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Preface

Polymers and their derivative materials have been used most frequently as attractive alter-
natives to traditional medicinal materials for a number of pharmaceutical applications. For
instance, polymeric matrices are the most widely employed system for preparation of con-
trolled release pharmaceutical dosage forms due to their simple and low-cost manufacturing
process. There are three main types of pharmaceutical matrices: inert, hydrophilic and lipidic
matrices, hydrophilic and inert matrices being the ones most employed. Different types of
polymeric materials, namely ethylcellulose, polymethacrylates, polyvinyl acetate mixtures,
cellulose ethers, hydroxypropylmethylcellulose, methylcellulose, sodium carboxymethylcel-
lulose, chitosan, gums, xanthan gum, guar gum, polyethyleneoxide, sodium alginate and
starch derivatives, to name but a few, have been used as materials for pharmaceutical matri-
ces. Along with polymers, biomaterials with specific abilities to interact with biological struc-
tures have been widely used in the development of different devices intended for biomedical
applications. Within this field, the interest in endogenous polymers as components of deliv-
ery systems has also gained increasing attention. The pharmaceutical role of polymers in the
context of modern biomedical applications is increasing rapidly, such as in the form of mac-
romolecular polymers to modify drug release. There are a number of different macromolecu-
lar polymers that can be used to modify drug release from Extended release (ER) matrices.
The ER oral dosage forms provide a number of therapeutic benefits (i.e., improved efficacy,
reduced frequency of administration and better patient compliance) and retain market share.
Due to the costs involved in discovering, developing and testing their safety, and getting
approval for new polymeric materials, a new focus has been directed towards the investiga-
tion of the use of pharmaceutically approved polymer blends as matrix formers. Combining
polymers of different chemistries or viscosities is being studied extensively as a means of
achieving and optimizing extended drug release from hydrophilic matrices. Chemical con-
jugation with other pharmaceutical polymers such as poly(ethylene glycol) (PEG) has also
evolved into a well-established technology used to improve the physicochemical, biomedical
and pharmacological properties of several therapeutic molecules, such as peptides, proteins,
antibodies, antibody fragments, oligonucleotides, and small drugs. Ubiquitously present
nucleophillic groups, such as the terminal -NH, group, the e&-NH, group of lysine and the
-SH group of cysteine, have all been used to couple peptides and proteins to mPEG deriva-
tives. Moreover, site-selective, reversible and enzymatic PEGylation have recently gained
increasing attention among the biopharmaceutical community.

Different research efforts all around the globe are continuing to explore and improve
the properties of these polymers. Researchers are collectively focusing their efforts on the
inherent advantages of pharmaceutical polymers for use in their targeted applications. This
book is solely focused on the structure and chemistry of pharmaceutical polymers. Some
of the important topics include but are not limited to: polymeric materials for culturing

xvii
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human pluripotent stem cells; polymeric systems in quick dissolving oral films; gellan — a
pharmaceutical excipient; critical points and phase transitions in polymeric matrices for
controlled drug release; use of various polymer combinations in extended release matrices;
biomaterial design for human ESCsand iPSCs on feeder-free culture toward pharmaceuti-
cal usage of stem cells; new perspectives on herbal nanomedicine; endogenous polymers
as biomaterials for nanoparticulate gene therapy; molecularly imprinted polymers as bio-
mimetic molecules - synthesis and pharmaceutical applications; biobased pharmaceutical
polymer nanocomposite — synthesis and chemistry; improving matters of the heart — use of
select pharmaceutical polymers in cardiovascular intervention; polymeric prosthetic sys-
tems for site-specific drug administration - physical and chemical properties; prospects of
guar gum and its derivatives as biomaterials; polymers for peptide/protein drugs delivery;
etc.

Several critical issues and suggestions for future work are comprehensively discussed
in this book with the hope that it will provide a deep insight into the state-of-art of phar-
maceutical polymers. We would like to thank the publisher and Martin Scrivener for the
invaluable help in the organization of the editing process. Finally, we would like to thank
our parents for their continuous encouragement and support.

Vijay Kumar Thakur, PhD
Washington State University, USA

Manju Kumari Thakur, MSc, MPhil, PhD
Himachal Pradesh University, Shimla, India
February 2015
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Gellan as Novel Pharmaceutical Excipient

Priya Vashisth, Harmeet Singh, Parul A. Pruthi and Vikas Pruthi’

Department of Biotechnology, Indian Institute of Technology Roorkee, Roorkee, India

Abstract

An excipient provides an effective therapeutic way for convenient and precise dispensation of
medicine(s)/drug(s) to the desired site in order to achieve a long-lasting outcome during the
period of treatment. Therefore, the techniques for delivering the drugs over a prolonged period
of time, with a sustained release profile, have been constantly investigated. This article endeav-
ors to provide an insight about the structural and physiochemical properties of gellan, with
the intention of exploring the biological applications of gellan in the pharmaceutical sector.
Gellan is a natural linear anionic natural polysaccharide which is commonly used in the food
and cosmetic industries. The biodegradability, nontoxicity and wide applicability of gellan make
it a suitable candidate for the pharmaceutical industry. The gellan excipients alone or in com-
bination with other biopolymers have been investigated for a wide range of biopharmaceuti-
cal applications such as mucoadhesion, granulation, gene therapy and wound healing. Recent
applications of gellan include its usage as pharmaceutical excipient in ophthalmic, nasal, buccal,
periodontal, gastrointestinal, colon-targeted and vaginal drug delivery. Gellan has also been
proven as a potential candidate for tablet coatings in order to produce a sustained release dosage
system with improved drug dissolution.

Keywords: Gellan, mucoadhesion, microcapsules, nanoparticles, nanohydrogels, drug delivery

1.1 Introduction

An excipient is an inactive substance that is used along with the active agent or
medicine(s) in order to provide a convenient and precise dispensation of it from the
designed dosage formulations. Conventionally, excipients were only used as vehicles for
giving the required weight and volume for the appropriate administration of the active
ingredient, i.e., drug [1]. Whereas, the pharmaceutical role of excipients in a modern
context is defined as dosage forms which play multifunctional roles such as enhanced
drug stability, drug solubility/absorption, bioavailability and sustained release perfor-
mance for better acceptability in patients. However, despite all these claims, a metic-
ulous knowledge about the physical and chemical properties as well as information
regarding the safety, management and regulatory status of the excipient materials are

*Corresponding author: vikastbs@iitr.ernet.in

Vijay Kumar Thakur and Manju Kumari Thakur (eds.) Handbook of Polymers for Pharmaceutical Technologies,
(1-22) © 2015 Scrivener Publishing LLC
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crucial, as they can no longer be totally considered as inactive ingredients. Thus, the
design of novel and effective drug delivery systems has given rise to an increased num-
ber of excipients that are based on natural polymers.

The growing applications of natural polymers in pharmaceutical industry mainly
relies on their abundance in nature, biodegradability, non-toxicity and their cost effec-
tiveness as compared to synthetic polymers [2].

Gellan is a natural biocompatible polysaccharide which is obtained as a fermenta-
tive product from a pure culture of nonpathogenic microbial strain [3,4]. It has been
successfully employed in solid, liquid and semi-solid dosage formulations. It has found
enormous applications as gelling agent, thickening agent, stabilizer and foaming agent,
which are precisely useful in the designing of improved drug delivery systems [5].
Gellan does not affect the chemical structure of formulated drug and get degraded by
natural biological processes within the body. These properties of gellan circumvent the
need for removal of the drug delivery system from the body after its action has been
accomplished. Additionally, as an excipient, it helps to maintain a steady-state plasma
concentration of drug at the desired site during the entire period of treatment, and also
reduces the adverse effects of the drug by releasing the drug in a well-controlled man-
ner. As compared to other polysaccharides, gellan exhibits better thermal stability, acid
reliability, adjustable gel elasticity and high transparency, and is therefore a preferred
candidate for the food and pharmaceutical industries [6]. Here, in this article, our
emphasis is on gellan-based materials, and their chemical modification, with the inten-
tion of exploring the biological applications of gellan as pharmaceutical formulations
such as drug release modernizers, gelling agents, implants, films, beads, microparticles,
nanoparticles, injectable systems and granulating systems, as well as mucoadhesive
formulations.

1.2 Structural Properties of Gellan

The purpose of analyzing the structural features of gellan is to understand the influence
of chemical modifications on its physiochemical properties. Structurally, gellan is a lin-
ear, anionic polymer which is composed of tetrasaccharide repeating-units, compris-
ing two molecules of monosaccharide B-D-glucose, one molecule of B-D-glucoronic
acid and one molecule of a-L-rhamnose linked together in a linear fashion [4]. The
percentage of the three main constituents of gellan is reported as approximately 60%
for glucose, 20% for rhamnose and 20% for glucuronic acid [6]. The native form of gel-
lan is found to be esterified with L-glycerate and O-acetate at 2 and 6 positions of the
D-glucose. However, the commercially available Gelrite® is the de-esterified form of
gellan [7].

The detailed structural analysis of gellan has been performed using X-ray diffraction
technique by Chandrasekaran and Radha. The X-ray diffraction study on Li* gellan
revealed that it possesses an extended double helical molecular structure formed by
intertwining of threefold left-handed helical chains of pitch 56.4 A in a parallel fashion
[8]. This helical structure is stabilized by means of interchain hydrogen bond between
the hydroxymethyl groups of 4-linked glucosyl units in one chain and carboxylate
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group in the other chain [9]. The X-ray diffraction analysis of the K* salt also showed
the K* ion is linked with the carboxylate group of gellan and surrounded by six ligands
to attain a strongly anchored octahedral coordination which is responsible for the sta-
bility of double helical gellan structure.

Recently, atomic force microscopy (AFM) and dynamic viscoelasticity measurements
have been employed for investigating the detailed chemical structure of Na*-gellan. The
study revealed that gellan is composed of a continuous network of structures that is
mainly developed through the inter-helical associations of end-to-end type rather than
the associations of side-by-side type. The presence of cations (K* ions) is found to be a
necessary component for the development of these types of continuous network struc-
tures. The study further confirmed the fibrous model of gellan gelation instead of the
conventional model which presumed that joining of the adjacent junction zones leads
to formation of disordered flexible polymer chains [10,11].

On the basis of 0-acetyl substitution of the polysaccharide chain, gellan can be cat-
egorized into two basic forms: (i) high acyl form and (ii) low acyl form (Figure 1.1).
Both forms exhibit different characteristic properties (Table 1.1). The acyl substitution
of gellan chain shows an intense effect on its gelling characteristics. The high acyl form
of gellan produces soft, elastic and non-brittle gels, whereas the low acyl form yielded
steady, non-elastic and brittle gels [12].

cooM* CH,OH i
)—o o} 0o o}
OH OH
0O CH,
OH OH OH OH 0
@ High acyl gellan
CH,OH cooM* CH,OH _
)—o 0 0—/ r—o
OH OH
0\} 0, CHs
OH OH OH OH |,
(b) Low acyl gellan

Figure 1.1 Chemical structure of repeating units of gellan.
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Table 1.1 Comparison of the physical properties of high-acyl and low-acyl gellan.

High Acyl Gellan Low Acyl Gellan
Molecular Weight 1-2 % 10° Daltons 2-3 x 10° Daltons
Solubility Hot water Hot/ or cold water
Setting Temperature 70°-80°C (158°-176°F) 30°-50°C (86°-122°F)
Thermo-reversibility Thermo-reversible Thermo stable

1.3 Physiochemical Properties of Gellan

Gellan exhibits high gel strength, an excellent stability, process flexibility and toler-
ance, high clarity and an outstanding active reagent release property. The physiochem-
ical properties of gellan are listed in Table 1.2 [13-15].

1.3.1 Gelling Features and Texture Properties

Gellan is a polysaccharide which has a characteristic property of temperature-depen-
dent and cation-induced gelation. Gellan abruptly undergo sol-gel transitions (phase
transition) and forms gels on heating and cooling of its solutions in the presence of
cations (Figure 1.2). These gels are transparent and resistant to a wide range of heat
and pH [16]. Light scattering analysis demonstrated that the gelation behavior of gel-
lan involves two separate thermo-reversible steps: (i) at low temperature/or on cooling
gellan converted in an ordered double helix from two single chains, and (ii) on high
temperature/or heating it changes from a double helix to two single-stranded poly-
saccharide chains [17,18]. Rheological studies have indicated that at low temperature,
gelling of gellan occurs due to the coil-to-helix transition [19]. The mechanism lying
behind the gelation of gellan includes the synthesis of junctions in double-helix and
the aggregation of these junctions to develop a three-dimensional network in the pres-
ence of cations and water [20]. Since gellan is a polyelectrolyte, the presence of diva-
lent or monovalent cations markedly influences the texture and properties of gellan
gel. The presence of cations has always been found to promote the gelation process
by producing a shelding effect over the helices, thereby enhancing the probability of
hydrogen bond formation by inter-helical interaction. One of the mechanisms explain
by Gunning et al. showed the development of distinct junction zones on the helical
polymer chains and the presence of mutual interactions (inter-helical associations)
between the connecting adjacent junction zones [21]. These junction zones are thought
to be stabilized by cation binding. The addition of salt solution significantly increases
the number of bridges at a junction zone, and thus improves the elastic modulus and
gelling properties of gellan. Another investigation explaining the gelation process in
gellan has been accomplished using atomic force microscopy (AFM) technique. It sup-
ports the fibrous model of gellan gelation, which states that in the presence of cations,
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Table 1.2 Physiochemical properties of gellan.

5

Color Off White

Molecular weight >70,000 with 95% above 500 000
Bulk density Approximately 836 kg/m3
Solubility in water; insoluble in ethanol
pH (1% solution) Neutral

Gel strength 2850 g/cm2

Specific gravity <1

Stability Stable at room temperature
Moisture content 98.6%wb or 67.6% db

Loss on drying <15.0% (105°, 2¥h)
Nitrogen <3%
Isopropyl alcohol <750 mg/kg

Microbiological criteria Bacterium count: <10,000 cfu/g
E. coli: Negative by test
Salmonella: Negative by test

Yeasts and molds: <400 cfu/g

Heating

Gel Sol
Cooling

Figure 1.2 Schematic model representing the gelation mechanism for gellan.

some primary fibers form during the process of coil to helix transition. This process is
followed by the aggregation of primary fibers into thicker branched fibers which results
in the enhanced elastic behavior [22].
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1.3.2 Rheology

Rheological assessments are appropriate tools in order to attain the organizational infor-
mation about the macromolecules in a certain medium. The rheological properties of
gellan solutions in the presence and absence of salt were reported by Miyoshi et al. [19].
They evaluated the steady shear viscosities and oscillatory measurements for gellan solu-
tion. The data obtained from this study suggested that in the absence of salt, gellan solu-
tion followed a shear-thinning behavior and its conformation changes from a compact
coiled structure to a helical structure (the helical structure compared to coiled structural
conformation can be more easily oriented with the shear flow). At low shear rates, the
range of Newtonian plateau was found to become gradually narrower because of the
development of an ordered structure of gellan in the solution. Whereas, in the presence
of a sufficient concentration of cations, gellan associates in highly ordered structure and
tends to form weak gel, which significantly followed a shear-thinning behavior with no
Newtonian plateau even at a relatively high temperature [23].

