviart n-
== Banderas et al. (2005y Wiley & Sons 2005.
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mechanics processes, limits of operation to achieve uniform breakup exist, and such limits depend on fluid pressure,
velocity, diameter, and surface tension. As derivedMsyt n-Banderas et al. (201,1the diameter of the droplet could
be predicted by=q. (11.4)

3c B g =
ds o % D (11.4)

whered is the droplet diametelC is the polymer concentration (wt/vol)p is the density of the polymer solutiok,is
the wavenumber of the fastest growing perturbation on theJeis the inner fluid flow rateQ, is the outer fluid flow
rate, andD is the inner diameter of the nozzle orificklért n-Banderas et al., 20).1Like other processes, flow focus-
ing can also utilize an inner stream to microencapsulate a core phase. The number of cores can be adjusted by varying
the velocity of the focusing stream, such that breakup of the core droplets occurs in singles or muitiples {1.65.

Unlike vibratory and microfluidics processes, flow focusing can produce particles in the 2im $8nge, and the
droplet size is not limited by the orifice diameter. The flow-focusing process is also scalable and has low associated
costs. Most published applications utilize flow focusing with biopolymers such as PLUG#t (-Banderas et al.,
2005, PCL (Cheng et al., 2019 PS (Mart'n-Banderas et al., 2006PEG (Talu et al., 200 PDMS Umbanhowar
et al., 2000, or silica (Liu et al., 20132, but the technique could be used in the food space as easily as the vibratory and
microfluidic processes. Collection, drying, and product preservation can take place in existing industry facilities that
handle traditional emulsion or spray drying (nonmonodisperse) microsphere production.

11.2.7 Vibratory Process Combined With a Carrier Stream

This chapter has discussed myriad technologies for producing uniform microspheres and microcapsules: electrohydrody-
namic spraying, flow-based processes, spinning discs, jet cutting, and simple vibration-based methods. A formulation
scientist can define which characteristics are most important for the end use (materials, actives, size, scalability, morpho-
logical characteristics) and select an appropriate method for their product. Recently, the emergence of a technology com-
bining flow to reduce jet diameter with vibration to assist jet breakup has been developed, and is referred to as precision
particle fabrication, or PPFBerkland et al., 200)L This particular adaptation of creating monodisperse microspheres has
the scalability of vibration-based processes, maintains the complexity of most microfluidic approaches (porosity, coating
thickness, surface texture), and has a particle size range that spans all of the previously existing technologies.

PPF technology can create precise particle sizes using almost any solution because the immiscible, coaxial fluid/
fluid or fluid/gas flows reduce the diameter of viscous jets of melts or dissolved matefrialsr¢ 11.7A. Increasing
the annular “carrier” stream flow rate or decreasing the polymer stream flow rate reduces the diameter of the emitted
polymer jet without having to reduce the nozzle diameter. In this manner, previous limitations of vibrating nozzle tech-
nology (e.g., clogging or material viscosity) are obviated. Once the desired jet diameter has been set, the emitted coaxial
jet is periodically disrupted by a controlled acoustic wave that is tuned to produce the desired droplet size. Here, the jet
breakup is caused primarily by vibration. High viscosity polymer solutions, watiéremulsions, suspensions, and
melts have been successfully sprayed as uniform droplets that quickly harden after cooling, drying, solvent extraction,
polymerization, coacervation, or crosslinkingigure 11.7B.

In advanced demonstrations of the technology, cafeell microcapsule morphologies have been produced from a
wide variety of materials. For example, microcapsules have been formed with a polymer shell filled with a second poly-
mer, oil, or even waterHerkland et al., 200 These particles can provide a delayed burst of active ingredients depend-
ing on the degradation characteristics of the shell material. In addition, unique shell materials (e.g., polyesters,
celluloses, etc.) and discrete control over shell thickness facilitate novel applications that demand capsule rupture in
response to an environmental cue (e.g., pH, shear, etc.). The PPF setup changes only slightly for thetelttoe
mulations, by adding an additional concentric nozzle to the traditional solid particle nozzle.

Using PPF technology, a wide range of particle sizes is achievablkepyfm to . 1 mm) with precise control over
particle size and shell thickness. The flexibility of PPF technology allows for a single-step process that can easily inte-
grate into existing industrial fabrication and collection schemes, specifically those used for spray drying and spray chill-
ing. Size and scalability characteristics position PPF as a technology with few comprofises (1L1.9.

PPF is patent protected (US and PCT) and exclusively licensed to Orbis Biosci#htest(al., 2001a,h Although
there have been variants using acoustic waves from a loudspeaker to propagate the frequency distwbanegré
et al.,, 2005), only the PPF process can achieve the lower spectrum of particle siZe@pm) with a core shell
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FIGURE 11.7 Precision particle fabrication combining vibratory disturbance and cocurrent flow. (A) Increasing frequency of vibration decreases
droplet size. Scaleb&r 100pm. (B) Optical (left) and confocal (right) microscopy of uniform capsules filled with sulforhodamine B-labeled protein.
(A) Reproduced with permission froBerkland et al. (2001)r Elsevier 2001. (B) Reproduced with permission fr@mrkland et al. (2007)

r Springer 2007.
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FIGURE 11.8 A comparison of some common microparticle and microcapsule production technologies showing their capabilities, including unifor-
mity, possible size range, scalability, and associated cost.
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morphology. The technology has been applied to pharmaceutics, vaccines, dermal applications, nutraceuticals, agricul-
ture, food flavoring, and taste-masking applications.

11.3 CONCLUSION

In this chapter, a review of prominent existing monodisperse microparticle fabrication techniques was provided. Some
of these technologies came into existence to fulfill needs in the field of pharmaceuticals, particularly the drug delivery
area, and have not been extensively explored for food and flavor applications. Many challenges still remain, including
scalability and cost effectiveness, which limit the use of some of these technologies for the food and flavors industry.
Continuous progress is being made in the field of microencapsulation to address the needs of evolving food and flavors
applications. The integration of advances in microencapsulation sciences combined with high-throughput cost-effective
ways to generate monodisperse microparticles would promote the use of such technologies for differentiated food and
flavors products in the future.
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Chapter 12

Coacervation Processes

Cuie Yan" and Wei Zhang?”
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12.1 INTRODUCTION

Coacervation is the separation of a colloidal system into two liquid phases, as defined by the International Union of
Pure and Applied Chemistril{fPAC, 1997. The coacervation process can be categorized into two types: simple or
complex coacervation, depending on the number of polymers involved. Complex coacervation occurs mainly through
electrostatic interactions between two or more oppositely charged polymer solutions, and results in two immiscible
liquid phases: one is the polymer-poor continuous phase; the other is the polymer-rich dense phase, also called coacer-
vate phase, which is used to coat a variety of active core ingredients. Normally, coacervates generated by complex
coacervation possess improved functional properties compared to each of their individual constituting polymers
(Schmitt and Turgeon, 2011; Zhang et al., 2012; Souza et al.,)2Wile simple coacervation only involves one poly-

mer, it has been hardly used in food industry. Therefore, this chapter focuses on complex coacervation.

Complex coacervation is mainly controlled by the charge density of the biopolymers, which is primarily influenced
by pH and ionic strength of the dispersioduza et al., 2003 Dilution promotes complex coacervation, which is a
unique property distinguishing it from other polymer phase-separation phenorfieiea,(200Y.

Although the first phenomenon of phase separation of oppositely charged hydrocolloids was reported a century ago
(Lv et al., 2013, Bungenberg de Jong and Kruyt were the pioneers who investigated the phenomenon systematically
based on the gelatigum arabic systemBungenberg de Jong and Kruyt, 1929; De Kruif et al., 20@ince then,
complex coacervation has been studied extensively and applied in various consumer products, such as carbonless copy
paper, scent strips, fragrance samplers, lipophilic drugs, flavor ingredients, and functional Zbeds) et al., 201
Carbonless copy paper was the first commercial application of coacervation by the National Cash Register Company in
the late 1950sGreen and Schleicher, 1956, 1957

As one of the microencapsulation technologies in the food industry, the complex coacervation process has been used
for encapsulating reactive, sensitive, or volatile additives or nutrients, such as flavors, pro-/prebiotics, antioxidants, vita-
mins, minerals, phytosterols, peptides, lutein, lycopene, polyunsaturated fatty acids, and so on to increase their shelf-life
under different storage conditions (light, oxygen, moisture, and temperature), to allow alternative food processing (heat,
shear, and redox potential), and to mask the taste or to control release of encapsulated companesitsl, 2008;

Fang and Bhandari, 2010; Qv et al., 2011; Zhang et al., RORfbotein and polysaccharide are the most widely used

wall materials, as they both are major macronutrients for a balanced diet, present together in many food systems, and
contribute to the structure, texture, and stability of food®(blier et al., 2000 Polysaccharides are usually used as
polyanions, which include gum arabic (GA), pectin, alginate, carrageenan, agar, gellan, chitosan, guar gum, and glucan,
along with polyphosphate and carboxymethyl cellulose, as they are generally recognized as safe (GRAS). Polycations
are mainly proteins, such as gelatin, soy proteins, casein (caseinate), pea proteins, whey prddaeboglobulin,

bovine serum albumin, and egg albumiddquin, 2004; Fang and Bhandari, 2010; Nedovic et al., 011

The complex coacervation process principally consists of three basic steps: emulsification, coacervation, and shell
formation and/or hardeningZfang et al., 201 It requires two extra steps (coacervation and hardening) as an encapsu-
lation method compared to the spray drying method, which is the current dominant encapsulation technology in the
food industry (hies, 2007; Taneja and Singh, 2Q1dhus, it is considered a rather long processing, complex, and
expensive technologyQouin, 2004; Fang and Bhandari, 2010; Taneja and Singh, )2H@wever, coacervation

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00012-1
© 2014 Elsevier Inc. All rights reserved. 125
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technology offers numerous advantages over spray drying for protecting high-value and labile functional ingredients,
such as mild preparation conditions (neither organic solvent nor drastic temperatures required), high core loading level
(up to 99%), high shell integrity, high encapsulation efficiency, and excellent controlled-release characteristics, because
the resulting microcapsules are water immiscilifo(in, 2004; Jin et al., 2007; Beindorff and Zuidam, 2010; Kralovec
et al., 2012; Taneja and Singh, 2012; Zhang et al., 20The coacervation process is affected by multiple factors,
including the nature of shell materials and core ingredients (molecular weight, conformation, and charge density), their
composition, total solid percentage, as well as the aqueous conditions, such as pressure, shearing, temperature, pH, ionic
strength, etc.$chmitt and Turgeon, 2011; Souza et al., 2013

Many original research articles, along with industrial patents on complex coacervation for food applications, have
been published. The thermodynamic, physicochemical, structural, and functional aspects of various complex coacerva-
tion systems based on food-grade polymers have been reviewed recently in several excellent review papers and book
chapters Barrow et al., 2007; Jin et al., 2007; Drusch and Mannino, 2009; Schmitt and Turgeon, 2011; Thies, 2007,
Veis, 201), which provide a guide for developing coacervation systems in the food industry. This chapter reviews the
most recent progresses in both academic and industrial fields, with a focus on the practical side of coacervation based
on commercial examples. It is divided into five sections. The first section describes shell material selection. The second
section illustrates coacervation processes. The third section discusses important parameters influencing coacervation.
The fourth section outlines coacervation evaluation methodologies, and the last section discusses their stability,
controlled release, and bioavailability.

12.2 SELECTION OF WALL MATERIALS

Many wall materials are suitable for production of microcapsules. However, compared to the pharmaceutical, agrochemi-
cal, or cosmetic industries, selection of wall materials in the food industry to encapsulate functional ingredients via coacer-
vation is often challenging, due to tight regulations and low price margin. As a rule of thumb, a price increase of $0.15
per serving for a new food product is acceptable by customers, and the loading level of functional ingredients in foodstuffs
is low (1 5%), so a maximum cost for a microencapsulation process in the food industry can be roughly estimated at
$0.15/kg Gouin, 2003. Meanwhile, wall material particularly affects the capsules’ stability, the process efficiency, and
the degree of protection of the active core ingrediehtssferenko et al., 20).3Therefore, wall material selection is one

of the major concerns for applying coacervation technology in the food industaycfvec et al., 201 Proteins and poly-
saccharides are the most widely used wall materials in the food industry, because they are natural products, relatively
inexpensive, and it is easy to obtain food regulatory approval. Furthermore, their coacervates demonstrate superior hew
functional properties by combining advantages of both protein and polysacchaddes( et al., 2003

12.2.1 Proteins

Proteins are biological polymers comprised of amino acids with a variety of structures, such as fibrous and globular,
depending on their amino acid sequence, prevailing environmental conditions, and history, exposure to different
temperatures, pressures, solvents, pH values, and ionic compositi@tslgnis et al., 2011 Other than cost, their
physicochemical characteristics must be considered when selecting proteins for coacervation technology, particularly
their electrical characteristics, because electrostatic interactions are the main driving forces for complex coacervation.
Their electrical characteristics can be described by thgiotential change profile with pH, where the electrical charge

on proteins changes from positive below their isoelectric point (pl), to neutral at the pl, and to negative above the pl.
Even though a protein is neutral at its pl, the protein still has both positive and negative charged groups on its surface.
Thus, it can be involved in attractive and/or repulsive electrostatic interactions. Proteins can vary widely in their pls
depending on their biological origin and extracting process. For example, Type A gelatin, which is produced by acid
hydrolysis of collagen, has a pl typically around pH 8 to 9, while the pl of Type B gelatin is around 4 to 5, due to
hydrolysis of pendant amide groups under alkaline conditidrige, 2007; Subramaniam and Reilly, 200®ther
important characteristics include their emulsifying ability, viscosity, surface tension with the core ingredient, thermal
denaturation temperatures (for globular proteins), hetigil transition temperatures (for gelatin or collagen), pl, and
sensitivities to specific monovalent or multivalent ions, or susceptibility to specific enzyme or chemical crosslinking or
degradation reactiond/fatalanis et al., 2011 It is also important to assess their properties in their coacervates, such as
morphology, charge, stability to pH, ionic strength, temperature, and enzymes. These factors will determine how their
coacervates may impact the stability and functional characteristics in their final food applicdtm@gif and Etzel,

2010; Matalanis et al., 20)1
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Proteins extracted from both animal and plant sources have been used for encapsulating active core ingredients
through coacervation, such as gelatin, whey proteins, and casein from animals, and soy proteins, pea proteins, and
cereal proteins from vegetableNdsterenko et al., 20)3Gelatin has been the most commonly used protein in complex
coacervation due to its excellent emulsifying capacity, gelling ability, and high crosslinking activity through its primary
amino group (hies, 200J. Gelatin can be paired up with a series of polysaccharides, such as GA, agar, pectin, gellan,
and glucan, as well as polyphosphate. Commercial gelatins are of varying purity, and usually blended to achieve some
particular goal, such as viscosity, gel strength, or adhesiveness. The actual molecular weight distributions within a
gelatin preparation are neither predictable nor reproducibleeg, 2007. At the same time, gelatin is relatively expen-
sive, and can be problematic in monitoring for vegetarian and kosher versions. A number of other proteins, particularly
globular proteins, such as egg white, soybean, and whey proteins that demonstrate good emulsifying, gelling properties,
and industrial significance, have attracted much attention in the past a few years. Their gelation is traditionally achieved
through heat treatment, and gels are produced by the unfolding of polypeptide chains with concomitant exposure of
initially buried hydrophobic amino acid residues and subsequent self-aggregation of protein molecules into a three-
dimensional network@hen et al., 2006 These proteins have been studied to obtain a variety of special capsules via
complex coacervation followed by gelation process for different food applications.

Among vegetable proteins, soy protein isolate, pea protein isolate, and cereal proteins have been used as wall mate-
rials in microencapsulation via coacervation. For the majority of vegetable proteins in aqueous solution, the isoelectric
point is located in a pH range of 3 to Bl¢sterenko et al., 20).3To obtain good solubility, they have to be dispersed
in alkaline solution first. Soybean proteins possess good emulsification capacity, gelation, and film-forming properties.
Meanwhile, they are good substrates for crosslinking, particularly when using transglutaminase as the crosslinking
agent, thus they are the most commonly used vegetable proteins for encapsulation via coacervation. Cereal proteins,
such as oat, barley, wheat, and corn, are more advantageous from the nutritional standpoint, and they have attracted
research and commercial attention for this reasoas(erenko et al., 20).3

The use of vegetable proteins as wall materials reflects the present “green” trend in the food industries, as they are
known as less allergenic compared to animal-derived protéiestérenko et al., 20).3The protein ingredient industry
has been turning toward plant sources in the last decade, and vegetarian diets are becoming more popular as public
health awareness increases. Currently, the majority industry uses animal proteins for encapsulation via coacervation,
with very limited use of plant proteins. This tendency is going to be reversed in the near fitaimeef al., 2008;
Nesterenko et al., 20).3

12.2.2 Polysaccharides

Polysaccharides are often classified as either homo-polysaccharides, which consist of only one type of monosaccharide, or
hetero-polysaccharides, which are made of different types of monosaccharide, depending on their monomer sequence, the
prevailing environmental conditions, and their histolyatalanis et al., 2011 Polysaccharides differ from one another
chemically in terms of the type, number, sequence, and bonding of the repeating unit within the polymer chain. These
chemical differences lead to differences in molecular properties, such as molecular weight, degree of branching, structure,
flexibility, and electrical charge. In turn, these molecular differences lead to differences in functional properties, such as
solubility, thickening, gelation, water holding capacity, surface activity, emulsification, and digestibiliya(anis et al.,

2017). Like proteins, when selecting polysaccharides for encapsulation via coacervation, besides their price, their physico-
chemical properties must be considered, especially their electrical characterisfiogefitial versus pH). The electrical

charge on polysaccharides depends on the nature of the ionic groups along the chain background, as well as solution con-
ditions (Kizilay et al., 2011 Li and McClements, 2001 Some polysaccharides are anionic, such as alginate, carrageenan,
xanthan, and GA. Some are cationic, for example, chitosan. The magnitude of the electrical charge on ionic polysacchar-
ides depends on the pH relative to the,of the charge groups. Anionic polysaccharides tend to be neutral at pH values
sufficiently below their K, value but negative above, whereas cationic polysaccharides tend to be neutral at pH values
sufficiently above their K, value but positive below. The most commonly charged groups on polysaccharides are car-
boxyl groups, such as pectin, alginate, xanthan, and carboxymethylcellulose; sulfate groups (carrageenan); and amino
groups (chitosan)a COH" a CO5 (pK, 3.5); a SOH" a SO, (PKa 2); a NHiI" a NH, (pKy 6.5). The

electrical charge on polysaccharides may also be altered by interactions with other ionic species in their environment.
These interactions typically involve monovalent or multivalent ions such as sodium or calcium that bind to oppositely
charged groups on the biopolymer chain, altering overall charge characteristics. Other important characteristics include
their emulsifying ability, viscosity, helix coil transition temperatures (for carrageenan, alginate, pectin), sensitivity to spe-
cific monovalent or multivalent ions, or susceptibility to enzyme or chemical reactigiasa(anis et al., 2001 At the
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same time, the type of environmental and solution conditions present within a particular food is also important. For
example, pectin can start to depolymerize when exposed to neutral or alkaline conditions as a result of a base-catalyzed

-elimination reaction that breaks down its sugar chain. Over time, this breakdown can result in a decline in viscosity and
loss of texture [flatalanis et al., 2001

GA, one of the mostly widely used industrial polysaccharides, due to its good solubility, low viscosity, and high
surface activity, is mainly produced in regions of Africa, and obtained from trees oAt¢heia species. It is a hetero-
polysaccharide containing about 2% protein, and chemically consists of a 1,3-linRkedalactopyranose backbone
with branches of 1,6-linked galactopyranose units. Both the main and the side chains contain udigrabinofurano-
syl, -L-rhamnopyranosyl, -D-glucuronopyranosyl, and 4-O-methyib-glucuronopyranosyl. About 20% of the sugar
units contain a carboxyl group. It is a weak polyelectrolyte that carries a net negative charge above pH 2.2 due to its
carboxyl groupsThies, 2007; Yang et al., 20).2
Alginate is a natural polysaccharide, commonly obtained from brown seaweed. Alginate molecules are linear polymer

chains with a carboxyl group on every sugar uiibies, 200Y. Pectin is a polysaccharide associated to the cell and inter-
cellular wall of plants and fruits. It is an anionic commercial polysaccharide with acid D-galacturonic unities obtained
from sterification of high metoxilation pectin. Itp is around 3.6 and its main monomer is glucoron&téa(et al., 2009;
Zimet and Livney, 2009; Al-Hakkak and Al-Hakkak, 2010; Souza et al., $0Carboxymethylcellulose is also from
plants, and obtained from treatment of cellulose via Williamson reaction, which results in partial replacement of hydroxyl
groups from glucose by the groapCH.a COOH. The treatment attributes to interesting functional properties such as
high solubility and viscosity in cold or hot water; it&Kp is around 2.0 and its main monomer is methylated glucose
(Kita et al., 2007; Souza et al., 2013Xanthan gum is a hetero-polysaccharide produced from a microorganism
(Xanthomonas campesfrithrough extracellular aerobic fermentation with a linear/helical structure Kisigparound 2.8
and its main monomer is-D-glucose {e, 2008; Souza et al., 20).3Carrageenan is a polymer with a linear/helical
structure, obtained from several species of marine algae, and located in the cell wall and in algae intercellular matrix
tissue. Different species and sources of algae produce different kinds: kappeatd (), and lambda (). Their K, is
around 4.3, and their main monomers are sulfated gala&anz@ et al., 20)3 Gellan is a linear anionic extracellular
bacterial polysaccharide discovered in 1978, with a tetrasaccharide repeating sequence that consists of two residues of

-D-glucose, one of -D-glucuronate and one of-L-rhamnose. Acyl groups present in the native polymer are removed by
alkaline hydrolysis in normal commercial production, giving the charged tetrasaccharide repeating sequence for coacerva-
tion. It is the most recent addition to the range of gelling agents available commercially for use inMoods(et al.,
20129. Sodium polyphosphate, an inorganic compound, as a polyanion, has phosphate groups distributed along its
chain. Only freshly prepared polyphosphate solution is used for coacervation, due to its quick hydfélysisZ007.

12.3 COACERVATION ENCAPSULATION PROCESSES

The pioneering work of Bungenberg de Jong on the complex coacervation of gelatin and GA provides the basic proce-
dure of coacervation encapsulatiogréen and Schleicher, 1956, 195The first step is emulsification, where the core
material is added to a warm (around &) gelatin solution under agitation, at a gelatin concentration of 8 to 11 w/w %
to obtain a desired emulsion droplet size. The second step is coacervation, where polysaccharides are added along with
dilution water to lower the total polymer solids content. Then the pH is adjusted to initiate electrostatic interactions and
bring emulsion droplets together to form agglomerates. The third step is out-shell formation and/or hardening, where
the aqueous system is cooled below the gelling point of gelatin, so the wall materials deposit on the agglomerates and
provide an outer layerGreen and Schleicher, 1956, 1957; Thies, 2007

Emulsion can be produced by several methods: high pressure homogenization, mechanical agitation, or phase inver-
sion. High pressure homogenization is high energy consuming, and produces the smallest (in the nanometer range) and
the most stable droplets/capsuleSofinet et al., 2010 Emulsion stability can be improved by soluble complexes
formed between the protein and polysaccharide at a suitable pH rafhger(et al., 2011

Coacervation can be initiated by changes in environmental conditions, which are able to affect polymer solubility in
the aqueous phase, such as lowering pH, addition of water or an opposite charged polymer, heating up, or cooling down
(Thies, 2007; Jones and McClements, 2010; Nakagawa and Nagao). b2 coacervation process is affected by
numerous parameters, discussed in detail in the following section. The process can be easily adapted to industrial scale,
and usually produces capsules ranging from five to several hundrgdase (bonnet et al., 2010

The microcapsule walls formed by coacervates are usually unstable and low in mechanical strength, due to the ionic
nature of interaction between the biopolymer layers. Gelatin-based coacervate capsule shells are extremely swollen and
melt if reheated, and so release the core ingredients, which can be desirable in certain food applications, but also poses
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FIGURE 12.1 Crosslinking to harden the shell.

issues during isolation, drying, and application in foodsi¢s, 200). Therefore, crosslinking is necessary to stabilize
and reinforce them before being dewatered and dried, as illustrateidime 12.1

Previously, chemical crosslinking was used to stabilize and modify the structure and properties of complex coacer-
vates for specific utilizations, such as refraining or promoting release of active ingredients. Chemical crosslinking
agents, such as aldehydes, have been used through linking hydroxyl residues on polysaccharides and/or amine residues
on proteins (hies, 2007; Farris et al., 20).0Tannic acid also was used as a chemical crosslinker by rapidly and
dramatically shrinking the shells, and reducing its water content. But it is prone to discoloration and has a characteristic
taste, which limits its applicability to food systemshies, 2007; Zhang et al., 20).10verall, genotoxic effects on the
use of such chemical crosslinking agents in food applications is of great corigeeit €t al., 2008; Chen et al., 2012

In the past decade, it has been demonstrated that the strength of polysaccharide/protein complex can be improved
through crosslinking by heat treatment and different enzymes, such as transglutaminase (TG), genipin, laccase, and
ribose Gan et al., 2008; Selinheimo et al., 200®nes and McClements, 2010; Chen et al., 2012; Kralovec et al.,
2012; Zhang et al., 20)2

For systems with globular proteins, heat treatment above their thermal denaturation temperature is commonly used
to promote crosslinking through protein self-association via hydrophobic attraction and disulfide formdticrafis
et al.,, 2011 Chen et al., 2012; Kralovec et al., 2012

TG, a naturally occurring enzyme, catalyzes the formation of isopeptide bonds betweerathi@o group of
polypeptide-bound lysines and thecarboxamide group of polypeptide-bound glutamines. It is used as an edible
crosslinker and has been widely applied in cheese making, meat processing, and edible film production. It has been
successfully used as a hardening agent for a variety of encapsulation systems with gelatin and soy proteires. (
2008 Yan et al., 2004 Zhang et al., 201 For example, TG was used to crosslink gelatin/GA coacervates with
microalgal oil encapsulated in, and the optimum parameters were: hardening for 6 hGaat8 pH 6.0 with a TG
concentration of 15 U/g gelatin. The oil released from the microcapsules could be regulated by changing the crosslink-
ing parameters: hardening time, pH, temperature, and TG concentratiamd et al., 2012 Ribose is known for its
high reactivity with protein via the Maillard reaction and capability to crosslink proteins, which can be formed if a
protein is heated in the presence of a reducing sugar that undergoes the Maillard reaction. Ribose crosslinked soy
protein isolate-based fish oil microcapsules showed much lower release rate and longer shelf-life during storage than
those crosslinked by TGan et al., 2008 Genipin has been used to crosslink gelatin/GA for encapsulating the model
flavors D-limonene and 2-phenylethand@uldur and Kok, 201). Laccase has been applied to stabilize and reinforce
whey protein isolate (WPI)/beet pectin capsules through ferulic acid in beet pectin. The crosslinking had a remarkable
influence on the physical properties of WHRieet pectin complex coacervates and resulted in fine networking structures
(Selinheimo et al., 2008; Chen et al., 2012

In the current food industry, gelatin is still the first choice for microencapsulation via coacervation, for example,
Ocean Nutrition Canada’s commercial products: Powdetr-lpowders are mainly based on gelatin. Ocean Nutrition
Canada (ONC) patented its technologies of producing multicore and multishell microcapsules, in which an agglomera-
tion of primary microcapsules is encapsulated by an outer shell based on gelatin and other proteins, particularly vegetar-
ian proteins {an et al., 2004Jin et al., 2008; Yan et al., 2008The detailed procedure for commercial production is
shown inFigure 12.2

Because proteins and polysaccharides are of biological origin, it is difficult to isolate and characterize them for
purity, homogeneity, and molecular weight, and particularly charge density and backbone charge distribgions (
2017). Each coacervation system operates under a unique set of conditions and has a unique set of properties once
formed. Thus, in a commercial scale, minimizing lot-to-lot variation to ensure the quality consistency of coacervates is
the marriage of science and aw/{eland and Soper, 2006; Thies, 2007
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FIGURE 12.2 Coacervation process based on ONC commercial production of microcapsules.

