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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 I 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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About the Editors
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India Ltd.) in Mumbai, India on an expat assignment. He has been a Mondeléz International Fellow at Mondelez
International’s (Legacy Kraft Foods) R&D Center in Glenview, IL, USA. Anil has 27 years of R&D experience with
Kraft and Mondeléz. Prior to joining Kraft, he worked at the University of Minnesota, St. Paul, MN, Auburn
University, Auburn, AL., and Institute for Chemical Research, Kyoto University, Kyoto, Japan for about 8 years. His
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Chapter 1

Introduction to Microencapsulation and
Controlled Delivery in Foods

Robert Sobel?, Ronald Versic?, and Anilkumar G. Gaonkar®
!FONA International, Geneva, Illinois, USA, *Ronald T. Dodge Company, Dayton, Ohio, USA, *Mondeléz International, Glenview, Illinois, 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 nanoencapsulations (Thies, 1996).

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. DOI: http://dx.doi.org/10.1016/B978-0-12-404568-2.00001-7
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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 to the ingredients 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 the manufacture of a food product may involve shear, tempera-
ture (heat or cold), pressure, aeration, and addition of moisture. How these parameters affect the integrity of the
microcapsules must be taken into account while developing the system itself. Once the food product is processed,
its storage and handling must also be considered: this is done to ensure that the previously encapsulated food ingre-
dients will be able to withstand the shelf-life and storage condition of the material. The final step in the cycle is the
preparation of the food by the consumer. The microencapsulation must be able to perform and deliver the food
ingredient at the appropriate time, that is, during cooking, at 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 core—shell morphology. Microcapsules are traditionally created solely by a chemical
means, formed in a liquid-filled tank or tubular reactor (Thies, 1996). 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 core—shell 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 core—shell 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 acids (Kolanowski et al.,
2005). 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-defined core—shell morphology. 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 solids (Percy,
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 Cains (Cains, 1875) 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 (Cains, 1875).

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, 1934).

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
addressed (Scherer, 1934). 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 microencapsulation (Rappold and Volk A.G., 1926).

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 capsules (Green and Schleicher, 1957). Green 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 bath (Swisher, 1957). 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 “Banghamites” (Bangham 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 bed (Wurster and Lindlof, 1965). 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 masse” (Powell et al., 1968). This technique outlined the ability to create “seamless pro-
tecting walls surrounding the core” demonstrating a process to create well-defined core—shell 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 technique (Matson, 1970). 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 as “insitu polymerization.”

An additional argument embracing encapsulation as an “art” can be found with the introduction of interfacial poly-
condensation, a form of polymerization (Vandegaer, 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 polyuria. (Vandegaer, 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 liquid—liquid phase separation. This technique sought to
improve the retention of volatile materials while also improving the shell properties of the microcapsule (Hart et 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 phases. Hart
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 encapsulant (Lim and Moss, 1982; Won, 1987). This 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 (Abrutyn et al., 1989).

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 aroma (Haynes
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, 1964). The “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 liquid—liquid 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-
capsules. Fulger and Popplewell (1997) invented 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 encapsulation. Table 1.1 outlines 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 acetate;
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 1.3 Methods 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 outlined in Table 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 presented in Table 1.3. 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 shown in Figure 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 regions. Boh and Sumiga
(2008) have also reported an exponential increase in number 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 elsewhere (Balassa 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., 2010). This 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 2006—2015. 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 a dynamic system.

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. DOI: http://dx.doi.org/10.1016/B978-0-12-404568-2.00002-9
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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 polymer. Figure 2.1 shows 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.

(A) (B) © ‘ (E)
‘ @
o
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 in Figure 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 loading. Table 2.1 shows 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 microcapsule. Figure 2.4 describes the relationship between the microcapsule size and the

10 microns

20 microns

40 microns

Micrograms released

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

Diameter (um) Vol. Microcapsule (pm3) Thickness (um) Thickness (um) Thickness (um)

@ 90% Load @ 50% Load @ 10% Load
1000 523,600,000 17.3 103.1 267.9
500 65,450,000 8.6 51.6 134.0
250 8,181,250 4.3 25.8 67.0
100 523,600 1.7 10.3 26.8
50 65,450 0.9 5.2 13.4
25 8181.25 0.4 2.6 6.7
10 523.6 0.2 1.0 2.7
5 65.45 0.1 0.5 1.3
2.5 8.18125 0.0 0.3 0.7
1 0.5236 0.0 0.1 0.3
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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.
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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 increases in the matrix, the active ingredient can move through the
matrix more easily. The solubility is characterized by partition (P) or distribution (D) coefficients. These coeffi-
cients are a measure of the difference in solubility of the active ingredient in an aqueous versus oil phase.
Normally, one of the solvents used is water, while the second is hydrophobic, such as octanol. Hence, both the par-
tition and distribution coefficients are measures of how hydrophilic (“water loving”) or lipophilic (“oil loving”) an



Factors and Mechanisms in Microencapsulation Chapter | 2 19

active ingredient is. The logarithm of the ratio of the concentration is called log P. The log P value is also known
as a measure of lipophilicity.