In another investigation, the rheological properties of gellan solution were assessed
on the basis of o-acetyl substitution of the gellan chain. The studies carried out with
chemically modified gellan suggested that the rheology and conformation of gellan is
directly influenced by the level of acetate and glycerate molecular substitution present
in its chains. However, the data obtained from X-ray fiber diffraction molecular analy-
sis, proposed that glycerate alone is an important factor that determines the association
of gellan chain as well as its rheological properties [24].

Rodriguez-Hernandez discussed the rheological properties of gellan polymer in
terms of the visualized microstructure. Confocal laser scanning microscopy (CLSM)
technique has been opted for the imaging of the gellan aqueous systems with their rhe-
ological behavior in order to identify the extent of chain associations. The microscopic
observations suggested the formation of three-dimensional (3D) networks of gellan in
its aqueous solution rather than gellan aggregates [25].

1.3.3 Biosafety and Toxicological Studies

Toxicological studies revealed that gellan is relatively nontoxic to animals when admin-
istered as a single large dose (LD, = 5000 mg/kg) in the diet (Table 1.3), while an
inhalation toxicity test found it caused no deaths in a group of 10 animals [6]. An eye
irritation test described in the above study confirmed the safety of gellan in the case of
contact with eyes. Gellan formulations received their first approval for food applica-
tions in Japan in 1988. It is now acceptable for food, non-food, cosmetic and pharma-
ceutical use in the United States, Canada, Australia, Latin America, South America,
Asia, and in the European Union [12].

Table 1.3 Acute toxicity of gellan.

Species Sex Route LD50 Reference(s)

Rat Male & Female Oral >5000mg/kg [26] [27]
Male & Female Inhalation >5.09 mg/1 [28]
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1.4 Pharmaceutical Applications of Gellan

1.4.1 Gellan-Based Pharmaceutical Formulations
1.4.1.1 Gel Formulations

Gellan is capable of forming gels in the presence of counterions. These gels are predom-
inantly strong when formed in the vicinity of divalent ions as compared to monovalent
ions [29]. Recently, the suitability and acceptability of gellan hydrogels in the area of
regenerative medicine and drug delivery were studied by Correia et al. They invented
gellan comprising photocrosslinked hydrogelic formulation which was able to control
the encapsulation and reticulation of animal cells and/or drugs, or their combinations
[30]. Similarly, a gellan-based floating in-situ gelling system has been developed for
controlled drug delivery of amoxicillin by Rajinikanth et al. They observed that the
floating in-situ gels containing ten times lesser amount of amoxicillin than the amoxi-
cillin amount in solution form were more effective for treating an infection caused by
Helicobacter pylori [31,32].

1.4.1.2 Mucoadhesive Formulations

Mucus is a viscous and slippery secretion that covers many epithelial surfaces of the
body. The mucus secreting cells are extensively found in different areas of the body,
such as in the nasal, ocular, buccal, gastrointestinal, reproductive and respiratory areas.
Gellan can potentially be used as mucoadhesive drug delivery systems, as it is a water-
soluble polymer which becomes adhesive when it comes in contact with mucous mem-
branes, and subsequently provides protection to the encapsulated drug from enzymatic
degradation. This property of gellan also increases the contact/residence time of encap-
sulated drug [33]. Hence to investigate the mucoadhesive properties of gellan, Ahuja
et al. developed modified bioadhesive carboxymethyl gellan gel beads as drug delivery
vehicles [34]. The comparative evaluation of modified carboxymethyl gellan showed
2.71-fold higher mucoadhesive strength than the gellan alone. The outcomes showed
that the carboxymethylation modification of gellan improved its mucoadhesive prop-
erties and hence augmented its aqueous solubility and gelling behavior. They reported
that carboxymethylated gellan gum does not gel at 0°C even at a concentration of 10%
(w/v). Their observations revealed 100% bioadhesion of metformin (model drug) con-
taining ionotropically gelled beads over a period of 24 h. Further, it was concluded that
carboxymethyl gellan beads released the model drug metformin at a more rapid rate
than gellan alone [34].

Viram and Lumbhani developed gellan containing mucoadhesive in-situ gels for the
controlled release of the drug metoclopramide hydrochloride [35]. They showed that
the release kinetics of gellan formulation rely on the diffusion model for drug delivery
and the release rate of drug was strongly dependent on the weight fraction of the gellan
in the formulated tablets. The in-vitro mucoadhesion studies and drug release profiles
showed that the increasing gellan concentration was accompanied with a slower drug
release rate as well as favorable retention of gellan gel in nasal mucosal tissue. Hence, it
improved the drug absorption at the target site [36].
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1.4.1.3  Granulating/Adhesive Agents and Tablet Binders

Granulating agents or binders provide stability to the tablets which is required by
them during their processing, handling, packaging and transportation, as well as also
improving compressibility and fluidity of drug powder [37]. The micro-mimetic stud-
ies revealed that microwave-assisted physical modifications can improve the efficacy
as well as proficiencies of the gellan-based drug excipient [38,39]. Gellan has also been
proved as an efficient and outstanding granulating agent as compared to earlier reported
gelatin and maize starch for chloroquine phosphate tablets [40].

1.4.1.4 Controlled Release Dosage Form

The easy-to-swallow controlled release solid dosage forms (gels, films, coatings, tablets,
etc.) can be simply produced by using gellan. Yang et al. explored the formulation hav-
ing polyelectrolyte complexes of cationic polymer chitosan and anionic polymer gellan
for controlled release of proteins. They reported that the higher gellan concentration in
the prepared formulations significantly retarded the fast release of protein and achieved
sustained release. The protein release behavior mainly followed the Fickian diffusion
mechanism [41]. Similarly, alkaline phosphatase (ALP) encapsulated capsules of gellan-
chitosan hybrid have been synthesized using polyionic complex reactions occurring
between the oppositely charged polysaccharides. These polyionic complex capsules can
potentially be employed in the pharmaceutical industry, as these complexes are bio-
degradable and biocompatible, can be implanted directly into the organisms, elimi-
nate the need for surgical removal of formulations after use, and show bioresorbability
[42,43]. The crosslinked gellan hydrogels for controlled and modified drug release of
high molecular weight bioactive molecules such as proteins (Vitamin B12, fluorescein
isothiocyanate-dextran), were prepared and characterize by Matricardi et al. [44,45].
Crosslinking significantly enhanced the mechanical properties of gellan hydrogels and
slowed down the release profiles of drug. The same phenomenon was further con-
firmed by the studies of Mangond et al., who proposed crosslinked gellan microbeads
loaded with ketoprofen as a sustained drug release system. The drug release profiles of
ketoprofen from gellan microbeads were found to follow non-Fickian mechanism [46].
A complex formulation of gellan and calcium was developed for the sustained oral
administration of paracetamol drug. This formulation caused the formation of gellan
gels in the stomachs of animals (rabbits and rats) and provided controlled drug release
over a period of 6 h [47]. The gellan hydrogels were also modified physically and chemi-
cally in order to provide improved drug entrapment [44]. The differences between the
two types of modified gels were evaluated with respect to their ability of retention for
the model drug DexFluo,, (fluorescein isothiocyanate-dextran). Chivers and Mooris
reported the theophylline drug containing gellan gels as sustained release commercial
liquid dosage forms and their evaluation of the bioavailability of the drug within the
gels was found to increase by 4-5-fold in rats and 3-fold in rabbits compared to a com-
mercial sustained release liquid dosage form [48,49].

1.4.1.5 Microspheres and Microcapsules

Gellan polyionic microspheres have also been tested for the encapsulation of biological
components. The use of capsules and microspheres not only offers sustained release, but
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also provides the protection of encapsulated substances. The small particle size of these
formulated microspheres enables an easy administration of bioactive molecules either
by oral route or by injection [50]. A recent investigation briefed the self-destructing
“mothership” capsules for timed release of encapsulated bioactive contents (an enzyme
chitosanase). These capsules were designed via single-step assembly which causes self-
destruction at a later time because of their packaged enzymatic contents (chitosanase is
capable of degrading chitosan polymer into small oligomers). The capsules were formed
by taking the benefit of electrostatic interaction between the anionic polymer, gellan
and cationic polymer, chitosan. The fabricated capsules were called “motherships” and
were engineered to transport the small cargo molecules termed as “babyships™ [51].
Similarly, aceclofenac-loaded capsules comprised of alginate and gellan were developed
for prolonged drug release using maleic anhydride-induced unsaturated esterification
method [52]. The in-vitro drug dissolution profiles of aceclofenac confirmed the con-
trolled release of it by following the Korsmeyer-Peppas model. The results of in-vivo
studies in which the aceclofenac drug is orally administrated in rabbits, demonstrated
the prolonged systemic absorption of drug. Novel gellan-poly (N-isopropylacrylamide)
thermoresponsive semi-interpenetrating microspheres using ionic crosslinking method
have been explored by the research group of Mundargi et al. They exploited the devel-
oped microspheres for controlled release of atenolol, an antihypertensive drug. The in-
vitro drug release profiles indicated the temperature dependency of drug release, which
was found to be extended up to 12 h [53]. Another type of interpenetrating polymeric
(IPN) microspheres comprised of complex of gellan and poly(vinyl alcohol) have been
synthesized by emulsion crosslinking method for sustained release of carvedilol [54].
Microcapsules encompassing oil and other core materials have also been synthesized
using a complex coacervation of gellan and gelatin biopolymers [48].

1.4.1.6  Gellan Beads

Recently Narkar et al. formulated an amoxicillin drug containing mucoadhesive gel-
lan beads. The beads were fabricated via ion-induced gelation method, which were
then stabilized using acidic and alkaline cross-linking media. The beads were subse-
quently coated with another biopolymer (chitosan) in order to achieve controlled drug
release. These chitosan-coated gellan beads displayed controlled in-vitro drug release
up to 7 h [55]. In another embodiment, a gellan hydrocolloid bead formulation con-
taining diltiazem hydrochloride was produced as potential drug vehicle [56]. These
beads were comprised of several fillers such as talc, kaolin, calcium carbonate, potato
or corn starch (10%, w/w). The study demonstrated that the drug loaded gellan beads
undergoes swelling after coming in contact with simulated gastric fluid and intestinal
fluid. The filler inclusion proposed in this study was found to enhance the stability of
gellan beads and subsequently prolonged the time of drug release. Similarly, gellan
beads encompassing cephalexin as a model drug were formulated by extruding the dis-
persive solution of gellan and cephalexin into a mixed solution of counterions (calcium
and zinc ions). The morphology of beads and release rate were optimized by varying
the process variables such as pH of counterion solution and cephalexin loading [57].
A rather simpler ionotropic gelation method to encapsulate a hydrophilic drug, pro-
pranolol hydrochloride, in gellan beads was opted for by Kedzierewicz et al. They fabri-
cated the beads by first making a dispersion of drug and gellan and then dropping this
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dispersion in an ionic solution of calcium chloride. It was observed that these gellan
beads could be stored for up to three weeks in a wet or dried state without any altera-
tion in drug discharge [58]. Development of gellan beads has also been experimented
on to assess the effect of divalent cations on drug encapsulation efficiency. The hard
gel beads prepared with different cations are shown to significantly affect the aqueous
solubility of the drug. Furthermore, it was concluded that the electro-positivity of cat-
ions plays a significant role in the gelation of gellan and drug loading can be increased
by using divalent ions of high atomic number [29,59].

1.4.1.7 Gellan Films

Xu et al. prepared dried antimicrobial films of gellan and konjac glucomannan using a
solvent-casting technique with different blending ratios of the two polymers. In addi-
tion, the suitability of formulated films was evaluated for release of incorporated nisin,
an antimicrobial drug. The films incorporated with nisin were found to have antimicro-
bial activity against Staphylococcus aureus. The conducted investigation demonstrated
that by increasing the content of gellan, the antimicrobial effects of the films were also
enhanced [60]. Correspondingly, gellan film as an implant for insulin delivery was also
developed as a candidate for maintaining blood glucose [61]. The study reported that
the blood glucose levels of the diabetic rats implanted with insulin encompassed films
were about half of those implanted with blank gellan films, and this therapeutic effect
of insulin could last for one week. The conclusive in-vitro and in-vivo studies suggested
that the developed gellan film could be an ideal candidate in the development of protein
delivery systems.

1.4.1.8 Gellan Nanohydrogels

A novel nanohydrogel system (NH) using gellan biopolymer has been developed by
the research group of D’Arrigo et al. These gellan nanohydrogels were designed to carry
and deliver anti-cancer and anti-inflammatory drugs simultaneously. Paclitaxel (an
anti-cancer drug) was physically entrapped in these fabricated nanohydrogels, whereas
Prednisolone (an anti-inflammatory drug) was entrapped chemically with the carboxylic
groups of gellan. Nanohydrogels acted to increase drug solubility as well as drug bio-
availability and hence displayed an improved drug performance. Data suggested that the
synergistic effect of the anti-inflammatory and anti-cancer drugs from the developed
nanohydrogels favor an augmented in-vitro cytotoxic effect on cancer cells [62].

1.4.1.9  Gellan Nanoparticles

Gellan has been proved as a potential material for carriage of fragile drugs and, there-
fore, has been explored extensively to provide new opportunities in the field of drug
delivery [63]. Palaniappan has formulated a controlled release nanoparticle composi-
tion comprised of gellan and polyethylene glycol polymers and exploited it for deliv-
ery of proteins or an anti-carcinogenic compound [64]. The nanoparticles have been
further surface functionalized with bifunctional ligand in order to provide an affinity
to the material and for targeted drug release. Dhar et al. introduce a new application
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of gellan and suggested that gellan can be used as a reducing agent to synthesize
gold nanoparticles with a greater stability toward electrolyte and pH changes. These
nanoparticles have been assessed for controlled release of doxorubicin hydrochloride,
an anthracycline ring antibiotic. The study concluded that the effectiveness of doxoru-
bicin hydrochloride-loaded nanoparticles has an enhanced cytotoxic effect on human
glioma cell lines NIH-3T3 and LN-229 [65].