12.4 PARAMETERS INFLUENCING THE FORMATION OF COACERVATES

Coacervation is highly sensitive to many parameters, such as the nature of proteins, polysaccharides, and core ingredi-
ents (their molecular weight, charge density, and conformation), and their ratio, total solid content, and aqueous condi-
tions, such as pressure, shearing, temperature, pH, and ionic strefugths (and McClements, 2010; Schmitt and
Turgeon, 2011; Nakagawa and Nagao, 2012; Lv et al., pGs3shown irFigure 12.3

To obtain the optimal reaction conditions, all these parameters are individually optimized depending on the
morphology, size, and entrapping efficiency of microcapsules, which can be a tedious and time-consuming task. In
addition, the conditions attained from the laboratory are always confronted with problems for the practical application
due to the quality fluctuations of raw materialsh@ng et al., 201p

Generally, turbidity titration accompanied by other analysis, such -a®tential and electrophoretic mobility
measurements, light scattering, size and distribution analysis, gravimetric and thermal gravimetric analysis, and spec-
troscopy visualization and analysis, is the most commonly applied technology for disclosing the course of coacervate
formation (Nakagawa and Nagao, 201However, in terms of mechanism elucidation for coacervates, the information
collected already is far from satisfactory. Currently, few studies have been reported regarding the interactions among
proteins and polysaccharides at the molecular leleldt al., 2013.

Complex coacervation is mainly controlled by the charge density of the biopolymers, which is primarily influenced
by pH and ionic strength of the aqueous system. pH is vital for proteatysaccharide coacervate formation. Complex
formation generally occurs between th&pof the polysaccharide and the pl of the proteiclimitt and Turgeon,

2011; Klemmer et al., 20)2 For example, -lactalbumin ( -La) and -lactoglobulin (-Lg) are important whey

proteins with isoelectric points of pH 4.80 and 5.34, respectively. Chitosan (Ch) exhibits a cationic property under pH

6.5. -La, -Lg, and Ch precipitated at pH values of approximately 5.0, 5.0, and 7.0, respectively. The mixtures of
-La and Ch as well as-Lg and Ch coacervated at a pH range of 6805 (Lee and Hong, 2009

In general, complex coacervation involves two main pH-induced structure-forming events associated with the forma-
tion of soluble and insoluble complexes. Soluble complexes form at a pH corresponding to the first experimentally

Core ingredient

lon strength Temperature
pH adjustment Shell materials and
their ratio
% Total .
solids Shearing

Core loading level

FIGURE 12.3 Parameters influencing the formation of coacervates.
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TABLE 12.1Critical pH Values of the Most Recently Reported Coacervation Systems

Coacervation System pH. pH 1 PH opt References

Pea protein isolate (PPl)/gum arabic (GA) at 2:1 4.23 3.77 3.60 Elmer et al. (2010)
PPl/alginate (AL) at 1:1 5.00 2.98 2.10 Klemmer et al. (2012)

Lentil protein isolates (LPI)/GA at 1:1 5.87 3.62 3.50 Aryee and Nickerson (2012)

detectable increase in turbidity during a pH titration, which is denoted as pht formation of insoluble complexes
appears at a pH with a large rise in turbidity, which is stated as,pBptimal coacervate formation occurs at a pH
where both biopolymers reach their electrical equivalence (denoted gg phhich is followed by precipitation of the
complexes at lower pH (pH), due to protonation of reactive groups on the polysaccharide backbdemlifreck et al.,
2004; Schmitt and Turgeon, 201LTFor example, soybean protein isolates (SPI) and/gtiadin/GA systems, pk4.2
for SPI at 3:1, and pH3.0 for -gliadin at a mixing ratio 1:1 Chen et al., 201R For the SPI/Ch pair, the optimum
coacervation pH was 6.0 to 6.5ljang et al., 2012 Among the most recent reported coacervation systems for food
applications, the majority of them are vegetable protein based, which confirms that vegetable proteins are becoming
more and more popular. Their critical pH values are listed afle 12.1

pH may also induce structural transitions of protein and polysaccharide. The effect of proteins and polysaccharides
ratio on coacervation becomes pH dependent. For instance, soluble and insoluble fish gelatin and GA complexes were
formed even in a pH region where both biopolymers were net-negatively charged ¢t al., 201p. Meanwhile, ionic
strength may change the pH value that triggers their structure transiimmeg et al., 2013

Normally high ionic strength suppresses coacervate formation or dissociates coacervates, as evidenced by a variety
of coacervation systems, such ad.g/low-methylated (LM) pectin, bovine serum albumin (BSA)/LM, whey protein
isolate (WPI)/GA, and SPI/GA. For instance, 70 mM NaCl suppressed coacervation formation of WPI/GA, while
20 mM dissociated BSA/LM coacervateSadhmitt and Turgeon, 2011; Xiao et al., 201NaCl also inhibited the coac-
ervation between SPI and CHifang et al., 2012

The proteins and polysaccharides mixing ratio is critical for controlling the charge balance, the intensity of interac-
tions, and the degree of self-aggregation during coacervation. For example, with an LPI/GA system, the addition of GA
pushed the pl of LPI from pH 4.70 to 3.17, and as the LPI/GA ratio increased, critical pH values shifted upwards until
reaching the 1:1 mixing ratio, afterwards becoming relatively ratio independene¢ and Nickerson, 20)2With the
PPI/AL system, as mixing ratios increase from 4:1 and 8:1, critical pH values shifted upward&léoon{er et al.,
2012. The same trend was observed with the PPI/Ch system, as theJRRhixing ratio increased from 1:1 to 12.5:1,
critical pH values shifted upwards, and progressively behaved similar to those for PPI alone. At PPI/Ch fd&ias
mixed systems resembled that of PPI aloBér(er et al., 201)L

The charge density of the polysaccharide is also vital for coacervate formation, as demonstrated by comparing WPI
coacervation with -carrageenan and a lactic bacteria exopolysaccharide (EPS B40). Complex formation of WPI with

-carrageenan (sulfated polysaccharide) led to precipitates due to the high charge densiyarofgeenan. The

phosphorylated EPS B40 falls in-between GA (carboxylated) andrrageenan. The effect of the charge density on the
formation of electrostatic complexes was also confirmed on a milk protein/polysaccharide model (skimmed milk powder),
which showed that the more sulfated polysaccharides led to complex formation at a higher criticalnppaired to poly-
saccharides with a lower charge density (carboxylated). Ninety-six percert@fcould form complexes with LM pectin
at pH 4.5 and a mixing ratio of 4:1, whereas only 78% were complexed when high-methylated (HM) pectin was used,
showing again the importance of polysaccharide charge density on complex fornitioni{t and Turgeon, 20).1

The effect of total polymer concentration on complex coacervation was also reported. For example, with the
WPI/GA system, complex formation could be observed up to 15 wt% total biopolymer concentration at pH 4.0, but the
optimum conditions for coacervation were found for a total biopolymer concentration of 2 wt% and 2:1 of WPI/GA.
For the gelatin/pectin system, a total biopolymer concentration of about 17 wt% led to self-suppression of complex for-
mation Schmitt and Turgeon, 20)1

The effect of temperature and shear was studied on 4hg/GA, gelatin/GA, and egg yolk lipoprotein/polysaccharides
systems $chmitt and Turgeon, 2011; Nakagawa and Nagao, 2012; Souza et al), @@h3binations of both parameters
could either lead to a stable systemwldemperature/complex shear) or to a&ry unstable one (high temperature/
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complex shear), with a marked phase separation duthd flocculation and coascence of coacervateSchmitt and
Turgeon, 201). Recently, a freezing process has been reportedntra the kinetics of gelatiGA complex coacervation
(Nakagawa and Nagao, 2012

The ability to undergo solvent exchange is a unique property of microcapsules made by coacervation, which means
that a water-immiscible liquid originally encapsulated inside a capsule can be exchanged with a more water-miscible
liquid by diffusion. This ability provides an alternative method to encapsulate liquids and flavors that cannot be handled
at the time of capsule formatiofljies, 2007.

12.5 EVALUATION OF COACERVATES

The performance of microcapsules via coacervation within a food product depends on their structure, size, stability, and
release characteristics. Therefore, it is useful to highlight their most important charactehisdiesafis et al., 201)1

12.5.1 Structure

The structure of coacervate microcapsules is significantly influenced by homogenization pressure during the emulsifi-
cation process. Normally, single core microcapsules are prepared with a lower homogenization pressure than multicore
microcapsulesNesterenko et al., 20)3Single or multicore microcapsules with multiple shells prepared by complex
coacervation have been patented by ONC. Inside these microcapsules, the core ingredient, fish oil, is covered by a first
shell through emulsification, and then these monoshell emulsion droplets are optionally agglomerated and wrapped with
a second shell through coacervation, gelation, and crosslinking. A third shell can be applied through a number of
coating technologies such as fluidized bed, prilling, or spinning spraw (et al., 2004, 20Q8Jin et al., 200R Their

structure is illustrated irFigure 12.4along with a light microscopic picture and a transmission electron microscopy
(TEM) picture of one microcapsule iRigure 12.5 These commercial products have served as a benchmark in the food
industry in recent yeardDfusch and Mannino, 2009

FIGURE 12.4 Structure of coacervates.

12.5.2 Size and Size Distribution of Capsules

The size and size distribution of capsules affect the texture and sensory properties of foods. It is desirable that the addi-
tion of encapsulated ingredients should not affect the texture and sensory properties, color, or flavor of food products
and the food industry usually aims to prevent this. As particle size affects texture, large capsules are undesirable in
most cases, explaining why microencapsulation becomes crucial in the food geetoe( al., 2008 The diameter of
coacervates can vary from nanometers to a few hundred micromeielsn(tt and Turgeon, 20)1For example,
PepsiCo patented the size of gelatin/GA coacervates in the range of 0.1 g5 Kohane et al., 2009 For ONC
commercial fish oil powder capsules, the fish oil emulsion droplet typically is less thamn, &s shown irFigure 12.6
and the size of end coacervates is normally in the range of 30 tqui08s shown inFigure 12.7(Yan et al., 2004,
2008 Wieland and Soper, 2006; Jin et al., 2008; Kralovec et al., 2012

The protein concentration (as wall material) during the emulsification step is strongly related to the stability and
size of coacervates. Due to protein surfactant properties, increasing protein concentration would result in a decrease of
emulsion droplet size, improving encapsulation efficiency and the droplets’ coalescence resistamee 2007,
Nesterenko et al., 20).3

The size of the capsule and its characteristics can be varied by changing the pH, the ion strength, the type of matrix,
concentration and ratio, the type of core ingredient, and loading léx&t €t al., 2010; Klassen and Nickerson, 2012;
Lv et al., 2013.
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FIGURE 12.5 Multishelled ONC fish oil coacervates. (a) Light microscopy image; (b) TEM image.
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FIGURE 12.6 Size and distribution of ONC fish oil emulsion droplets.

12.5.3 Encapsulation Efficiency

Encapsulation efficiency is a significant indicator to appraise the quality of the encapsulated products, which is defined
as Qv etal., 201):

E 805 dvi=w,P3 100%
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FIGURE 12.7 Size and distribution of ONC Powder-fbccapsules.

where E is the encapsulation efficienay; represents the weight of core ingredient loaded inside the capsulesy,and
stands for the total feeding amount of the core ingredient.

E is determined by the loading level of core ingredient, nature of wall materials, their concentration and ratios,
temperature, and pH of the media. When the loading level of active core ingredients exceeds 50% (w/w), a decrease in
E is generally observed/endanha et al., 2009; Xiao et al., 2Q1For example, when using the gelatin/GA system to
microencapsulate lutein, E changed with the concentration of wall material, core loading level, and pH. E increased
from 77 to 84% as pH increased from 4.4 to 4Qv(et al., 201). While the wall/core ratio of SPI/pectin decreased
from 1/1 to 1/3, E increased from 78 to 83%, and further increased to 93% with sucrose addition at sucrose/SPI 1:1
(Xiao et al., 201).

A more common way to describe encapsulation efficiency of microencapsulated essential oils in the food industry is
the so-called nonencapsulated oil or extractable oil %, which is a key parameter to evaluate the quality of the capsules,
because nonencapsulated oil or extractable oil is prone to oxidation and limits the shelf-life by rancidity development
(Jin et al., 2008; Kralovec et al., 20LZapsules made by coacervation exhibit much lower nonencapsulated oil % and
a higher loading level than those made by spray dryifig ét al., 2008; Kralovec et al., 20LHigh encapsulation effi-
ciency (up to 99.9%) is one of the major advantages over other encapsulation technologies.

12.6 STABILITY, CONTROLLED RELEASE, AND BIOAVAILABILITY

Like other encapsulation technologies, the stability of microcapsules obtained by coacervation technology is governed
by a few parameters, such as storage temperature, water activity, oxygen concentration, the shell permeability and
thickness, the quality of core ingredients, the presence of trace amount of minerals, and food Dratsih (et al.,
2007; Serfert et al., 2009

Microcapsules obtained by coacervation technology exhibit excellent controlled-release characteristics in food
systems, as most food systems are aqueous and water immiscible. The control release property of coacervate microcap-
sules is determined by the structure, size, loading level, crosslinking degree, shell material, mechanical treatment, pH
variations (acidic conditions in the stomach, neutral in the intestine), and enzymatic action to specific gastrointestinal
targets (hies, 2007; Schmitt and Turgeon, 2011

The unique gelling melting profile of gelatin generates interesting properties for microencapsulation. Viscous
coacervates can be prepared at 50 todCa temperature higher than the gel point of gelatin, while on cooling, inter-
face rigidity increases resulting in a stable gelled shell around the microcapsule. During consumption, the shell will be
disrupted as gelatin is readily melted in the mouth. The diffusion release rate depends on the ease and rate at which the
encapsulated material can migrate through the coacervate |1&géim(tt and Turgeon, 20).1Flavor delivery is the
most promising application of coacervates, and gelatin/GA coacervates were used to encapsulate flavors to be released
during cooking in baked goodgliies, 2007; Schmitt and Turgeon, 2011
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Smaller microcapsules (540 um) possess bigger surface area and thinner membrane, therefore the core material is
easier to diffuse into the release medium through the microcapsule membrane. Comparably with small oil-containing
microcapsules, the medium size microcapsules (BI0um) are more suitable for controlled core release applications.

The increase of loading decreases the protective effectiveness of microcapsules, improving the release rate of the core
material. Microcapsules sufficiently hardened possess excellent heat-resistant and moisture-resistant properties, so as to
tolerate high-temperature and high-moisture dispersing medium. The experiments have proved that the allium oil micro-
capsules by coacervation obtained exceptional applicable effectiveness in bakimg ¢t al., 201).

Process parameters as environmental conditions (pH, ionic strength, macromolecular ratio) and mechanical treatments
(spray drying, homogenization) also allow modulation of the coacervate layer properties, such as thickness, swelling rate,
and so on Klori et al., 201). The release rate of gelatin/GA encapsulated microalgal oil exhibited a higher rate at the
beginning, while the release profile became constant indicating some sustained release after the firgtadwaue( al.,

2012. For gelatin/GA encapsulated peppermint oil, the release separately followed the first order release kinetics model in
hot water and zero order release kinetics model in a high-temperature oven. The release of microcapsules in hot water
exhibited initial rapid release phase and following slow release phase, where effect of core/wall ratio on the release rate
was different due to the increase of loading and patrticle size with the core/wall ratio. Only 7% of peppermint oil released
during storage in cold water for 40 days and exhibited good storage stabitityg(et al., 201)L

The bioavailability study of ONC’s commercially microencapsulated fish oil Powddr-leawders through gelatin/
polysaccharide coacervation technology was conducted and compared with the standard fish-oil soft-gel capsules. It
was found that phospholipid levels of long-chain omega-3 fatty acids increased equivalently in both subject groups,
which indicates that omega-3 fatty acids have equivalent bioavailability when delivered as microencapsulated complex
coacervates or as soft-gel capsulBsrfow et al., 200).

12.7 CONCLUSION

As one of the microencapsulation technologies in the food industry, the complex coacervation process has been used
for encapsulating, protecting, and delivering functional ingredients, such as flavors and polyunsaturated fatty acids,
with the purposes of increasing their shelf-life under different storage conditions, allowing alternative food processing,
masking the taste, or controlling release of encapsulated core ingredients. The complex coacervation process consists of
three basic steps: emulsification, coacervation, and shell formation and/or hardening, which can be affected by multiple
factors. It is a rather long processing, complex, and expensive technology with numerous advantages for protecting
high-value and labile functional ingredients. Selection of wall materials in the food industry to encapsulate functional
ingredients via coacervation is often challenging, due to tight regulations and low price margins. Proteins and polysac-
charides are the most widely used wall materials to pair up for complex coacervation because they are natural products,
relatively inexpensive, and it is easy to obtain food regulatory approval.

Encapsulation via coacervation technology has been commercially used for more than half a century, and will
continue to serve various commercial applications. However, properties of the final capsules are very sensitive to small
changes in many parameters, such as the structure, molecular weight, and charge density of proteins and polysacchar-
ides, core ingredients, their ratio, total solid content, and aqueous conditions such as pressure, shearing, temperature,
pH, and ionic strength. Proteins and polysaccharides are of biological origin, and there are variations among different
batches. Thus, in a commercial scale, consistent quality control is very challenging. Therefore, products made by
coacervation commercially available in the food market are very limited. ONC’s microencapsulated fish oil Powder-
loct powders through gelatin/polysaccharide coacervation technology have served as a benchmark in the food industry
in recent years.

Nevertheless, this technology continues to diversify and expand. Significant progress has been achieved on
protein polysaccharide coacervates as delivery systems in the food industry during the past decade, particularly
vegetable protein-based systems, which reflects the present “green” trend in the food industries.
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Industry
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13.1 INTRODUCTION

There are many common microencapsulating processes that are used in the food and nutraceutical industry, such as
spray drying, fluid coating, spray chilling or cooling, melt injection, melt extrusion, emulsification, emulsion with mul-
tilayers, coacervation, preparation of microspheres via extrusion or dropping, preparation of microspheres via emulsifi-
cation, coextrusion, inclusion complexation, liposome entrapment, freeze or vacuum drying, or encapsulation of rapid
expansion of supercritical fluids.

Most encapsulating processes are based on first making droplets of the active agent, which are then subsequently
surrounded by a membrane via the different processes listed above. Exceptions to this process include melt extrudates,
inclusion complexation technologies, liposomes, and the use of natural encapsulates such as yeast.

There are two main types of encapsulates, the reservoir type and the matrix type. The reservoir type has a single
membrane around the active agent, and is commonly referred to as capsule, single-core, mono-core shelitdype.

The contents of the capsule can be released upon pressure of the membrane wall. Poly- or multiple-core-type encapsu-
lates also exist. The active agent in the matrix type tends to be more dispersed over the membrane; the active reagent
can be in the form of small droplets or more homogeneously distributed over the encapsulate. In the matrix type, the
active agent can also be present on the surface of the membrane; in contrast, this is not seen in the reservoir type
(Zuidam and Nedovic, 2030

Liposomes can form both reservoir- and matrix-type microencapsulation. The definition of a liposome, an explana-
tion of how it is able to form both types, and its uses will be explored further in this chapter.

13.2 WHAT ARE LIPOSOMES?

The liposome can be thought of as a hollow sphere whose size can range from a few nanometers to a few microns.
Liposomes are generally made from phospholipid molecules, which are the same molecules that comprise the cell mem-
brane. Phospholipids are made up of a glycerol backbone, polar head group, and fatty acid chain. Phospholipids are
known as amphipathic, that is, their polar head group is water soluble (hydrophilic or water loving) and the fatty acid
chain is oil-like (hydrophobic or water fearing or fat soluble). Therefore, when added to water, the water-soluble part of
the phospholipid interacts with the water and the oil-like part of the molecule avoids the watérigsee 13.).

In order to accomplish this, the phospholipids align themselves side by side with their oil-like portions orienting
themselves towards each other. This structure is known as a phospholipid bilayer. This bilayer extends itself in water to
form a sheet, which then curls into a liposome. The interior of liposomes is filled with water and therefore molecules
that are soluble in water can be encapsulated in the interior of the liposome. A less recognized but very important prop-
erty of liposomes is that molecules that are not water soluble, or oil-like, can be entrapped in the oil-like portion of the
phospholipid bilayer. Consequently, liposomes can serve as carriers for all types of molecules including both water-
soluble and water-insoluble compounds. In fact, a single liposome can carry both types of molecules or combinations of
each type of molecule.

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00013-3
© 2014 Elsevier Inc. All rights reserved. 139
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FIGURE 13.1 Phospholipid molecule, lipid bilayer, and liposome structure.
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FIGURE 13.2 Unilamellar liposome containing one lipid bilayer.

FIGURE 13.3 Onion shape multilamellar liposome containing concentric phospholipid spheres.

Liposomes smaller than about 200 nanometers usually consist of one bilayer (reservoir type), and are known as uni-
lamellar liposomes, as shown ffigure 13.2 Larger liposomes often are comprised of several unilamellar vesicles that
form one inside the other in diminishing size, creating a multilamellar structure of concentric phospholipid spheres sep-
arated by layers of water (séegure 13.3. Multilamellar liposomes (matrix type) have been described as looking like
an onion. Finally, a multilamellar liposome that does not contain concentric phospholipid spheres is called a multi-
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FIGURE 13.4 Multi-vesicular liposome containing non-concentric phospholipid
spheres.

FIGURE 13.5 Saturated lipids forming tightly packed membrane.

vesicular liposome, as shown kigure 13.4 These liposomes are made up of several small liposomes that are formed
and encapsulated inside a larger liposome (matrix type).

It is the liposomes’ natural tendency to form into the closed microencapsulation vesicles. Techniques such as sonica-
tion, extrusion, and microfluidization are not used to form the liposomes, which spontaneously form in an agueous envi-
ronment, but rather to size them to a desired dimension.

Liposomes can be made of a single type of phospholipid or by mixtures of different phospholipids. By varying the
type of phospholipid used to make liposomes and/or by attaching certain molecules to the surface of liposomes, they
can be engineered to have many useful properties. Non-phospholipid components such as cholesterol, fatty acids, and
other lipid soluble molecules such as tocopherol are commonly added to liposomes to change their useful properties.

Fatty acids are considered saturated when their carbon atoms are bound covalently by a single bond and each carbon
has the maximal number of hydrogen atoms bound to it. Unsaturated fatty acids have at least one double carbon bond
causing the chain to kink. Saturated lipids, showr-igure 13.5 have straight chains that form a tightly packed lipo-
somal bilayer; on the other hand, the kink of the unsaturated fatty acid causes the liposome to be loosely packed.
During incorporation of molecules such as vitamin A, tocopherol, or cholesterol, this kink becomes important as the
molecule is able to be incorporated in the liposome in the space provided by the double bond kink, as shown in
Figure 13.6

13.3 LIPOSOME STABILITY

The difficulty in using liposomes in a food or nutraceutical formulation centers on the stability of the phospholipids at room
temperature. Chemical degradation such as hydrolysis and/or oxidation, aggregation, and fusion often occur over time.
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FIGURE 13.6 Unsaturated lipids form loosely packed liposomes and lipid soluble molecules such as cholesterol can sit in the space between the
lipids.

13.3.1 Hydrolysis of Liposomes

Hydrolysis is a natural process. Both saturated and unsaturated lipids will hydrolyze over time. The hydrolysis of a sin-
gle molecule of phosphatidylcholine provides the following five hydrolysis products: 1-acyl-lyso-PC, 2-acyl-lyso-PC,
free fatty acids, and glycerophosphorylcholine. Rigure 13.7 the hydrolysis of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) as the most natural occurring lipid is shown.

The formation of lyso-PC is one of the main reasons for chemical and physical instability of liposomes. Lyso-PC has very
strong detergent properties. Lyso-PC got its name due to its ability to lyse red blood cells. Lyso-PC can exchange into and
out of liposomal membrane and it can destabilize bilayers resulting in leakage of encapsulated aqueous contents. Lyso-PC
can also stabilize non-bilayer forming lipid into bilayers and induce aggregation and/or fusion in liposome formulations.

As shown inFigure 13.§ over an 8-day span the concentration of hydrogenated soy PC disappears as the products
of hydrolysis increase. Keep in mind that in this study extreme conditions such as high temperature and low pH are
used Grit and Crommelin, 1993

There are several ways to decrease the rate of hydrolysis and formation of lyso-PC and therefore to increase the
shelf-life of the liposomes. The rate of hydrolysis is temperature dependent. As shaviguire 13.9 over 40% of the
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FIGURE 13.7 Hydrolysis of POPC (the most naturally occurring phospholipid) and formation of five molecules.
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FIGURE 13.8 Chemical degradation of phospholipids and the formation of products of phospholipid hydrolysis. Disappearance of HSPC and appear-
ance of hydrolysis products monitored for 8 days. HSPC liposomes incubatedGir70.05 M acetate at pH 4.0.
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FIGURE 13.9 Rate of hydrolysis of soy PC in citrate buffgt 0.06) at pH 6.5.

lipid degrades after 8 days, when the liposome solution is kept a.8Phere is almost no lipid degradation when the
same liposome solution is kept at@in a refrigerator Grit et al., 1989.

13.3.2 Effect of Buffer and pH

Hydrolysis reaction produces free protons-jHPhospholipid acid hydrolysis is autocatalytic. Without buffer, hydroly-

sis accelerates and therefore the liposome formulation must be bufferédyure 13.10first-order rate constark’ps

at each pH value is calculated from lipid degradation data aC7i2 various citrate buffer concentrations and then
extrapolated to zero concentration of citrate. The experiment shows that in order to maximize the shelf-life of the lipo-
somes, a high concentration of buffer should be avoided and a minimum effective concentration of buffer should be
used.Figure 13.11shows that at pH 6.5 lipids have the lowest rate of hydrolysis regardless of the temperature of their
storage Grit et al., 1993.

13.3.3 Oxidation of Unsaturated Phospholipids

The oxidation of the double bond in unsaturated phospholipid can be an issue. However, it turns out not be a major
issue if the formulation is composed of monosaturated phospholipids of high purity. Oxidation of lipids only becomes
problematic when the formulation is composed of polyunsaturated phospholipids. Oxidation of phospholipids can be
significantly decreased when the buffers are degassed and purged with nitrogen or argon.
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FIGURE 13.11 Rate of hydrolysis of HSPC in 0.05 M buffer.

13.3.4 Saturated Ether Lipids

As discussed above, there are two reasons for instability of liposome formulation: hydrolysis and to a lesser extent
oxidation. It is possible to use phospholipids that can neither be hydrolyzed nor oxidized. This class of phospholipids is
called saturated ether lipids (seéegure 13.1). These lipids are synthetic and very expensive and have limited research
application at this time. Due to the high cost of the lipids, they cannot be used in food and nutraceutical industries
(Mangold, 1983.

13.3.5 Application of Liposome as a Solubility Tool

One of the main applications of liposomes in the food and nutraceutical industries is their property to dissolve water-
soluble and lipid-soluble molecules at the same time. This is important when various molecules should be delivered
together in order to have a synergistic effect. As an example, ascorbic acid and tocopherol—both powerful antioxidants—
have synergistic function. Ascorbic acid is a water-soluble molecule and tocopherol is a fat-soluble molecule. Ascorbic
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FIGURE 13.12 (a) A typical unsaturated

phospholipid molecule that is prone to hydro-
lysis and oxidation. (b) A saturated lipid mole-
cule. It is not prone to hydrolysis and
oxidation as it does not have any carbonyl
groups or double bonds.
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acid can be encapsulated inside the aqueous core of the liposomes and tocopherol is incorporated into the lipid bilayers of
the liposomes. One liposome contains both molecules and can deliver both at the same time to the site of action.