Log P = log[(C in octanol)/(C in water)]

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:

HLB = 20 x 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 presented in Table 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 >4 and<8
W/O (water-in-oil) emulsifier >7 and <11
O/W (oil-in-water) emulsifier >12 and <16
Wetting agent >11 and <14
Detergent >12 and <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 described in Table 2.3.

2.6 MECHANISM OF DIFFUSION

The mechanism of diffusion or mass transport has been a topic of extensive research over the past 70 years (Crank,
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, 1984). Some of the tools used include gradients of chemical potential (Dash et al., 2010), equilibrium analyses
(Donbrow et al., 1988), cell dynamics models (Ghosal et al., 1992), Monte-Carlo simulation (Jalsenjak, 1992), and non-
regression analyses (Higuchi, 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 II diffusion (Figure 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 in Figure 2.5 and mathematically:

Cat 2.1)
dc,/dt = ko 2.2)

where C, is the amount of active ingredient released in time ¢, and k is a zero order constant.
By integration of Eq. 2.2:

(G —Co)=ko (1 —0) (2.3)
where C, represents the initial release at #— 0 for a fixed volume in which the release is measured:
C,=Cytkot 24)

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 flux, J, 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 morphology, Fick’s first law is:

J=(1/A)-dC/dt = — DdC/dr (2.5)

where J is the diffusion flux or mass flow of the active ingredient under the assumption of steady state, D is the diffu-
sion coefficient, r is the radius of the designed microcapsule, and A is the surface area of the microcapsule. The nega-
tive sign in Eq. 2.5 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 medium, where the diffusion properties do not change
in other spherical coordinates.

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

dC/dt= —D-A-(AC)/R (2.6)

where (AC) = Cym — Cpv, and where Coy is the concentration of the active agent on the outside of the microcapsule
while Cjy; is the concentration of the active agent on the inside of the microcapsule. R is the thickness of the
microcapsule.

Comparing Eqs. 2.2 and 2.6, one can show that Fickian diffusion will approximate zero order diffusion when:

ko= — DA(AC)/R 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/dt =k, C (2.8)

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

InC—1InCy=—k;t (2.9)

A plot of In C versus time ¢ gives a straight line with a slope of — 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.

No swelling or dissolution of the matrix occurs.

Diffusivity of the active agent is constant.

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

o .

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:

C, = — [DAQCy—C5)Cs]'? (2.10)

where C; is the solubility of the active in the matrix, D is the diffusion coefficient, C; is the concentration of the active
released at time ¢, and A 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 II diffusion.

Unlike Fickian diffusion, which is controlled by diffusion coefficient, in case II diffusion the parameter is a constant
velocity front, which marks the boundary of the swollen gel and the unswollen glassy matrix. Korsmeyer 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 shown in Table 2.4.

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 2.4 Interpretation 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 03

Non-Fickian transport 0.45<n=0.89 !

Case Il transport 0.89 Zero order release

Super case Il transport Higher than 0.89 !

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 (II) is directly proportional to the molarity of the solution. The Van’t Hoff
equation provides osmotic pressure calculations as:

[[=MRT (2.11)
where:

IT = osmotic pressure

M = molarity = moles + volume (L)

R =8.3145 J/k mol is the normal gas constant (R’ = 0.0821 L atm/K mol is the gas constant expressed in terms of
liters and atmospheres)

T = temperature (K)

A schematic that demonstrates osmotic release being triggered by the absorption of water into the microcapsule core
is presented in Figure 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 2.7 depicts many such triggered release concepts. The most common triggering mechanisms are temperature,
pH, use of salts, osmotic pressure, and light.

Rupture

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 such a dynamic system. 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 in Figure 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 schematic in Figure 3.1 shows a spherical geometry, this may be
irregular, as shown in Figure 3.2.

For purposes of simplicity, we consider two morphological structures—microspheres and core—shell 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 a core—shell
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 orders. Figure 3.3 provides 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. DOI: http://dx.doi.org/10.1016/B978-0-12-404568-2.00003-0
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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.

120

100
/ickian diffusion
80 /
60
/ Zero order
40 /
20

0 T T T T
0 10 20 30 40 50

Time (min)

% Active release

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:

Cat
ordC,/dt =k
where C, is the amount of active ingredient released in time ¢, and ky is a zero order constant. By integration of
equation:
(G — Co) = ko (t—0)
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FIGURE 3.4 A practical representation of zero order kinetics of an active releasing from a hydrogel.

where C, represents the initial release at #— 0 for a fixed volume in which the release is measured:
Cl = CO + k() -t

This equation is called the integrated zero order rate law.