1.4.2 Role of Gellan Excipients in Drug Delivery and
Wound Healing

1.4.2.1 Ophthalmic Drug Delivery

An ideal ophthalmic formulation should be installed in the ocular area without caus-
ing any irritation or blurred vision [29]. The in-situ gel-forming drug delivery system
is often considered as suitable ophthalmic formulation because after administration
in the ocular area, it immediately undergoes phase transition to form viscoelastic gel,
which in turn enhances the residence period of the drug at the target site to yield better
drug performance [66].

Gellan has a characteristic property of cation induced in-situ gelation that can be
used for sustained ophthalmic drug delivery applications [67,68]. These in-situ gel-
forming systems could prolong the precorneal residence time of a drug and improve
ocular bioavailability [69,70]. Recently, Timoptic-XE®, an ophthalmic drop formula-
tion (Merck & Co., Inc., Whitehouse Station, NJ, U.S.) which comprises gellan, was
introduced in the market. Its administration once a day is equally effective in lowering
the intra-ocular pressure (IOP) as the equivalent concentration of simple eye drops of
aqueous solution of timolol maleate (Timoptic®, Merck & Co., Inc.) administered twice
aday [71,72].

Liu et al. developed an ion-activated in-situ gelling vehicle comprised of gellan
(Gelrite) and alginate polymer solution for ophthalmic delivery of matrine drug [46].
They investigated the effect of the developed formulation on in-vitro and in-vivo pre-
corneal drug release kinetic of matrine. In-vitro release and in-vivo pharmacologi-
cal studies revealed that the Gelrite/alginate solution had an ability to improve drug
retention compared with the Gelrite or alginate solution alone. The combination of
Gelrite and alginate solutions significantly increased the gel strength under physiologi-
cal conditions, and this combined solution was found easy to administer during ocular
instillation. The tested formulation was found to be almost a nonirritant in the ocular
irritancy test [73].

Gellan can be gelled in the tear fluid even at a very low polymer concentration. Due
to this property, in physiological conditions where the formulated instilled drops are
diluted, gellan can form gel with a high elastic modulus [74].

Balasubramaniam et al. successfully formulated indomethacin containing gellan-
based in-situ gelling system as a viable alternative to conventional eye drops. These
developed formulations provided sustained release of the drug in addition to prolong-
ing the residence time in corneal region, thereby enhancing the ocular bioavailability.
The formulated system did not cause any deleterious effects to the ocular tissues [75].
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Sanzgiri et al. synthesized a methylprednisolone (MP) ester of gellan (gellan-MP)
as a sustained release dosage form. They prepared two types of gellan films, one with
physically incorporated MP and the other was suspended with MP. In-vitro drug
release profile of MP from the test dosage forms was found to follow anomalous kinet-
ics in the case of gellan films in which MP was physically incorporated, whereas gellan
films suspended with MP released covalently bound MP in an approximate zero-order
pattern. The in-vivo studies concluded that gellan-MP ester can be used to increase the
residence time of methylprednisolone in the tear fluid of rabbits [68].

1.4.2.2  Nasal Drug Delivery

Gellan gum is a biodegradable and biocompatible polymer which does not cause any
damaging effects in the nasal mucosal cavity even if persistently used for longer peri-
ods [76]. Shah et al. prepared gellan microspheres containing sildenafil citrate as a
model drug using the spray drying method for intranasal delivery to avoid the first
pass metabolism. Studies indicated the diffusion controlled delivery (Higuchi model)
of drug from the gellan microspheres. In the nasal mucosa, gellan microspheres are
supposed to form highly viscous gel by withdrawing water from the nasal mucosa
and interacting with cations present in nasal secretions. The resultant gel formation
decreases the cilliary clearance rate, and as a consequence, the residence time of the
formulation at the nasal mucosa is prolonged [76]. In another investigation, gellan for-
mulation containing fluorescein dextran as a model molecule has been tested in vivo
for nasal drug delivery [69,59]. This gellan formulation initially behaves as a fluid but
turns into a rigid gel when it comes in contact with the cations present in the nasal cav-
ity [77]. Therefore, gellan formulations can be potentially used as nasal spray pumps
due to its beneficial property of initial low viscosity succeeding to gelling upon contact
with animal mucosa.

1.4.2.3  Oral Drug Delivery

Gellan has also been investigated for oral drug delivery [43]. Recently Yang et al. synthe-
sized albumin integrated chitosan-calcium-gellan composite beads by a combination of
ionotropic gelation and polyelectrolyte complexation methods for evaluating the con-
trolled delivery of proteins to oral cavity [41]. The beads which were developed through
polyelectrolyte amalgamation of chitosan and gellan not only reduced the burst release
of albumin in simulated stomach fluid, but also prolonged the albumin residence time
in the intestinal and colonic fluids. Similarly, the gellan-based formulation containing
calcium ions and sodium ions complexes with a model drug theophylline has been pre-
pared. The formulated gellan-drug system remained in its liquid form until it reached
the stomach, and only released the drug in the highly acidic environment of the stom-
ach. In the stomach environment, gelation occurred after a few minutes and persisted
for several hours [29]. The in-vitro sustained release of theophylline from the developed
gellan gels followed root-time kinetics over a period of 6 h. The results obtained from
the above-described investigation concluded that the bioavailability of theophylline
from gellan gels in the stomachs of animals was found to be increased by 4-5-fold in
rats and 3-fold in rabbits, as compared to the commercially available oral formulations.
There was no significant difference observed in the mean residence time of the theoph-
ylline drug in the stomach when administered through both types of vehicles [78].
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1.4.2.4  Buccal Drug Delivery

The buccal mucosal environment refers to a more desirable choice for drug delivery if
prolonged drug retention is required. This is due to less permeability of the buccal site
than the sublingual site. It prevents the premature drug degradation and drug activ-
ity loss because of the harsh conditions present in the gastrointestinal tract (GI). In
addition, drug can be injected, confined and removed easily after the treatment period
from the buccal cavity [29]. An ideal buccal drug delivery system should halt in the
oral cavity for some time and it should release the drug in a controlled manner using
a unidirectional way [79]. Mucoadhesive polymers enhance the habitation time of the
delivery vehicle in the oral cavity, and the double-layered structural design is supposed
to provide the drug delivery in a unidirectional mode towards the mucosa and also
circumvents the chance of loss of drug due to wash-out with saliva [80]. An effective,
directly compressible Fluvastatin-containing buccal adhesive tablet with excellent bio-
adhesive force and good drug stability in human saliva has been proposed by Shah
et al. They studied the mucoadhesive potential of gellan and reported that sustained
drug release of Fluvastatin can be achieved by combining the gums (gellan) with other
mucoadhesive polymers such as chitosan [81].

Remufan-Lépez et al. developed a new buccal bilayered device which is comprised
of a drug along with a mucoadhesive layer and a drug-free backing layer. The formu-
lated bilayered tablets were prepared by direct compression method. The mucoadhesive
layer of the bilayered formulation was composed of a mixture of nifedipine and pro-
pranolol hydrochloride as model drug, chitosan and an anionic crosslinking polymer
gellan. It was concluded that these developed devices can be used as promising candi-
dates for controlled delivery of drugs to the buccal cavity [82].

1.4.2.5 Periodontal Drug Delivery

The local delivery of drugs and antimicrobial and other bioactive agents through a
sustained release system into the periodontal pocket has received considerable atten-
tion in the active areas of pharmaceutical development and clinical research [83]. A
gellan-based smart gel periodontal drug delivery system has been designed for local
delivery of chemotherapeutic drug in the periodontal cavity [84]. The developed smart
gel formulation consists of a model drug, ornidazole, along with gellan and lutrol F127
polymers. In-vitro drug release profiles showed that ornidazole release was significantly
decreased with the increasing concentration of each polymer component in the formu-
lated gellan smart gels. The delivery of antimicrobial therapy directly to the periodontal
pockets has the significance of putting additional drugs at the target site, while mini-
mizing the risk of exposure of the body to the drug [85].

1.4.2.6 Gastrointestinal Drug Delivery

The calcium chloride crosslinked gellan formulations were evaluated as a gastro-
retentive drug delivery system for controlled release of the drug ornidazole in order to
treat gastric ulcers associated with H. pylori [86]. Their observations showed that the
concentration of gellan in the prepared formulation significantly affected the in-vitro
release profile of the drug. When these formulations were added to acidic or neutral
media, they were found to become buoyant and provide better prospective controlled
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drug release with enhanced gastric retention capability, which can effectively eradicate
the H. pylori in order to cure peptic ulcer.

Floating raft formulations comprised of gellan as gelling polymer and verapamil
hydrochloride as a model drug have been prepared. These formulations showed the
advantage of liquid oral dosage form along with sustained drug release, and also pro-
longed the gastric retention period. They undergo pH-dependent sol-gel transition at
gastric pH; hence prolonging the retention of the system in the stomach [87].

Doshi and Tank formulated dummy tablets of gellan using the wet granulation fabri-
cation technique and discovered their feasibility as gastro-retentive tablets [88].

Gellan-chitosan polyelectrolyte complex beads, prepared by solution extruding
method, have been explored for their potential application in delivery of metronidazole
and metronidazole benzoate to the gastrointestinal tract [89].

A floating in-situ gelling system of clarithromycin (FIGC) using gellan as gelling
polymer and calcium carbonate as floating agent has been designed by Rajinikanth and
Mishra and potentially exploited for treating the gastric ulcers associated with H. pylori
[90]. It was concluded that the floating in-situ gel of clarithromycin enhanced clarithro-
mycin stability as well as increased the persistence of the drug in the gastrointestinal
tract, which leads to complete clearance of H. pylori [90,91].

Foda and Ali summarized the potential applications of gellan as gastro-retentive
drug delivery systems for enhancing the efficiency of antibiotics [32].

A gellan-based intragastric floating in-situ gel system for controlled delivery of amox-
icillin has been investigated in order to treat peptic ulcer disease caused by H. pylori.
These gels were found to be feasible for developing rigid gels when they come in contact
with the gastric environment. Data has suggested that due to the prolonged gastrointes-
tinal residence time, amoxicillin-containing gels were more efficient than that from the
amoxicillin suspension for eradicating H. pylori from the gastrointestinal tract [31].

1.4.2.7 Vaginal Drug Delivery

The vaginal drug delivery system, unlike other drug delivery routes, offers many advan-
tageous applications; it is a highly dynamic system with respect to absorption of drugs,
their metabolism and their elimination. Vaginal targeted drug delivery systems also
avoids hepatic first-pass metabolism, reduces the gastrointestinal as well as hepatic side
effects, and also circumvents the chance of pain, tissue injury, and infection [92,93].
The vagina is a favorable site for systemic drug delivery as it has a large surface area,
high permeability and very rich blood supply, but the prolonged retention of drug in
the vaginal tract is often challenging due to the self-cleansing action [94]. The vaginal
cavity has traditionally been used for local delivery of drugs such as prostaglandins,
steroids, antibiotics, antifungals, antiprotozoals, antichlamydials, antivirals, and sper-
micidal agents [95,96].

Gupta et al. developed a chitosan/gellan gum-based in-situ gelling system for
clindamycin drug delivery into the vaginal tract. The introduction of chitosan in the
developed formulation improved the bioadhesive and permeation properties of the
system, whereas gellan prolonged the retention time of clindamycin in the vaginal
tract by forming an ion-activated gel immediately after coming in contact with vagi-
nal fluid [97].
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1.4.2.8 Colon Drug Delivery

Colon targeted drug delivery is greatly desirable for the treatment of a variety of bowel
ailments [98,99]. An ideal colon drug delivery system should be proficient in protect-
ing the drugs from premature degradation due to the chemical and therapeutic changes
occurring in organs apart from colon. Colon mucosa shows low proteolytic activities,
which makes it a suitable site for absorption of protein drugs [100,101]. Colon targeted
drug delivery systems prevent the enzymatic degradation (held in the duodenum and
jejunum) by releasing the drug directly into the ileum or colon, which in turn leads to
superior systemic bioavailability [102,103].

The gellan beads containing azathioprine (AZA) drug have been formulated for
colon-specific sustained drug delivery [104]. This study reported the biodegradabil-
ity of gellan in the presence of galactomannanase for exploring its suitability for the
development of colon-specific controlled delivery systems. Rheological studies proved
that degradation of gellan due to the galactomannanase was concentration-dependent
rather than time-dependent, which approved the feasibility of gellan as a drug carrier
for sustained colonic delivery.

1.4.2.9 Wound Healing

Recently, Cerqueira et al. proposed a strategy that allows the self-organization of skin
cells leading to improved healing. They formulated gellan gum/hyaluronic acid (GG-
HA) spongy-like hydrogels, which were entrapped with the human dermal/epidermal
cell fractions, and transplanted them into full-thickness mice wounds. The designed
constructs led to rapid wound closure rate and were found to accelerate the wound
healing process, re-epithelialization, as well as neo-tissue vascularization [105].

The films/xerogels comprising a cellulose ether, gellan and alpha-1-antichymotrypsin
(ACT) have been invented as wound dressing material. These dry films/xerogels were
designed to provide stable delivery of active ingredients that can be applicable in the
fields of cosmetics and medicine. When applied to wounds, the formulated dry films
get rehydrated immediately as they come in contact with the moist wounds, thus serv-
ing as a hydrogel/xerogel loaded with active ingredients (i.e., ACT) that is delivered/
released to the wound site in a controlled manner [106].

A gellan containing sprayable composition for wound healing or repairing skin inju-
ries has been examined. The viscosity of the described composition has been found to
increase after its application on the wound site, and an immobile gel or an elastic gel
of gellan is formed at the site of interest. The specific advantages of this designed for-
mulation over other wound healing compositions is that it can be applied in a mobile
state to give intimate contact with the wound, and it turns into immobile elastic gel
immediately after it comes in contact with the wound as an adherent cohesive mass.
This mechanism reduces the tendency for the mobile gel to run out of the wound due
to the force of gravity [107].

In addition, protective and water-insoluble biodegradable films based on gellan have
been prepared, characterized and evaluated for their effects on the wound healing process.
The prepared films were further crosslinked with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide crosslinker (EDC) to provide a optimum mechanical strength and make
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them potentially suitable for biomedical applications such as wound healing and skin tis-
sue replacement. EDC has the ablility to activate the galacturonic acid residues present
within the gellan molecules. The in-vitro studies performed using MTT assay revealed
that the gellan films are biocompatible with both the L929 fibroblast cells and blood cells.
In-vivo studies further confirmed the bioactivity and the implementation of the formu-
lated gellan films in clinical applications for accelerating wound healing [108].