Curcumin is an important functional food. Unfortunately, due to its poor solubility, the molecule has very low bioavail-
ability. Curcumin is a fat-soluble molecule, so it can easily be incorporated into the lipid bilayer of the liposomes.
Liposomal formulation of curcumin has significantly better solubility and bioavailability compared to unencapsulated cur-
cumin. However, the cell lining of the human intestine contains several types of enzymes that convert curcumin into rela-
tively inactive substances. These enzymes are UGT (UDP-glucuronosyltransferase) enzymes, sulfotransferase enzymes,
alcohol dehydrogenase, and P450 enzymes. The same enzymes are also found in the liver and other tissues and can rapidly
destroy most of the curcumin thus restricting its bioavailability. There are two substances that inhibit these enzymes:

1. Piperine (extracted from black pepper) inhibits UGT enzymes and P450 enzymes.
2. Quercetin (extracted from various plants) inhibits sulfotransferase enzymes.

Piperine and quercetin are both fat-soluble molecules. These two molecules can be incorporated into the lipid
bilayers of the liposomes along with curcumin. Liposomes not only increase the solubility and bioavailability of all
three molecules but also deliver all three molecules to the gastrointestinal tract at the sameK#imea(d
Chintamaneni, 2011

The bioavailability of liposomal curcumin has been extensively studied by various groups. A group in Japan has
studied the bioavailability and antioxidant properties of liposomal curcumin in rats. Three forms of curcumin formula-
tion, unencapsulated curcumin, a mixture of curcumin and lecithin, and liposomal curcumin, were administered orally
to Sprague-Dawley rats at a dose of 100 mg curcumin/kg body weight. The pharmacokinetic parameters following cur-
cumin administration were determined in each form. Pharmacokinetic parameters after oral administration of liposomal
curcumin were compared to those of curcumin and a mixture of curcumin and lecithirFige® 13.13. High bio-
availability of curcumin was evident in the case of oral liposomal curcumin; a faster rate and better absorption of curcu-
min were observed as compared to the other forms. Oral liposomal curcumin gave Ggher(maximum
concentration (peak) of the drug that can be achieved in a specific area) and shtdthe time at whichC,ax
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is observed) as well as a higher value for the area under the blood concenttatiencurve, at all time-points. These

results indicated that curcumin enhanced the gastrointestinal absorption by liposomes encapsulation. Interestingly, the
plasma antioxidant activity following oral liposomal curcumin was significantly higher than that of the other treatments
(Takahashi et al., 2009

13.3.6 Application of Liposomes in the Food and Beverage Industry

To date, liposomes have not been widely used as ingredients in liquid beverages, in large part due to stability issues
and difficult and expensive manufacturing processes which involve the use of organic solvents. In order to avoid oxida-
tion, saturated lipids can be used; the problem is that saturated lipids in comparison to unsaturated lipids are very
expensive. In addition, during the manufacturing process the liposomal formulation has to be heated to above the
liquid-to-gel phase transition temperature of the saturated lipids, often nullifying the commonly used food-grade
temperature-sensitive active agents. Both unsaturated and saturated lipids can be hydrolyzed; to slow down the process,
a buffer with a pH around 6.5 can be used. The majority of commercialized beverages have acidic pH (below 3.0). In
addition, beverages go through thermal processing such as sterilization or pasteurization. The majority of commercial-
ized beverages are kept at room temperature. Beverages that require refrigeration are expensive and have limited distri-
bution. In order to use liposomes in fortified beverages, a non-phospholipid-based lipid should be used. Many of these
amphiphilic liposome-forming molecules have not been commoditized and they are not available in large scale and
commodity price.

Furthermore, another issue crippling the production of liposomal preparations in beverages is due to the fact that
addition of a fat-soluble molecule such as vitamin A, tocopherol, and CoQ10 causes the liposomal solution to be turbid.
In order to make the beverage solution transparent, the size of the liposome has to be below 50 nanometers. Sizing the
liposomes to this dimension is an expensive and time-consuming process and is not applicable to the large production
scale required for the food industry.

Even though liposomes in general are not good candidates for production in beverages, there are many research
papers in which they have been used to encapsulate nutrients such as liposomal encapsulation of ferrous sulfate in order
to fortify the aqueous apple cider beverage, and liposomal encapsulation of calcium ions to prevent protein coagulation
in soy milk (Arnaud, 1995; Sue et al., 1906

While liposomes may not be suitable for the beverage industry, the nutraceutical industry has widely used liposome
formulations of active ingredients. While liposomes in nutritional supplements do not increase the bioavailability of
many active ingredients despite the marketing claims, there are some studies that suggest that bioavailability of
fat-soluble molecules such as curcumin can be increased when the liposome formulation is used. In addition, mucoadhe-
sive liposome formulation can be extremely beneficial. Such studies suggest that the mucoadhesive formulation of cur-
cumin liposomes stays in the intestine longer than free curcumin and therefore curcumin will be in contact with colon
cancer tumors/pre-cancer cells for a longer period of time.

Due to the instability of phospholipids at high temperature and low pH, liquid formulation of liposomes with a long
shelf-life at room temperature cannot be developed. All the liquid liposome formulations that are developed in the pharma-
ceutical industry are kept in refrigerators. One way to get around this problem is to use an innovative packaging solution.

One technique to package liposomes for commercial use is by formulating freeze-dried proliposomes and placing
the contents into powder release caps. When the caps are placed on water bottles, their contents are released and
dispersed in water and liposomes are instantly formed. By packaging liposomes in this way, the shelf-life of the product
is instantly increased. Furthermore, because the liposomal formulation remains as a dried powder until the consumer is
ready to use the product, lipid degradation and destabilization is no longer an issue. The freeze-dried liposomes can be
kept at room temperature without the need to use overnight shipping on cool pragkss 13.14shows Curcusonte
formulation packaged in a powder released dapure 13.15shows the difference in solubility of curcumin and lipo-
somal curcumin in water.

13.3.7 Application of Liposomes in Protecting Small Molecules and Enzymes

Many studies have used liposomes as a tool to protect the active encapsulated molecule from degradation, hydrolysis,
and/or premature reaction with other molecules in the environment. As an example, ascorbic acid (vitamin C) has been
encapsulated inside the liposomes; the liposomes protect vitamin C from reaction and oxidation for a short period of

time (after a few months)Kirby et al., 199). Liposomes cannot tolerate low pH for a long period of time and, as
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FIGURE 13.14 The left-hand side picture shows a regular
bottled water and a universal powder release cap containing
freeze-dried liposomal formulation of curcumin/quercetin/pip-
erine, known by the brand name Curcusémevhich can be

put on the top of any bottle. The right-hand side picture
shows liposomal formulation of curcumin that was instantly
formed upon the release of powder into the water.

FIGURE 13.15 The left-hand side bottle contains liposome-encapsulated curcumin
and the bottle on the right-hand side contains the same amount of curcumin in free and
unencapsulated form.

shown before, low pH will cause rapid hydrolysis of lipids and formulation of lyso-PC and destabilization of liposomes.
Upon destabilization of liposomes, the active ingredient leaks out of the liposomes.

Another example of using liposomes as a protective tool is the encapsulatiorgaifactosidase in liposomes.
-Galactosidase is added to milk for people who are lactose intolerant. Supplementing the milk with free enzymes can
cause a flavor problem. In order to solve this flavor problem, the enzyme is encapsulated into the liposomes. The encap-

sulated enzyme stays active for 20 days inside the niilko(et al., 199)

Liposomes can also incorporate many fat-soluble flavors into the lipid bilayer. Flavors such as vanilla, citral, and
menthol are lipid soluble. Due to the instability of phospholipids, many liposomologists have tried to use other types of
chemically stable amphiphile molecules for liposome formation. Novasome vesicles are a class of liposomes that are
made from non-phospholipid-based molecules. Fat-soluble vanilla flavor has been incorporated into Novasome vesicles.
These liposomes retained the flavor without having the stability issues of traditional phospholifédisu( and
Capasso, 1995
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13.3.8 Liposome Encapsulation of Antimicrobials

Nisin is a cationic polypeptide composed of 34 amino acids producddabtococcus lactistrains. Nisin has received

much attention because of its broad inhibitory spectrum against a variety of Gram-positive bacteria, including food
pathogens and contaminants suchL#&eria monocytogenesiowever, the use of nisin in its free form (unencapsu-
lated) is associated with loss of activity due to degradation or deactivation and emergence of nisin-resistant bacterial
strains. Liposome encapsulation will protect nisin from inhibitors and undesired interaction, and will reduce the affinity
of nisin to non-target components. Liposomal nisin acts as a long-term preservative with controlled release properties.
Liposome-encapsulated nisin has enhanced antimicrobial activity and has been used to control the growth of bacteria
during cheese storage. It was shown that the liposomal formulation could be used for the control of food-borne patho-
gens in cheeseJplas et al., 200

Despite the extended uses of nisin, addition of nisin to raw meat products has been largely unsuccessful, unless used
at very high concentrations or post-treatment. Nisin is an expensive antimicrobial agent and cannot be used in high
guantities. Several studies have shown that the inactivation of nisin in meat is mainly due to its reaction with meat com-
ponents, such as the presence of proteases and reaction of nisin with constituents such as glutathione and poor solubility
of nisin at the pH of meat. The inactivation of nisin in a raw meat system has been extensively studied and as a result
has been the cause of a major setback, prohibiting its wider application as an antimicrobial agent in raw meat. Other
studies have shown that nisin remains active when it is added to the cooked meat. The temperature increase most likely
causes denaturation of glutathione and other meat constituents involved in nisin inactivation.

A heat-triggered release liposomakini formulation has been developed by a group in Canada. Nisin is encapsu-
lated inside liposomes composed of 100% DPPC. DPPC isuaadat lipid with a lipid-togel phase transition tem-
perature of 41C. DPPC lipid is in gel form below 4T and in liquid form above 4L. In these studies, liposomes
leaked out nisin when they reache®l 37 C. Nisin was tested at 3200 AU/ml of meat. Unencapsulated nisin was
added to the raw beef and mixed atG} and the meat was tested at 0, 15, 30, and 60 minutes after the initial mixing.
Free nisin incubated with meat did not produce intidm zones no matter the length of the exposure. It was
completely deactivated due to the direct contact with ramat. Encapsulated nisin wanixed at room temperature
and the meat was tested at 0, 15, 30, and 60 minutes aidnitial mixing. Encapsulated nisin incubated with meat
did not produce inhibition zones no matter the length of thpasure. This is due to the stability of liposomal nisin.

At room temperature, nisin will not leak out of the lipases. Encapsulated nisin wasxad at room temperature
and the meat was tested at 0, 15, 30, and 60 minafttes the initial mixing and heating to abow& 37 C. A zone of
inhibition was produced due to heating, which indicatedtthisin leaked out of the liposomes. These properties of
liposomal nisin make an ideal antibacterial formidat for meat that is exposea tcooking temperatureBpualem

et al., 2013.

13.3.9 Application of Liposomes in the Accelerated Ripening of Cheese

Cheese ripening, also known as cheese maturation, is one of the components of the process of cheese making. It is
responsible for the development of the distinct flavor of cheese. Duration is dependent on the type of cheese and the
desired quality. Ripening can range anywhere from 3 weeks to a couple of years; most cheeses usually require 2 or
more years of ripening. Acceleration of cheese ripening has been proposed as a way to produce a fast ripening curd for
processed cheese and to reduce the cost of cheese manufacturing. Various methods have been developed for accelerat-
ing the cheese manufacturing process.

One of the methods that is widely used is the addition of exogenous enzymes; however, significant amounts of
enzyme are lost to the whey and can have adverse effects on the whey quality. Liposome encapsulation of the enzyme
has evolved as a method to combat losses to whey and improve enzyme retention in the curd. The application of
liposome-encapsulated enzymes on the acceleration of cheese ripening has been studied for years. For example,
Alkhalaf et al. studied encapsulation efficiency and retention time of the proteolytic enzymes as a function of the lipo-
somal charge (neutral, positively charged, or negatively charged). In their studies, the authors encapsulated proteolytic
enzyme (neutrase) in neutral, positively charged, or negatively charged liposomes. The liposomes-encapsulated enzyme
was then added to Saint-Paulin cheese milk. Charged liposomes (cationic and anionic) encapsulated more enzyme than
did neutral liposomes. The percentage of retention of the liposomes in the cheese was highest for positively charged,
then negatively charged, and then neutral liposomes. Liposome stability in milk was lower at acidic pH and also
decreased with increasing temperature and salt concentration. Neutral and positive liposomes were more stable than
negative liposomesA(khalaf et al., 1988, 1989
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Lariviere et al. focused on the method of preparation and manufacturing of enzyme-loaded liposomes during cheese
ripening. In these studies, they prepared and characterized multilamellar (MLV), multilamellar-microfluidized (MLV-
MF), microfluidized (MF), and dehydrated-rehydrated (DRV) liposomes. They concluded that microfluidization can be
used as a successful method for scaling up production. Laloy et al. studied proteolytic release from liposomes in the
cheese matrix as a function of time. In these studies, changes in proteolysis and in residual enzymatic activity as a func-
tion of time were compared in model cheeses, made with either free enzymes or liposomes containing enzymes and in
control model cheeses. Cheeses were ripened under different conditions of pH, fat content, and temperature. The release
of enzymes from liposomes was significantly stimulated by increasing the fat content from 0 to 20% and the pH from
4.9 to 5.5. Ripening temperature (6 or €3 did not affect the rate of enzyme release from liposomes. Ripening is usu-
ally done in a cool environment and therefore the liposomes cannot be exposed to high temperature. Although enzyme
release started as early as the first day after manufacture, after 2 months of ripening, proteolysis was 30% lower in lipo-
some- than in free enzyme-treated cheeses, indicating a possible inhibition of released ehzyoyest @l., 199%.

Kheadr et al. demonstrated an improvement in the mature texture and flavor intensity of cheese after the addition of
liposome-encapsulated enzymes such as lipase, bacterial protease, fungal protease, and Flavolrziese studies,
cheddar cheese proteolysis and lipolysis were accelerated using liposome-encapsulated enzymatic cocktails.
Flavourzyme, neutral bacterial protease, acid fungal protease, and lipase (Palatase M) were individually encapsulated in
liposomes and added to cheese milk prior to renneting. Flavourzyme was tested alone at three concentrations (Z1, Z2,
and Z3 cheeses). Enzyme cocktails consisted of lipase and bacterial protease (BP cheeses), lipase and fungal protease
(FP cheeses), or lipase and Flavourzyme (ZP cheeses). The resulting cheeses were chemically, rheologically, and organ-
oleptically evaluated during 3 months of ripening aC8 Levels of free fatty acids and appearance of bitter and astrin-
gent peptides were measured. Certain enzyme treatments (BP and ZP) resulted in cheeses with more mature texture and
higher flavor intensity in a shorter time compared with control cheeses. No bitterness defect was detected except in
90-day-old FP cheese. A full-aged Cheddar flavor was developed in Z3 and ZP cheeses, while BP treatment led to
strong typical Cheddar flavor by the second month and no off-flavor was exhibited when ripening was extended for a
further month Haynes et al., 1992; Kheadr et al., 2002, 2003

13.3.10 Encapsulation of Maillard Browning Reagent in Liposomes

The Maillard reaction or browning reaction can be defined generally as the action of amino acids and proteins on sugars.
The carbohydrate must be a reducing sugar, because a free carbonyl group is necessary for such a chemical reaction. The
reaction proceeds with the eventual formation of melanoidins, which are brown-colored polymers. The rate and extent of
the browning reaction is influenced by a number of factors such as the particular amino acid or protein, the carbohydrate,
and the presence of lipids. Different foods react at different rates and do not brown to the same extent.

Microwave cooking is one of the most desirable methods for cooking. One of the disadvantages of microwave cook-
ing unlike oven cooking is the inability to produce the highly desirable brown color on the surface of the food. The
brown color is particularly desirable on meats, breads, and pastries. Microwave cooking does not raise the surface tem-
perature of the food to a high enough temperature for a period of time long enough to brown the food.

Temperature-sensitive liposomes can easily leak their content upon exposure to heat and this trigger release property
of liposomes was used to develop a microwave-activated browning composition. A basic amino acid such as lysine is
encapsulated inside the liposomes. A reducing sugar containing a free carbonyl group is outside the liposomes.
Liposomes release their content upon exposure to heat/microwave. Lysine reacts with sugar and provides Maillard
browning products.

In the Maillard reaction, the basic amino group is consumed, and so the initial pH of the system has an important
effect on the rate of the reaction. The browning reaction slows down as the environment becomes more acidic and the
pH decreases, and therefore the reaction tends to be self-inhibitory as it proceeds. To maintain proper pH, a buffer can
be added to the system. The pH of the food is dependent in part on the concentration of the amino acid and the amount
of moisture in the food. When a large amount of water is present, most of the browning occurs by caramelization of
sugars. At lower water levels and at pH levels greater than about 6, the Maillard reaction is the predominant cause of
browning Haynes et al., 1992

13.4 CONCLUSION

As shown in this chapter, the research prospects of liposomes in the food industry are boundless. They can be employed
to solve any number of issues such as taste (i.e., encapsulation of flavor), texture, protection of sensitive active agents
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(i.e., nisin, vitamin C), as a way to improve solubility in the ripening process, and as a tool to deliver protective agents
such as antimicrobials.

However, even though the number of uses for liposomes is vast, and they have proven to work within the research
laboratories, to date, commercialization and the complications that they cause have crippled the evolution of the use of
liposomes in the food and neutraceutical industries. A wide range of problems need to be addressed in order for lipo-
somes to be utilized fully within these industries, such as stability and chemical degradation in the form of hydrolysis,
oxidation, aggregation, and fusion. Furthermore, solutions to increase shelf-life fallbacks such as temperature, buffer
pH, size, and color all need to be addressed.

Looking to the future, liposomologists will have to concentrate on developing strategies to overcome the commercial
barriers that have plagued the food, beverage, and neutraceutical industries, such as time, cost, chemical degradation,
packaging, and shelf-life. Once these barriers are crossed the true extent and the degree of utilization of liposomes in
these industries will be limitless. Therefore, future research has to focus on the production of the lipid vesicles through
safe, reliable, scalable, and cost-effective methods.

The newly commercialized Curcusomeattempts to avoid these pitfalls by forming a freeze-dried proliposome that
is packaged into powder release caps; only time will tell if this method will prove to be a stepping stone for the intro-
duction of liposomes in the large-scale manufacturing needed to be successful in the food and beverage industries.
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Chapter 14

Nanoencapsulation in the Food Industry:
Technology of the Future
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14.1 INTRODUCTION

The term nanoencapsulation describes the application of encapsulation on the nanometer scale with films, layers, cover-
ings, or simply microdispersion. The encapsulation layer is clearly of nanometer scale forming a protective layer on the
food or flavor molecules/ingredients. Often the active ingredient is in the molecule or nanoscale state. The major benefit
is the homogeneity it imparts, leading to better encapsulation efficiency as well as physical and chemical properties.
For the purposes of definition in this chapter, the scale considered for nanoencapsulation ranges from 0.1 nanometers to
1 micron (1000 nanometers). For the purposes of reference, a molecular dispersion of a true solution has a scale of 1 to
10 angstroms (i.e., 0.01 to 0.1 nanometers).

14.2 TECHNOLOGY ADVANTAGES

The major benefits of nanotechnology for food ingredient microencapsulationGareir(, 2004; Madene et al., 2006;
Weiss et al., 2006

An increase in surface area may lead to improvement in bioavailability of flavors and food ingredients: This is espe-
cially important for flavor ingredients that have low solubility and/or low flavor and odor detection thresholds.
Improvement in solubility of poorly water soluble ingredients: For example, omega-3 fish oil solubilization using a
micelle-based system.

Optically transparent (important in beverage application): Nanoemulsions and microemulsions that have oil droplet
sizes of less than 100 nm are optically transparent.

Higher ingredient retention during processing (volatile organic carbon (VOC) reduction) during spray drying.

Closer to true molecular solution (homogeneity in system properties such as density): For example, molecular inclu-
sion complexes based on amylose and cyclodextrins.

Higher activity levels of encapsulated ingredient, e.g., antimicrobials in nanoemulsion/microemulsion forms.

There are numerous examples of nanoencapsulates in nature such as casein micelles, il@ilkr(), mitochon-
dria (500 10,000 nm), and viruses (100 nm). Nanotechnology in the food industry, including nanoencapsulation-
related review papers, has been extensively published in recent yéaesh{rajan and Jayas, 2011; Cushena et al.,
2012; Nazzaro et al., 20).2In this review, the current status of nanoencapsulation as applied to the food industry will
be presented with an emphasis on practical applications that have been in the commercial arena.

14.3 CLASSIFICATION OF NANOENCAPSULATED SYSTEMS

The nanoencapsulated systems are divided into ligliéphid, solid liquid, and solid solid systems. Nanoparticles can
be formed by two mechanisms. The first method is by size reduction from larger micron size particles to nanopatrticles

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00014-5
© 2014 Elsevier Inc. All rights reserved. 151
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(top-down approach), e.g., micronization, high-pressure homogenization, or by some other means with high energy
density input. The second method is formation of nanoparticles by particle formation through some form of precipita-
tion or coacervation processes (bottom-up approach). By proper control and understanding of these processes, appropri-
ate nanoparticle-based encapsulates can be prepared.

14.4 LIQUID LIQUID SYSTEMS

In the liquid liquid system, which is mostly applicable to food beverages and drinks, intimate mixing of oil and water
phases is critical. For example, in food ingredients such as flavors, omega-3 oils, and other essential lipophilic media,
where the ingredient has very low water solubility, i.e., solubility in water is less than 0.1 to 1 mg/ml, food scientists
use nanoemulsion processes to create an intimate emulsion. The basic properties food scientists need to consider before
choosing a proper system for solubilization are saturation solubility of active ingredient in water and oil phases, parti-
tion coefficient, flavor/food taste threshold, flavor/food aroma/odor threshold, and appropriate dose loading require-
ments for nutraceuticals such as omega-3 fish oil. The definitions for these properties are as follows.

Partition coefficientis the ratio of saturation solubility of the unionized form of the flavor or food active molecule
in the oil phase and the water phase. The saturation solubility in the oil phase is measured with octanol as a model
solvent representing the oil phase. The partition coefficient is also called the octaatdr partition coefficient and is
a measure of lipophilicity.

Saturation Solubility of Solute in Octanol
turation Solubility in Watedun-ionized fornp

IOg F’octanohNater5 IOg Sa

Flavor/food taste thresholis the minimum concentration at which taste sensitivity to a particular flavor and food
ingredient can be perceived by a human. It is imperative to choose the appropriate solubilization system, such that the
solubilized concentration of the flavor and food ingredient is above the flavor and taste threshold for product
likeability.

Flavor, aroma or odor thresholds the lowest concentration of the molecule that is detected and perceived by the
human nose. The solubilized concentration of flavor or food ingredient must be above the aroma or odor threshold to
be effective.

The main liquid liquid systems that are commonly used for solubilization are wiiter emulsion-based systems.
These are illustrated iRigures 14.1 and 14.(Chen et al., 2006

Table 14.1describes the salient features of these common nanoparticulate liggiid systems. For these
oil water-based two-phase systems to be stable, a surfactant needs to be added. Surfactant reduces the interfacial
tension between the oil and the water phase, thereby stabilizing the oil droplets and preventing them from agglo-
merating.Box 14.1describes the list of possible flavor and food ingredients with low water solubility which may bene-
fit by using emulsion-based nanoparticulate liquldjuid systems in food product formulations.

A B C D

FIGURE 14.1 Typical nanoparticulate liquidliquid systems. A: Microemulsion; B: Liposome; C: Nanoemulsion; D: Biopolymeric nanoparticle
(with shell core structure).

14.5 MICROEMULSIONS

Microemulsions consist of oil, water, and an amphiphile (surfactant). Water is a continuous phase. The surfactant typically
forms micelles above its critical micelle concentration (CMC). The inside of the micelle is a lipophilic/hydrophobic region
where typically oil-soluble flavor/food ingredient can be solubilized. Typical micelle size is of the order 50 Bm.
Micelles are optically transparent and have a limited capacity for solubilizing flavor/food ingredients. They are thermo-
dynamically stable@aonkar and Bagwe, 2003
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Bicontinuous cubic

structure
Cubosome
Inverted hexagonal
structure
Hexosome

FIGURE 14.2 Other nanoparticulate structures: cubosomes and hexosomes.

TABLE 14.1Typical Emulsion-Based Nanoparticulate Liquid Liquid Systems

Name Particle Diameter Thermodynamic Appearance Surfactant to
Stability Oil Ratio
Emulsion 0.1 100 microns No Opaque , 1:10
Liposome 100 nm 0.1 microns Yes Clear/cloudy N/A
Microemulsion 5 50 nm Yes Clear/cloudy .11
Nanoemulsion 10 100 nm No Clear/cloudy 1:1

Example

Milk

Liposomal CoQ10
enzyme

NutraLease Technology
Products

High-pressure
homogenized emulsions

Box14.1 List of Flavor and Food Ingredients with Low Water Solubility Which May Benefit by Using
Emulsion-Based Nanoparticulate Liquid Liquid Systems for New Products

Alpha-lipoic acid

Omega-3 fish oil from fish and algae

Alpha-tocopherol (Vitamin E) Orange

Ascorbic acid Mint

Astaxanthin Phytosterols
Benzoic acid Rice bran oil
Beta-carotene Rosemary extract
Citric acid Sorbic acid
Coenzyme Q10 Vitamin A acetate and palmitate
Flavor oils Vitamin B
Flaxseed oil Vitamin D
Gamma-tocopherol (Vitamin E) Vitamin D3
Isofavone Vitamin E

Lutein Vitamin K
Lycopene Vitamin A
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In beverage applications, AQUANOVA AG has launched polysorbate (Tween) surfactant-based micelle-based
solubilization technology for food and nutraceutical applicatioBsh(nam, 200yt Zymes LLC (ttp://zymeslic.com/
science/omega-B/has developed a polyoxyethanytocopheryl sebacate (PTS)-based micelle-driven solubilization
system for omega-3 fish oil. Vitamin E TPGS NF, dtocopheryl polyethylene glycol 1000 succinate, from Eastman
Chemicals, can also be used as a solubilizer of flavors and nutraceuticals for beverage appliCatitn2(03.

In the area of self-emulsifying systems, NutraLease Ltd. offers a self-emulsifying composition for solubilization of
flavors and nutraceuticalss@rti et al., 200). This system is micelle based and self-emulsifies when ingredients are
mixed. It is useful for solubilizing lipophilic flavors/food ingredients such as omega-3 fish oil, vitamins, nutraceuticals,
phytosterols, flavors, and others.

Micelle-based systems are relatively easy to produce. Initially, surfactant is dissolved in water with a concentration
just above its CMC. Once the surfactant dissolution is complete, food ingredient/flavor is added to the solution for
solubilization. Research will need to find the optimum time required for complete dissolution by using design of experi-
ments. After the dissolution is completed, the solution is filtered to remove any undissolved food ingredient/flavor.
Some examples of vitamin E-TPGS-based solubilization are given in an Eastman patent applicatimrkpg004

14.6 NANOEMULSIONS

Nanoemulsions are oilwater emulsions with water as a continuous phase. The oil droplet sizes are typically less than
100 nm. The droplets are kinetically stable and need high energy input to obtain nanoemulsion. They do not form
spontaneously. Major benefits of a nanoemulsion-based systeriMaea(| et al., 2006

Higher surface area: much larger surface area to volume ratio. Useful for improving taste perception for poorly
water-soluble flavors/ingredients (improvement in bioavailability).

Optically clear: applicable in beverages.

Reduction in viscosity.

Reduced amount of surfactant required.

Nanoemulsions are made by the use of high-pressure homogenization and/or high-shear mixing. The oil/water/
surfactant/ingredient slurry is forced through a micron size piston-gap under high pressure to create cavitation and
turbulence leading to particle size reduction. For nanoemulsions, high pressures of the order of 10,000 to 20,000 psi
are used.

Huang et al. (2010jecently reported use of nanoemulsions for solubilization of phytochemicals such as curcumin,
resveratrol, and carotenoids such as lycopenggrotene, lutein, and zeaxanthin. They also reported that these formula-
tions may help in improving bioavailability/Veiss et al. (2009eported use of hanoemulsions for the delivery of anti-
microbials. Due to small oil droplet size (high area to volume ratio), antimicrobials such as lysozyme, nisin, and lauric
arginate will have a better activity.