Equation (3.3) which represents the zero order kinetics, is presented graphically in Figure 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. The y-intercept which represents “initial burst,” is defined by C,. As one can see, the percent release,
which is presented as C,Stx’ 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 flux J 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 morphology, Fick’s first law is:

J=(1/A)-dC/dt = — D dC/dr

where J 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 state, D is the diffusion coefficient, r is the radius of the designed microcap-
sule, and A 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/dt= — D-A-(AC)/R

where (AC) = Cym — Cpv, and where Coy is the concentration of the active agent on the outside of the microcapsule
while Cjy is the concentration of the active agent on the inside of the microcapsule. R is the thickness of the

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

ko = DA(AC)/R
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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 the ko, 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 constructed in Figure 3.5. The
figure describes a microsphere as a radius “a,” where the microsphere contains a pure component A. Because 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 r, 6, p-coordinate system, there are no gradients in the polar angular coordinate 0, or in the azi-
muthal angular coordinate .

After, an initial transient steady state is assumed to prevail. Di Matteo et al. (2003), in the example defined in
Figure 3.5 and 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 Ar:

4 J(r) — 4m(r+ AP (r + Ar) =0

Dividing by 47(Ar) and rearranging with limits Ar— 0, we get:
d
—(@J)=0
dr (rJ)
Using Fick’s law:
J=—Ddc/dr, and where c¢=Cpx

d I 1
—x=—-—K]1 ——
drx C()DI‘2

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

)c=—K1—1 1-I—K2
C()Dr

For the microsphere dissolving in the surrounding liquid:
x(a) =xo0 and x(r > 0) =0
Therefore:
K1 :C() D a X0 and K2 =0
Furthermore, the concentration at C(r) will be:
x(r) =x06—l or C(r)= Cog
r r
Or flux can be calculated to be:
a
J= CQ D )C()—2
r

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

=47Cy D a

3.4.2 Unsteady-State Diffusion From a Microsphere

29

For one-dimensional mass transfer at 0 =< r= R with no angular dependence, the differential equation that defines the

mass balance in an unsteady state can be described as:

ou &

o P

Caretto (2009) considered 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 condition: t =0, ¢(r, 0) = ¢;
Boundary condition: ¢(0, t) = Cy and ¢(r — o0, t) = ¢;

For a constant surface flux condition:
Case 2: Initial condition: t =0, ¢(r, 0) = ¢;

.. c
Boundary condition: — D6_ l,=g =J, and c(r— oo, t) =¢;
r

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

(C - Cs) —er X _ (cs - ci)
(ci —¢y) —¢ f(Z\/17t> Jo=D Dt

For Case 2, the constant surface flux, J(r =0) = J,:

t —r? Jor r
1) —c; =2\ —= — ) —— —
c(r,t)—c —°XP ( D1 ) D erfc (2 WDI)

where erfc(W) =1 — erfiW).

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

O T T
0 10 20 30
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 (2010) assessment 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 3.6 shows the shape of the curve where significant active is released early, and as the concentration of
the active in the microsphere reduces, so does the driving force. 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:

J(x)= —D-dc/dx

based on conservation of mass.
In spherical coordinates, consider a microsphere with inner and outer radii r; and r,, respectively. Using Fickian dif-
fusion and the mass equation (Figure 3.7) in spherical coordinates where azimuthal and polaroid symmetry becomes

one dimension, a steady state equation can be written as:

FIGURE 3.7 Diffusion of active in a microsphere morphology.
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Integrating:
1
c(r)=A-+B
r

Using concentration inside the microcapsule to be c¢; at » = r; and the concentration outside the microsphere is c,
the differential equation can be solved with the boundary conditions to yield:

1 1
c(r)=.11r%(— + —) + ¢
r r

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 radius r,, where the antimicrobial active needs to maintain
an effective concentration for a minimum required constant flux J; (Ruiz-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:

Integrating:
1
T(ry=A- +B
r

Using flux inside the microcapsule to be J; at r = r; (Neumann boundary condition) and the concentration outside
the microsphere is 7, at r = r, (Dirichlet boundary condition), the differential equation solved by Roy and Sengupta
(1991) can be solved with the boundary conditions to yield:

1 1
T(r)= Jlrf (— + —) +T1,
r rn
Thus, the unknown temperature inside the microcapsule can be calculated as:

T](r) :JIV%(l + l) + Tz
r r

Obviously, this equation is designed for wall thicknesses that are reasonably large and when r; approaches r,, T},
and T5.

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 temperature 77, which is desired for release by diffusion where the surrounding media temperatu