1.5 Conclusion and Future Perspectives

The abundance of gellan in nature and its safe toxicological profile has encouraged
researchers to explore its potential pharmaceutical and biomedical applications. The
presence of carboxylic groups in gellan native chain is beneficial because of the modi-
fication of this unique polymer as well as the opportunity to react with several cationic
drugs in order to design suitable polymeric drug delivery systems. The physiochemi-
cal characteristics of gellan such as gelation and mucoadhesive properties make it a
promising candidate in drug delivery applications. Gellan may be used as a granulating
material or tablet binder as a vehicle for peptide and gene delivery. In view of the above-
mentioned diverse pharmaceutical applications of gellan, it would be reasonable to say
that these polymers have enormous potential for use as pharmaceutical adjuvants for
conventional as well as for novel drug delivery systems.
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Abstract

Extended release (ER) oral dosage forms provide a number of therapeutic benefits (i.e., improved
efficacy, reduced frequency of administration and better patient compliance) and retain mar-
ket share. Due to the costs involved in discovering, developing, testing their safety and getting
approval for new polymeric materials, a new focus has been directed towards the investigation of
the use of pharmaceutically approved polymer blends as matrix formers. Combining polymers
of different chemistries or viscosities has been studied extensively as a means of achieving and
optimizing extended drug release from hydrophilic matrices. The present chapter will discuss
the potential use of binary blends of various polymers to achieve the desirable release profiles.

Keywords: Hydrophilic polymers, polymer blend, swelling, drug release, matrices, compatibil-
ity, synergistic effect, ionic polymers

2.1 Extended Release Matrices

Among various medicinal dosage forms, tablets account for approximately 80% of the
drug delivery systems used today due to their ease of manufacture, convenience of dos-
ing and stability compared with liquid and semi-solid approaches [1].

The ER formulations provide therapeutic benefits such as improved efficacy and
reduced side effects with reduced frequency of administration and, therefore, better
patient compliance, and retain market share for the manufacturer [2-5]. Among ER
formulations, matrix systems remain the most popular approach from the economics
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of development and manufacture as well as from the process control and scale-up
points of view [1,6-9]. The most prevalent are hydrophilic matrices, which most often
provide a desirable drug release profile, are cost effective and have a broad regulatory
acceptance [5,10-12].

The majority of commercially available matrix formulations are in the form of tab-
lets, and although developing them may initially seem simple, the formulation scien-
tist is required to consider a number of variables that influence drug release, as well as
the manufacturing and processing of these tablets. The release rate from the matrices is
dependent upon drug characteristics; particle size, solubility and dose, release control-
ling polymers; type, level and particle size, fillers; type and level, tablet properties; poros-
ity, tortuosity (affected by compression force) and shape [13-35].

2.1.1 Polymers Used in ER Matrices

There are a number of different macromolecular polymers that can be used to modify
drug release from ER matrices. These can be classified into water soluble and water insol-
uble polymers. The fulllist of FDA-registered oral ER formulations containing commonly
used hydrophilic or water-insoluble polymers together with their approved maximum
potency levels are reported elsewhere [36].

2.1.2 Water-Soluble (Hydrophilic) Polymers

Amongst the various water-soluble or water-swellable polymers with high molecular
weight used in hydrophilic matrices, hypromellose (hydroxypropylmethylcellulose
[HPMC]) is the most commonly used polymer [5,13,37-40]. Other polymers have been
studied and used on their own or in combination with HPMC to successfully modulate
drug release. Examples include polyethylene oxide (PEO), with a recent review looking
at its application in controlled release tablet systems [41]. Typical water-soluble hydro-
philic polymers used may be classified based on their chemistry as follows:

o The cellulose derivatives of hydrophilic polymers including hydroxy-
propylmethyl cellulose (HPMC, hypromellose), methyl cellulose (MC),
hydroxypropyl cellulose (HPC), hydroxyethyl cellulose (HEC) and
sodium carboxymethylcellulose (Na CMC) [5,23,37,38,43-50];

o Non-cellulose derivatives including polymethacrylates, gums/polysac-
charides such as sodium alginate (Na Alg), xanthan gum (XG), carra-
geenan, chitosan, guar gum (GG) and pectin [5,12,42,51-56];

« Vinyl polymers such as poly(vinyl alcohol) (PVA) and poly(vinyl pyrrol-
idone) (PVP) [42,44,57-62];

« Poly(alkelenes) like poly(ethylene oxide) (PEO) [5,42,63-70].

2.1.3 Water-Insoluble Polymers

Commonly used polymers for the development of inert matrices are ethyl cellulose
(EC) [43,71-78], methacrylate amino ester copolymers and poly(butylmethacrylate)
[79-83].
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2.1.4 Fatty Acids/Alcohols/Waxes

To manufacture hydrophobic ER matrices the following materials are used: fatty acids
such as carnauba wax, paraffin wax and cetyl alcohol [5].

2.2 Polymer Combinations Used in ER matrices

Due to the high costs involved in development and safety assessment (tox studies) of
new polymers, to obtain acceptability in the market place, scientists use a combination
of pharmaceutically approved polymers. This approach is to enhance the performance
of the ER matrices as compared to single polymers. These are acheived by obtaining a
variety of physical and chemical synergies between the polymers to enhance their prop-
erties in the formulation [84-87].

Polymer blends can be employed in the design of more robust formulations with
more predictable in vivo release, i.e., less prone to dose dumping, reduce burst release;
more resistant to media agitation (resembling food effect); with enhanced solubility
and/or stability of some APIs [88-91]. Development and manufacture of ER matrices
of freely water-soluble active substances, particularly where a high dose is used, is often
challenging. This is due to a potential ‘burst’ release during the initial stages of dissolu-
tion, thus making the once daily dose difficult. In such cases, for example, a combina-
tion of hydrophilic polymers, one of which may be ionic in nature, is used to design
ER matrices with a more prolonged drug release profile as compared to formulations
where single polymers are used [49,92-97].

2.2.1 Compatibility and Miscibility of Polymers

The functional properties of the blends depend upon the miscibility of the polymers
at the molecular level, i.e., preference is given to the blends with mutual attraction of
macromolecules in dilute aqueous solutions compared to immiscible ones [85,87].
Miscibility will only occur when a strong specific interaction is present within the dilute
solution system, such as random dipole, induced dipole, dipole-dipole, ion-dipole,
H-bonding, acid-base, and charge transfer interactions. For example, XG and Na CMC
have been shown to be incompatible due to the presence of the enzyme cellulase in the
former, causing breakdown of Na CMC structure, resulting in a decrease of viscosity
[98]. Whereas the combinations of ionic polymers (i.e., Na CMC or carbomer) with
non-ionic hypromellose were found to produce synergistic interactions leading to an
unexpected viscosity increase [99].

The mechanism of this type of interaction would normally depend on factors such
as crosslinking of H-bonds between hydroxyl groups, nature of the polymer, degree of
substitution, polymer chain configuration and length [98]. Generally, the crosslinking
between different species would be greater compared to interactions between similar
molecules due to formation of stronger hydrogen bonding. For instance, the H-bonding
between a carboxyl group of Na CMC and a hydroxyl group of HPMC would usually
be greater than between two hydroxyl groups of HPMC. The H-bonding would also be
more prominent in the longer side-chain polymers, where a larger number of groups is
available for the interaction to occur.
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Thermodynamic interaction parameters can be calculated using the Flory-Huggins
theory of mixing. In a study by Fuller et al. [100], looking at the interactions in PEO
and HPMC blends, a Flory-Huggins interaction parameter, x,, (which was defined to
describe the enthalpy of mixing), was related to the interaction energy density (B),
the gas constant (R), the observed equilibrium melting point of blended PEO (T)
and to the molar volume of the repeating units of HPMC (V, ); where subscripts 1
and 2 refer to HPMC and PEO, respectively (Equation 2.1). The HPMC-PEO films
made from N,N-dimethylacetamide (DMAc) and water yielded negative values for
the interaction parameter, indicating a miscible blend [100].

B=RT, (x,/V,) 2.1)

Karavas et al. [101] analyzed drug release from miscible polymer blends (PVP/
HPMC and PVP/chitosan) prepared using the solvent evaporation technique. DSC
studies revealed that both blends were miscible in the entire composition range because
only one glass transition temperature was detected in polymer mixtures. Miscibility
was attributed to the strong hydrogen bonding interactions between the carbonyl group
of PVP (which acted as a strong proton acceptor) with hydroxyl and amino-groups
of HPMC and chitosan (which were proton donors) verified by FT-IR. The authors
reported that the extent of interactions not only depend on the type of reactive groups
involved in the reaction, but was also based on the polymer’s composition and ratio.
These new polymer blend systems were able to produce matrices with completely dif-
ferent physical properties in order to use as effective drug carriers. For example, PVP/
HPMC blends were produced as pulsatile chronotherapeutics systems, exactly adjust-
ing the time of the drug release, whilst PVP/chitosan blends were produced to control
the release profile of a poorly water-soluble drug.

2.2.2 Combination of Non-Ionic Polymers

Mixtures of different cellulose ethers have been widely employed in oral ER hydro-
philic matrices [9], such as blending of different viscosity grades to achieve intermediate
viscosity grades [90,102]. For example, the release of the practically water-insoluble
drug nifedipine is significantly dependent on hydrodynamic conditions when HPMC
(K100LV) alone is used, however, a combination of two HPMC grades (K15M and E15)
increases the robustness of the matrices whilst still producing similar dissolution profiles
at various agitation speeds during dissolution testing [90]. Hardy et al. [103] have also
used blends of HPMC and PVP in a hydrophilic matrix to achieve a biphasic release of
water-soluble caffeine. Feely and Davis [104] investigated the effect of PEG 6000 and EC
on chlorpheniramine release from hypromellose matrices. The authors found PEG and
EC to play different roles in the drug release process. PEG was found to have acted as a
swellable polymer promoting water uptake into the tablets, whereas EC appeared to have
behaved as an inert diluent having no significant effect on drug release.

According to Liu and Fassihi [105] and Gusler et al. [106], the use of PEO and HPMC
in combination, provides beneficial performance in gastro-retentive drug delivery sys-
tems presented as triple- or bi-layer composite matrices. The swelling behavior of PEO
in such formulations is balanced and better controlled by the HPMC, whilst the PEO
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suppresses the faster erosion behavior of HPMC due to its rapid initial swelling, thereby
minimizing/eliminating a potentially high initial drug release [105-107].

Fuller et al. [100] investigated blends of PEO and HPMC in the form of casting films
for specific polymer-polymer interactions. According to the authors, such interactions
may affect the drug release behavior of compressed matrices containing these polymers.
The Flory-Huggins theory of mixing interaction parameters for HPMC:PEO blends
was calculated and was found to be negative (0.4 + 0.1) for a water cast film. Negative
value indicated that two polymers were miscible. In addition, FT-IR and Raman spectra
confirmed hydrogen bonding interactions between the hydroxyl group of HPMC and
the ether group of PEO. Other non-ionic polymer combinations include PEO and PEG
with and without counter polymer (i.e., crosslinked carboxyvinyl polymer-Carbopol
971 P NF), proving PEO/PEG matrices as an effective way of achieving the ER of a large
dose of highly water-soluble drugs and reducing the effect of pH on the release profiles
[108]. Mahalingam et al. [109] also manipulated the swelling, bio-adhesion and rate of
drug release from PEO gastro-retentive matrices by mixing it with non-ionic PVP. It
was claimed that the gastro-retentive bahavior enabled the dosage form to reside in the
stomach for more than one hour, and as a result, increased bioavailability of the drug
(both water-soluble and water-insoluble candidate drugs).

2.3 Combination of Non-Ionic with Ionic Polymers

The combination of HPMC with anionic polymers such as Na CMC [49,86,110,111],
sodium alginate [112-115], polymers of acrylic acid or carbomers [99,116,117]; enteric
polymers, i.e., polyvinyl acetate phthalate [5,89,118], methacrylic acid copolymers
[81,92,93,119] and natural gums like carrageenan, GG, locust bean gum (LBG) and
XG [120-124], have been extensively studied, mainly for highly water-soluble drugs.
Incorporation of cationic polymers into HPMC matrices has also been investigated,
specifically using Eudragit E100 [5].

Khanum and Gayathri [125] evaluated ER matrix tablets of diclofenac sodium using
blends of PEO and XG and found that appropriate proportions of the polymer mixtures
could produce a more prolonged drug release compared to single polymers. Several
other authors have investigated drug release from PEO in combination with Eudragit,
HPC, sodium alginate, PEG, PVP, anionic carbomer (Carbopol) and HEC, either by
direct compression or wet granulation methods, and found the polymer mixtures to
successfully achieve ER patterns [87,125-131].

2.4 Combinations of Ionic Polymers

Cationic polymers such as dimethylaminoethyl methacrylate copolymer (Eudragit®
E100) and butylated methacrylate copolymer (Eudragit® EPO) have been used with
acidic drugs (i.e., divalproex sodium) and/or with anionic polymers (i.e., PVAP) for the
development of pH-independent release [5,90,132,133].

The ER matrices containing a mixture of anionic XG and cationic LBG with cationic
drugs such as metroprolol tartrate [134] or P-HCI (P-HCI) [135] have shown better



28 HANDBOOK OF POLYMERS FOR PHARMACEUTICAL TECHNOLOGIES

control of drug release in comparison to those tablets where single polymers were used.
This has been related to the synergistic interaction between two polymers, allowing
uniform tablet hydration and elimination of burst release. Asghar et al. [136] assessed
the combination of cationic GG with pH sensitive anionic polymers (Eudragit L100
and S100) matrices for colonic delivery of acidic drug indomethacin. The inclusion of
Eudragit into GG matrix base significantly reduced the drug release in the initial phase
(0-6 h), followed by controlled drug release up to 14-16 hours. This sigmoidal (bipha-
sic) release pattern observed from the designed formulation was the most suitable for
colonic delivery and had clear advantages over the performance of single polymer for-
mulations. The effect of combining three polymers, carbomer, PVAP and HPMC, on
guaifenesin release was reported by Tiwari and Rajabi-Siahboomi [90]. Tablets contain-
ing 15% of the polymer blend produced drug release similar to formulations contain-
ing 30% HPMC alone. The results indicated similar release profiles to formulations
with single polymer using polymer combinations at overall lower polymer inclusions.
This may lead to the improved processing, allow for accommodation of a higher dose/
use lower tablet weight together with reduction of overall cost of the product. Using a
similar approach, Siahi-Shadbad et al. [137] formulated P-HCl in a tertiary polymer
mixture (HPMC, psyllium and sodium alginate) and found that varying the concentra-
tion of each individual polymer had the ability to manipulate the release profile as well
as having a better control of the burst release.