14.7 LIPOSOMES

Liposomes are spherical particles with a core sphere containing water and the sphere is coated with a bilayer of lipids.
The lipid bilayer acts as a carrier for lipophilic substances. Liposome particles are good carriers for both hydrophilic
and lipophilic food actives. Liposomes are difficult and expensive to manufactiesé et al., 2000 A detailed
account of liposomes as an encapsulating system is covered in Chapter 13 of this book.

14.8 SOLID LIPID NANOPARTICLES

There are other liquidliquid systems such as solidipid nanopatrticles, double-layer nanocapsules based on layer-by-
layer (LbL) electrostatic deposition (polyelectrolyte complexes), multi-assembled nanocapsule aggregates, and others
(Weiss et al., 2000

14.9 SOLID SOLID SYSTEMS

For solid solid systems containing nanoencapsulates, typically the formulation starts with making a nanoemulsion or a
homogeneous dispersion of the active ingredient with the carrier shell material in a liquid state. Using atomization and/or
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unique nozzle systems, the small droplets or fibers are created, followed by a precipitation step to generate hanoencapsu-
lates Jaworek, 2008 The major benefits of this approach are:

High surface to volume ratio, leading to very high surface area, and improvement in bioavailability of ingredient.
Controlled release of flavor including stimuli responsive, fast dissolve or burst effect.

Unique surface morphology may prove beneficial in improving shelf-life.

Near room temperature process may work well for encapsulation of thermally labile ingredients.

14.10 NANOFIBERS

Electrospun nanofibers are made by dissolving the polymer carrier in an organic solvent/water mixture with the flavor/
functional ingredient to form a suspension/solution. Fibers are made by electrospinning the fiber using a very high DC
voltage of up to 30 kV ffernandez et al., 2009Electronspun nanofibers of zein polymer have been made to encapsu-
late beta-carotene as a protection against light.

Amylose, beta-cyclodextrins, and pea starch can be used for encapsulation of hydrophobic food actives based on
molecular inclusion Conde-Petit et al., 2006; Boursier, 201@& smaller guest (ingredient) molecule fits into and is
surrounded by the host molecule. Examples of host molecules are amylose starch and cyclodextrins. Wacker Chemie
(http://www.wacker.com/cms/en/products-markets/products/product.jsp?pBd2&7y sells beta-cyclodextrin-based
encapsulates including curcumin.

14.11 CONCLUSION

Nanoencapsulation-based systems are relatively few in the food industry due to cost as well as complexity. The nano-
particulate formulations for food and flavor ingredient encapsulation offer distinct benefits such as increase in solubility
leading to higher bioavailability; improved shelf stability; controlled release of active ingredients; and others.
Nanoencapsulation is well established in the beverage segment of the food industry especially with emulsions.
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Chapter 15

Agueous Two-Phase Systems for
Microencapsulation in Food Applications

Anna Millgvist-Fureby
SP Technical Research Institute of Sweden, Stockholm, Sweden

15.1 INTRODUCTION

Biopolymers are very common components in various food systems, and a large group of materials are suitable and reg-
ulatorily accepted for applications in foods. Biopolymers provide many of the functional properties that are desired in
foods, such as thickening, gelation, film formation, and replacement of fat with maintained mouthfeel. By controlling
the behavior of biopolymers and their mixtures and interactions, the food technologist can design the properties of a
food product.

When biopolymers are mixed in water, the biopolymers can phase separate and an aqueous two-phase system
(ATPS) is formed, where water is the solvent in both phases and the phases differ in their composition. Depending on
the properties of the (bio)polymers, different kinds of phase-separated systems can be obtaindl@agizov,
200Q de Kruif and Tuinier, 2001

Co-solubility occurs at low concentration for mixtures of polymers. The compatibility is due to mixing entropy and
excluded volume effects. Co-solubility increases with decreasing excluded volume.

Associative phase separation (coacervati@tcurs when two oppositely charged polymers, e.g., a protein and a
polysaccharide, are mixed and the polysaccharide can adsorb onto the protein. If the polysaccharide concentration is
low, one polysaccharide molecule may bridge two protein molecules to create aggregates, a process called complex
coacervation. These aggregates are surface active and tend to interact with and deposit on hydrophobic surfaces,
such as emulsion droplets. This is used in a classic application of complex coacervation, namely, carbon-free copy-
ing paper, where ink is encapsulated in complex coacervates composed of gelatin and gum arabic.

Segregative phase separation (thermodynamic incompatibiditg)process that is driven by the low entropy of mix-

ing for two polymers in a common solvent, due to the large molecular size and the rigidity of the polymers. The
excluded volume effect also promotes the phase separation process, by generating an attraction between like parti-
cles or polymers due to overlapping depletion zones that do not allow interpenetration by a different polymer (e.g.,
Tolstoguzov, 2000; de Kruif and Tuinier, 2001This process is described by the Floijuggins theory. The ther-
modynamics of phase separating systems in foods were thoroughly reviewedldigguzov (2000, 2003and de

Kruif and Tuinier (2001) Phase separation can occur for pairs of charged (e.g., a protein and a polysaccharide),
uncharged (e.g., dextran and modified cellulose), or one charged and one neutral polymer (e.g., protein and malto-
dextrin), depending on the pH and ionic strength. Phase separation is not complete; one phase in the ATPS will be
enriched in one of the components while the other phase is enriched in the other component.

The phase separating system can be described in a phase diagrafigiseel15.1 By convention, the polymer
dominating the lower phase is on tieaxis and the polymer dominating the upper phase is orythgis. In the area
above the phase separation line (the binodal), the system will phase separate to create two phases in equilibrium with
the compositions that are found at either end of the tie line @Bin Figure 15.). The relative phase volumes can be
calculated from the distance from the mixing point (A) to the points describing the two different phases (B and C) using

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00015-7
© 2014 Elsevier Inc. All rights reserved. 157
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Polymer 2

C

Polymer 1

FIGURE 15.1 Schematic phase diagram for a phase separating system composed of polymers 1 and 2. The solid line is the binodal, and point A
represents a mixture that phase separates into two phases of different composition, B and C. The dashed line BAC is called a tie line. Point D is the
critical point.

the inverse lever rule. The locations of the binodal and the tie lines for a given pair of polymers are affected by the tem-
perature, pH (for charged polymers), the ionic strength, and the molecular weight of the polymers.

An ATPS can also be formed by a salt and a polymer, usually sodium phosphate and polyethylene glycol (PEG), as
first described byAlbertsson (196Q)This type of system has been used, for example, for purification of organelles in
biotechnology applications.

The interfacial tension in an ATPS is very low, thus having a minimal tendency to denature proteins, and water is
the solvent in both phases, hence providing very mild conditions. Due to low interfacial tension (between 0.0001 and
0.1 mN/m compared with 120 mN/m for conventional waterorganic interfaces) between the polymer phases, adsorp-
tion of surface active materials (e.g., protein) at the liquiduid interfaces is less likely to occuf=0rciniti et al.,

1990. The low interfacial tension further implies that only a low level of energy is required to obtain and maintain an
emulsion structure in the ATPS.

Low-molecular-weight solutes have a tendency to distribute evenly between the phases, while macromolecules,
cells, cell organelles, etc. often partition preferentially to one of the two phases. The patrtitioning is directed by the
surface properties of the partitioning materi@aélavsky, 1995 Molecules are partitioned in an ATPS according to
their size and surface properties. Thus, for relatively large molecules such as proteins, the partitioning is governed
mainly by the surface properties, i.e., hydrophobicity and charge. The partitioning of a solute is described by the parti-
tioning coefficient K:

Ctop

K5
Cbottom

whereCiqp, is the concentration of the solute in the top phase @ggkomis the concentration of the solute in the bottom
phase.

ATPSs have been used for a variety of different applications, such as in analytical applicationsa@aysky, 1995
bioseparation (e.g.Rosa et al., 2010; Asenjo and Andrews, 2))lgxtractive biotransformation processes (eBpnik
et al., 2003, and structuring in foods (e.g//olf et al., 2000. In food applications, it is also of interest to encapsulate fla-
vors, fragrances, nutraceuticals, and supply taste masking, and encapsulate bioactive peptides, proteins, and probiotics. All
these different active ingredients have different properties and demand different encapsulation systems to give the desired
performance. The encapsulation capacity is as important as the control of the release profile and release conditions. This
chapter will describe the use of the ATPS for microencapsulation in food systems in different ways.

15.2 ENCAPSULATION IN FILMS, GELS, AND DISPERSED GEL PARTICLES

Microencapsulation in different films and gels has been studied by several authors. Films are used in, for example, food
packaging, where there may be an interest in controlling the release of preservatives, etc.

Multiple emulsions have attracted interest as delivery systems and a means to reduce fat in foods without sacrificing
the organoleptic properties. Water-in-oil-in-water (W/O/W) emulsions have been explored for this purpose, and the
difficulty of stabilizing the water-in-oil (W/O) emulsion is a bottleneck in the development of these systems in food
applications. When a biopolymer-stabilized emulsion is mixed with a phase separating mixture of biopolymers, an oil-in-
water-in-water (O/W/W) multiple emulsion can be formed due to the thermodynamics of the sy&tenat al. (2006)
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studied a system composed of whey protein-stabilized vegetable oil emulsion that was mixed with heat-denatured whey
protein and pectin at such concentration that a phase separating system was created. The phase diagram is quite skewed,
so that the pectin concentration is substantially lower that the protein concentration to achieve phase separation. The heat-
denatured whey protein isolate (HD-WPI) is present as protein aggregates, i.e., it appears as larger molecules than in the
native whey protein, and hence phase separation occurs at lower protein concentration. In order to prepare O/W/W emul-
sions of vegetable oil, an ATPS of HD-WPI and pectin was prepared, the phases separated, and then mixed back with an
WPI-stabilized vegetable oil emulsion. The resulting O/W/W emulsions were structured so that the emulsion resided in the
protein-rich phase, which could be dispersed in the pectin-rich phase. The system tends to macroscopic phase separation
over a period of 24 h, and thus the authors pointed out the need for a method to stabilize the HD-WPI droplets with the
included oil phase in order to find applications for this type of system.

In a later study from the same grougatalanis et al. (2012pefined this system using pectin and caseinate to encap-
sulate fish oil with the purpose to improve the oxidation stability of the emulsified fish oil. The microcapsules were pro-
duced by first preparing an ATPS of caseinate and pectin and separating the two phases. The pectin-rich phase (90% by
volume) was then mixed with the caseinate-rich phase (5%) and fish oil emulsion stabilized by caseinate (5%), so that
the final oil concentration was 1%. By stirring and reducing the pH from 7 to 5, pectin was adsorbed onto casein and
hydrogel particles were formed, in effect an O/W/W emulsion. The particles were then stabilized by adding transgluta-
minase to crosslink casein covalently, and the final size of the microcapsules was arpomih 8iameter. The oxida-
tion stability was substantially enhanced compared to fish oil in conventional emulsions stabilized by Tween, and had
similar stability to a caseinate-stabilized emulsion. The authors claim that the main stabilizing effect arises from the
antioxidative properties of food proteins. There may, however, be benefits of pectin in the system for the purpose of
controlling release in the mouth, stomach, or intestine, although this was not explored in this paper. An issue in practi-
cal applications may be the low oil content in the final system (1% oil). The same group has refined the production
method and reduced the number of processing stépsalanis and McClements (201Bvestigated effects of the order
of mixing and increased the oil content in the microparticles. It was found that the emulsion should be prepared prior to
making up the ATPS in order to encapsulate the oil efficiently, and that the oil content could be increased substantially.
Interestingly, it was possible to density match the hydrogel particles to water, so that sedimentation of the hydrogel
particles was very slow.

15.3 ENCAPSULATION IN PARTICULATE SYSTEMS
15.3.1 Spray-Dried Particles

In the introduction, it was mentioned that a W/W emulsion is easily formed in an ATPS due to the low interfacial ten-
sion. It can be expected that the phase separation occurring in the ATPS in the liquid state is preserved during rapid
drying, such as spray drying, by kinetically arresting the phase separation that ultimately tends to macroscopic phase
separation. In spray drying, it may be anticipated that encapsulation of polymer droplets containing the active ingredient
will reduce the level of interaction with the aitiquid interface and the contact with the external particle surface in the
dried powder. For application of the ATPS in spray drying, some constraints exist: (1) the polymers must form an
ATPS at reasonably low polymer concentrations so that the viscosity of the ATPS can be kept sufficiently low to allow
spray drying, (2) polymers that exhibit extensional viscosity may cause practical difficulties with respect to powder pro-
duction and powder structure, (3) the glass transition temperafygye{ the polymers must not be too low, and (4) the
active ingredient should preferentially partition to one of the phases.

15.3.1.1 Spray-Dried ATPS for Enzyme Encapsulation

The purpose of using an ATPS as carrier in spray drying is to achieve encapsulation of the protein in the powder for
controlled release and protect it from interaction with the spray-droplet surface during the drying process, which may
cause structural damage to the protein, and thus activity loss in the case of bioactive proteins. It has been shown that
proteins accumulate at the powder surface, and this can cause loss of adtiVityiét-Fureby et al., 1990 The sur-

face denaturation of the protein can be reduced by adding surfactdiitsv(st-Fureby et al., 199por surface active
polymers Elversson and Millgvist-Fureby, 20p6However, these techniques do not allow for control of the release of

the protein, but this may be accomplished using ATPS formulations. A prerequisite for successful encapsulation of the
protein in the dispersed phase of the ATPS is that the protein partitions strongly to this phase. The polymer pair must
be chosen to suit the protein that is to be encapsulated in terms of protein stability and partitioning behavior. The parti-
tioning can be improved in several ways (pH changes, salt additions, covalent modifications of the target protein,
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FIGURE 15.2 (a) Surface composition and (b) secondary structure of BSA in spray-dried Beé#ran ATPS, and (c) secondary structure of BSA
in reconstituted ATPS.

polymer choice, etc.), but the efficiency of these additives/changes in the phase system varidslfargsson et al.,
1996; Delgado et al., 1997When choosing the phase-forming polymers, attention must also be paid to the suitability
of the polymers for spray drying.

As model protein for microencapsulation in spray-dried ATPSs, bovine serum albumin (BSA) was used in a polyvi-
nyl alcohol (PVA) dextran system, where the protein preferentially partitions to the dextran-rich phiasesgcon and
Millgvist-Fureby, 2009. If the protein concentration is too high (above a few weight percent), the ATPS is altered since
protein is also a macromolecule in the system, and the partitioning of BSA becomes less favorable for the dextran-rich
phase. This is due to BSA being a charged polymer, which then favors more equal distribution between the two phases.
This effect could possibly have been reduced by increasing the ionic strength of the system. When thdeRivan
system with BSA was spray dried and the particles were analyzed for surface composition, it was found that the surface
tended to be dominated by PVA, and also when the dextran-rich phase was the continuou$phaselb.2y This is
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FIGURE 15.3 Partitioning of lysozyme and trypsin in ATPS with different polymers. All systems contain 100 mM NaCl@ systems consisted
of 3% of each polymer, and 5% of protein in solids (i.e., 0.3% in solution). Light gray bars: trypsin; black bars: lysozyme.

due to the presence of surface active PVA in the dextran-rich phase, and already at low concentrations PVA is adsorbed
at the air water interface of the drying droplets. The protein coverage of the powder surface is very low, and surface-
induced denaturation is avoided. The protein secondary structure was analyzed using Fourier transform infrared spec-
troscopy and the second derivative of the spectriiguie 15.2p. The dried samples had clearly partly lost thénelix

structure, while it was recovered after reconstitutiéig(ire 15.2.

Lysozyme is a much smaller protein than BSA, is compact, and has a higher isoelectric pbiritl 3, compared
to BSA, pl5 4.7, and therefore lysozyme is an interesting candidate for comparison to BSA. In addition, lysozyme is
an enzyme and the preservation of its structure after drying and reconstitution can be measured as the retention of its
initial enzymatic activity. The partitioning of lysozyme in PVAdextran was poor, and therefore three hydrophobically
modified celluloses (hydroxypropyl methylcellulose (HPMC), hydroxypropyl cellulose (HPC), and methyl cellulose
(MeC)) and a modified starch (hydroxypropyl starch, HPS) were used in addition to dextran. The modified celluloses
may be considered more hydrophobic than PVA, and may thus influence the partitioning of lysozyme. The surface
charge of lysozyme can be altered by a shift in pH as well as affected by addition of salt, especially chaotropic salts.
Furthermore, hydrophobic patches at the protein interface may interact with hydrophobic ions such as triethylammo-
nium phosphate (TEAF) such that a positive charge is “added” to the protein, which then could be experienced as being
more hydrophilic. It is known that hydrophobic anions (e.g., £Dhave a tendency to move a positively charged pro-
tein to the more hydrophobic phaseu(et al., 1995; Johansson et al., 199%hile hydrophilic anions, such as TEAF,
act in the opposite way.

Sodium perchlorate was explored for its ability to enhance the partition of lysozyme in six different polymer systems
as shown inFigure 15.3 For lysozyme, there are two systems that exhibit a fairly good partitioning of the protein,
HPMC/dextran and HPC/HPS.

Two ATPS were chosen as the matrix for spray drying of lysozyme, HPMC/dextran, and HPC/HPS. For compari-
son, lysozyme was spray dried in lactose at the same solids content. The residual activity after spray drying in the dif-
ferent matrices was high for all powders, including the one with lactdsélé 15.). There may also be a connection
to the low surface coverage of protein in the ATPS-based powdeisl€ 15.). In this sense, there is a dramatic differ-
ence between the powder based on ATPS, which has a protein surface coverage of 5%, and the lactose-based powder
with about 52% protein on the surface. Calculations indicate that the surface is dominated by the most surface active
(and hydrophobic) polymer, irrespective of the continuous phase, as in the case of PVA, polyvinylpyrrolidone (PVP),
and HPMC in other application$/(liqvist-Fureby et al., 2000; Elversson and Millgvist-Fureby, 2005, 2006

15.3.1.2 Encapsulation of Probiotics in ATPS

It is well known that both cells and organelles can partition strongly in an ATPS (&ligertsson 1960; Hatti-Kaul,

2001, and the possibility was investigated to utilize the partitioning of cells in spray drying of bacteria with the objec-
tive of increasing the stability of the cells. When dry forms of bacteria are created, freeze drying is the most commonly
used technique, although spray drying is used in some cases. Probiotic bacteria and strains used in the dairy industry
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TABLE 15.1The Residual Activity of Lysozyme after Spray Drying in Different ATPS or Lactose as
Compared to Untreated Lysozyme. Polymers were used in 50/50 Ratio

Matrix Residual Activity (%) Protein Coverage (%)
HPMC/dextran 97 5

HPC/HPS 89 5

Lactose 82 52

are of interest to supply in dried form, if the shelf-life can be increased, and if the drying process is more economical
than freeze drying. Availability of dried bacteria also enables the creation of new products such as probiotic capsules
and tablets, follow-on formula with added probiotics, as well as foods and snacks with added probiotic bacteria in dry
or semidry products with long shelf-life. Microencapsulation of probiotics is covered in Chapter 36, and here only
microencapsulation of probiotics in spray-dried ATPS is reviewed.

15.3.1.3 PVP Dextran Conceptual Study

The concept of an ATPS for stabilizing bacteria in spray drying was first investigated using an established ATPS that,
however, was not made up of food-grade polymers. The system consisted of PVP and dextran, which form an ATPS at
low polymer concentrations if the molecular weight of the polymers is lakgi@dvist-Fureby et al., 1999 The bacte-

rium studied wasEnterococcus faeciuriM74, a lactococcus with probiotic properties. The bacteria were found parti-
tioned completely to the dextran-rich phase; it would then be anticipated that the bacteria can achieve a double
encapsulation after spray drying, provided that the dextran-rich phase is dispersed in the PVP-rictEpFeesgum

was formulated in a series of PVRextran ratios and spray dried, and the survival rate was determined immediately
after drying and after storage at room temperature under dry conditions§;igee 15.4 The survival rate was highest

at 40 60 PVP dextran ratio (w/w), indicating that the best conditions were close to the phase inversion region (around
40 45% PVP in the system at 8% total polymer content).

15.3.1.4 Polysaccharide-Based Systems

In order to improve the system for applications, the non-food system usedBwifaeciumwas replaced by pro-

tein polysaccharide systems, and two different lactobacilli strathsgeciumand Lactobacillus plantarumwere used

(Elofsson and Millgvist-Fureby, 2001 At first, different neutral biopolymers were tested for their suitability as

encapsulation systems, and methyl cellulodextran was chosen based on the partitioning of the bacteria. The cells

partitioned to the dextran-rich phase in this system. Both strains were spray dried with different ratios of methyl

cellulose dextran, and it was found that the viability and stability was influenced by the composition. In the case of

E. faecium it appears that a methyl cellulose continuous system favored storage stabilityrel 15.), while

L. plantarumexhibited highest stability when dextran was the continuous phase, but still with some methyl cellulose

present coating the particles. Surface chemical analysis of the powders showed that methyl cellulose was the dominat-

ing polymer at the powder surface already when the content of this polymer was at least 25%. This indicates that an

additional coating can be positive for the survival rate of the bacteria. The lack of improvement of the cell stability for

L. plantarumin the double encapsulated system may be due to a very high cell density in the dextran-rich phase.
Disaccharides have been found to be particularly advantageous for stabilization of lipostuwmegi(et al., 1996

and proteins Rrestrelski et al., 1993; Mazzobre et al., 1p@uaring freeze drying. Similar results have also been found

for freeze drying of bacteriaLgslie et al., 199% This effect has been attributed to the disaccharides acting as “water

replacers” in hydrogen bonds with the liposomes or proteins in the dried statednter and Crowe, 1989Small

molecules can come in closer contact with the material to be protected than can the polymer components, and thus are

more efficient in this sense. Here, three different disaccharides, lactose, sucrose, and trehalose, as well as sodium

caseinate, were used as additives in the Mdéxtran systemigure 15.6shows that the addition of disaccharides fur-

ther improved the survival rate for both bacteria. There was no notable difference in the effect on survival during the

drying step dependent on which disaccharide, sucrose, lactose, or trehalose was used. However, addition of trehalose

gave significantly better storage properties lof plantarumdried in MeC dextran. Sodium caseinate, on the other
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FIGURE 15.4 (a) Location of the points investigated in the phase diagram. (b) Survival rdfe faleciumafter spray drying\(V) and after storage
at room temperature for 4 weeks (), both compared to viability before drying.

hand, was less efficient than the disaccharides in stabilizing the cells during drying. According to the reasoning above,
sodium caseinate consisting of relatively large polypeptides £g®kDa) would not have the ability to replace water in
the same manner as the disaccharides may do, while all the disaccharides improved the stability of the bacteria.

15.3.1.5 Protein Polysaccharide Systems

Pectin forms an aqueous two-phase system when mixed with reconstituted skim milk powder at neutral pH, due to seg-
regative phase separation caused by the interaction between different polymers being more repulsive than the attractive
interaction between like polymersyrbe et al., 1998 A phase diagram for milk protein and pectin is illustrated in
Figure 15.7(Tolstoguzov, 198% As can be seen from the phase diagram, only a small amount of pectin is needed to
provide a two-phase system. At lower pH but still above the pl of the caseins, phase separation may still occur, but the
mechanism is different: pectin adsorbs to the surface of the casein micelles, causing bridging floccBlatienef al.,

1998. If the pH is still lower (between the pl of the caseins and the pl of pectin), complex coacervation occurs. The
polymer complexes will form a dense phase in equilibrium with a larger phase with low polymer content. Here we used
pH 7, and thus segregative phase separation occurred.

In this systemE. faeciumandL. plantarumpartition to the concentrated protein-rich phase. Two concentrations of
pectin were used, 2% and 3%, whereas the skim milk powder (SMP) concentration was 7.5% as dry substance (corre-
sponding to 2.7% milk protein, the remainder being mainly lactose). This results in a pectin-rich phase 2#th
(3%) pectin and a protein-rich phase with28% (33%) milk protein, according to the phase diagrantigure 15.7
The solutions also contained 0.9% NaCl and approximately EB%aeciumor 0.1%L. plantarum Compared to the
dextran-containing systems previously discussed, the survival rate is increased significantly in this system for both
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FIGURE 15.6 The effect of additives on the survival rate Bf faeciumandL. plantarumin spray-dried powders.

bacteria Figure 15.8. In particular, the viability after storage is exceptionally high, both & 4nd at room tempera-
ture. The two-phase system did not bring any benefits compared to the simple SMP system.

The dissolution time of the SMPpectin systems were, as expected, dependent on the pH of the Thiide( 15.).
Similarly, the dissolution of a control system without pectin was slow at low pH, due to the aggregation of the milk pro-

teins at this pH. This shows that the presence of milk protein is sufficient to provide some gastric protection of the pro-
biotic bacteria.
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TABLE 15.2Dissolution Times for MP/Pectin Powders in Different Fluids

Dissolution E. faecium L. plantarum

Medium . . . . .
SMP/pectin WPCl/pectin SMP SMP/pectin WPC/pectin SMP (min)
(min) (min) (min) (min) (min)

Gl fluid” . 330 40 . 300 . 420 102 . 300

0.1 mM HCI 22 21 36, 14, 30 16, 24

Milli-Q 21 27 12, 25 38, 36 22, 36 13

*2 g NaCl and 7 ml 37% HCl in 1000 ml, pH 1.1.

15.3.2 Core Shell Particles

Core shell microcapsules are a well-known concept for microencapsulation of oils in a hydrocolloid shell (e.g.,
gelatin). The technique is also well developed in the pharmaceutical field. There is equipment available for the prepara-
tion of such microcapsules, and microencapsulated products are available on the market.
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The particles can be formed using different technologies, such as concentric nozzles, where the shell material
encloses the core material in a concentric flow and where droplets are formed typically by vibrations of the nozzle,
induced by, for example, an ultrasonic field. During the fall from the nozzle into a receiving vessel containing a harden-
ing bath, the liquid segment will form a corehell structure spontaneously. Depending on the material, different types
of hardening baths or gelling baths can be used; in the most common case, alginate is gelled with calcium ions or other
divalent ions. For research purposes, microfluidic preparation can also be employed, where concentric tubes allow
for controlled formation of coreshell particles (e.gl.iu et al., 2013. The receiving fluid can be a gelation fluid as for
concentric nozzles or an antisolvent such as an oil. Both techniques mentioned here result in particles with narrow size
distribution. It is also possible to create corghell microparticles using a self-assembly approach based on ATPS. This
technology is still in the research phase and is being explored by several groups.

Ziemecka et al. (2011have developed a research system based on microfluidics for preparation of water-in-water-
in-water droplets of PEGdextran PEG phases. The device contains three different mixing junctions, where first
dextran and PEG solutions are mixed, followed by sheathing in a dextran solution, and finally ejection into a PEG solu-
tion. This system is thus completely free of surfactants, oils, and organic solvents. The authors’ intentions are to use
this system for studies of biological systems such as cells. However, the stability of thesbetecapsules is very
low; within 20 minutes, the PEG core has merged with the continuous PEG phase. In order to use this technology for
the manufacture of coreshell capsules for controlled release, it is expected that the coating layer will need to be gelled
or crosslinked to create a stable shell.

A different approach to formation of coreshell microcapsules based on ATPS was taken by asseal.
(Fransson et al., 2009; Wassen et al., 2012, P0IBeir systems are based on a premixed polymer solution composed
of two polymers in water and where the polymers will be phase separated. Further, at least one of the polymers has
the ability to gel under different conditions. Both gelatimaltodextrin (temperature-induced gelation) and gellan
gum whey protein isolate (pH-induced gelation of preheated WPI) were used in the stidis{on et al., 2009;

Wassea et al., 2013 The microcapsules were created using different dispersion technologies: emulsification by mixing

the premixed polymer solution with a vegetable oil containing polyglycerol ricinoleate (PGPR), and microfluidic drop-

let generation with the same 0il/PGPR combination as the receiving fluid. The droplet size depended on the manufactur-
ing technique, so that emulsification resulted in droplets in the rang808um (Fransson et al., 2009 while
microfluidic manufacturing produced monodispersed droplets in the size rangel60fim (Wassa et al., 201). The

phase separation inside the aqueous droplets was followed in a confocal laser scanning microscope (CLSM), and a dye
was added to color one of the phases. It was observed that the phase separation process was affected by the size of the
droplets, so that in larger droplets (20pum) one of the phases coated the aqueous droplet while smaller droplets

of this phase were dispersed in the other aqueous phase. In small dropBsu), phase separation leading to a

core shell structure was formed, but other phase-separated structures, such as hemispheres of each polymer phase
(janus-like particles), were also observed. In most particles (except the janus particles), one of the phases is coating the
droplet, regardless of droplet size and internal structure, and this is the phase that preferentially wets the interphase
between the aqueous phase and the oil phase. In the case of gelatiodextrin, maltodextrin coats the particles, and

in the case of WPI gellan gum, the droplets are coated by WPI.

The effect of quenching of the phase-separated structure by gelation of the polymer was also investigated as a means
to control the microcapsule morphology. The holding time at a temperature above the gelation temperature strongly
affected the internal structure in the droplets, so that immediate cooling 1© @@ not allow for as extensive a phase
separation as a longer holding time (80 minutes) before cooling to 2Q (Fransson et al., 20091t was shown for the
larger core shell particles produced in a microfluidic device that the polymer type and cooling profile together deter-
mined the internal phase-separated structure in the microcapsules. In this size range, no purajetbséructure par-
ticles were found; instead different internal structures were observed (large phase-separated regions, bicontinuous
structures, small phase-separated region&g<sa et al., 201).

15.3.3 Microspheres Produced in ATPS

The ATPS can easily form water-in-water (W/W) emiolss, and if one of the phases is coagulated in some way,
microcapsules can in principle be formed. This approaak been used to make micrpsales for different purposes
within the field of controlled release. The essential steghis aipproach is the crosslinking or solidification of the dis-
persed phase, and the subsequent washing steps andigadeying step. The intedy of the microspheres may be
difficult to maintain during these process. Chemical crosslinkingas been a predominant appch of solidification
(Yu and Liu, 1994; Dziechciarek et al., 2002; Li et al., 2p08ut non-covalent approacheaying on recrystallization
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(Reslow et al., 200phave also been used. In most cases, microparticles are formed by an emulsification method using
a W/O emulsion, where the oil may be hexane, toluene, tadge oil, or other organic $eents. The particles are
recovered once the solidification is cpteted, and the solvent is usually remed by a washing procedure. The use of
organic solvents makes these processes less attractive tbafiication, although such processes are used for manu-
facture of pharmaceutical products.

A similar approach was used Bynand and Ambarish (201,lywhere ATPS was formed from octenyl succinic acid
starch (OSA-starch) and PEG. The OSA-starch was crosslinked using trisodium trimetaphosphate (TSTP) as the cross-
linker. The OSA-starch solution was mixed with TSTP and NaOH to obtain sufficiently high pH. The solution was
added dropwise to the PEG solution, and particles were obtained after incubation for 8 hour€;aal3blute ethanol
was added and the particles were collected. After washing with deionized water and absolute ethanol, the particles were
dried under vacuum. The particle size was in the range4um, and the particles were smooth and spherical. No
loading or release experiments have been presented for these microparticles.

A very similar methodology was used ly et al. (2012) when their technique to prepare starch microspheres cross-
linked using TSTP in a W/O systeni(et al., 2009 was converted to a W/W system where starch and PEG are the
phase-forming polymerd (et al., 201). Particles produced in the two systems were compared and found to be similar,
albeit with some differences in yield and crosslinking degree. The crosslinking degree was related to the amount of
TSTP as well as to the incubation time. The preparation process for starch microspheres in the W/W system involved
preparation of a stock solution of soluble starch (16%), containing 2% NaOH and 6% TSTP, and a stock solution of
PEG (28 44%, molecular weight 10,000 or 20,000). The stock solutions were mixed in ratio#14:¥ at 30C, and
the mixture was stirred for 6 minutes and then incubated without stirring for at least 30 minutes. The ATPS was diluted
by adding an equal volume of deionized water, and the particles were collected by centrifugation and then washed with
distilled water and absolute ethanol prior to vacuum drying. The particles thus obtained were in the approximate size
range 2 15um, highly spherical, and with a smooth surface. The particles are claimed to be non-porous, based on the
external appearance in scanning electron microscopy. No loading or release experiments have been presented for these
microparticles.

Reslow et al. (2002ylescribed the preparation and properties of starch microspheres in an ATPS composed of starch
and PEG and encapsulating human growth hormone, where the starch was crosslinked by means of non-covalent inter-
actions due to recrystallization of starch. In order to provide sustained release of the peptide, the microspheres were
coated by poly(DL-lactide-co-glycolide) (PLG). This microsphere system (Biosphesas developed for delivery of
peptides and proteins. However, the concept of starch microspheres for controlled delivery could also be extended to
food systems. The production conditions and their effects on the quality and properties of the microspheres have been
studied in detail by Elfstrand et al. (2007a,b). Later, the system was developed further and was used without the PLG
coating for release of BSA and insuliil(strand et al., 2000 The general procedure of preparing these starch micro-
spheres involves preparation of a concentrated starch solution (30% starch by weight) using an acid-hydrolyzed and
mechanically treated starch quality, and preparation of a PEG stock solution (38% by weight). PEG solution is added to
the starch solution, and the mixture is stirred slowly, and then followed by an incubation program with different incuba-
tion times at 6 and 3T. Finally, the starch microspheres are collected by centrifugation, washed with buffer and again
collected by centrifugation, and finally freeze dried. The typical particle size isI0Dum. The microspheres obtained
are porous but swell in water. Some of the crystallinity and order in the starch microspheres is lost during freeze drying.
The release of insulin and BSA in buffer was studieddfstrand et al. (2009)and the time to release 75% of the load
was about 1 hour. The presence of amylase increased the release rate for BSA but had no effect on the release rate of
insulin, indicating that the starch microspheres have large pores that do not hinder the diffusion of insulin. BSA may
have been entrapped to some extent, explaining the higher released fraction in the presence of amylase. The encapsula-
tion efficiency was low for insulin (up to 49%) and higher for BSA. The lower encapsulation efficiency for insulin may
be due to losses during the manufacturing process. This indicates that starch microspheres may be less suitable for con-
trolled release of smaller molecules, unless a coating is applied.

An alternative to starch particles is presented by crosslinked gelatin particles produced in ATPS, as described by
Plichta et al. (1994) and Kong et al. (201The procedures are similar in these papers, although Plichta et al. use form-
aldehyde to crosslink gelatin, while Kong et al. use glutaraldehyde. Gelatin solution was mixed with PVP or PEG
solution to form an ATPS at 6€. An emulsion was formed by vigorous stirring and the gelatin droplets were gelled
by rapid cooling to 5C. After washing in chilled water and collecting the particles by centrifugation at low tempera-
ture, they were dehydrated in isopropyl alcohol, followed by vacuum drying (noncrosslinked particles) or crosslinked
by glutaraldehyde prior to drying. In both cases, spherical particles were obtained in the size rad@qud0 No data
were shown for loading or release from these patrticles.
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15.4 CONCLUSION

Aqueous two-phase systems are interesting from a food science perspective, because phase-separated systems can be
obtained using only water as the solvent and various food-grade polymers. The properties of the ATPS can be used to
aid in the regulation of the rheology of a food material, and also to provide controlled release properties. Several meth-
ods for obtaining microencapsulation using ATPS have been described in this chapter, but so far none of these has
reached the market in full-scale applications. An issue may be that biopolymer hydrogels tend to be permeable to small
molecules, making encapsulation of flavors and nutrients difficult. However, macromolecules such as enzymes, and
indeed probiotics, can be microencapsulated in biopolymer hydrogels to provide controlled release properties. In addi-
tion, coating of the microcapsules may further improve the possibilities of controlling and directing the release of the
encapsulated material.
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Selection of Materials for
Microencapsulation
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BioDelivery Sciences International, Raleigh, North Carolina, USA

16.1 INTRODUCTION

Formulation of food ingredients such as flavors, aromas, vitamins, minerals, spices, carotenoids, essential oils such as
omega-3 and -6 oils, salts, phytochemicals, nutritional supplements, functional enzymes, and coenzymes are microen-
capsulated for various reasons. One key reason is to protect the sensitive active ingredient against oxygen, pressure,
heat, light, and water. Furthermore, protection against oxygen is critical to prevent rancidity or off-tastes that may
develop during oxidation. In different instances, the physical state of the food ingredient needs to be protected. By
physical state one means that the stability of the colloidal or emulsion, or insoluble active, particle dispersion in an
aqueous media needs to be protected. There are also occasions where actives need to be protected by extreme physical
changes in heat, pressure, or pH during the processing of the product.

This chapter focuses on the selection of the matrix material for microencapsulation. For example, using shelf stabil-
ity as a criterion, materials are classified by the governing physical property to provide protection against oxygen, pres-
sure, heat, pH, light, heavy metals, and water. The governing properties in turn can be effectively used to impact taste
masking, aroma masking, color masking, color alteration, dissolution, controlled or triggered release, delayed release,
product stability, component incompatibility, and enhanced processing.

To achieve the design goals, a combination of materials is used to create a suitable balance of the properties.
Figure 16.1demonstrates the interconnected relationship between the different properties that must be balanced for a
successful product development program.

The development of a suitable recipe for the microencapsulated active agent requires several factors including for-
mulation design, material selection, and process selection. In this chapter, we will integrate the formulation design with
material selection for the different microencapsulation processes. The summary of the different processes is described
in Chapter 4, whilePart 3—Chapters 4 through 15—detail the different processes.

16.2 MORPHOLOGICAL DESIGN

The microcapsule morphology is the first step to assess whether a specific application is suitable for a defined structure
by virtue of its design attributes. ligure 16.2 different morphologies are shown.

One must first consider the morphological design since the structure in which the active ingredient is configured
into a microcapsule or microsphere can significantly impact stability and release of the active ingrédignt.16.1
summarizes the comparison of the different morphologies in terms of ability to protect against oxygen, pressure, heat,
light, and water.

16.3 MATERIAL SELECTION

Although any food-grade coating material can be conceptually used as a candidate for the microcapsule shell material,
most commercial microcapsules produced to date utilize a relatively small number of different shell materials. This is

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00016-9
© 2014 Elsevier Inc. All rights reserved. 173
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FIGURE 16.1 Rational design map for microencapsulation-based

. i r velopment.
Suitable Desired product development
formulation controlled
release
Product
appliction
Process,
Product and environmental, and
process long-term product
economics stability
FIGURE 16.2 Microencapsulation morpho-
logies.
Irregular Core shell Polynuclear Insoluble Soluble
shaped microcapsule microcapsule matrix matrix
microcapsule microsphere microsphere

TABLE 16.1Matrix Material-Dependent Impact of Morphology to Provide Enhanced Stability

Protection Irregular-Shaped Core Shell Multi-Nuclear Insoluble Matrix Insoluble Matrix
Against Microcapsule Microcapsule Microcapsules Microsphere Microsphere
Oxygen Fair Good Excellent Fair Poor

Water Fair Good Excellent Fair Poor

Pressure Excellent Poor Fair Good Excellent

Heat Good Fair Good Poor Poor

Light Excellent Good Good Fair Poor

because the shell materials for food products are limited to materials that are approved by the US Food and Drug
Administration (FDA). The database is maintained by the Center for Food Safety and Applied Nutrition (CFSAN) in
the FDA undetEverything Added in Foods in the United Stafes\FUS, January 1998The EAFUS list of substances
contains ingredients added directly to food that the FDA has either approved as food additives or listed or affirmed as
generally recognized as safe (GRAS).

The more than 3000 total substances together comprise an inventory in EAFUS. This list can be fottpd/at
www.accessdata.fda.gov/scripts/fcn/fcnnavigation.cfnreafuslisting The database is continuously updated under
an ongoing program known as the Priority-based Assessment of Food Additives (PAFA). PAFA contains administrative,
chemical, and toxicological information on over 2000 substances directly added to food, including substances regulated
by the FDA as direct, “secondary” direct, color additives, and GRAS.



Selection of Materials for Microencapsulation Chapter | 16 175

FIGURE 16.3 Microencapsulation mate-
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TABLE 16.2Representative Examples of Matrices with Typical Applications

Shell Materials Used to Produce Commercially Significant Microcapsules

Shell Material Regulatory Status Chemical Class Encapsulation Process Applications
Gum arabic Edible Polysaccharide Spray drying Food flavors
Gelatin Edible Protein Spray drying Vitamins
Gelatin gumarabic® Nonedible” Protein polysaccharide Complex coacervation Carbonless paper
complex
Ethylcellulose Edible Cellulose either Wurster process or Oral pharmaceuticals
polymer polymer
incompatibility
Polyurea or Nonedible Cross-linked polymer Interfacial polymerization Agrochemicals and
polyamide in situ polymerization carbonless paper
Aminoplasts Nonedible Cross-linked polymer Carbonless paper,
fragrances, and
adhesives
Maltodextrins Edible Low molecular weight Spray drying and Food flavors
carbohydrate desolvation
Hydrogenated Edible Glycerides Fluidized bed Assorted food

vegetable oils ingredients

2Treated with glutaraldehyde.
bFor intended application, i.e., carbonless paper.

The choice of material suitable for the microencapsulation of the food ingredient is dependent on the physical and
chemical properties of the active agent as described in Chapter 2. However, under most circumstances, it is essential
that the selection of the materials must show three important characteristics:

Excellent barrier properties
Excellent film-forming properties, that is, excellent wettability
Phase transition point at which the matrix undergoes phase transformation.

A schematic approach to material selection in microgscgation formulation can be defined based on the three
above properties. Based on barrier properties, matritemals used in microcapkion can be grouped by hydro-
philic, surfactant phospholipid, and hydropholulass of wall matrix materials, as shownkigure 16.3

To construct an optimal shell material for a given application can be complex, especially since many interacting para-
meters determine the success of a given capsule shell material. Microencapsulation of food ingredients such as flavors,
vitamins, minerals, essential oils, carotenes, salts, or enzymes requires stabilization in the environment in which they are
placed. Furthermore, some of the material class is linked to the process selection and cannot be used in other processes.
Table 16.2ists representative examples of these materials along with typical applications.
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Considering the number and variety of competing factors, the selection of materials can be a daunting task. The best
way to approach this challenge is by asking ourselves a sequence of questions that will narrow our search for the most
suitable materialTable 16.3describes the fact list that defines the targeted product profile, shelf-life, barrier properties
required, and processing challenges that need to be overcome.

Multiple factors must be considered to help narrow the list of matrix polymers, including core material, particle
morphology, particle size, size distribution, production quantities, budget, and process availability. In many cases, the
original microencapsulation development objectives and expectations may need to be adjusted to accommodate a mate-
rial limitation towards stability or microencapsulation processing. For example, microspheres with a large amount of
modified starches may be appropriate to use via the spray drying process and this may be commercially justifiable
when the microencapsulated essential oil along with the citrus powdered drink is stored in a vacuum sealed bag. In
such a case, the modified starch simply serves as a taste-masking matrix component in a microencapsulated form. In
contrast, gelatin-based corshell microcapsules offer a high core loading manufactured by a complex coacervation
process.

The encapsulating matrix or shell material is generally applied as a liquid to permit enrobing of the core material.
The interfacial tension between the core and shell material must favor the wetting of the former by the latter. The shell
material may be a molten coating material, a solution of dissolved shell material, a suspension of shell material and

TABLE 16.3Assessment of Target Product Profile

Product

Target profile

Product shelf-life
Microcapsule size

Release type

Physical state of the
active

Thermodynamic
profile of the active
ingredient

Critical barrier
property

Single versus
multicomponent
active

Critical processability
attribute and
processing limitations

Material type

Critical performance
attribute of the
polymer?

Which class of
hydrophilic polymers
is most suitable?

Options

Property

Description of the formulation objectives

In years
100 nm to 1 mm

Immediate release, controlled release, triggered
release, sustained release

Solid, liquid, emulsion (water-in-oil or oil-in-
water), dispersion

Heat, pressure, and light sensitive?

Oxygen, water

Is the core material one unique molecule or
does it include several components?

Temperature limits? Salt sensitivity? pH
limitation? Mixing time limits? Nitrogen
blanket? Enclosed system or yellow light?

Hydrophilic, hydrophobic, surfactant class

Gel point .
3015C

processing temperature

Carbohydrates, proteins, or celluloses?

List specific polymers

Example

Protect of omega-3 oils in a concentrated powder mix
of orange juice

2 years in finished product at 26 5 C
, 50 um with a non-critical normal distribution

Controlled or triggered past the stomach

Liquid oil

Heat, light sensitive

Oxygen

Including components of essential oils (omega-3,
omega-6)

Minimum thermal energy, i.e., min dT/dt, with nitrogen
blanket. Mixing time during process up to 24 h
incorporated with an inert gas blanket. Microcapsules
will be placed at a pH of 4 5 with presence of salts
when reconstituted

Hydrophilic

Carbohydrates and proteins

Gelatin, carrageenan, modified starches, cyclodextrins
in combinations
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binder, or a composition of multiple dissolved and suspended components. Viscosity must be low enough for the shell
material to flow around the core material. Furthermore, the miscibility of the core and shell material must be minimized
to prevent blending of the two phases prior to solidification of the shell material. While some miscibility between a
shell material solvent and core material is acceptable, the encapsulated product stability and shell integrity will be
degraded if the solidified shell material has some solubility in a liquid core.

Once the core material is surrounded by the shell material, the liquid shell material must be solidified to form the
microcapsule. Solidification mechanisms include solvent evaporation, gelation, freezing, or chemical reactions. Solvent
evaporation is one of the most common shell solidification mechanisms, especially when using water as the solvent.
Shell material is dispersed or dissolved into an aqueous solution, followed by the application of heat to remove the water
once the solution has encapsulated the core material. The resulting precipitation of dissolved solids results in the forma-
tion of a solid shell. Common examples include starch or gum acacia. Other volatile solvents can be used when
appropriate.

Hydrophobic and hydrophilic materials can be distinguished by their solubility in water. It is obvious that hydro-
philic wall materials for microencapsulation are most suitable for hydrophobic active ingredients. Depending on type
and modification of the hydrophilic polymer matrix materials, the rate of dissolution, ability to taste mask, oxygen heat,
and pressure stability would change.

16.4 HYDROPHILIC MATERIALS

All hydrophilic colloidal particles in suspension exhibit a surface charge. Hydrophilic coating materials can be distin-
guished between proteins, gums, and carbohydrates by virtue of their surface charge and can be captured by a measure-
ment calledzeta potential(Hunter, 1981) This measurement is critical for predicting formulation stability and
interactions, and also as a simple method of quality control. The size and concentration of particles are the key para-
meters that determine the zeta potential. In solution, the presence of a net charge on a particle affects the distribution of
ions surrounding it, resulting in an increase in the concentration of counter-ions. The region over which this influence
extends is called thelectrical double layerThis is illustrated inFigure 16.4

As shown inFigure 16.4 the inner region of strongly bound ions is known as 8tern layer The outer layer of
loosely associated ions is called ttigfuse layer At some distance from the particle, there is a boundary beyond which
ions do not move with the particle. The boundary is often termedstipping plane and exists somewhere within the
diffuse layer. It is the potential that exists at the slipping plane that is defined a=thgotential

Zeta potential is crucial in determining the stability of alloidal suspension. If the zeta potential is low, the ten-
dency for flocculation is increased. Ngn all the particles have a large néga or large positive charge, they will
repel each other, and so the suspension will be stable. llnidal chemistry, pH often kkers the chemical potential
of the solution. Therefore, zeta potential is often discussed with respect to gHgune 16.4 a plot of zeta potential
versus pH exhibits aisoelectric point a particular value of solution pH where the net charge on the particlesris
At this point the suspension is highly unstable, and floatioh is at its most likely. The mobility is used in predict-
ing zeta potential, colloidal stability, solubility diffenees, and incompatibilities atifferent pH conditions. When
the value ofu is zero, it means that there is no mobility of the @il under an electric field. In fact, Noerenburg
plotted the electrophoretic mobility, which is defined as the velocity at which a colloid is moving in a 1 V/cm elec-
tric field, with units ofpin pm/s/V/cm as a function of [H ] concentration, a measure of pH to develop the analyti-
cal method to assess zeta potential.

This property is used to assess the net charge of the hydrocolloid. If the net charge of the molecule is negative, that is,
when the molecule is anionic, thevalue will be negative. Hydrocolloids, such as gums, unmaodified starches, cellulose,
pectin, alginates, and carrageenans are anionic hydrophilic materials. Similarly, when the net charge of the molecule is posi-
tive, that is, when the molecule is cationic, thevalue will be positive. Under specific pH conditions, i.e., pH lower than
the isoelectric point, protein becomes cationic. Because of the dual nature of a protein molecule, which means that it exhi-
bits both positive and negative charge at different pH conditions, such polymers are called amphoteric polymers.

16.4.1 Proteins

All proteins are amphoteric in nature. They contain amine (;N&hd a carboxylic acid (-COOH) group within the mol-

ecule. Under strong acidic conditions, the -NHrotonates to form Nkt while the COG picks up a proton to

form -COOH. In contrast, when the pH is alkaline, the protein is negatively charged, because amino groups are present
as -NH, while -COOH deprotonates to form -COO.
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FIGURE 16.4 Concept of zeta potential,

Proteins may be animal or vegetable derived and depending on its derivation, the physical and chemical properties
for microencapsulation are exploited. Examples of vegetable proteins include soy proteins, wheat gluten, zein or corn
protein, and rice-bran protein. Animal-derived proteins include gelatin, fish gelatin, casein, whey, and egg albumin.
Gelatin is one of the most commonly used proteins in the food industry.

The key properties of gelatin, which is exploited for the purposes of microencapsulation, are:

Gel point
Zeta potential, , or electrophoretic mobilityp
Bloom strength.

Typically, at a temperature less than 85 gelatin exhibits gel properties. This is important becauseggigoint of
gelatin is slightly lower than the body temperature in the mouth, which is an important property that can be exploited.
The electrophoretic mobility, is a critical property that maintains electrostatic stability of the colloidal gelatin dro-
plets in suspension. A greatgrvalue allows for greater stability in suspension. This property is exploited to disperse
gelatin over prolonged periods of time. For example, gelatin can be dispersed in an acid medium, and such dispersions
are stable for 1015 days with little or no chemical changes and are suitable for microencapsulation coating purposes
or to maintain colloidal stability of microencapsulated prodiégure 16.5shows significant differences in the isoelec-
tric points between type A and type B gelatin, and differences in whichutlialue remains asymptotic beyond a pH.
By definition, type A gelatin is a porcine skin protein processed in acid, while type B gelatin is bovine bone gelatin



Selection of Materials for Microencapsulation Chapter | 16 179

K2
> N
.Qb Qc?‘o
»
R 4\@®
06
@)
g
=2
<
o LCST
o
5
= UCST
Co,
e*’%
Sﬁ/b K €0
o% Ur,
o(/%
0 Composition 1

FIGURE 16.5 A plot of polymer binary solution phase behavior including both a low solution critical temperature (LCST) and a upper critical solu-
tion temperature (UCST).

processed in an alkaline medium. As depicted, type B gelatin shows an isoelectric point of 5 and at a pH of 6 or greater
the electrophoretic mobility remains unaltered. In contrast, type A gelatin exhibits an isoelectric point of 9. This property
is exploited to develop the process of complex coacervation. In additignye 16.5can be used to define an optimum

pH range of product stability when gelatin-based microencapsulation systems are considered.

Bloom strengtlis a measure of the mechanical properties of gelatin or other gels. The test was originally developed
and patented in 1925 by O.T. Bloom. The test determines the weight (in grams) needed by a probe (hormally with a diam-
eter of 0.5 inches) to deflect the surface of the gel 4 mm without breaking it. The result is expressed in the range of
between 30 and 300 bloom. The higher the Bloom strength the stronger the gel will be. This property is exploited in
microencapsulated systems that warrant hammer milling or pressure-based processing stability.

16.4.2 Carbohydrates

Among the class of hydrophilic matrices used in the field of microencapsulation, carbohydrates are the most commonly
used material. Carbohydrates are classified into four categories: simple sugaosiosaccharidesuch as glucose and
fructose,disaccharidessuch as sucrose and lactoskgosaccharidessuch as maltodextrin and dextrins, apolysac-

charides such as starches and cellulose. While all carbohydrate types can be used as fillers and additives, the longer
chained saccharides are considered suitable as a wall matrix. Polysaccharides are generally considered in this class of
materials. Polysaccharides also include modified starches, where the polysaccharide is structurally and compositionally
modified to offer unique solubility, partitioning, and barrier properties to the active food ingredient.

Monosaccharides and disaccharides offer both low viscosity in solution and an effective means of flavor microen-
capsulation. However, they do not offer ability to emulsify the flavor oils. As a result, smaller amounts of stabilizing
colloids are used in synergyHuang, 2012)By nature of the molecular size, mono- and disaccharides are smaller and
readily fit into the interstitial space to prevent formation of a crystallization or crystalline grain boundary within a poly-
saccharide, which allows for greater stability of the microencapsulated flavor. It is well established that entrapment of
flavor oils in an amorphous state offers greater stability than matrices with crystallinity. Therefore, low-molecular-
weight mono- and disaccharides are often used with polymer material that inherently exhibits crystalline characteristics.
The key properties of carbohydrates that are exploited for the purposes of microencapsulation are:

1. Gel point
2. Lower or upper critical solution temperature.

Note that common carbohydrates that exhipil pointsinclude agar, agarose, carrageenan, pectin, guar gum, and
Konjac , all of which are considered as an alternative option to gelatin. Critical solution temperature is a property of
polymer solution where miscibility is definedtigure 16.5depicts the characteristics of critical solution temperatures.
The lower critical solution temperature (LCST3 the critical temperaturebelow which the components of a mixture
are completely miscible for all compositions. At temperatures below LCST, the system is completely miscible in all
proportions, whereas above LCST partial liquid miscibility occurs. Similarly, upper critical solution temperature
(UCST)is the temperature above which complete miscibility occurs. Certain celluloses such as hydroxypropyl cellulose
show LCST characteristics. At temperatures greater tha@ 4fhe hydroxypropyl cellulose phase separates in solution.
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This property is used both for release and creation of microcapsules. Similarly, methyl cellulose has an LCST between
40 and 50C. At temperatures below the LCST, it is readily soluble in water; above the LCST, it is not soluble, which
has a paradoxical effect whereby heating a saturated solution of methyl cellulose will turn it solid, because the methyl
cellulose will precipitate out.

16.5 HYDROPHOBIC MATERIALS

Hydrophobic coating materials can be distinguished from their hydrophilic counterpart by virtue of water immiscibility
and affinity for oleophilic components such as fats, fatty acid, fatty alcohols, and waxes. A common term for hydropho-
bic materials is lipids. Dependent on the structure and composition, lipids may be either solid or liquid at room temper-
ature. The term oils is usually used to refer to fats that are liquids at normal room temperature, while fats are used for
solids at room temperature. Examples of edible animal fats are lard, fish oil, butter, and whale blubber. These fats are
obtained from milk, meat, or skin. Examples of edible plant fats include peanut, soya bean, sunflower, sesame, coconut,
corn, and olive oil.

From the standpoint of chemical composition, fats are derivatives of fatty acids and glycerol. The properties of any
specific fat molecule depend on the particular fatty acids that constitute it. Different fatty acids are composed of differ-
ent numbers of carbon and hydrogen atoms. Fatty acids with long chains are more susceptible to intermolecular forces
of attraction that raise their melting point. Therefore, a saturated fatty acid with a greater molecular weight has a higher
melting point than a saturated fatty acid with a lower molecular weight. A saturated fatty acid has a higher melting
point than unsaturated fatty acid. Because fats exhibit melting point as a critical property, this property in lipids is most
commonly used for microencapsulation resulting in thermal solidification.

Similarly to thermal solidification induced at temperatures lower than the gel point, microencapsulation in fats is
induced by congealing of the fat at temperatures below their melt point. Common examples include fats, waxes, or
lipids where the melt temperature is above Gdor processing. Lower melting coating materials can be used, but may
require climate controlled storage after formation of the encapsulated products.