2.5 Other Polymer Combinations

There are studies that show that the inclusion of anionic surfactants, hydrophobic
polymers, waxes, fatty acids, alcohols and ion exchange resins in HPMC ER matrix
formulations affect drug release due to possible drug-ionic excipient interactions
[90,104,138-141]. Combinations based on a directly compressed matrix consisting
of drug and hydrophobic triacetyl-3-cyclodextrin (TASCD) dispersed in a polymeric
material (HPMC, XG, chitosan, EC, Eudragit L100-55) was successfully employed in
order to increase absorption of drugs with low bioavailability and short half-life, such as
metformin HCI, in the upper gastrointestinal tract [142]. Other authors have modulated
the drug release of metroprolol succinate or P-HCI by inclusion of an insoluble poly-
mer (EC) into a hydrophilic matrix (HPMC) in order to extend the drug release using
different polymer combinations [143,144]. According to Gallardo et al. [145], by com-
bining differently charged (meth)acrylate copolymers, different release patterns can be
achieved due to polymer interaction resulting in new polymer properties and providing
further advantages in the processing and/or modulation of the release profiles.

2.6 Effect of Dissolution Method (Media) on Drug Release
from ER Matrices Containing Polymer Combinations

Takka et al. [92] reported that the dissolution of P-HCI from HPMC:Na CMC matri-
ces may be complex. The blends of 3:1 and 1:1 HPMC:Na CMC gave a slower drug
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release compared to the formulation that contains only HPMC. The authors suggested
that one of the reasons for this phenomenon was due to potential increases in the vis-
cosity of the gel layer by addition of Na CMC to a non-ionic cellulose like HPMC,
through strong hydrogen bonding between the carboxyl groups of Na CMC and the
hydroxyl groups of HPMC, leading to strong crosslinking between the two polymers
[92], and as a result, lower drug diffusion (release rate) from the matrix. The authors
also postulated that a decrease in drug release was probably related to the formation
of a complex between the cationic drug (P-HCI) and the anionic Na CMC. Similar
results were also reported by Dabbagh et al. [49] and Palmer et al. [94,95]. Matrices
containing pure Na CMC showed a fast release of P-HCI because of tablet disintegra-
tion, i.e., more than 80% of the drug in the matrices was released during the initial
five minutes of contact with dissolution media. The rapid erosion of the matrices may
be due to the higher solubility of NaCMC compared to HPMC, and high aqueous
solubility of the active. The same authors showed that drug release rate (% h'/?) values
for the formulations containing binary mixtures of polymers were significantly lower
(approximately by up to 2-fold) in comparison to values from matrices containing
only one polymer in the formulation (Figure 2.1). A much more significant synergy
(more prolonged drug release from binary formulations) was observed in water com-
pared to phosphate buffer pH 6.8, and no unexpected results were produced in acid.
At low pH (3.0 or less), less than 10% of the Na CMC acid groups will be ionized,
resulting in relatively little stiffening by electrostatic charge repulsion, and relatively
little swelling compared to fully neutralized NaCMC. Possibly, as the pKa of Na CMC
is 4.3, then above that point, the carboxylic acid groups are ionized to a great extent,
thus facilitating interactions with the protonated NH group of the drug (P-HCI) or
the OH of PEO. In addition, the carboxylate groups on the polymer backbone ionize,
resulting in repulsion between the anions and further increasing the swelling of the
polymer and thus the reduced release rates. The latter case could contribute to the
slower release profiles [146].
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Figure 2.1 P-HCl release from PEO (Coagulant) and NaCMC (HP-5HS) matrices in various dissolution
media (100 rpm, USP II, sinkers, 900 mL water) [147].
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2.7 Main Mechanisms of Drug-Polymer and/or
Polymer-Polymer Interaction in ER Formulations

Oppositely-charged molecules attract, while similarly-charged molecules tend to repel
each other [148]. Binding interactions can be physical or chemical. Physical bonding
occurs due to electrostatic interactions, hydrogen bonding or van der Waals forces
and is usually reversible; while in chemical adsorption, the adsorbate is attached to
the adsorbent by primary chemical bonds, including ion exchange, protonation and
complexation, and it is irreversible. Several adsorption mechanisms can operate simul-
taneously, depending on the material nature and concentration and/or media pH, ionic
strength and temperature [149]. For example, the sorption of acidic drugs, such as sali-
cylic acid, by the Eudragit RL and RS polymers is primarily due to ionic electrostatic
interactions. The exclusive adsorption of anionic drug molecules to the Eudragit RL
polymer indicated similar functionality to an anion exchange resin containing quater-
nary ammonium groups [150]. Bound drug could be liberated by decreasing the pH or
increasing the ionic strength of the media to decrease the electrostatic binding interac-
tions between the anionic drug and polymer (Figure 2.2). Because both reversible and
irreversible binding of salicylic acid were observed during desorption studies, authors
suggested that there is a presence of more than one type of binding interaction. The
van der Waals forces and solubilization of drug by the polymer have been described as
secondary possible mechanisms of interaction [6].

The interaction between the drug (API) and anionic polymers (AP) is an equilibrium
reaction and 1:1 complexation (API-AP) is assumed; Equation 2.2 may be presented as [92]:
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Figure 2.2 The influence of pH on the sorption of salicylic acid from a 1 mg/ml solution to Eudragit
RLI00 in 50 mM sodium phosphate buffers. Adapted with permission from [149].
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API+ AP<X 5 AP[ - AP (2.2)

The system response (UV absorbance and concentration) of complex, drug and
anionic polymer can be measured (i.e., using equilibrium dialysis or UV method). That
response is then related to the relative concentrations of free and bound drug and sub-
sequently to the drug polymer binding constant (K), as defined in Equation 2.3 [151].

Complex

= — (2.3)
DrugxAnionicPolymer

Takka et al. [92] carried out UV spectroscopy experiments of various drug-ionic
polymer aqueous solutions at controlled pH of 6.8. All samples were scanned and the
absorbance spectrum of an unbound drug was measured with the binding constant,
K, to be 3785, 3819, and 6274 for P-HCI-Eudragit S, -Na CMC, and -Eudragit L100-
55 complexation, respectively (Figure 2.3). The authors postulated that P-HCl-anionic
polymer interaction was depended on the COOH groups of the anionic polymers. The
ascending rank order of the binding constant of P-HCI to anionic polymers was as fol-
lows: Eudragit S < Na CMC < Eudragit L100-55. The ratio of the free carboxyl groups
to the ester groups was also an important parameter for the complex formation, which
was approximately 1:1 in Eudragit L 100-55 and about 1:2 in Eudragit S. Dittgen et
al. [152] reported that the ion exchange capacity of Eudragit L 100-55 was around 6
mEquiv/g of polymer and 3.5 mEquiv/g in the case of Eudragit S, which was similar
to the Takka et al. [92] results. According to Takka et al. [92], the lower binding con-
stant of Na CMC compared to Eudragit L 100-55 could be due to the larger molecular
weight of the Na CMC; as such the interaction between P-HCI and Na CMC was more
complex than with the methacrylic acid copolymers. Tucker et al. [153] found that
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Figure 2.3 P-HCl-anionic polymer complexation. Adapted with permission from [92].
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one propranolol cation would be bound to each carboxyl anion of Na CMC. Dabbagh
et al. [49] reported that each sodium ion in Na CMC can potentially be replaced by a
propranolol moiety, but the number of sites of sodium that require replacement before
precipitation is unknown. Therefore, it is difficult to create a model to describe the
binding interaction between P-HCl and Na CMC, and in order to confirm the existence
of this interaction between cationic drug and anionic polymers, investigations have to
be pursued by using various physicochemical methods.

Similar results were obtained by Palmer [147] for PEO:Na CMC and PEO:XG P-HCl
matrices using equilibrium dialysis. This is a technique that is used to detect material
interactions and degree of binding between small molecules or ions and biopolymers,
involving separation of the unbound ligand. The method was first reported by Davis
[154] and Klotz [155], who studied the binding of low molecular weight compounds to
biopolymers. It works on the principle that a solution of high molecular weight com-
pound is separated from a solution of low molecular weight compound (drug) by a semi-
permeable membrane, selected to allow free diffusion of the drug, but retention of large
polymer molecules [148]. As the Na CMC or XG content in the dialysis bag increased,
the free drug in the fluid outside the bag decreased, and subsequently the percentage of
P-HCI bound to the anionic polymers increased. The binding constant (K) was deter-
mined by linear regression. It was found that two grades of Na CMC had significantly
higher (2.6 times) binding constant values (K = 6.52, 6.61) compared to xantham gum
(K =2.54, 2.60) in water. No interaction was observed in acid (pH 1.2) and buffer (pH
6.8), possibly due to non-ionization of drug or/and polymer in these conditions. The
results indicated that polymer nature was the main factor in drug-polymer binding
interaction. Drug release from these matrix systems is also dependent on the nature of
the active substance used [94,95]. For the anionic ibuprofen and the non-ionic theophyl-
line, no unusual/unexpected release profiles were obtained from matrices containing a
mixture of PEO and Na CMC (Figure 2.4). However, for the cationic salt P-HCI, a com-
bination of two polymers produced a significantly slower drug release (beyond 12 h),
compared to the matrices with single polymers. Palmer et al. [95] also investigated the
release of chlorpheniramine maleate, venlafaxine HCl and verapamil HCI (V-HCI) from
PEO and Na CMC matrices. The authors found relatively faster drug release occurring
from matrices containing only Na CMC (100% in 6-8 h). PEO matrices had a significant
slower release (100% in 13-18 h), with the matrices containing mixtures of PEO and Na
CMC having the lowest release (100% in 16-30 h) compared to the formulations based
on single polymers. It was postulated that there may be interactions between the drug
and Na CMC, resulting in drug-polymer with a lower aqueous solubility.

The DSC thermograms of the P-HCI complexes in the presence or absence of PEO,
physical mixtures and the bulk substances (Figure 2.5) were analyzed. The DSC heating
curves of pure NaCMC and PEO exhibited a glass transition temperature at 121.70°C
(AH = 265.90 J/g) and a melting point at 77.09°C (AH = 214.26 J/g), respectively. The
pure API showed a single endotherm corresponding to the melting of the drug at
169.67°C (AH = 121.96 ]/g). No interaction between cationic P-HCI and anionic Na
CMC was observed in dry powder form (with or without presence of PEO). However,
the P-HCI:Na CMC complex in the presence of PEO produced a broad melting endo-
therm of P-HCl at 213.80°C. In addition, the Tg of NaCMC was lowered at 105.85°C,
while the melting peak of PEO disappeared or merged with the Na CMC peak.
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Figure 2.5 DSC heating curves for dry powders: (A) PEO, (B) NaCMC, (C) P-HCI, (D) P-HCI, PEO and
Na CMG; and (E) P-HCI, PEO and Na CMC complex. Adapted with permission from [95].

Complex formation between antidiabetic drugs (gliclazide and repaglinide) and
human serum (albumin) and/or cyclodextrines with proteins is a reversible dynamic
process (the rates for formation and dissociation within the drug complexes are contin-
uously being formed and dissociated) without change in biological activity of the drug
[156-159]. The same trend was seen by Palmer et al. [94] (Figure 2.4c), where in-vitro
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data showed that the amount of drug released from formulations containing polymer
combinations was about 98-100% beyond 24 hours, which indicated the reversible
nature of the complex-formation and no change in the chemical nature of the drug.

The Na CMC, although neutral in nature, can dissociate into Na* ion and CMC" ion,
becoming negatively charged and so-called anionic polymer. P-HCI exists in a non-
ionic state as a salt, however, it has an ability to lose and exchange its chloride atom and
attract carboxylate anion from CMC under suitable conditions and form a complex
[92,93]. An intermolecular interaction between the amine group of the cationic pro-
pranolol with the carboxyl group of the anionic polymer CMC, produced a less water-
soluble salt, i.e., propranolol H*CMC . This leads to a more prolonged drug release as
compared to the non-complexed drug from matrices without Na CMC.

Table 2.1 shows the appearance of new peaks in complex formations with character-
istic bands of carboxylic acid group vibrations at 1,488.81 cm™ (possible -C=C- and
—-C=0 vibration/stretch and -NH deformation) and 1,829.00 cm™' (carbonyl COOH

Table 2.1 FT-IR spectra for dry physical mixtures (powder) and complex of P-HCl and
NaCMC (for more description refer to [194]).

P-HCI /Na CMC P-HCl /NaCMC Comments
(Powder) (Complex)

689.59 New peak

706.98 New peak
736.68 733.56
769.46 770.19
796.76 793.87
900.25 900.09

990.3 New peak
1,029.92 1,026.53

1,038.15 New peak

1,105.06 1,101.25 Band width change
1,141.66
1,156.11 Change in S=0 symmetric stretching
1,240.46 1,240.17
1,266.67 1,268.03 Band width change, C-O Stretch
1,321.89 1,314.39 Band width change, C-O Stretch

(Continued)
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Table 2.1 Cont.

P-HCl /Na CMC P-HCl /NaCMC Comments
(Powder) (Complex)
1,400.15 1,392.10 Band width change
1,452.14 1,456.80 Band width change
1,488.81 New peak: -C=C- and -C= O vibration/
stretch and -NH deformation
1,509.64 1,507.65
1,521.15 1,521.14
1,580.14 1,580.13
1,845.13 1,829.99 Carbonyl COOH stretching, C= O stretch;
salt formation
1,918.79 1,918.53
1,923.96 New peak
1,943.99 1,943.59
1,968.54 1,969.12
2,134.36 New peak
2,177.05 2,164.05 Stretch
2,347.08 New peak
2,732.59 New peak
2,748.55 New peak
2,850.38 New peak, -C-H
3,249.04 New peak
3,271.55
3,330.58 New peak, -NH and -OH stretching

stretching, C=0 stretching), which may be the result of salt formation. The absorption
bands characterizing intermolecular bonding in the complex due to -C-H and -OH
or —-NH were observed at 2,850.38 and 3,330.58 cm ™/, respectively [94]. Similar results
were reported by Takka for P-HCI matrices containing Eudragit (S100 and L100-55)
and Na CMC [93]. The author claimed that when ionization occurred, the resonance
between the two C-O bands together with formation of the COO- groups was pos-
sible, and stated that conversion of carboxylic acid into a salt was carried out by the
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addition of an amine group to the former solution, confirmed by DSC and FT-IR analy-
sis. Similarly, Sriwongjanya and Bodmeier [138] claimed that for the P-HCI and anionic
exchange resin (Amberlite® IRP 69) in HPMC (various grades of METHOCEL) tablets,
retarded release was mainly due to a drug-resin complex formation in situ within the
matrix gel regions.