16.6 CONCLUSIONS

Several review chapters pertaining to choice of materials for microencapsulation of food ingredients can be found. Starting
from Balassa and Fanger in 197he art of microencapsulation has not changed much over the decadesDErenak
(1988), Risch and Reineccius (199t9 Garti (2008)only a handful of new materials have been added to the user list.
Traditionally, the formation of a microencapsulation requires that there be incompatibility between the shell and the
active so that a coating will exist at the surface of the active ingredient. In most practical cases, the active is somewhat
soluble in matrix. This said, our desire to microencapsulate hydrophobic actives is best achieved by hydrophilic mate-
rial, and, similarly, where a hydrophilic active requires encapsulation, a hydrophobic material should be used as a
matrix or coating material. A wide variety of polysaccharides, proteins, and polymers have been used for wall materials
for microencapsulation, while hydrophobic materials include lipids, waxes, and polymers.
Tzhere are no all-encompassing matrix materials that can apply to the microencapsulation of food ingredients. Each
situation demands a tailor-made solution because of the wide variation in food, storage, the need for different release trig-
gers, and consumption requirements. Regulatory compliance often narrows the selection.
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Chapter 17

Cellulose Polymers in Microencapsulation
of Food Additives

Dave Wallick
The Dow Chemical Company, Midland, Michigan, USA

17.1 INTRODUCTION

Derivatives of cellulose polymers have been known and used for many decades. Cellulose ethers, for instance, have been
commercially available and applied for over 75 years, and have been employed in food microencapsulation applications for
decades. As a class, these polymers provide a variety of useful and unique functional attributes in food products. They find
valuable use in the formulation of, for instance, salad dressings, dietetic foods, fried foods, bakery products, nondairy
whipped toppings, heated convenience foods, extruded and shaped foods, frozen desserts, beverages, and confectionery pro-
ducts. For example, many cellulose ether products possess unique properties that are particularly useful to the food product
formulators and processors. Thermal gelation of cellulosic ethers, for instance, generates a hydrophilic, water-containing
gel, which, when applied as a food coating or batter, limits penetration of oil during frying of items such as potatoes. This
property is also useful in strengthening the structure of baked goods prepared with low-gluten flours. A useful overview of
the application of cellulose ethers in food formulation can be found in Coffey et al. (1995).

This review will focus on applications of cellulose derivatives in microencapsulation of food additives. For this rea-
son, cellulosic polymers with minor roles in food encapsulation (i.e., hydroxyethyl cellulose, HEC; or hydroxyethyl
methylcellulose, HEMC) are not covered in detail here. As well, chitin (N-acetyl-2-aminocelluloses), chitosan, and

-1,4-glucosyl polymers (starches, dextrins, dextrans) are not discussed. This important food polymer class, starch, and
its derivatives will be discussed in greater detail in subsequent chapters.

17.2 PROPERTIES OF CELLULOSIC POLYMERS
17.2.1 General Properties

The production of cellulosic derivatives begins from natural wood or cotton cellulose. Cellulose is a naturally derived,
linear polymer of anhydroglucose with theO-glucopyranosyl structure (séegure 17.).

For preparation of the cellulosics most useful in microencapsulation applications, cellulose is usually derivatized by sub-
stitution of chemical moieties on available hydroxyl groups, resulting in functionalized polymers. The properties of a
specific cellulose derivative depend on the type, distribution, and uniformity of the substituent group. For each

-O-glucopyranosyl ring, there are three hydroxyl groups available for nucleophilic substitution reaction. Thietgeea
of substitution(DS) is used to identify the average number of sites reacted per ring. The maximum value is 3, corresponding
to the number of hydroxyls available for reaction. When side-chain formation is possible, in cases resulting in hydroxy-
lethyl or hydroxypropyl derivatives (i.e., HEC; hydroxypropyl cellulose, HPC; hydroxypropyl methylcellulose, HPMC), for
instance, further reaction of the added side-chain hydroxyl moiety is possible. Thent@demnsubstitution(MS) is used and
the value can exceed 3 (Greminger and Krummel, 1980).

Key examples of the structure of cellulose derivatives include methylcellulose (MC) and hydroxypropyl methyl-
cellulose (HPMC) as shown iRigures 17.2and17.3

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00017-0
© 2014 Elsevier Inc. All rights reserved. 181
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MC and HPMC are two examples of this versatile class of water-soluble hydrocolloid derived from the etherification of
cellulose. MC and HPMC cellulose ethers are polymers having the useful properties of thickening, thermal gelation, surface
activity, film formation, and adhesion. Additionally, to tailor a product for a specific end use, the properties of MC and
HPMC may be modified by changing the polymer molecular weight or the relative amounts of etherifying reagents.

Another cellulose ether, carboxymethylcellulose (CMC, or its sodium salt, sodium carboxymethylcellulose, CMC-Na)
is a water-soluble, anionic, linear polymer, broadly known as cellulose gum in the food industry. It is prepared by substitu-
tion reaction on alkali cellulose, resulting in carboxymethyl substituent groups on the cellulose polymer backbone.
Commercial CMC products have DS values from about 0.4 to about 1.4, with a DS of 0.7 to 0.8 as the most common
grade available. Such a grade has about the same acid strength as acetic acid Kyith about 4.4 (for DS 0.8 product)
(Stelzer and Klug, 1980 Therefore, at pH 7, such a CMC material would be a predominantly deprotonated, ionic
carboxylate anion form, containing very little of the free acid form. Given tKg yalue, useful ratios of deprotonated,
anionically charged form to protonated, uncharged, free acid form can be estimated at any formulation pH value.

Cellulose esters are prepared by esterification of cellulose (i.e., cellulose acetate, CA), cellulose ethers (i.e., hydro-
xypropyl methylcellulose phthalate, HPMCP), or multiple esterifications of cellulose (cellulose acetate phthalate, CAP;
or hydroxypropyl methyl cellulose acetylsuccinate, HPMCAS). Key properties of cellulose esters, and cellulose ethers
as well, are described in the following subsections.

17.2.2 Solubility

The substitution type and level of a particular nonionic cellulose derivative determines to a large extent its aqueous
solubility. Cellulose, though a highly hydroxylated polysaccharide, is swellable but not soluble in water. This is
ascribed to high levels of intramolecular and, to a lesser extent, intermolecular hydrogen bonding between hydroxyl
groups in and between glucopyranosyl rings within a polysaccharide chain and between adjacent polysaccharide chains
in bundled fiber structures of cellulose.
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Many commercially available cellulose ethers, such as MC, HPMC, and CMC, are water-soluble polymers.
Commercial MC products have an average DS ranging from 1.5 to 2.0; commercial HPMC products have an average
DS for methyl group substitution of 0.9 to 1.8 and the MS of hydroxypropy! groups ranges from 0.1 to 1.0. Altering the
amounts of methyl and hydroxypropyl substitution also affects the solubility properties of MC and HPMC cellulose
ethers. Decreasing the level of substituent groups below a DS of 1.4 gives products whose solubility in water decreases.
Increasing the substitution above an MS of 2.0 improves solubility in polar organic solvents.

MC and HPMC possess the rather unusual property of solubility in cold water and insolubility in hot water, so that
when a solution is heated, a three-dimensional gel structure is forgeeder, 1995; Sarkar and Walker, 199By modi-
fying production techniques and by altering the ratios of methyl and hydroxypropyl substitutions, it is possible to produce
products whose thermal gelation temperature ranges from 50 © @22 194 F) and whose gel texture ranges from
firm to rather mushy. Hydroxypropyl cellulose (HPC) also exhibits cold water solubility and thermal gelation. It becomes
insoluble above about 42 and is soluble in a broad range of polar organic liqguidsgmarais and Wint, 1975

Aqueous solubility of ethylcellulose (EC) depends on its degree of ethylation (DS) and also on the distribution of
ethyl substituent groups on the glucopyranosyl rings. EC with DS 0.7 to 1.7 is water soluble and exhibits thermal gela-
tion. Selective synthesis of 3-mor@-ethylcellulose has been reportedoschella et al., 2006 resulting in a positional
isomer not readily found in EC prepared by conventional reaction of ethyl chloride with alkali cellulose. EC from
conventional preparation processes typically possesses about equal proportions of 2- and 6-positional isomers with low
partial DS at position 3Koschella et al., 2006 3-Mono-O-ethylcellulose is soluble in both aprotic-dipolar organic
media and in water, and exhibits thermoreversible gelation at 68.8bout 30C higher than the cloud point tempera-
ture of conventional water-soluble EC.

Ethylcellulose, once described in pharmaceutical formulation as “probably the most widely used water-insoluble
polymer in film coating due to its good film forming properties that enable tough, flexible coatings to be produced”
(Narisawa et al., 1994 is beginning to find application in microencapsulation applications in food. Commercially
representative ethylcellulose, of DS2.0, dissolves in polar organic solvents such as ethanol or ethyl acetate, and in
aqueous-solvent systems (i.e., 85% ethanol-water or higher). Theoretical values for ethylceBolosat interaction
parameters have been calculated for 112 solvents, and such parameters can be used to identify useful solvents or
solvent nonsolvent systems for preparation of microcapsules using coacervatiringon, 1989 Commercial EC
(DS . 2.0) is thermoplastic, softens at 181 flows at 140 to 160C, and can be used for preparation of films by melt
extrusion Koschella et al., 2006 Careful manipulation of EC solubility properties in various solvents has been used to
develop coacervation coating systems. In particular, non solvent addition, emulsion-solvent evaporation, and tempera-
ture reduction-poor solvent methods have been employed to achieve very effective EC coatings in microencapsulation
systems Nixon, 1985; Chemtob et al., 1986; Nixon and Wong, 1990; Sveinsson and Kristmundsdottir, 1992;
Amperiadou and Georgarakis, 1995; Jones and Pearce, 1995; Song et al., 2005; Choudhury and Kagekui9
examples of these coating methods will be indicated describ&aation 17.3Finally, aqueous dispersions of ethylcel-
lulose are sold into the food industry and are used widely in the pharmaceutical industry, but have not generally been
adopted by food formulators for microencapsulation coating applications.

Cellulose esters exhibit quite different solubility profiles than do cellulose ethers. For example, because the phthal-
ate substituent of cellulose acetate phthalate (CAP) is ionizable in solution abov&, t&lpe, this cellulose derivative
is insoluble in acid media at pH 5 or below, but is soluble at pH higher than 6. This profile is generally representative
of the class of cellulose esters, though particul&y, walues for select esters may vary. Such solubility behavior
provides useful cellulose ester coatings for pH-activated release of microencapsulated active ingredients, such as nutri-
ents and vitamins, in the gastrointestinal (Gl) tract.

17.2.3 Thermal Gelation

Cellulose ethers are known to reversibly gel at elevated temperatures, a property that is used to advantage in many
cooking applications. Methylcellulose is commercially available with a methyl substitution (DS) of about 1.6 to 1.9.
Although nonionic, the addition of the methyl ether group to the cellulose backbone gives this gum some unique prop-
erties, such as cold water solubility and thermal gelation. The most common grade of methylcellulose gels between
48 C and 64C (118 F and 147F). Methylcellulose solutions gel and maintain a solid structure as the product tempera-
ture increases. This gelling forces the heat transfer from convection to conduction, which subsequently limits the move-
ment of the product and prevents boiling out of the filling during baking. The thermal gel structure also reduces
moisture loss during heating\{eto and Akins, 201)L This gelling behavior is reversible and reproducible. After cool-

ing, the gel reverts to the original liquefied form, providing suitable product texture and mouthfeel.
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Characterization of the thermal gelation properties, including gel strength, kinetics of gelation, and gel point, has
been investigated for both methylcellulose and hydroxypropyl methylcellul&sekér, 1995; Sarkar and Walker,
1999. Kinetic expressions detailing the influence of concentration, temperature, polymer molecular weight, and substi-
tution patterns (DS for MC and HPMC, and MS, also, for HPMC) on the rate of gelation and on the gel modulus for
both are reportedSarkar, 199h The rate of gelation for methylcellulose was found to be strongly dependent on
concentration, temperature, and methoxyl content, and only marginally dependent on polymer molecular weight. Gel
strength was found to be strongly dependent on concentration, very strongly dependent on methoxyl content, and only
marginally dependent on temperature (above the cloud point) and molecular weight. The rate of gelation of HPMC was
found to be highly dependent (a second power relationship) on the relative degree of methoxyl substitution (DS) com-
pared to the molar substitution (MS) of the hydroxypropyl groups. As with MC, the rate of gelation for HPMC was
highly dependent (a third power relationship) on polymer concentration in solution. Gel strengths of HPMC solutions
increased with an increase in methoxyl DS and a decrease in MS.

Gelation of ethylcellulose in organic solvents (nonsolvents) has been described in éetaihgon, 198p The
impact of DS and of ethyl-substituent positional isomer distribution on both solubility and on thermal gelation has been
described {oschella et al., 2006 Recent work has studied in much more detail the self-association of EC polymer
derivatives necessary for occurrence of thermal gelatitam(et al., 2009

17.2.4 Surface Activity

The surface activity of cellulose derivativeSgble 17.) contributes to key applications, such as emulsion stabilization,
dispersant activity, and film coating integrity. Surface activity modification works in concert with the solution thicken-
ing or viscosity building ability of cellulosics to stabilize aqueous emulsions and dispersed particle solutions.

Surface active water-soluble polymers have long been used as emulsifiers to stabilizatell emulsions in many
food applications. Such polymers have an amphiphilic character, by which they adsorb to and from hydrophilic layers
of the surface of dispersed oil droplets. Studies with surface active HPMC of varying molecular weight (polymer chain
length) were conducted to examine the effect of emulsifier structure on stabilization of silicone oil droplets (about
20 45 pm diameter) in aqueous solutiorldyakawa et al., 1997 The rate of change of droplet size and size distribu-
tion of oil droplets over time was used as a measure of emulsion stability. It was found that the size of oil droplets
increased with increasing molecular weight of HPMC at fixed HPMC concentration, whereas droplet size decreased
with increasing HPMC concentration at constant HPMC molecular weight. Adsorbance of HPMC of varying molecular
weights on silicone oil droplets was found to be constant. Further wédad¢kura et al., 1998indicated that brief
mixing times (10 s) were required to achieve stable emulsions of silicone oil in agueous solutions of HPMC, indicating
efficient formation of stabilized emulsions; increased mixing times reduced the size and the size distribution (narrower
distribution) of the dispersed oil droplets. Overall, though, development of steady-state interfacial tension was found to
be time dependent. Results reported using METHOCEIF50 (weight average MW 70,000 g/mol) and F4M

TABLE 17.1Surface Activity of 1% Aqueous

Solutions

Gum Type Surface Tension (mN/m)
Water (control) 72

Xanthan 69

CMC 68

Na alginate 62

PG alginate 58

MC 53 59

HPMC and HPC 45 55

Source: Wallick (2012).

* METHOCEL is a trademark of The Dow Chemical Company.
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(weight average MW 800,000 g/mol) show that the higher molecular weight sample appeared to be slower in attaining
a steady-state value than did the lower molecular weight sanfjalek@r, 198} Diffusion of polymer molecules to the
interface is believed to control the rate of decrease in interfacial tension, with the larger molecules expected to diffuse
more slowly than the smaller molecules. High internal potential energy barriers for long polymer molecules must be
overcome as the polymer adopts its optimal solution conformation at thevailer interface, leading to attainment of

the optimal interfacial tension. Further examination of the physicochemical process of stabilization of emulsion interfa-
cial layers—diffusion of polymer from the bulk to the interface, followed by polymer adsorption at the interface—can
be found (Wollenweber et al., 2000; Camino et al., 2009

Several other factors have been shown to affect the interfacial tension achieved by MC and HSBM& (198}
Interfacial tension was found to decrease with increase in the total degree of methyl and hydroxypropyl substitution.
Interfacial tension was found to decrease first with increasing temperature, then increase at higher temperature for
samples that gelled or precipitated. Interfacial tension was found to increase slightly with increasing polymer molecular
weight. Solution pH was also found to affect the particle size and the stability of emulsions formed using sunflower oil
and HPMC Camino et al., 2011; Camino and Pilosof, 2D1The lowest interfacial tensions were found for polymers
possessing “blockiness,” or nonuniformity, of substitution along the backbone. Interfacial tension depends not only on
the number of hydrophilic and lipophilic sites in the polymer, but also on their distribution. If the polymer molecules
were a perfect block polymer, with the hydrophilic and lipophilic block lengths large enough to allow the polymer to
orient at the interface such that the blocks would preferentially be in the oil and water phases, the attractive interactions
would be maximized, the entropy state of the polymer would be low, and the interfacial tension would be extremely
low (Sarkar, 198}

Stabilization of emulsions can also be undertaken using blends of cellulose ethers with other additives, such as

-casein or -lactoglobulin protein-MC/HPMC stabilizing system&rpoleya and Wilde, 2005and Emultop lecithin
surfactant-HPC systems$/€zdour et al., 2008 Use, then, of cellulose ethers as emulsion stabilization aids may be
modified (competitive adsorption or synergy, for instance) by other formulation additives and should be explored during
development of microemulsion or spray-dried micro- and nanoencapsulant formulations. Further description can be
found inSection 17.3

The literature reveals growing exploration of novel emulsion stabilization systems based on Pickering emulsions.
Finely divided colloidal particles can be used as emulsifying agents, whereby they partition between oil and water
phases to very effectively reduce interfacial tension. Water-insoluble ethylcellulose particles have been reported
(Melzer et al., 200Bto exhibit such behavior, and may be considered yet another means of using cellulosic polymers
for emulsion stabilization in microencapsulation systems.

Cellulosics have also been used as stabilizers for dispersed solid particle systems, in analogy to the need to maintain
dispersed microencapsulant beads and avoiding agglomeration. Adsorption of nonionic water-soluble cellulose polymers
(HEC, HPC, HPMC) onto a variety of solid substrates was investigdted/ (and Kayes, 1993 demonstrating that
adsorbed cellulosic layers at the soligolution interfaces produced a steric stabilization effect. The magnitude of this
effect was dependent on both the composition (e.g., hydrophobic interaction, between polymer and substrate) and thick-
ness of the adsorbed surface layer. It is likely that the functional groups of both the anhydroglucose and substitution
units on the polymer contribute to the degree of stabilization.

The surface free energy parameters of aqueous-based cellulose ether films (MC, HEC, HPC, HPMC) were deter-
mined using the Lifshitz van der Waals/acidbase approach using data from contact angle measurements of sessile
drops of apolar and polar liquids on cellulose ether cast filmsnér and Oh, 2001 Cellulose ether surfaces were
found to be predominantly electron donating and had abikse surface energy components that accounted for about 5
to 10% of the total surface energy. Rationalization of the results was found to be reasonable on the basis of cellulosic
structure and explained both aqueous solubility and hydrophilicity of cellulose ethers satisfactorily. Surface chemical
characteristics of the cellulosic polymers were found to be consistent with measurements made with cellulose and EC
polymers. Of particular importance to microencapsulation applications, including surface adsorption, coating technol-
ogy, agglomeration, bioadhesion, and wetting effects, are calculations of the work of adhesion of the polymers to a
variety of surfaces demonstrating that the adiése contributions to surface free energy may enhance adhesion of cel-
lulose ethers.

17.2.5 Stability

The cellulose polymer backbone imparts a broad range of chemical and physical stability to cellulosic polymers. For
instance, methylcellulose, as representative of the cellulose ether class, is stable over the pH rangeN3etio Bhd
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Akins, 201). Under more acidic conditions, though, acid-catalyzed hydrolysis on the cellulose backbone results in
polymer chain scission and molecular weight degradation. In the presence of molecular oxygen, base-catalyzed oxida-
tion takes place at high pH values and also leads to a decrease in polymer molecular ®&ght,(1975. Acid-stable
cellulose esters, on the other hand, de-esterify and dissolve under neutral physiologic conditions, allowing their use as
enteric coatings for delayed release of encapsulated additives in the Gl tract. This application will be described in more
detail in the next section.

Cellulose derivatives, and in particular cellulose ethers, are stable in terms of compatibility with a wide range of
active ingredients. There are exceptions, as already mentioned and otherwise, but over decades of application of cellulo-
sics in food, in pharmaceuticals, and in other specialty areas, these materials exhibit good stability and very low reactiv-
ity with other chemicals.

Cellulose derivatives are also physiologically stable during ingestion and do not degrade in the Gl tract. This behavior
is in stark contrast to many other polysaccharide polymers, such as starches, which undergo ready digestion and contribute
caloric value to the foods containing them. Cellulose ethers, in particular, are nondigestible and do not contribute caloric
value to foods containing them. For this reason, MC finds use in, for example, the formulation of dieteticGoods (

1979. Cellulose gum (CMC) is also physiologically inert and has no caloric vehiiel{er and Klug, 1980

17.3 APPLICATIONS OF CELLULOSIC POLYMERS IN MICROENCAPSULATION

The manufacture of foods demands the addition of functional ingredients to better engineer flavor, color, texture, preserva-
tion, and nutritive properties. The inclusion of healthy, but inherently unstable additives, such as antioxidants and probio-
tics, in our food is increasing. The preparation of functional foods requires the stabilization of bioactive compounds during
processing, storage, and ingestion in the human body. With new food additives, such as nutrients and beneficial microor-
ganisms, enhancing the bioavailability at the site of nutrient absorption or the site of bacteria physiologic activity is also
demanded. Microencapsulation of such additives is a leading means of providing the requisite control of stability and deliv-
ery. Cellulose derivatives play significant roles in the formulation of microencapsulated food systems. Key applications of
cellulose derivatives, as emulsion and dispersant stabilizers, as formulation binders, and as film and barrier coatings, will
be highlighted with liberal reference to the literature for those desiring more information.

While the experience base of cellulose polymer encapsulation in food applications is useful but modest, much can
be extrapolated from the rich base in pharmaceutical sciences. Cellulosic polymers find considerable encapsulation
application in, for instance, controlling drug release from dosage forms. The realms of food and pharmaceutical applica-
tions of microencapsulation overlap, especially in the area of nutraceuticals and dietary supplements, so this section
cites some pharmaceutical literature sources that will lead the reader to a better appreciation of application with food
additives. Those desiring more information about the application of cellulose ether polymers for microencapsulation of
drug actives are directed to recent literature revieRsders and Wallick, 2012zc).

17.3.1 Emulsion Stabilizers and Dispersants

A variety of fish oil microencapsulation techniques have been performed using cellulose derivatives to stabilizeril
emulsions. Nanocapsules of less than 200 nm size were prepared by emulsification of MC stabilizer, sodium caseinate,
sucrose, and poly(vinyl alcohol) with fish oil or plant oil extract(iaka et al., 2006 Alternately, an emulsion formed
from 4% HPMC and 30% fish oil was blended with 20% maltodextrin or 20% acacia, then spray dried to yield microencap-
sulants with improved oxidative stability\(u et al., 200%. Further, an emulsion containing up to 40% of long chain
omega-3 polyunsaturated fatty acids (PUFA), sourced from fish oil, was stabilized with MC and spray dried to improve the
stability of the oil for dietary applications<lanowski et al., 200y Microencapsulated fish oil of favorable encapsulation
efficiency and good particle morphology, prepared by spray drying the oil in MC, was incorporated into bread products
with no significant modification of sensory characteristibs(idov-Pardo et al., 2003

Analogously, other food oils have been encapsulated using cellulose ethers as emulsion stabilizers. In one example,
lemon oil (18 g) was combined with 5% aqueous MC to form an wihter emulsion, then microencapsulated with 70 g
of 25% aqueous hydrolyzed starch, osmotically dewatered with 25% aqueous sodium chloride, recovered, and rinsed to
give microcapsules capable of rapid swelling and dissolution in watekahashi et al., 1999

A food fortification additive comprising a coreshell microcapsule core of calcium carbonate, calcium hydrogen
phosphate, iron pyrophosphate, and iron orthophosphate, with CMC dispersant, and a shell of sucrose ester or tripoly-
glycerol ester, offered high dispersion stability and no flavor contribution to food producte{ al., 2009.
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17.3.2 Formulation Binders

CMC has been used at 0.5 to 1.2 w/w % levels as a binder in the formulation of high loading capBules él.,

2009. The invention was reported to impart heat resistance and low activity loss to encapsulated phytase. Alternately,
CMC has been used in the formulation of microencapsulated zinc oxide granules as a feed additive for the treatment of
baby pig diarrheal( et al., 201). A formulation containing, by weight percent, starch 5 to 20, CMC-Na 5 to 10, zinc
oxide powder 50 to 80, stearic acid 5 to 15, and an unspecified resin 3 to 5, was found to protect the high levels of zinc
oxide from gastric acid and provide sustained release in the pig intestinal tract.

17.3.3 Film and Barrier Coatings

Edible films and coatings containing cellulose derivatives provide functional attributes such as barrier properties; pro-
tection against thermal, acid, and enzymic inactivation of sensitive active ingredients; and structural or morphological
benefits in microencapsulation applications. Such coatings also can be used to moderate the delivery of beneficial addi-
tives, such as nutrients, antioxidants, and biocides. Examples include antioxidant-containing, HPMC-based film coatings
on almonds (not explicitly a microencapsulation application, but illustrative of additional opportunities). Ascorbic acid,
citric acid, or ginger essential oil antioxidants were applied to toasted almonds as HPMC-based dispersions and exam-
ined for their effectiveness in protecting against development of rancidityrés et al., 201)1 Incorporation of these

into HPMC polymer coatings revealed that the two acid compounds exhibited crosslinking, serving to tighten the poros-
ity of the coatings and reduce permeability of oxygen, increasing the oxidative stability of the almonds. The hydropho-
bic nature of ginger essential oil was thought to reduce water vapor permeability at low temperatures.

A spray-dried HPMC matrix was used to provide protection for acidic colistin sulfatey and Ye, 2010 The
powder was then coated with starch to further isolate colistin sulfate from deleterious reaction with sensitive vitamins
and trace elements in animal feed.

Rose essential oil was encapsulated, in part, in an emulsion containing HPC and HPMC capsule wall polymers. The
resultant microcapsules exhibited stability, little irritation, improved storage and handling, and slow releasel (

Liang, 2007.

Incorporation of vanillin, an inhibitor of microorganisms, in chitosan/MC was conducted to explore its diffusion
into fruit juices Gangsuwan et al., 20pMigration of vanillin was affected by vanillin concentration, temperature, and
pH, with higher temperature and lower vanillin content giving higher diffusion coefficient values, and lower juice pH
resulting in higher migration rates.

Coacervates containing blends of HPMC, NaCMC, and surfactants (sodium dodecylsulfate, SDS) were used to
microencapsulate sunflower oiKétona et al., 201)0 Coacervate deposition at the oilvater interface of sunflower
emulsions provided useful powders after spray drying. It was found that HPSMIS complexes could form, depend-
ing on SDS concentration, and these complexes were thermodynamically incompatible with NaCMC. The amount of
recoverable oil was found to depend on the viscoelastic properties of the coacervate shell in the microencapsulants.

CAP and similar cellulose ester coatings, which are stable at acidic pHs but dissolve in neutral or basic pHs, find
some use as enteric coatings for food and nutritive additives, and much broader use for enteric coatings of drugs
(Nixon, 1985. Such coatings protect sensitive active ingredients from low pH environments in and near the stomach,
but then dissolve at higher pH in the Gl tract downstream from the acidic stomach area, providing delayed release of
the actives. These enteric coatings are used to provide targeted or site-specific delivery of encapsulated additives or
nutrients to their physiological absorption/uptake sites in the small or large intestines.

Some examples of the application of cellulose ester enteric systems are provided: dietary supplementation of micro-
encapsulated arginine has been demonstrated in juvBeit@eus monodoshrimp, which cannot effectively use crys-
talline amino acids in their diets. Arginine encapsulated in a CAP matrix exhibited favorable weight gain and feed
conversion during 8-week feed studies in shrimihén et al., 1992 Encapsulation oAmpelopsis grossedentafiavo-
noid extracts in cellulose derivatives—EC, CMC, MC, HPMC, cellulose acetate butyrate (CAB), and others—was
shown to provide increases in animal health and growth rates when provided as nutritive feed addHives 4.,

2009.