In another study, Elkheshen [146] showed that the drug-polymer interaction
between the tertiary amine nitrogen of V-HCI with the anionic carboxyl group of
Carbopol 934P formed an insoluble complex leading to a reduced rate of drug release.
Differential scanning calorimetry (DSC) spectra showed that water-insoluble precipi-
tate resulting from the interaction of Carbopol 934P and V-HCI had a melting point
higher than 300°C, whilst the melting point of V-HCl was 143.77°C. The disappearance
of the endothermic peak of the drug at 143.77°C from the thermogram of the inter-
action product, but not from that of the physical mixture, confirmed drug-polymer
interaction to form the complex. The Fourier transform infrared spectroscopy (FT-IR)
spectrum of the same materials supported the DSC results. The drug showed a strong
band at 2850-2250 cm™ due to the N*"H stretch of the tertiary amine hydrochloride salt.
The same band existed in the physical mixture, but only appeared as a weak band in the
complex [146].

The disappearance of the strong band at 2850-2250 cm™ suggested the absence of
the drug hydrochloride salt in the product, while the appearance of the weak band sug-
gested the formation of a salt between the high molecular weight acidic polymer and the
relatively small molecules of the drug according to the scheme presented in Figure 2.6.

In addition, drug-polymer interaction led to neutralization of the carboxyl groups
of the ionic polymer and suppression of the electrostatic repulsion between its anionic
groups, which reduced the uncoiling of the polymer and chain relaxation, which lead to
a decreased matrix swelling [146].

The decrease in the P-HCl release rate from PEO and Na CMC matrices could also be
related to polymer-polymer interaction. According to Caykara and Demirci [85], blend-
ing of non-ionic polyvinyl alcohol and anionic sodium alginate prepared by the solution
casting method resulted in a polymer-polymer intermolecular interaction, the strength
of which would be dependent on the compatibility or miscibility between the two mixed
materials at a molecular level. Elmowafy et al. [160] analyzed blends of polysaccharides
(k-carrageenan and gellan gum) and cellulose ethers (hydroxypropylmethyl cellulose,
hydroxypropylcellulose, sodium carboxymethyl cellulose) in an attempt to optimize
matrix integrity and modulate the release characteristics of famotidine by formulating
a single-unit floating matrix by a direct compression technique. The DSC and FT-IR
studies revealed that changing the polymer matrix system by the use of polymer blends

Figure 2.6 Schematic representation of polymer-drug interaction.
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resulted in the formation of molecular interactions which may affect drug release. For
example, authors reported H-bonding between k-carrageenan and different cellulose
ethers; formation of ionic bonding between the carboxyl groups of gellan gum and Na
CMC in addition to a partial covalent bonding between oxygen atoms of ether groups
and sodium ions. They also claimed H-bond formation between NH, groups of famoti-
dine and OH groups of gellan gum together with ionic and H-bonding between drug
and carrageenan, which lead to the retardation in drug release.

Sakeer et al. [161] investigated the use of XG and its binary blends with carbopol in
order to obtain ER formulations of buccoadhesive nystatine tablets. The release rates
of nystatin from tablets containing binary mixtures of both XG with any one of the
tested carbopol grades were slower compared to the release behavior of the formula-
tions containing only one polymer. Binary mixtures of carbopol-XG did not demon-
strate ‘burst’ release and the presence of XG also appeared to maintain the integrity
of the tablets during dissolution test. This allowed the carbopol to hydrate slowly in
a more controlled manner, thereby promoting a slower release of the drug compared
to matrices where carbopol was used alone as a matrix former. A comparison of the
FT-IR spectra of pure nystatin, carbopol 934P and XG with the spectra obtained for
the physical mixture of the two suggested interaction between nystatin and the poly-
mers due to hydrogen bonding involving C=0, C-C-O and O-C-C chemical groups
[161]. Sakeer et al. [161] also reported that swelling of buccoadhesive nystatin tablets
depended on the nature, ratio and total concentration of diluents used in the for-
mulation. For example, the formulation containing 60% of microcrystalline cellulose
(MCC) showed the highest degree of swelling, followed by formulation containing
30% MCC and 30% lactose, whereas the minimum degree of swelling after 3 hours
was displayed by the formulation containing 60% calcium carbonate. According to
authors, the presence of dissolved calcium carbonate in matrices increased the pH
around XG, and as a result, increased the ionization of carboxylic groups on the tri-
saccharide side chains of XG. It has been reported that Ca**ions can be condensed
around the ionized carboxylic moieties of XG, reducing the repulsive forces between
polyelectrolyte chains and leading to lower intermolecular repulsion, as well as chang-
ing water arrangement [162]. The trisaccharide side chains of XG in the presence of
calcium ions probably collapsed down to the backbone, resulting in the change of the
polymer structure, i.e., the XG molecule becomes a rigid rod-like shape [163]. In addi-
tion, complexation between the divalent Ca** and the polyionic XG side chains leads
to a decreased flexibility of the polymer chains by partially holding them together
by calcium ions, promoting a more rigid structure, and as a result, any interpolymer
hydrogen bonding between XG polymer chains is also reduced [164,161]. All these
changes resulted in a reduced ability of XG molecules to interact with water; therefore
swelling was reduced for the XG matrices containing calcium carbonate [161].

To further understand the mechanisms of complexations, Palmer et al. [95] went
on to use a non-destructive spectroscopic technique, X-ray photoelectron spectros-
copy (XPS), to investigate the interactions of the drug (P-HCl)-polymer (Na CMC)
complex. This technique provides a quantitative determination of the elemental surface
composition of the tablet matrix. The peaks’ fits of C (1s), O (1s), N (1s) and CI (2p)
are shown in Figure 2.7. For the analyzed API:Na CMC:PEO hydrated tablet, C (1s)
peak at 288.48 eV is a strong indication of an amine group attached to the carbon atom,
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Figure 2.7 XPS spectra for the (a) Cl (2p), (b) C (1s), (c) N (1s) and (d) O (1s) binding energy peaks
(eV) for complex formation of Na CMC with P-HCI. Adapted with permission from [95].

whilst the N (1s) peak at BE = 402.55 eV suggests additional protonation of a secondary
amine group (NR H*) of the drug previously reported by Beamson and Briggs [165],
and indicating the formation of hydrogen bonding [95]. The absence of additional N
(1s) binding energy peaks indicates the absence of ionic or covalent linkages [166].
Furthermore, the BE of Cl atom is shifted at BE = ~200 eV representing CI'H* interac-
tions (very poor signal). An interesting change was observed at BE = 535.18 eV and BE
=535.38 eV for O (1s) atom, where O is attached to a Na moiety with significant peak
shifts. Therefore, the authors proposed that the primary mechanism of interactions
detected by XPS between amine group of API (P-HCI) and ester/carboxyl group of
polymer (Na CMC) was due to the formation of protonated amine and its linkage with
the carboxyl/ester shifted O atoms through the proton attached to N atom in active
ammonium through hydrogen bonding [95].

On the other hand, hydrated PEO or Na CMC tablets (Figure 2.8) [147] showed two
peaks at BE = ~286.59 eV and ~285.19 eV, which predominantly represented -C-COOH/
H-O-C-CH and C-C-COOH/-C-C structures, respectively. Similar peaks were pro-
duced for Na CMC hydrated tablet, with an additional broad peak of a low intensity
at BE of ~288.61 eV, possibly due to the ~-COOH/COO- structures. Interestingly,
hydrated tablet containing both PEO and Na CMC (without API) showed a peak
shift at BE of ~287.31 eV, where all C-C bonds were converted to more stable ~-COOQ/
-COO-COH structures. This value of the peak shift at ~287.31 eV was about ~0.72 eV,
strongly supporting the formations of C-O-O- structures.

Palmer et al. [95] analyzed the potential additional polymer-polymer interactions,
which may be due to the presence of the PEO potentially interacting with NaCMC, by
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Figure 2.8 XPS spectra for the hydrated tablets of PEO (Coagulant, Dow, USA), NaCMC (HP-12HS,
DKS, Japan) and PEO:Na CMC (without P-HCI) [147].

analyzing the binding enthalpy and the association constant values using high sensitiv-
ity isothermal titration calorimeter (ITC) by injecting drug (P-HCI) into polymer (Na
CMC or PEO) or polymer (PEO) into polymer (Na CMC). The ITC studies confirmed
the strong bonding between NaCMC and propanolol HCI (K =2.95 x E11 M) but also
revealed interactions between NaCMC and PEO (K = 4.84 x E12 M) which have not
been reported elsewhere.

Various values (AH, AS and AG) were depicted from the ITC studies. AG is directly
related to the binding affinity, and when AG values are negative, suggests spontaneous
interactions, whilst more negative AG values indicate stronger interactions. In addition,
AH reflects the strength of the drug-polymer or polymer-polymer interaction relative to
those with solvent, primarily due to hydrogen bond formation. When AH is negative,
the interactions are enthalpically favored, while positive TAS values result in entropically
favored interactions. All drug-polymer and polymer-polymer interactions were found to
be negative (AH = —1.71 E11 and —1.41 E12 for the combinations of Na CMC with P-HCl
or PEO, respectively), hence spontaneous hydrogen bond formation. The Na CMC-PEO
high binding constant provided further insights about the interactions that take place
when the tablet formulations are hydrated. The reduced drug release rates can then be
attributed to the additional polymer-polymer interactions that reduce the drug molecule
mobility through a newly formed network. No interaction was observed during the titra-
tion of P-HCI with non-ionic PEO [95].

2.8 Summary and Conclusions
Polymer combinations with positively charged active substances can produce signifi-

cantly slower release compared to the matrices where single polymers are used. This
can primarily be attributed to hydrogen bonding, leading to a reversible drug-polymer
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complexation with a formation of a new form/type of active (salt), having more pro-
longed release compared to the original active substance.

This synergy between materials can be used to control the release patterns of
freely and/or very water-soluble drugs, especially when administration of a high
dose is required and/or once daily dose is preferred. An additional synergistic poly-
mer-polymer interaction can enhance drug-polymer bonding and produce more
prolonged and/or near zero-order release rates from polymer blends. These find-
ings indicate the appealing nature of the use of simple binary mixtures of polymers
to industry and are as such being used more and more to tackle the issues associ-
ated with the use of high single polymer content in slow release tablet matrices.
Furthermore, the decrease in initial burst release and obtaining near zero-order
release with the use of binary mixtures of polymers is an additional benefit which
has attracted the attention of researchers in the field for the further development of
slow release matrices.
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Abstract

In the last forty years, the conjugation of methoxy-poly(ethylene glycol) (mPEG) has evolved
to become a well-established technology for the improvement of the physicochemical and
therapeutic properties of biopharmaceutical peptides and proteins (PEGylation). In fact, eleven
PEGylated products are available nowadays in the marketplace, while several others are under
clinical evaluation.

Ubiquitously present nucleophillic groups, such as the terminal -NH, group, the e-NH, group
of lysine and the -SH group of cysteine, have all been used to couple peptides and proteins to
mPEG derivatives. Moreover, site-selective, reversible and enzymatic PEGylation have recently
gained increasing attention among the biopharmaceutical community. The aim of this chapter
is to summarize the most relevant and recent achievements obtained in the PEGylation of pep-
tides and proteins, with an emphasis on the chemistry underlying the currently available meth-
ods for the preparation of mPEG reagents, as well as the chemistry involved in the PEGylation
reactions.

Keywords: PEGylation, bioconjugation, PEGylation chemistry, reactive PEGs, PEG-protein,
protein PEGylation, PEG reagents

3.1 Introduction

Chemical conjugation with poly(ethylene glycol) (PEG) has evolved to become a well-
established technology used to improve the physicochemical, biomedical and phar-
macological properties of several therapeutic molecules, such as peptides, proteins,
antibodies, antibody fragments, oligonucleotides, and small drugs [1]. On the other
hand, PEG is a Food and Drug Administration (FDA) approved diol compound that
has historically been used as excipient in pharmaceutical and cosmetic formulations
and as a solvent in organic synthesis. However, PEGylation with PEG diol deriva-
tives is usually limited to the conjugation of small molecules, which require increased
drug loads per polymer chain. In fact, other PEG derivatives such as dendrimers and
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dendromers are preferred for small drug delivery purposes, owing to the fact that
higher drug ratios can be achieved. In the PEGylation of peptides and proteins, the
utility of PEG diol reagents for conjugation is relatively limited, since they can lead
to the unwanted crosslinking of the conjugates, affording aggregates with increased
inmmunogenicity. Methoxy-poly(ethylene glycol) (mPEG) is a protected version of
PEG, which is more suitable for bioconjugation of peptides and proteins, since these
monofunctional reactive polymers do not lead to the crosslinking of the poly-peptidic
targets. mPEG is a biocompatible and non-biodegradable polymer whose properties
make it well-suited for peptide and protein conjugation. In particular, the distinctive
solubility behavior (i.e., mPEG is soluble in water, methylene chloride, chloroform, tol-
uene, acetonitrile and other solvents; while it is not soluble in ethyl ether, iso-propanol
and aliphatic hydrocarbon solvents) allows for the purification of mPEG and mPEG
derivatives from low molecular weight organic impurities via a simple precipitation-
centrifugation work-up. Although it is usually claimed that mPEG is not antigenic,
immunogenic or toxic [2,3], the occurrence of antibodies against PEG (anti-PEG) has
been reported when high polymer loads were evaluated [4,5]. The mPEG chains are
flexible, and in aqueous solution they coordinate 2-3 water molecules per oxyethyl-
ene unit, meaning that mPEGs have apparent molecular weights that are 5 to 10 times
higher than that of globular proteins of comparable molecular weights. Even though it
has traditionally been considered that the polydispersity of mPEG would be a critical
issue to obtain homogeneous conjugates, it is actually possible to use mPEG polymers
with narrow polydispersities, which are available from different suppliers. Good qual-
ity mPEGs, with PDIs ranging from 1.01 for low molecular weight mPEGs (< 5000 Da)
to 1.1 for mPEGs of up to 50 kDa, can now easily be acquired, and these polymers are
well-suited for pharmacological applications (PDI: a measure of distibution of molecu-
lar masses, defined as weight average molecular weight (M, ) divided by number aver-
age molecular weight (M. )).

Conjugation of mPEG to bioactive polypeptides and proteins increases plasmatic
half-life of the biomacromolecules by increasing the hydrodynamic ratio, which in turn
reduces excretion rate. Furthermore, it is widely-accepted that PEGylation decreases the
immunogenicity by shielding antigenic epitopes, as well as reducing the degradation by
proteolytic enzymes and antibody recognition by covering the recognition sites [6]. In
addition, PEGylation increases water solubility, an effect that has been exploited mainly
in the conjugation of low molecular weight drugs [7,8]. Conjugation with mPEG can
also modify the biodistribution; promoting the accumulation of the conjugated bio-
drugs into tumors [9,10], and the accumulation in specific organs, tissues or cells by the
enhanced permeability and retention (EPR) effect [11,12].

The -OH group of mPEG is not reactive enough to allow direct coupling of the poly-
mer to biomacromolecules. Thus, it is necessary for this -OH group to be converted
into a more reactive species that can react with a functional group that is present in the
peptide or protein [13]. The e-NH, of lysine, the terminal -NH, group, as well as the sec-
ondary -NH group of histidine and the -SH group of cysteine are all nucleophilic sites
that have widely been employed for the reaction with electrophilic mPEG derivatives.

Since approval of PEGylated adenosine deaminase by the FDA, 10 PEGylated drugs
have reached the market (Table 3.1), and most of these valuable conjugates are obtained
using a few well-known electrophilic mPEG reagents [14].
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Table 3.1 Commercially available PEGylated conjugates.

Year Protein Commercial mPEG Reagent
Name
1990 | Adenosine deaminase | Adagen® o) 0
mPEG-oM(Oﬁ
0]
1 O
(5 kDA)
1994 Asparaginase Oncaspar® 1
(5kDA)
2000 | Interferon alpha-2a PEGintron®
mPEG- O O p
(12 kDA)
2001 Interferon alpha-2b PEGasys®
I /\/\OI O i
mPEG-O)J\N NJI\O-PEGm
H 3 H
(40 kDA)
2002 G-CSF Neulasta® mPEG-O/\AO
4
(20 kDA)
2003 Growth hormone Somavert® 1
receptor antagonist (5kDA)
2004 | Oligonucleotide Macugen® o.l.o
T
mPEG O)J\N N O-PEGm
H 5 H
(40 kDA)
2007 | Epoetin beta Mircera®
o

(30 kDA

(Continued)
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Table 3.1 (Cond.)

Year Protein Commercial mPEG Reagent
Name
2008 | Anti TNF-Fab’ Cimzia® o] 0
NN
/
(0]
HN O
i /vj i
mPEG-O A N N J\O—PEGm
H H
7
(40 kDA)
2010 | Porcine-like uricase Krystexxa® 2
(10 kDA)
2012 | Synthetic peptide Omontys® 3
(40 kDA)

Proteins are considered to be sensitive materials whose bioactivity can easily be
altered, even under relatively mild conditions. Therefore, mPEG reagents should react
with macromolecules under these mild aqueous conditions, within a relatively narrow
pH range. Furthermore, it is necessary for the conjugate and the unreacted protein to
be purified from the unreacted mPEG derivatives, the poly-PEGylated adducts and
other reaction byproducts under mild and strictly controlled purification conditions.
The purification of PEGylated proteins and peptides can be quite demanding and each
purification step should be carefully defined, studied and optimized.

3.2 General Considerations about PEG Reagents
and PEGylation Reactions

Nowadays mPEG is a readily available starting material that can be acquired from sev-
eral different providers in good quality. Diol content and polydispersity index (PDI)
are the two main factors that determine the quality of a given mPEG raw material.
PEG-diol, which arises from trace amounts of water, oxygen or other impurities present
during polymerization, can afford bifunctional reactive polymers, which can ultimately
lead to the formation of undesired crosslinked conjugates [15]. The PDI is another criti-
cal issue that determines the quality of an mPEG raw material or an mPEG reagent.
In general, PDIs as close as possible to 1.00 are desired, since more homogeneous and
defined conjugates can be obtained, which can be characterized more easily. It should
also be noted that high PDIs on the mPEG starting material (or mPEG reagent) may
ultimately result in too polydisperse conjugates that can hinder the purification pro-
cesses and affect the biological properties of the conjugates.

As indicated earlier, the low reactivity of the free -OH group of mPEG precludes its
direct use in bioconjugation. Thus, the -OH group has to be transformed into a more
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reactive moiety, capable of reacting with some of the functional groups available in the
macromolecule. Given that nucleophilic groups are ubiquitously available in peptides
and proteins, most of the efforts have historically been directed towards the develop-
ment of electrophilic mPEG reagents. Moreover, since the structural changes obtained
upon modification of the -OH group can be negligible compared with the repeating
(CH,CH,0). - unit, huge efforts have been made in order to develop high-yielding
polymer activation processes, which ultimately reduces the need for demanding purifi-
cation steps. Purification and spectroscopic characterization issues of PEG derivatives
are beyond the scope of this article, and hence the reader is referred to some excellent
review articles [16-19].

The mPEG reagents should be able to react with the functional groups available in
the polypeptidic chains under mild (4°C to room temperature) and buffered aqueous
conditions (pH from 4.5 to 9, most commonly). Furthermore, the reactivity of mPEG
derivatives should be balanced to give acceptable yields of monoconjugated products,
but without affording undesirable high degrees of poly-PEGylated bioconjugates, or
reacting too quickly with the (aqueous) reaction solvent. In general, most mPEGs are
not completely stable and therefore they should be stored in the dark, in the absence of
air and moisture.

From early studies, the nucleophilic e-NH, of lysine amino acids has been exploited
to anchor electrophilic mPEG reagents to peptides and proteins. Davies and cowork-
ers have shown that the reaction of mPEG cyanuric chloride with bovine serum albu-
min and bovine liver catalase affords conjugates which conserve 95% of the enzymatic
activity, but presents decreased immunogenicity and prolonged circulation half-lives
[20,21]. As will be demonstrated later, these PEGylation reactions involve the nucleo-
philic displacement by the e-NH, group of lysine amino acids on the electrophilic cyan-
uric chloride-mPEG derivatives. In these PEGylation reactions, high degrees of -NH,
group modifications were achieved, although with low selectivity.

From the 20 proteinogenic amino acids, only the ones having a suitably-substituted
side chain are useful for the attachment of mPEG reagents. In this regard, it is now
considered that the most suitable amino acids for PEGylation are: Lys > Cys > Tyr >
His > Asp > Glu > Arg > Trp > Ser > Thr >Met. As mentioned earlier, and as will be
described in the following pages, the terminal -NH, group and €-amino group of lysine
in peptides and proteins are well-established targets for the attachment of different
electrophilic mPEG reagents. In fact, these -NH, groups together with -SH of cysteine
account for the vast majority of the PEGylation reactions. The primary e-NH, group of
lysine is a good nucleophile at pHs above 8.5 (pKa 9.4), while terminal amino groups
are less reactive, since they are close to the electrophilic carboxyl group (pKa = 1 to 2
PH units lower than the e-NH, group of lysine). However, they are able to react with
electrophiles at a pH of around 7, at which most of the e-NH, groups are protonated.
This pKa difference has been used to achieve site-selective PEGylation at the terminal
-NH, group by reductive amination at slightly acidic pHs. Free -SH groups of cysteines
are good nucleophiles, mainly at alkaline pHs. These groups have also been used for
the conjugation of proteins to mPEG by means of formation of stable thioether bonds.
However, since only a limited number of cysteine residues are usually available in pro-
teins, PEGylation of native -SH groups of proteins was explored to a lesser extent in
earlier research.
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Conjugation at the carboxyl groups of polypeptides is difficult and has scarce
application in PEGylation technology, since activation of this group usually affords
undesired protein crosslinking by reaction of the activated carboxylic site with the
nucleophilic groups present in proteins. However, this problem has been overcome
using mPEG hydrazide under a specific set of reaction conditions [22]. The -OH
groups of serine, threonine and tyrosine amino acids, although nucleophilic, are not
as reactive as -NH, groups towards electrophilic mPEG derivatives. In addition, the
reaction of these hydroxyl groups with electrophilic mPEG derivatives can afford
ester and carbonate linkages, which are known to be unstable under physiologi-
cal conditions. The guanidine moiety of arginine is a strongly nucleophilic group
whose application in PEGylation with electrophilic mPEG reagents is limited, due
to its high pKa; i.e., the conjugation reaction should be performed at high pH val-
ues in order to have significant amounts of the unprotonated nucleophilic group.
However, a site-selective method for the conjugation of arginine has been accom-
plished recently.

The mPEG reagents are frequently classified in generations, based on their histori-
cal appearance, the complexity of the chemistry involved in the synthesis of the mPEG
reagent and PEGylation reaction, and the quality of the mPEG starting material.

Thus, the first generation of mPEG reagents was limited to commercially available
low molecular weight mPEGs and mPEG raw materials. The PDIs of these mPEG poly-
mers were high, yielding heterogeneous and poly-disperse conjugates. The diol content
was also high, which afforded homobifunctional reagents that led to the crosslinking of
conjugates and to the formation of inactive and immunogenic protein aggregates. The
chemistry required for the synthesis of the reactive mPEG, as well as the PEGylation
reactions themselves, was simple and usually limited to very reactive mPEG derivatives,
which made the conjugation reactions essentially nonselective, affording heterogeneous
and multi-PEGylated conjugates. Many of these reactions involved the formation of
hydrolytically unstable linkages, such as ester bonds. Furthermore, these heterogeneous
conjugates were often difficult to purify and characterize, hindering batch-to-batch
reproducibility. However, the impressive success of the technology allowed for the early
success of two PEGylated proteins in reaching the market (Adagen® and Oncaspar®, in
1990 and 1994 respectively, see Table 3.1). Adagen® is a PEGylated form of bovine ade-
nosine deaminase approved by the FDA for the treatment of severe combined immuno-
deficiency. This conjugate is obtained by random PEGylation with mPEG-succininmidyl
ester 1, with a mass of 5 kDa (Table 3.1). Oncaspar® is a PEGylated form of recombinant
asparaginase obtained by random PEGylation with the same reactive mPEG, which is
used for the treatment of acute lymphoblastic leukemia [23]. Reagent 1, as well as other
first generation reactive mPEGs, was designed to react with nucleophilic -NH, groups by
alkylation and acylation reactions. The synthesis of the reagents usually includes simple
reaction steps and requires few steps in converting the nonreactive -OH group into elec-
trophilic derivatives.

However, it has been indicated that most of the first generation synthetic meth-
odologies do not work well with high molecular weight mPEGs, affording heteroge-
neous mPEG reagents that usually contain variable amounts of unreacted polymer,
synthetic intermediates or byproducts. In addition, the high diol contents in the
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mPEG raw materials yielded high contents of bifunctional polymers, which ulti-
mately led to undesirable crosslinking and inactivation of the proteins. The vast
majority of first generation chemistries were directed towards the conjugation of
electrophilic mPEG reagents with amino groups and, mainly, with the primarye-NH,
group of ubiquitously present lysine amino acids. The improvements achieved in the
methods of preparation of mPEG starting materials, as well as the presence of many
different companies dedicated to preparing mPEG and mPEG reagents, permitted
the easy access to high molecular weight mPEGs with narrow polydispersities and
low diol contents. This, together with the huge efforts made in the development of
more selective PEGylation reactions, allowed the emergence of a second generation
of mPEG reagents that do not exhibit some of the drawbacks associated with the first
generation chemistries. Although nowadays nucleophilic amino groups still remain
as important targets for the attachment of electrophilic PEGs, some second genera-
tion mPEG derivatives were designed to anchor PEG to the thiol group of cyste-
ine amino acids, which are amenable residues for site-selective PEGylation. More
recently, several different and promising approaches have been devised to tackle
site-selective PEGylation, including enzymatic PEGylation, PEGylation at disulfide
bridges, PEGylation at histidine tags and “click” PEGylation of non-natural amino
acids, among others [24].

In the following sections some of the most relevant mPEG reagents and
PEGylation strategies are presented and discussed. References to the syntheses of
the mPEG reagents and the chemistry that support the PEGylation reactions are
also provided and discussed. Recent and promising achievements, as well as future
expectations are also discussed. New and improved mPEG reagents and strategies
are still appearing, many of which are related to previous developments, and thus,
classification based on generations can sometimes be confusing. For this reason, and
with the aim of providing clarity, PEGylation methods and reagents in this chapter
are classified based on the nature of the functional group to which the polymer is
attached, and subdivided by the nature of the chemical reaction that supports the
PEGylation process.

3.3 PEGylation of Amino Groups

The -NH, group of lysine and the terminal -NH, group are both well-known targets
for the attachment of electrophilic mPEG reagents. Lysine amino acids are widely dis-
tributed in several different proteins, which make them particularly useful for conjuga-
tion using various mPEG derivatives. The pKa of the €-NH, of lysine is approximately
2 units higher than that of the terminal -NH, group, which is translated into the fact
that PEGylation of these residues should be performed at slightly alkaline pH, usu-
ally at around 8-9. As mentioned previously, this pKa difference is exploited nowa-
days to achieve site-selective PEGylations at the terminal -NH, group following a
simple reductive amination strategy. PEGylation at nucleophilic -NH, groups is usu-
ally accomplished by means of acylation (urethane and amide linkages) and alkylation
(amine linkage) chemistry.
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3.3.1 PEGylation by Urethane Linkage Formation

Electrophilic mPEG reagents 2 and 8-12 (Scheme 3.1) are a closely-related family of
activated polymer derivatives, which react with primary amino groups of peptides and
proteins, affording stable urethane linkages (Equation 3.1).

o 0
mPEG—OJ\X * NHZ_PrOtein—’mPEG—O)J\NH—Protein (31)

The reactivity of carbonates 2 and 8-12 towards the -NH, group depends on the
nature of the leaving group, which affects not only the selectivity, but also the degree
of conjugation. Kinetic data for hydrolysis can be used as an indirect measurement of
the nucleophilicity of some of these derivatives, and this data can be found in the lit-
erature. Thus, the half-lives of compounds 2 and 10-11 are as follows: 2, 20.4 min (pH
8,25°C); 10, 13.5 min (pH 8, 25°C); 11, 10 h (pH 8, 25°C). Thus, the accepted reactiv-
ity order of derivatives 2 and 8-11 is: 10>2>8>9>11. Even though the utility of mPEG
reagents 2 and 8-11 is well documented, activated mPEGs 2 and 10 are currently the
reagents of choice for most of the PEGylations involving urethane linkage formation,
since they offer a good balance between reactivity and selectivity, but lack the toxicity
problems found with reagents 8 and 9. In fact, reagent 2 is probably the most widely
used reagent in PEGylation, and examples of its use are widely reported in the scien-
tific literature. For example, mPEG-succinimidylcarbonate 2 has been employed in the
conjugation of several different peptide and proteins, such as asparaginase [25], tryp-
sin [26], chymotrypsin [27], bacteriorhodopsin [28], salmon calcitonin [29], interferon
o-2b [30], arginine deiminase [31] and recombinant human arginase I [32], among
other biomacromolecules [33]. Reagent 2 is commercially available and can be easily
acquired from several different sources. Although derivative 2 reacts mainly with pri-
mary -NH, groups yielding stable urethane linkages, it has been shown that compound
2 also reacts with the -OH group of tyrosine, threonine and serine to afford hydrolyti-
cally unstable carbonate linkages. Depending on the pH of the conjugation medium, 2
can also react with the imidazole ring of histidine yielding unstable urethane linkages.
The PEGylation of therapeutically important interferon o:2-b with 2 has been studied
in detail. At pH 6.5, activated mPEG 2 reacts with interferon 02-b to give a mixture
of conjugates which comprises 47% of PEGylation at histidine residues and 32% at
lysine [34]. The bioconjugate obtained under these conditions, employing mPEG of 12

o]

mPEG—OJ\O'N mPEG—OJ\O mPEG—OJ\O cl

(0]
2 8 9

O N=N
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Scheme 3.1 Reagents for the formation of urethane linkages.
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kDa, is commercially available (Table 3.1, PEGintron®) and is used for the treatment
of hepatitis C and melanoma. PEGylation at histidine residues to yield an unstable
urethane bond is also considered as a releasable or reversible conjugation method. In
another important application, activated mPEG 2 is also used for the preparation of
PEGylated porcine-like uricase, which was recently approved for the treatment of gout
(Krystexxa®).