Nanoencapsulants of lutein in HPMCP were prepared using supercritical anti-solvent precipitation techniques.
Lutein loadings up to 15.8%, in spherical particles of 160 to 220 nm, in high yield (95%), and encapsulation efficiency
(88.4%) were achievedip et al., 200}

Enzymes have been encapsulated using cellulose derivatives. For example, lactase was microencapsulated in protec-
tive particles using shellac/HPMC or gum acacia/lHPMC matriceslqmon, 2008 Further, microencapsulation of
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probiotic bacteria with cellulose ester enteric coatings has been used to achieve targeted delivery in the gastrointestinal
tract while protecting the sensitive strains from inactivation during transit through the stomach’s acidic environment.
A useful review fnal and Singh, 2007cites examples oB. pseudolongunencapsulated in CAP using an emulsion
technique, enabling survival of bacteria at high levels’@EU/mL) in an acidic environment for 1 hour (compared to

total loss of viability for unencapsulated strain samples), as well as encapsulat®nlagtis and L. acidophilusin

CAP using spray-dry methods, also enabling protection to the encapsulated samples in an acidic environment while
affording complete dissolution of the polymer wall material and release of bacteria in a pH 7 bile solution.

CMC has been used in select microencapsulation applications as an alternative to gum arabic in traditional gum ara-
bic gelatin shell coating materials via complex coacervation. Due to batch-to-batch inhomogeneity of stability,
regional sourcing difficulties, and higher prices, utilization of gum arabic is becoming limited. As an anionic long-chain
polysaccharide, CMC has been compared to gum arabic in such coacervation applications. It possesses a much higher
anionic charge density, which can often lead to precipitation of coacervates rather than the preferred liquid coacervate
system. A new combination of wall materials—CMC-gelatin—has been repartedt(al., 2013, which required care-
ful mixing levels to maintain liquid coacervate. Zeta-potential was used to select key blend ratios, and then turbimetric
titration was conducted to get approximate blend solution pH and mixing ratios. This technique allowed formation of
uniform, spherical, oil-containing microcapsules of aboup#bsize.

Lipid-soluble vitamins, such as vitamin E acetate, have been encapsulated at 30 to 90% levels in a primary polymer
coating (75% METHOCEL E 15LV (HPMC)), followed optionally by additional encapsulation in secondary (2%) or
tertiary (10%) polymer coatings, resulting in a free-flowing particulate material suitable for use in food, animal feed, or
pharmaceutical application8¢yle and Chang, 1996

HPMC (METHOCEL E6) was employed for extrusion preparation of microencapsulated ferrous fumarate and iodine
double fortified salt for dietary micronutrient fortification applications. HPMC barrier film overcoating of ferrous fuma-
rate particles prevented diffusion of deleterious or reactive small molecules, such as water or iodate, into the ferrous
fumarate core. Therefore, barrier film coated iron premix particles were produced in this fashiral(, 2010Q.

Microparticles containing antioxidant,-tocopherol, were produced by spray drying using pea protein, CMC, and
mixtures of these, with maltodextrin wall material. Spherical particles with mean sizes bglowiere used as ingest-
ible food additives Pierucci et al., 200) Similarly, ascorbic acid was microencapsulated by spray drying using CMC-
maltodextrin as a matrix material, resulting in regular and smooth particles with mean diameter lesquhdRi8rucci
et al., 2009.

Taste masking of unfavorable food tastes is an important role for encapsulation in food formulation. Cellulose deri-
vatives are used to advantage in such applications. Fish oil, for instance, has been successfully microencapsulated using
cellulose ethers or cellulose estefzafitor et al., 1980 An emulsion of 20 parts of fish oil (omega-3 fatty acids) and
80 parts of 25% EC in ammonium hydroxide solution was atomized under nitrogen into 5% acetic acid. The resultant
microcapsules were filtered, washed, and dried. The capsules were found to have good storage stability and the after-
taste of the fish oil was eliminated. Additionally, in another instance, encapsulation of edible oils, such as omega-3 oils,
was conducted using a formulation comprising, by weight percent, water 3.5 to 4.2, whey protein 40.3 to 47.8, CMC
8.0 to 9.5, oil 5 to 20, and citric acid 28.83.5 Slater, 200Y.

EC microcapsules containing folic acid have been reporigddertmanakit et al., 20)9which serve to shield the
nutrient from degradation on exposure to the acid gastric fluids in the stomach, while allowing its release until the intes-
tinal tract and its site of physiologic absorption. These delayed release forms of folic acid in EC were prepared by
oil-in-oil emulsion solvent evaporation using a dispersed phase of 9:1 acetone:methanol in a continuous phase of light
liquid paraffin. Spah 80 surfactant was used as an emulsion stabilizer and sucrose was added to the shell polymer for-
mulation as a pore former. Release kinetics of folic acid depends on the concentrations of EC, surfactant, sucrose, and
folic acid active. The average diameter of the microcapsules increased from 300 o4 4éhile the folic acid release
rate decreased from 52 to 40%, as the ethyl cellulose concentration was increased from 2.5 to 7.5% (w/v). Increasing
the Span 80 concentration from 1 to 4% (v/v) decreased the average diameter of microcapsules from 3Qfntaid 1
increased the folic acid release rate from 52 to 79%. The addition of 2.5 to 7.5% (w/v) of sucrose improved the folic
acid release from the microcapsules. The entrapment efficiency was improved from 64 to 88% when the initial folic
acid concentration was increased from 1 to 3 mg/mL. Optimization of formulation component amounts provided many
dimensions of improvement for folic acid release rates, microencapsulant particle morphology, and processing efficien-
cies. A further example of the utility of cellulose ether coatings (though not at microencapsulation scale), employing
MC, HPMC, CMC, and EC for folic acid fortification of rice, may be usef@ihfestha et al., 2003

Polyphenolic extracts from bayberry have been microencapsulated using a phase separation method and EC coating
material Zheng et al., 201)1 Both the storage stability and the gastrointestinal stability and delivery rates of the
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bayberry polyphenols could be controlled and improved. Analogously, EC microencapsulation of blueberry anthocyanins
afforded light stability to the nutrientd.{ et al., 20093. EC coating has also been used to microencapsulate vitamin D2-
chitosan spray-dried powderSt{i and Tan, 2002 Encapsulated preservatives have also been demonstrated using EC as

a barrier coating. Sodium metabisulfite was encapsulated in EC, using elevated temperature/poor solvent coating meth-
odology (seesection 17.2.), to afford a dispersion suitable for coating on food-contact papert(al., 20095).

A microencapsulation process was demonstralE®d(ofrio et al., 1979, which allowed an oil slurry of microcap-
sules to be filled into soft gelatin capsules, a potential delivery option for feeding of nutraceuticals, probiotics, or other
dietary additives. EC solutions in ethyl acetate were desolvated by the addition of the antisolvent light liquid paraffin
so that the EC shell coat was deposited onto a core of active ingredients. The use of light liquid paraffin enabled the
resulting slurry to be filled directly into soft gelatin capsules without the usual filtering, drying, and redispersion steps.
Release characteristics for the microencapsulated actives could be controlled by varying the ratio of EC polymer to
actives during encapsulation. Using aspirin (acetylsalicylic acid) active compound as a model, release in simulated gas-
tric fluid was achieved consistent with first-order kinetics for up to 12 hours.

Coatings of EC have also shown utility in the bacteriostat-mediated stabilization of microencapsulated probiotic bac-
teria for use in high moisture foods and beverages at ambient temperatimeg €t al., 201p Core shell micro-
spheres containing, for example, 61.92%ctobacillus rhamnosys29.28% EC, and 8.79% lauric acid (bacteriostat)
were shown to stabilize the viability of the probiotic bacteria for up to 12 weeks in aqueous beverages at ambient tem-
perature. Other citations demonstrate the application of EC as an enteric barrier coating to protect encapsulated probi-
otic bacteria from stomach acid during ingestiobhén, 200). Such probiotics were positioned for application in
livestock feed.

Edible microcapsules containing food additives were protected from high temperatures during food processing
operations by incorporation of shell material that exhibited thermal gelation in the temperature range of about 90 to
about 160F (Lew, 200Q. Preferred shell materials were MC, HPC, HPMC, and mixtures thereof, at a shell thickness
of 3 to 50um. Additives could be added to the shell materials to moderate the gelation temperatures and optimize the
thermal stability of the encapsulated flavorings. Sorbitol and glycerine, at 20 wt % levels, depressed the gelation
temperature of MC (METHOCEL A15C) or of HPMC (METHOCEL F15C or METHOCEL K4M) by about 10 to
about 36F, while ethanol or propylene glycol, at 20 wt % levels, increased the gelation temperature of these cellulosics
by about 45F. This technology was targeted at additives in liquid-based foods such as soups, stews, and sauces.

The protection concept afforded by use of thermoreversible gelling polymers has been employed for stabilization of
encapsulated probiotic bacteria in liquid-based food produgtsiijasi, 2012 In this case, HPC and Pluroni¢ ethyl-
ene glycol-propylene glycol-ethylene glycol triblock thermogel-forming polymers were preferably used as thermo-
protective shell materials, with MC or HPMC also suitable as long as their higher gel temperature characteristics could
be accommodated. Such materials underwent a sharp increase in viscosity associated with gelation at
suitable processing temperatures, thereby preventing water penetration into the encapsulant, minimizing solubilization
of the encapsulated additive, and limiting effect of higher bulk temperatures at the inner core. HPMC (METHOCEL E3
and E5) was employed as binder and subcoating layer materials, respectively. Improvement in the viability retention of
probiotics through heat processing operations during food manufacture had been identified as a major challenge con-
fronting broader acceptance of probiotics in foodsi@l and Singh, 2007

Further, the use of temperature-responsive gels (polymeric hydrogels exhibiting a large temperature-dependent
change in volume) for flavor retention at cooking temperatures has been disclissé@ld, 2006; Heitfeld et al.,

2008. Specifically, gels with a lower critical solution temperature (LCST) swell at low temperatures and collapse at
high temperatures. In the collapsed state, the polymer acted as a transport barrier, keeping the volatile flavors inside.

Derivatized HPC gels that exhibited this volume change have been prepared containing an oil phase inside the gel.
The flavor-loaded, encapsulated oil exhibited an increased release time when compared to similar gelatin capsules.

Examples such as these, which describe the employment of functional attributes of polymer materials in formulated
systems for increased utility, such as enhanced thermal stability, show the exciting potential and value of a materials
engineering dimension for improving product and process development in microencapsulated systems.

Furthering the concept of engineered solutions, blends of cellulosic polymers have been used to modulate the release
rate of encapsulated additives. While the following example illustrates the controlled release of the water-soluble drug
theophylline, extrapolation of the example to water-soluble food additives should be clear. Three microencapsulation
coating systems—EC-cellulose triacetate (CTA) composite microcapsules, EC-CTA dual-walled microcapsules, and EC
microcapsules containing CTA matrices—were prepared using nonsolvent addition phase separation methods. The

T Pluronic is a trademark of The Dow Chemical Company.
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effects of cellulose triacetate on the release of theophylline were slower than those obtained from comparable EC
microcapsules alone. The EC microcapsules containing CTA matrices exhibited longer release half-times and smaller
particle size (smaller release surface area) than did the other capsule prepatatiors §l., 199). Additional work
indicated that blends of EC with poly¢methylstyrene) could also be used as a cowall material to achieve reduced rates
of theophylline release versus that achieved with EC matrices, though only to about one-third the magnitude of release
rate reduction achieved with the earlier EC-CTA matrix systéise( et al., 200Q

Blends of alginates with cellulose derivatives have been used to provide controlled additive release properties
(Borgogna et al., 2000 HPMC was used to moderate controlled release behavior in microencapsulants consisting of
alginate three-dimensional network hydrogels afforded by calcium crosslinking. HPMC also provided moderation of the
rate of water evaporation from the microcapsules during drying (i.e., spray drying operations).

17.4 PROCESS CONSIDERATIONS USING CELLULOSIC POLYMERS

Functional cellulosic polymers also find advantage in microencapsulation process operations. A novel technique being
developed for the rapid and low-cost production of microcapsules required core and coat materials of different dielectric
constants. CMC was cited as offering the highest coating efficiency when treated at 1200 W microwave irradiation
intensity for 400 seconds\pbasi and Rahimi, 2008

Fluid-bed coating processes are affected by both the processing parameters and the properties of the coating materi-
als. Coating with three water-soluble cellulose derivatives—MC, CMC, and HPC—was investigétsthl{owska
et al., 2009, with particular attention to how coating solution viscosities affected the coating quality. In this study, the
best coating quality was achieved using HPC coatings, which were not influenced by solution viscosity and provided
low variations in quality over a variety of fluid-bed coating runs.

Spray-dry processing of a variety of cellulosic polymers—HPMCAS, HPMC, MC, and NaCMC—was examined (
etal., 1992x HPMC and MC produced coated products with similar dissolution profiles and patrticle flow properties.

While careful selection of various cellulose ester polymers can be made to control release of actives, the microen-
capsulation processes themselves can also be selected to moderate active compound delivery. A comparison of paracet-
amol drug release rates from three emulsion-based microencapsulation systems illustrated this control mechanism
(Sprockel and Prapaitrakul, 1990Emulsion-solvent evaporation (ESE), modified emulsion-solvent evaporation
(MESE), and emulsion nonsolvent addition (ENSA) processes employing CAB microencapsulation of the active were
compared. Drug release from microspheres prepared by ESE was significantly slower compared to MESE microspheres
or ENSA microspheres, but the drug loading of ESE microspheres was significantly lower than those of MESE or
ENSA microspheres. Preparation times for the various microencapsulation methods must also be considered when
assessing these techniques.

Manipulation of the permeability of coatings and films has been shown to moderate the release profile of encapsulated
additives. The effect of plasticizers—triethylcitrate, polyethylene glycol, propylene glycol, glycerin, and citric acid—on
microencapsulated particles processed using spray drying of HPMC-containing formulations has been invesimgated (
et al., 1992. Plasticizers exhibited effects on coating porosity by modification of film hydrophilidigyophilicity or
cohesiveness, or by formation of pores in coatings as water-soluble plasticizers dissolve in aqueous matrices, or by
changes in matrix pH (i.e., citric acid); all effects have contributed to changing dissolution rates of microencapsulated
additives. In other cases, the encapsulated core active compounds themselves have been shown to plasticize shell coating
materials. An example is-tocopherol (vitamin E) plasticization of EG{éngarlou et al., 2008 This points to another
phenomenon worth considering when designing microencapsulated stuel systems: are core components compatible
with and will they mobilize into shell materials, possibly modifying desired barrier coating properties? Plasticization, then,
provides another means to moderate the release and delivery of encapsulated food additives.

Additional means of using formulation modifiers, the use of pore formers or pore inducers to enhance the permeabil-
ity or porosity of barrier coatings, was already mentionedagertmanakit et al., 2009rhe use of sucrose in that exam-
ple illustrated the ability of water-soluble pore formers to increase release rates of hydrophilic additives from
encapsulants, especially those using barrier coatings such as EC. Pore formers typically dissolve from hydrophobic
coatings after exposure to aqueous fluids, leaving water-filled pores or voids in the shell coating and effectively reduc-
ing the path length for diffusion or dissolution through the coating shell. This formulation technique has been used to
expedite release kinetics of actives from microencapsulants. Additional examples of the use of pore formers can be
found in the literature (sucroseSeng et al., 2005 sodium chloride—Fikkonen and Paronen, 199HPMC—
Sansukcharearnpon et al., 20HPC—Marucci et al., 2000
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Processing conditions can also be used to moderate film-coating permeability. The porosity of ethylcellulose films can
be controlled by selection of the appropriate blend ratio of ethawalter solvent in the spray drying process operation
(Narisawa et al., 1994 Film porosity was found to increase considerably with decreasing ethanolic concentration, while
the polymer concentration in the spray solution and the polymer molecular weight had only slight effects. Temperature
and relative humidity also exhibited some effects on resultant film porosity. The relationship between film porosity and
permeability (described by a power function) suggested that permeation of actives from the microencapsulants occurred
through water-filled microscopic pores in the film coating, and therefore depended to a large degree on the film structure.

Therefore, both the choice of coating polymer materials and the processes and processing conditions used to perform
microencapsulation should be evaluated to optimize loading levels of active ingredients, delivery release rates, and
other important delivery criteria.

In summary, cellulosic derivatives find varied and useful application in the microencapsulation of food additives.
Their functional properties, such as solubility, thermal gelation, and surface activity, can be used to engineer stabilization
of emulsions or dispersants, to act as formulation binders, or to provide barrier protection, stabilization, and controlled
delivery of active nutritional compounds during food formulation, processing, or ingestion in humans and animals.

REFERENCES

Abbasi, S., Rahimi, S., 2008. Microwave-assisted encapsulation of citric acid using hydrocolloids. Int. J. Food Sci. Technol. 423226

Amperiadou, A., Georgarakis, M., 1995. Controlled release salbutamol sulphate microcapsules prepared by emulsion solvent-evaporat®n techniqu
and study on the release affected parameters. Int. J. Pharm. 185, 1

Anal, A.K., Singh, H., 2007. Recent advances in microencapsulation of probiotics for industrial applications and targeted delivery. Trends Food Sc
Technol. 18, 240 251.

Arboleya, J.-C., Wilde, P.J., 2005. Competitive adsorption of proteins with methylcellulose and hydroxypropyl methylcellulose. Food H¢@rocoll.
485 491.

Atares, L., Perez-Masia, R., Chiralt, A., 2011. The role of some antioxidants in the HPMC film properties and lipid protection in coated toasted
almonds. J. Food Eng. 104, 64856.

Borgogna, M., Bellich, B., Zorzin, L., Lapasin, R., Cesaro, A., 2010. Food microencapsulation of bioactive compounds: rheological and thermal char
acterization of non-conventional gelling system. Food Chem. 122, 428.

Boyle, S., Chang, K.-T., 1996. Multiple encapsulation of oleophilic substances with polymers. PCT Intl. Appl. WO 9601103.

Camino, N.A,, Pilosof, A.M.R., 2011. Hydroxypropylmethylcellulose at the oil-water interface. Part Il. Submicron-emulsions as affected ydpH. Fo
Hydrocoll. 25, 1051 1062.

Camino, N.A., Perez, O.E., Sanchez, C., Rodriguez Patino, J.M., Pilosof, A.M.R., 2009. Hydroxypropylmethylcellulose surface activityratraquilib
and adsorption dynamics at the air-water and oil-water interfaces. Food Hydrocoll. 23, 2363.

Camino, N., Carrera Sanchez, C., Rodriquez Patino, J.M., Pilosof, A.M.R., 2011. Hydroxypropylmethylcellulose at the oil-water interfa&ulRart I.
behavior and dynamic adsorption as affected by pH. Food Hydrocoll. 2511

Cantor, M.L., Steiner, S.S., Pack, H.M., 1989. Microencapsulation of fish oil. Eur. Patent Appl. EP 336662 A2 19891011.

Chemtob, C., Chaumeil, J.C., N'Dongo, M.N., 1986. Microencapsulation by ethylcellulose phase separation: microcapsule characteristics. Int. J.
Pharm. 29,1 7.

Chen, H.-Y., Leu, Y.T., Roelants, I., 1992. Effective supplementation of arginine in the diets of juvenile marine sRemggus monodon
Aquaculture. 108, 8795.

Chen, L.-J., 2007. Probiotic compositions having acid-resistant enteric coating. US Patent Appl. Publ. US 20070059296 A1 20070315.

Choudhury, P.K., Kar, M., 2009. Controlled release metformin hydrochloride microspheres of ethyl cellulose prepared by different methods and stud
on the polymer affected parameters. J. Microencapsul. 26536

Coffey, D.G., Bell, D.A., Henderson, A., 1995. Cellulose and cellulose derivatives, Chapter 5. In: Stephen, A.M. (Ed.), Food Polysaccharides and
Their Applications. Marcel Dekker, Inc., New York.

D’Onofrio, G.P., Oppenheim, R.C., Bateman, N.E., 1979. Encapsulated microcapsules. Int. J. Pharn®92, 91

Davidov-Pardo, G., Roccia, P., Salgado, D., Leon, A.E., Pedroza-Islas, R., 2008. Utilization of different wall materials to microencapsaigate fish
evaluation of its behavior in bread products. Am. J. Food Technol. 3, 383.

Desmarais, A.J., Wint, R.F., 1975. Hydroxyalkyl and ethyl ethers of cellulose. In: Whistler, Roy, L., BeMiller, L., James, N. (Eds.), Industsial Gum
Polysaccharides and their Derivatives. Academic Press, San Diego, California, pp. 505-535.

Glover, J.A., 1975. Methylcellulose and its derivatives. In: Whistler, Roy, L., BeMiller, James, N. (Eds.), Industrial Gums: Polysacchariteis and t
Derivatives.. Academic Press, San Diego, California, pp. 475-503.

Greminger Jr.G.K., Krummel, K.L., 1980. Alkyl and hydroxyalkylalkylcellulose. In: Davidson, R.L. (Ed.), Handbook of Water-Soluble Gums and
Resins. McGraw-Hill, New York, pp. 3-13-25.

Hayakawa, K., Kawaguchi, M., Kato, T., 1997. Protective colloidal effects of hydroxypropyl methyl cellulose on the stability of silicone oibesaulsi
Langmuir. 13, 6069 6073.



192 PART | IV Materials used in Microencapsulation

Heitfeld, K.A., 2006. Hydroxypropyl cellulose for flavor encapsulation. MS thesis, University of Cincinnati.

Heitfeld, K.A., Guo, T., Yang, G., Schaefer, D.W., 2008. Temperature responsive hydroxypropyl cellulose for encapsulation. Mater. Sci. Eng. C. 28,
374 379.

Hong, L., Lichtenwald, K.L., Madduri, K., Shah, S.A., Tucker, C.J., Woelfle, C., 2012. Method for enhancing the shelf stability of probiotics. PCT
Int. Appl. WO 2012027758 A2.

Jin, H., Xia, F., Jiang, C., Zhao, Y., He, L., 2009. Nanoencapsulation of lutein with hydroxypropyl cellulose phthalate by supercritical antisolven
Chin. J. Chem. Eng. 17, 67577.

Jones, D.A., Pearce, K.J., 1995. An investigation of the effects of some process variables on the microencapsulation of propranolol hydyochloride b
the solvent evaporation method. Int. J. Pharm. 118, 179%.

Kangarlou, S., Haririan, 1., Gholipour, Y., 2008. Physico-mechanical analysis of free ethyl cellulose films comprised with novel plasticitarsrof v
resources. Int. J. Pharm. 356, 15B56.

Katona, J.M., Sovilj, V.J., Petrovic, L.B., 2010. Microencapsulation of oil by polymer mixture-ionic surfactant interaction induced coacervatio
Carbohyd. Polym. 79, 563570.

Kolanowski, W., Laufenberg, G., Kunz, B., 2004. Fish oil stabilisation by microencapsulation with modified cellulose. Int. J. Food Sci. Nutr. 55,
333 343.

Koschella, A., Fenn, D., Heinze, T., 2006. Water soluble 3-mOrethyl cellulose: synthesis and characterization. Polym. Bull. 57,433

Law, S.L., Kayes, J.B., 1983. Adsorption of non-ionic water-soluble cellulose polymers at the solid-water interface and their effect on sa&pension
bility. Int. J. Pharm. 15, 251260.

Lew, C.W., 2000. Encapsulated additives. US Patent US 6056992.

Li, X., Xing, Y., Xue, T., Li, L., Qiu, P., Chen, J., et al., 2009b. Manufacture of food-preserving paper by coating ethyl cellulose/sodium nittabisulf
microcapsules and calcium chloride. Faming Zhuanli Shenging Gongkai Shuomingshu CN 101498113 A 20090805.

Li, Y., Liang, L., 2007. A microcapsule of rose essential oil and its preparation method. Faming Zhuanli Shenging CN 101028074 A 2070905.

Li, Y., Ma, Z., Zhang, L., Meng, X., Yu, N., 2009a. Study on the microencapsulation of blueberry anthocyanins by ethyl cellulose. Shipin Gongye
Keji. 30, 250 252.

Li, Y.O., Diosady, L.L., Wesley, A.S., 2010. lodine stability in iodized salt dual fortified with microencapsulated ferrous fumarate made lgnextrus
based encapsulation process. J. Food Eng. 99, 238.

Li, Z., Yu, R., Chen, Q., Xu, E., 2011. Method for preparing microencapsulated zinc oxide granule as feed additive for treating baby pig diarrhea.
Faming Zhuanli Shenging CN 102125171 A.

Liu, Z., Liu, H., Wang, Y., Yuan, Y., Wang, X., 2009. Production of mineral additive used in food. Faming Zhuanli Shenging Gongkai Shuomingshu
CN 101347246 A.

Luner, P.E., Oh, E., 2001. Characterization of the surface free energy of cellulose ether films. Colloids Surf. A. 48, 31

Lv, Y., Zhang, X., Abbas, S., Karangwa, E., 2012. Simplified optimization for microcapsule preparation by complex coacervation based on the corre-
lation between coacervates and the corresponding microcapsule. J. Food Eng. 11243225

Marucci, M., Hjartstam, J., Ragnarsson, G., Iselau, F., Axelsson, A., 2009. Coated formulations: new insights into the release mechanismsand change
in the film properties with a novel release cell. J. Control. Release. 136, 208.

Melzer, E., Kreuetr, J., Daniels, R., 2003. Ethylcellulose: a new type of emulsion stabilizer. Eur. J. Pharm. Biopharm 256, 23

Mezdour, S., Lepine, A., Erazo-Majewicz, P., Ducept, F., Michon, C., 2008. Oil/water surface rheological properties of hydroxypropyl cellulose
(HPC) alone and mixed with lecithin: contribution to emulsion stability. Colloids Surf. A. 331,88

Narisawa, S., Yoshino, H., Hirakawa, Y., Noda, K., 1994. Porosity-controlled ethylcellulose film coating. Il. Spontaneous porous film fonntia¢ion i
spraying process and its solute permeability. Int. J. Pharm. 104106.

Nienaltowska, K., Depypere, F., Dewettinick, K., Van Der Meeren, P., Ronsse, F., Pieters, J.G., 2009. Water-soluble cellulose derivatives as coati
agents in fluidized bed processing. Particul. Sci. Technol. 27, 383.

Nieto, M.B., Akins, M., 2011. Hydrocolloids in bakery fillings, Chapter 5. In: Laaman, T.R. (Ed.), Hydrocolloids in Food Processing. Wiley-
Blackwell Publishing Ltd, Ames lowa.

Nixon, J.R., 1985. Preparation of microcapsules with possible pharmaceutical use. Endeavour, New Seried28.123

Nixon, J.R., Wong, K.T., 1990. Evaluation of drug permeation through polymeric membranes as a model for release (ll) ethylcellulose-walled micro-
capsules. Int. J. Pharm. 58, 340.

Penhasi, A., 2012. Probiotic liquid food products. WO 2012/020403 A1l.

Pierucci, A., Paola, T.R., Andrade, L.R., Baptista, E.B., Volpato, N.M., Rocha-Leao, M.H.M., 2006. New microencapsulation system for agtorbic aci
using pea protein concentrate as coat protector. J. Microencapsul. 236684

Pierucci, A., Paola, T.R., Andrade, L.R., Farina, M., Pedrosa, C., Rocha-Leao, M.H., 2007. Comparismtapherol microparticles produced with
different wall materials: pea protein a new interesting alternative. J. Microencapsul. 242281

Prasertmanakit, S., Praphairaksit, N., Chiangthong, W., Muangsin, N., 2009. Ethyl cellulose microcapsules for protecting and controllefl release
folic acid. AAPS PharmSciTech. 10, 1104112.

Robinson, D.H., 1989. Ethyl cellulose-solvent phase relationships relevant to coacervation microencapsulation processes. Drug Dev. Ihsl. Pharm.
2597 2620.

Rogers, T.L., Wallick, D., 2012a. Reviewing the use of ethylcellulose, methylcellulose and hypromellose in microencapsulation. Part 1: Materials
used to formulate microcapsules. Drug Dev. Ind. Pharm. 38, 189.



Cellulose Polymers in Microencapsulation of Food AdditivesChapter | 17 193

Rogers, T.L., Wallick, D., 2012b. Reviewing the use of ethylcellulose, methylcellulose and hypromellose in microencapsulation. Part 2: $echnique
used to make microcapsules. Drug Dev. Ind. Pharm. 37, 12291.

Rogers, T.L., Wallick, D., 2012c. Reviewing the use of ethylcellulose, methylcellulose and hypromellose in microencapsulation. Part 3oAgplicati
for microcapsules. Drug Dev. Ind. Pharm. 38, 5&B9.

Sangsuwan, J., Rattanapanone, N., Auras, R.A., Harte, B.R., Rachtanapun, P., 2009. Factors affecting migration of vanillin from chitoselimethyl c
lose films. J. Food Sci. 74, C54€555.

Sansukcharearnpon, A., Wanichwecharungruang, S., Leepipatpaiboon, N., Kerdcharoen, T., Arayachukeat, S., 2010. High loading fragrdace encapsu
tion based on a polymer-blend: preparation and release behavior. Int. J. Pharm. 3927267

Sarkar, N., 1984. Structural interpretation of the interfacial properties of aqueous solutions of methylcellulose and hydroxypropyl me#g/lcellu
Polymer (Guildf). 25, 481 486.

Sarkar, N., 1995. Kinetics of thermal gelation of methylcellulose and hydroxypropylmethylcellulose in aqueous solutions. Carbohyd. Polym. 26,
195 203.

Sarkar, N., Walker, L.C., 1995. Hydration-dehydration properties of methylcellulose and hydroxypropylmethylcellulose. Carbohyd. Polym. 27,
177 185.

Shi, B., Liang, P., Wang, C., Sun, L., Li, X., Zhao, B., et al., 2006. Microcapsules of Ampelopsis grossedentata flavonoids as feed additive. Faming
Zhuanli Shenging Gongkai Shuomingshu CN 1748549 A 20060322.

Shi, X.-Y., Tan, T.-W., 2002. Preparation of chitosan/ethylcellulose complex microcapsule and its application in controlled release of vitamin D2
Biomaterials. 23, 44694473.

Shrestha, A.K., Arcot, J., Paterson, J.L., 2003. Edible coating materials—their properties and use in the fortification of rice with folic ddres-oo
Int. 36, 921 928.

Slater, N., 2007. Process for encapsulation of edible oil products with whey protein and encapsulated edible oil products. PCT Int. Appl. WO
2007034213 Al.

Solomon, N.A., 2008. Lactase formulation. US Pat. Appl. Publ. US 20080193598 Al.

Song, M., Li, N., Sun, S., Tiedt, L.R., Liebenberg, W., de Villiers, M.M., 2005. Effect of viscosity and concentration of wall former, emulsifier and
pore-inducer on the properties of amoxicillin microcapsules prepared by emulsion solvent evaporation. Il Farmaco. 867261

Sprockel, O.L., Prapaitrakul, W., 1990. A comparison of microencapsulation by various emulsion techniques. Int. J. Pharm.12g,.123

Stelzer, G.l., Klug, E.D., 1980. Carboxymethylcellulose, Chapter 4. In: Davidson, R.L. (Ed.), Handbook of Water-Soluble Gums and Resins.
McGraw-Hill, New York.

Sun, S., Foster, T.J., MacNaughtan, W., Mitchell, J.R., Fenn, D., Koschella, A., et al., 2009. Self-association of cellulose ethers with random and
regioselective distribution of substitution. J. Polym. Sci.: Part B: Polym. Phys. 47, 1I77s2.

Sveinsson, S.J., Kristmundsdottir, T., 1992. Naproxen microcapsules: preparation and in vitro characterization. Int. J. Pharml32, 129

Takahashi, M., Kiyama, K., Arai, H., Takizawa, M., 1989. Manufacture of microcapsules by coacervation of methyl cellulose. Jpn. Kokai Tokkyo
Koho JP 01270937 A 19891030.

Tanaka, M., Tsujimoto, S., Uei, J., 2006. Manufacture of liqguid-membrane nanocapsule foods using water-soluble polymers as emulsion stabilizers.
Jpn. Kokai Tokkyo Koho JP 2006081430 A 20060330.

Tirkkonen, S., Paronen, P., 1992. Enhancement of drug release from ethylcellulose microcapsules using sodium chloride in the wall. Int. J3Bh&dn. 88

Tsai, Y.-L., Tien, H.-T., Chen, H., 2000. The preparation and drug-release behavior of CTA/EC and PMS/EC composite microcapsules. J.
Microencapsul. 17, 413424.

Walllick, D., 2012. Cellulosic polymers for microencapsulation, presentation at Microencapsulation in Food Applications Short Course, IFT 2012
National Meeting.

Wan, L.S., Heng, P.W., Chia, C.G., 1992b. Plasticizers and their effects on microencapsulation process by spray-drying in an aqueous system. J.
Microencapsul. 9, 5362.

Wan, L.S.C., Heng, P.W.S., Chia, C.G.H., 1992a. Spray drying as a process for microencapsulation and the effect of different coating polymers. Drug
Devel. Industr. Pharm. 18, 997.011.

Wollenweber, C., Makievski, A.V., Miller, R., Daniels, R., 2000. Adsorption of hydroxypropyl methylcellulose at the liquid/liquid interfacheand t
effect on emulsion stability. Colloids Surf. A. 172, 9101.

Wu, J.-C., Jean, W.-J., Chen, H., 1994. Evaluation of the properties of ethyl cellulose-cellulose triacetate microcapsules containinghéhpophylli
pared by different microencapsulation techniques. J. Microencapsul. 11 58@&7

Wu, K.-G., Chai, X.-H., Chen, Y., 2005. Microencapsulation of fish oil by simple coacervation of hydroxypropyl methylcellulose. Chin. J. Chem. 23,
1569 1572.

Wu, S., Shi, Z., Di, W., 2009. Method for manufacturing microcapsules of phytase as feed additive. Faming Zhuanli Shenging Gongkai Shuomingshu
CN 101513226 A 20090826.

Yonekura, K., Hayakawa, K., Kawaguchi, M., Kato, T., 1998. Preparation of stable silicone oil emulsions in the presence of hydroxypropyl methyl
cellulose. Langmuir. 14, 31453148.

Zheng, L., Ding, Z., Zhang, M., Sun, J., 2011. Microencapsulation of bayberry polyphenols by ethyl cellulose: preparation and characterization. J.
Food Eng. 104, 8995.

Zhou, L., Ye, F., 2010. Method for preparing microcapsules of colistin sulfate used in feed. Faming Zhuanli Shenging Gongkai Shuomingshu CN
101664112 A 20100310.



This page intentionally left blank



Chapter 18

The Use of Starch-Based Materials for
Microencapsulation

Jason Z. Li
Ingredion Incorporated, Bridgewater, New Jersey, USA

18.1 INTRODUCTION

Starch is one of the most abundant, economical, and renewable biopoly&wvsilér and Huber, 201 Starch by
nature is an energy storage biopolymer for plant regeneration and it is commonly consumed as a major carbohydrate
source for human nutrition. In 2006, world starch production was about 60 million metric tons mostly from the harvest
of corn/maize (73%), cassavaltapioca (14%), wheat (8.1%), and potato (8&%)erband der Starke-Industrie, 2006

Over the years, the native and modified starches have been widely used as functional ingredients for food and bever-
age, industrial, cosmetic, and pharmaceutical applications (Singh et al., 2010). Starches typically provide texture, stabil-
ity, and film forming to food products, or aid manufacturing processes. Starches are also widely used in non-food
industrial applications, especially in the production of paper, paperboard, cosmetics, pharmaceutical products, renew-
able packaging, etcThomas and Atwell, 1999; Bertolini, 20).0

Octenyl succinic anhydride modified starch (OSA starch), i.e., sodium starch octenyl succinate (SSOS) as a surface
active food additive, is widely used in microencapsulations of oil-based flavors, nutrients, fragrances, agri-chemicals,
and pharmaceutical actives, among other biopolymers such as gelatin, protein, and gum arabic (Wandrey et al., 2010).
With designed structures and product consistency, OSA starches are preferred for many microencapsulation processes
due to their high functionality, versatility, and efficiency. In spray drying microencapsulation, modified starches offer
high oil retention, long shelf-life, and high manufacturing efficiency.

18.2 STARCH AND STARCH MODIFICATIONS
18.2.1 The Nature of Starches

Starch occurs in a granular form in most cereal seeds and tuber roots. Starch granules vary in their size, shape, and crys-
tallinity in different crops and different hybrids, as shownTiable 18.1

The granule structure and its response to processing are very important for starch modifications and starch applica-
tions. Starch granule structure allows economical chemical modifications. Compared to water-soluble hydrocolloids,
granules are easier to recover from the slurries in which they are modified. In most applications, starch undergoes
gelatinization in order to become functional. Gelatinization is a transition of starch from crystalline/granule forms to a
disassociated molecular form, typically taking place at elevated temperatures in the presence of high moisture. The
gelatinization temperature of a starch depends on its granule morphology, crystallinity, molecular structure, and chemi-
cal modification. Pre-gelatinized starches are referred to as cold water-soluble starches (CWS) or pregel starches.

Very fine granules, such as rice, with particle size aboywn may be used as substrates for delivery systems.
Certain enzymes can create microporous structures on starch granules that help absorb active oil molecules (Zhao et al.,
1996). Such active containing granules can be further coated by fluidized bed techniques to create different active
release profiles. Fine granules may also be used for Pickering emulsionks(and Fletcher, 2001 Pickering

A.G. Gaonkar, N. Vasisht, A.R. Khare, R. Sobel (Eds): Microencapsulation in the Food Industry. DOIhttp://dx.doi.org/10.1016/B978-0-12-404568-2.00018-2
© 2014 Elsevier Inc. All rights reserved. 195
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TABLE 18.1A List of Different Starch Sources, Their Granule Sizes, Granule Morphologies, and Approximate Amylose
Contents

Source of Starch Corn Potato Tapioca Rice Sago
Granule size 14pum 41 pm 17 pm 3 um 33 ym
Amylose content 25% 20% 17% 19% 28%

Morphology (SEM)

(a) -(1,4) FIGURE 18.1 Drawings of molecular structures of
(@) amylose (mostly with -(1,4) linkage) and (b)
amylopectin (containing significant-(1,6) linkage).
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emulsions are stabilized by fine granules other than amphiphilic surface active agents. Spray drying Pickering emulsion
may potentially offer an approach for clean label encapsulation.

Starch [9005-25-8] chemically refers to poly-D-glucose linked by glycosidic bokdsisiler and Paschall, 1957
There are two general types of starch molecules, amylose and amylopectin, as shewnrin18.1 Amylose [9005-

82-7] has a linear molecular structure through predominantliL,4) linkages, although some amylose molecules are
slightly branched. Amylopectin [9037-22-3] has a branched molecular structure consisting of short chain amylose,
having -(1,6) linkage at the branch points. Regular starches contair73® amylopectin by weight. Special hybrids

may have extremes of amylose or amylopectin contéable 18.). For example, a waxy corn hybrid contains about
99% amylopectin, and Hylon VII (a product of Ingredion) contains about 70% amylose.

Amylose and amylopectin, due to their difference in molecular structures, are expected to have distinct behaviors
(Frazier and Donald, 1997as summarized iffable 18.2 Linear amylose molecules have strong intramolecular and
intermolecular interactions. They form double-helical structures, which tend to crystallize. Such crystalline structure is
utilized for improved digestion resistancEl{ihara, 200p and for the spheronization process in drug delivebyKic
et al., 2009. Strong molecular interactions allow amylose to form mechanically strong filnsg@ars et al., 2003 For
the same reason, amylose typically requires a very high temperature cook-up, and upon cooling, it tends to reassociate,
i.e., retrograde, observable by gel formation, increasing viscosities, or precipitation, as shewnrin18.2A

Amylopectin has weaker intermolecular interactions due to steric hindrance by the branched structure. It therefore
has better solution stability, and is suitable for high moisture applications. Amylopectin also has much higher molecular
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TABLE 18.2Comparison of Amylose and Amylopectin

Linkage Structure MW Properties Applications
Amylose -(1,4) Linear 10 © Retrogradation Film forming
Moisture resistance Gelling
High Ty Controlled digestion
Lipid complexation
Amylopectin -(1,6) Branched 100 8 Solution stable Texturizing
-(1,4) High viscosity Stabilization

Encapsulation
Emulsification

(a) Waxy Maize Tapioca Potato Maize FIGURE 18.2 Spoon texture of 6% water
<1% 17% 20% 25% solution of different starches with increas-
ing amylose content from 1 to 25%.
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weight, up to 50 million daltonsNillard et al., 1999, providing higher viscosifying power compared to amylose. Its
gelatinization temperature is lower, and it is typically easier to use than amylose.

Figure 18.2Bshows amylose impact on gelation and peak viscosity of rice starches using Rapid Visco Analyzer
RAV-4 (Newport Scientific, Warriewood, Australia) according to the AACC 76-21 method (American Association of
Cereal Chemists, 2000). The onset of viscosity, the peak viscosity in RA unit showed that waxy or amylopectin has
lower gelatinization temperature and higher viscosifying povizégazek and Copeland, 2008

18.2.2 Food Starch Modifications

Modified starches are used in almost every food and beverage application due to the benefits of sensory enhancement,
storage stability improvement, nutrition enrichment, and acting as a processing aid. General chemistries and processes
for starch modifications are well documented/\(rzburg, 1986; BeMiller and Huber, 20LAmportant modifications
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via hydrolysis, chemical modification, physical treatment, and enzymatic, hydrophobic modification relevant to micro-
encapsulation are highlighted below.

Starches, especially in waxy varieties, are high-molecular-weight polyniexsl€ 18.3. Their molecular weights
are often reduced by hydrolysis to achieve lower viscosities and enhanced functionalities. Such viscosities can be char-
acterized by modern viscometry (e.g., Brabender/RVA) and traditionally by water fluidity (WF), which measures the
reciprocal of viscosity.

Hydrolysis naturally occurs in the human digestion process. It is not a surprise that acids and enzymes are widely
used to degrade starch. Hydrolysis of starch can also be achieved by oxidation using peroxides, or mechanical scissor-
ing via extrusion.

Heating starches at high temperature under acidic conditions is a unique type of hydrolysis process, in which hydro-
lyzed sugary fractions repolymerize to generate additional branching. This process is called dextrinization and the
resulted products are called dextririst€phen et al., 20Q06Dextrins are highly water soluble and stable, even at low
temperatures, due to low molecular weight and branched structures.

Enzyme hydrolysis is widely used to produce hydrolysates of very low molecular weight or low degree of polymeri-
zation (DP), including maltodextrins (MD), oligosaccharides, syrups, and sugars. Dextrose equivalent (DE) is a term
commonly used to describe the degree of hydrolysis, based on the fact that each molecule has one reducing end
(or reducing sugar)dampbell and Farrell, 20)2In short, DE of dextrose is 100, i.e., 100% dextrose units are reducing
sugars. DE of a low-molecular-weight starch derivative is defined as 100/DP. For instance, a di-sugar such as maltose
or sucrose has a DP of 2; therefore a DE of 50, i.e., 50% dextrose units are reducing sugars. A maltodextrin having a
DP of 5 has a DE of 20, etc. DE of common products based on popular converitiakisk(1ki, 2003 are summarized
below:

Sugars: DE 50100

Syrups DE 20 45
Oligosaccharides: DE 1060
Maltodextrins: DE 5 20.

18.2.2.1 Chemical Modifications

In food manufacturing, products may undergo high shear, high temperature, and severe pH and salinity processes in
order to meet product sensory, safety, and stability requirements. Two major types of chemical modifications are widely
used to improve the viscosifying power, process tolerance, and product stability:

(1) Stabilization, meaning linking small molecule moieties such as propylene oxide, ethylene oxide, and acidic anhy-
dride onto starch backbones, which reduces the tendency of retrogradation and therefore improves cold temperature
or freeze thaw stability. Such modifications also reduce the gelatinization temperature of starch granules.

(2) Crosslinking, typically combined with stabilization, enhances the viscosity profile in food processes and applica-
tions, and improves process tolerance. Such chemical modifications also influence starch interactions with other
ingredients.

Both treatments hinder digestion of starch but only crosslinking is utilized in controlled release, especially for pharma-
ceutical applicationsOfumoulin et al., 1999; Mulhbacher et al., 2001; Simi, 2007; Mundargi et al., 2008

18.2.2.2 Physical Treatments

Physical treatment typically involves temperature, moisture, and shear to alter the product form for improved function-
ality and process convenience. One major treatment is to pre-gelatinize starches using jet cooking/spray drying, drum
drying, extrusions, and compaction processes. Such pregel starches may also undergo agglomeration for enhanced water
dispersion. Pregelled or partially pregelled starches are often used as pharmaceutical excipients. Thermally treated
starches, as a clean label alternative, may provide similar functionality to chemically treated starches. Physical treat-
ment may also impact the crystallinity/polymorphism of starches and therefore their digestion profile.

18.2.2.3 Enzymatic Treatment

Besides -amylase, which is widely used for random hydrolysis of starches, there is an increasing list of specialty
enzymes emerging in the market. Specialty enzymes can produce uniqgue molecular structures and unique performances,
otherwise not achievable by chemical modifications. For instaneamylase and glucoamylase hydrolyze(1,4)
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linkages producing maltose and glucose, respectively. Isoamlyase, however, hydrolyzes starctigsatinkages.
Transferase enzymes may extend the linear chain length, or generate branched structures.

18.2.2.4 Hydrophobic Modification

For encapsulation and emulsification applications, starches are often modified by octenyl succinic anhydride, which is
an eight hydrocarbon hydrophobe with one double bond. The reaction opens up the anhydride ring and forms a sugar
ester likely at positions 2 and 8&i and Shi, 201), and at the same time forms a carboxyl group, which renders OSA
starch slightly negatively charged. The hydrophobic treatment, typically in combination with hydrolysis, makes a starch
very surface active.

FDA allows a maximum of 3% OSA treatment on a dry-weight basis for food additives. Other regulations are simi-
lar but with variations on residual OSA level and its testing methicable 18.3summarizes key regulatory limits for
OSA starches in food.

Theoretically, 3% OSA treatment is equivalent to a degree of substitution (DS) around 0.02, which means on aver-
age that for every 50 glucose units there is only one octenyl hydrophobe. This suggests that an OSA starch is still very
hydrophilic, or has a high hydrophilidipophilic balance (HLB) Griffin, 1949) number.

The method for OSA treatment was described by O.B. Wurzburg, P. Trubiano, and N. Lacourse, and later reviewed
by Singh (iu et al., 2008; Singh et al., 20).0Figure 18.3describes a general process of OSA treatment, which is often
combined with hydrolysis for better surface activity and process efficiency. By choosing a proper starch base, method
and degree of hydrolysis, physical treatment, and a combination of them, one can tailor-make optimized molecular
structures that best suit specific encapsulation applications.

TABLE 18.3Regulatory Limits for Starch Sodium Octenyl Succinate. The Testing Methods for
Octenyl Succinic Groups are Defined Independently for Each Regulation/Region

Japan JECFA US/FCC EU
OSA treatment limitation s 3.0%
Octenyl succinic groups s 3.0% s 3.0% s 3.0%
Residual octenyl succinic acid s 0.8% s 0.3% s 0.3%

’ Starch base ‘

’ Increase temp. and pH ‘

’ Slowly add OSA ‘

Agitate and maintain pH till reaction completed

Hydrolyze ‘

’ Adjust pH to 4.5 ‘

| Jet cook/spray dry |

FIGURE 18.3 A typical process of octenyl succinate anhydride treatment.
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18.3 CHARACTERISTICS OF OSA STARCHES

OSA starch is highly surface active and its emulsification properties are less sensitive to salinity and pH conditions in
comparison to gum arabic and proteiri@ign et al., 201). Figure 18.4shows that a well-designed OSA starch is very
effective in reducing surface/interfacial tensions. It is worth mentioning that OSA starch is not salt sensitive, due to the
fact that it has a very low linear charge densi@ign et al., 201)L Typically, with addition of 1% NacCl, the surface
tension may decrease by about 5%.

Figure 18.5shows that the surface tension of OSA starches increases with increasing pH. This may be due to
increased charge density at high pH, which in principle further increases the HLB value, resulting in higher surface/
interfacial tension.

OSA starches typically have low viscosities, which is extremely important for spray drying, spray congealing, extru-
sion, and other encapsulation processes. The low viscosity allows high process efficiency as well as high performance,
which will be discussed in detail iBection 18.4.1

70 - FIGURE 18.4 D-limonene water interfacial tension

(lines), and surface tension (dots) of HI-CAP100, an

60 1 alternative OSA starch, and gum arabic 10% aqueous solu-
tions at pH 3.
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55 - FIGURE 18.5 Surface tension of CAPSUL as a function
53 of pH, using 10% water solutions.
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18.4 USING MODIFIED STARCHES FOR MICROENCAPSULATION

Replacing gum arabic using modified starches dates back to the 1870s for adhesive appligatiorisi{g, 198} In
the last several decades, hydrophobically modified starches have been widely used to replace gum arabic in microen-
capsulation and in beverage emulsion applications.

Naturally harvested gum arabic varies in its protein content and protein conjugation with arabinogalactan, depending
on the growth and harvest conditionsl{Assaf et al., 200Y, resulting in inconsistent emulsification and encapsulation
performances. Starch modifications follow tight control in the manufacturing process and final product specifications,
and therefore OSA starches offer high consistency from batch to batch. Their basic properties and advantages in
encapsulation are summarizedTiable 18.4
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TABLE 18.4Summary of Advantages of using Modified Starch for Spray Drying Microencapsulation

Features Performance Benefits
High surface activity Fine oil droplet size Low surface oil
High specific surface coverage High oil load
Low viscosity High solids Production efficiency

High flavor retention

Film forming Dense matrix formation Active protection

18.4.1 Typical Spray Drying Practices Using OSA Starches

Table 18.5lists examples of emulsion formulations at 40% solids, targeting 20% and 40% oil (flavor) load. In industrial
practices, the flavor is typically compounded with multiple components, and so is the matrix. The preparation of spray
drying ready emulsions is rather straightforward. Cold water-soluble starches are typically easy to hydrate. However,
slow adding, gentle agitating, and optionally heating the solution to aroun@ #2Ips faster dissolution and avoids
foaming. Should any foam form, allow enough time for it to settle, and then slowly add flavor oil under high shear to
form an emulsion. High energy homogenization may be needed to achieve the desired emulsion droplet size of about
1 um (measured by Beckman Coulter) in case of heavy oils such as omega-3 and vitamin E. A two-stage APV homoge-
nizer is often used, and the typical first stage and second stage pressures are 4500 PSI and 500 PSI respectively.
During the entire spray drying process, the emulsion should be kept agitated in the feeding tank and the emulsion
droplet size should not change significantligure 18.6shows emulsion droplet size and its pot-life stability, where
emulsions were made using a matrix material containing CAPSWYOSA starch of Ingredion) and maltodextrin at

TABLE 18.5Examples of 40% Solids Flavor Emulsion Formulations for Spray Drying with Oil Load of
20% and 40%

20% Oil Load 40% Oil Load
Flavor 8% 16%
Matrix material 32% 24%
Water 60% 60%

14 FIGURE 18.6 Flavor emulsion droplet size of fresh

emulsions (triangles) and aged emulsions (squares)

. 12 1 stored at room temperature for 24 hours, as a function of

g CAPSUL percentage in the matrix. The emulsion con-

o 10 4 tains 8% one-fold orange flavor, and 32% matrix, which

= 4 contains CAPSUL and maltodextrin (DE10, a product of

@ 87 Ingredion). Emulsions were produced using 7000 rpm

) for 3 minutes using a ROSS HSM-100 LCI high shear

S 6 A mixer.

c
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700 FIGURE 18.7 Brookfield viscosity as a function of
CAPSUL fraction in the matrix, where the matrix con-
600 tains CAPSUL and maltodextrin DE10. Diamonds repre-
sent 40% matrix material in water, and squares indicate
_. 500 emulsions containing 10% one-fold orange flavor and
% 40% matrix material.
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different ratios. It is evidenced that CAPSUL has sufficiently high emulsifying power that even a small amount of
CAPSUL can produce fine emulsion droplets, which are stable during 24 hours’ storage under ambient conditions.
However, as the amount of CAPSUL decreases to about 20% in the matrix, or a CAPSUL:flavor ratio of about 1:1,
both emulsion droplet size and stability deteriorate.

Figure 18.7shows the viscosity of solutions and emulsions of encapsulation matrices containing CAPSUL and
maltodextrin at different ratios=igure 18.8shows the viscosity of emulsions as a function of solidgures 18.7 and
18.8 provide guidance for formulating the emulsions with the right viscosities. Overall CAPSUL offers low viscosity
for a large range of solids and compositions, including at 50% solids and using low DE maltodextrin.

Table 18.6shows a summary of typical spray drying conditions using modified starches. Many of these parameters
are interdependent. For instance, the outlet temperature is influenced by the inlet temperature and the solids level, as
well as the feed rate. The powder particle size is influenced by the atomization, the viscosity, and the feed rate.
Practically, the outlet temperature is a good starting point to set the process conditions. Too low an outlet temperature
may lead to high moisture in the powder, causing low yield or caking.

Once the microcapsules are formed, they are analyzed for oil retention, surface oil, morphology, flowability, etc.
The microcapsules are typically aged at 60for 14 days and then tested for the oxidation. Sometimes the reconstitu-
tion of microcapsules into water is also observédble 18.7lists some recommended analytical methods for emulsions
and spray-dried microcapsule powders. Surface oil is typically extracted by a non-destructive solvent, such as hexane or
pentane. The total oil is extracted by a destructive solvent such as acetone or an aleateol mixture, and in some
cases with the aid of enzyme hydrolysis. The extracted oils are quantified by HPLC/GCMS (high performance liquid
chromatography/gas chromatographyass spectroscopy). The total oil can also be analyzed by distillation and
gravimetry. To measure the oxidation in case of orange flavor, limonene oxide/carviol/caiVoneds and Besgie,

1989 are used to account for the total oxidates using head space GC. The aged samples need to be handled carefully to
avoid loss of volatiles. An elevated temperature is typically used during measurement to ensure that all volatiles are
sampled.
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TABLE 18.6Typical Flavor Spray Drying Conditions

using OSA Starches

Parameters Conditions
QOutlet temperature 80 95 C
Inlet temperature 160 200 C
Flavor load 20 40%
Solids in emulsion 30 50%
Emulsion viscosity , 200 cP
Emulsion droplet size 1pum

Centrifual atomizer speed
Power particle size
Feed rate

Powder moisture

20,000 25,000 rpm
30 70 um
Depending on dryer capacity

3 6%

TABLE 18.7Summary of Analytical Methods Useful for Flavor Microencapsulation

Equipment Method Typical Values
Emulsion viscosity Brookfield Spindle LV62/60 rpm 50 300 cP
Oil droplet size Beckman Coulter Static light scattering 12pm
Powder particle size 30 70 um
Surface oif* HPLC Hexane extraction , 1%
Qil retention”® HPLC/Gravimetry Alcohol extraction 80 90%
Oxidation level© Headspace GC/FID Aging @ 50C3 14 days , 1000 ppm

Morphology SEM

Microtome Gold vapor deposition

500 50003 magnification

aSurface oil is defined as the weight of hexane extracted oil divided by the weight of microcapsule powder.
bRetention is defined as the amount of retained flavor divided by the amount of flavor formulated in the emulsion.
“Oxidation level is defined as the total weight of oxidates divided by the weight of retained flavor oil.

18.4.2 A Dynamic Model and its Relevance to Matrix Materials

203

Figure 18.9shows morphological evolution of a droplet in a highly dynamic spray drying process; an atomized droplet,
typically on the order of 4090 um to begin with, evaporates and dries within a timeframe of minutes:

1. The atomized droplet contains 50% water, 20% flavor, and 30% matrix material (as an example).

2. On exposure to high temperature, the droplet first dries from the outer surface, a crust so forming.

3. Water vapor permeates from inside through the crust, and at the same time, the solids continuously deposit on the
inner surface of the crust, thickening the shell. In the end, all water evaporates a void is left in the center.

Figure 18.10shows scanning electron microcopy (SEM) images of spray-dried microcapsule morphology and the
cross-section of