Activated mPEG 2 can be obtained by reaction of mPEG with phosgene, or a phos-
gene derivative, followed by reaction with N-hydroxysuccinimide in the presence of a
base, most usually Et,N (Equation 3.2) [35]. This reaction has been reported to go to
completion, providing 2 in almost quantitative yields [36]. A variation of this method,
in which toxic phosgene was replaced by the safer triphosgene, has been published
in the patent literature [37]. Activated mPEG 2 can also be obtained by the reaction
of mPEG with commercially available bis-N-hydroxysuccinimidylcarbonate 13 using
DMAP as base (Scheme 3.2) [38]. Alternatively, the synthesis of 2 by reaction of mPEG
with N,N’-disuccinimidyl oxalate 14 in the presence of pyridine, has also been pub-
lished (Scheme 3.2). A related reaction, but instead using 1,1’-bis[6-(trifluromethyl)
benzotriazolyl]oxalate 15, can be used for the synthesis of an activated mPEG closely-
related to hydroxybezontriazolyl derivative 10 (Scheme 3.2).

(0]

0
pEG-OH+ . I — = )Cl)\ HON AN
MPEGORY AN mpec0” ~ar * (3.2)

(0]

mPEG-4-nitrophenyl carbonate 8 is another important reagent that can be obtained
using methodologies similar to those used in the synthesis of 2. Veronese and cowork-
ers obtained 8 by the reaction of p-nitrophenylchloroformate with mPEG in acetonitrile
using pyridine as base [39]. Variations of this method include reaction in dichlorometh-
ane using either pyridine or triethylamine as base [40,41]. It has been indicated that, in
these reactions, variable amounts of an unknown mPEG-amine are also obtained. Pure
8 can be prepared by reaction of mPEG with 4-nitrophenylchloroformate in toluene
with tripentylamine [42], or with DMAP in dioxane [43].

Reagent 8 has been used in the PEGylation of ribonuclease and superoxide dis-
mutase [39], doxorubicin [44], recombinant mammalian urate oxidase [45], uricase
[46] and lysozyme [47]. However, it has been reported that PEGylations with reagent
8 leave lipophilic toxic impurities on the conjugated material and thus the use of this
derivative is now limited.

mPEG 9 was used mainly in early developments. The reagent can be prepared follow-
ing the same methods as used for the synthesis 8, but employing commercially available

F.C
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Scheme 3.2 Reagents for the synthesis of activated mPEGs.
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2,4,5-trichlorophenylchloroformate [39]. Although important in early studies, the use
of this reagent has almost been abandoned in recent developments.

1-Benzotriazolyl derivative 10 is a relatively new acylating reagent that has found
application in the PEGylation of D-glucosamine, sodium heparin, human serum albu-
min [48], fibrin biomatrix [49], lysozyme [50] and peptides, amongst others [51]. It has
been indicated that activated mPEG 10 also reacts with histidine and tyrosine residues
to afford unstable urethane and carbonate linkages. Methods for the synthesis of mPEG-
benzotriazolyl carbonate 10 can be found mostly in the patent literature, and they essen-
tially involve similar strategies as those presented for the synthesis of 2, i.e., the reaction
of mPEG with phosgene followed by reaction with 1-hydroxybenzotriazole [48], or the
reaction with bis-1-benzotriazole carbonate in presence of pyridine as base [50].

Reagent 11 is a mild PEGylating reagent that has been used since the mid 1980s for
the conjugation of proteins, amongst other targets. Due to its low reactivity, activated
mPEG 11 is more selective than the other reagents used for urethane linkage forma-
tion. In agreement with this reactivity, usually low to moderate yields of conjugation
are obtained with reagent 11, even using large excesses of the reagent and long reac-
tion times. For example, molar excesses of up to 10* and reaction times of up to 24
hours can be required to reach moderate yields of conjugation. Various related meth-
ods for the synthesis of 11 have been published. Although compound 11 was initially
prepared by reaction of mPEG with N,N’-carbonyl-bis-imidazole (CDI) in dioxane at
37°C [52], it was later shown that the yield of the activated polymer obtained following
this method was around 42%, probably due to hydrolysis during a long purification step
[53]. An improved method that affords activated mPEG 11 with quantitative yields,
which involves the use of DMAP in toluene, was later published [53]. Similarly, excel-
lent yields of activation can be achieved for the reaction of mPEG (20 kDa) with CDI
in THF at 60°C [54].

Activated polymer 11 is a mild PEGylating reagent that has been applied in pioneer-
ing conjugations of different proteins such as superoxide dismutase [52], o2-macro-
globulin [55], lactoferrin [52], streptokinase [55], alkaline phosphatase [56], IgG [57]
and urokinase [58].

Related to 11, Vaillard and coworkers have recently prepared the more reactive
alkoxy-carbonyl imidazolium iodide 12 and successfully used this reagent for the
PEGylation of IFN o.-2b [59]. Of note, reagent 12, which can easily be prepared by
alkyation of 11 under mild reaction conditions, affords excellent yields of conjugation
even at short reaction times.

3.3.2 PEGylation by Amide Linkage Formation

PEGylation of -NH, using activated carboxylic acid esters (Equation 3.3) is a well-
developed strategy in bioconjugation technology. In these reactions, the polymer is
connected to the activated carboxyl group by means of a linker, the nature of which can
have a profound affect on the reactivity of the activated polymer and on the stability of
the conjugate.

0 o]
(0]
i R )
mPEG‘X'RMﬁJ\op + NH,-Protein ——=  mPEG-X MﬁkNH.protem (3.3)

N
0}
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The ease of preparation of mPEG-hydroxysuccinimidyl succinate 1 (Scheme 3.3),
resulted in its early use in the conjugation of different proteins. Reactive mPEG 1 proved
to be more selective than the alkylating mPEG derivatives that were commonly used
by the time this reagent appeared. It has been reported that mPEG 1 reacts selectively
with primary amino groups yielding stable amide bonds, showing a half-life of around
20 minutes at pH 8 [60].

Succinimidyl succinate 1 is typically prepared by the reaction of succinic anhy-
dride with mPEG under different reaction conditions to give the corresponding suc-
cinic acid-terminated polymer, followed by diimide-mediated esterification with
N-hydroxysuccinimide [61]. The DMAP accelerated ring-opening reaction as well as
melt synthetic method have also been published [62].

The ester linkage between the polymer chain and the succinate moiety is very sensitive
to hydrolysis under physiological conditions. Thus, the linkage between the acid moiety
and the polymer can be lost due to hydrolysis of the ester bond. In fact, the conjugation
of activated 1 with proteins is recognized as an early example of releasable PEGylation.
Given that the succinate moiety remains linked to the protein after hydrolysis, and that
this group can act as a hapten, increasing the immunogenicity of the protein [63], the
actual trend is to use other PEGylation reagents to achieve amide linkage formation.
Related reactive mPEGs on which the polymers are linked to the succinic acid residue
by stable amide bonds, such as 16, are also well known (Scheme 3.3) [17]. In a related
approach, mPEG can be attached to different amino acids, by means of stable urethane
bonds, using activated mPEGs, like reagent 2 [64]. In this regard, the activated mPEG
bearing a norleucine moiety is particularly important since it can be used to study the
degree of PEGylation by amino acid analysis of the mPEG-protein conjugates [65].
Other amino acids that have been used as linkers between mPEG and proteins include
1C- or tritium-labelled glycine, tryptophan and [-alanine, which have been employed
for the bioconjugation of proteins for different applications. In addition, Met-NLe and
Met-BAla di-peptides were used for the identification of PEGylation sites [66].

As indicated previously, the ease of preparation of reactive mPEG 1 stimulated its
evaluation for conjugation to several different proteins. The most relevant applications
of 1 involve its use in the preparation of commercially available Adagen® (adenosine
deaminase [35], Table 3.1) and Oncaspar® (asparaginase [67], Table 3.1). Other inter-
esting examples include the PEGylation of peptides [68], alkaline phosphatase [56],
rHuG-CSF [69], arginine deiminase [70] and other proteins [71].

o] 0 o [¢]
mPEG'OJ\/\WOb mPEG\Hk/\(Oﬁ
0 & o,
1 16
Scheme 3.3 Activated mPEGs for amide linkage formation.

mPEG-O/\gO\R mPEG-O\/\[o]/O‘R mPEGfO/\/\éfO‘R
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Scheme 3.4 Caboxylic acid-terminated mPEGs.
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Activated polymers 17a-19a (Scheme 3.4, where NHS = N-hydroxysuccinimidyl) are a
closely-related family of mPEG derivatives to 1. In these reagents the polymers are attached
to the spacers by hydrolytically-stable ether linkages. As indicated for activated ester 1,
compounds 17a-19a also react with primary -NH, groups, such as the € amino group of
lysine, affording stable amide bonds (Equation 3.3). Reactive esters 17a-19a are obtained
by esterification with N-hydroxysuccinimide of mPEG-acetic (17b), mPEG-propionic
(18b) and mPEG-butyric acid (19b), respectively (Steglich-type esterifications). Although
structurally simple, the preparation of these widely used activated mPEGs is usually not
facile, and given their utility for the PEGylation of therapeutically relevant proteins, most
of the methods for syntheses of 17-19 have been published in the patent literature.

mPEG-acetic acid ester 17a has been employed in PEGylation technology. The syn-
thesis of the parent mPEG-acetic acid 17b by direct oxidation of mPEG with KMnO,
does not work well since polymer chain degradation is usually observed. Alternatively,
a more selective stepwise oxidation with MnO,, followed by H0,, should be used for
the synthesis of 17b. However, many of these simple oxidations tend to fail with high
molecular weight polymers. Thus, a straightforward and more convenient synthesis of
mPEG-acetic acid 17b has been proposed, which involves the reaction of mPEG alk-
oxide with alkyl 2-haloacetate, followed by hydrolysis under either acidic or alkaline
conditions (Equation 3.4). The mPEG alkoxides can be obtained by acid-base reac-
tion of the -OH of the polymer with sodium or potassium tert-butoxide, sodium naph-
thalenide, NaH or butyllithium [17]. Most often, mPEG alkoxides are obtained by an
acid-base reaction with fert-butoxide in tert-butanol, and then reacted with tert-butyl
2-bromoacetate (Equation 3.3, where X = Br and R = ‘Bu). Although the hydrolysis of
the intermediate mPEG-ester may be done with trifluoroacetic acid, it has surprisingly
been claimed that the hydrolysis step can be best performed under standard basic con-
ditions, which prevents the degradation of the polymer chain. For this method, yields
of up to 100% have been reported [72].

MPEG-OH + X OR —— mPEG-0" O "R ——= 17b (3.4)
0 0

mPEG propionic acid 18b has been prepared by conjugate addition of mPEG alk-
oxide to acrylonitrile, followed by hydrolysis in strongly basic conditions [73]. Using
mPEG of 20 kDa it was shown that this method affords 68% of the required polymer
derivative (Equation 3.5).

MPEG-ONa 2 ~CN,MPEG-O_~\ HC mPEG-O\/\“/NHZ KOH,_op (3.5)
0

A detailed study for the synthesis of 18b using acrylonitrile as the Michael acceptor
has been performed by Harris and coworkers using mPEG of 2 kDA. They have shown
that the addition reaction can be performed in water using potassium hydroxide as base
and that the hydrolysis sequence is key to obtaining good yields of mPEG-propionic
acid. It has also been indicated that the first hydrolysis step to yield the intermediate
amide is best performed with alkaline H,O,, which in addition prevents polymer chain
degradation [74].
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In a related work, but employing o-methylacrylonitrile as Michael acceptor,
o-methylpropionic mPEG acid derivative 20 was obtained (Equation 3.6) [75,76].

MPEG-ONa + 2\ —, mPEG‘OJYOH
N (3.6)

¢}
20

A related method for the synthesis of 18b, which involves the use of tert-butyl acry-
late as an electrophilic acceptor, has been reported in the patent literature. It has been
suggested that this method works well with high molecular weight mPEGs (20 and 30
kDa (68%)) and it was indicated that the reaction does not proceed in the absence of
the quaternary ammonium salt as a phase transfer catalyst [77].

It has been published and patented that mPEG-propionic acid can be obtained by
nucleophilic displacement reaction of mPEG-alkoxide with ethyl 3-bromopropionate
or with halogenated 3-halopropionate substrates [78,79]. However, it was later indi-
cated that the first method does not afford the required acid but the elimination prod-
uct, due to the acid-base reaction of the hydrogen in the position o— to the carboxylic
group [74].

mPEG-butyric acid 19b has been prepared by a nucleophilic substitution reaction
using diethylmalonate anion and mPEG-methanesulfonate (mPEG-mesylate) as sub-
strate, yielding di-ester 21 (Equation 3.7). Hydrolysis in alkaline media followed by
decarboxylation furnished the target mPEG-acid derivative 19b (Equation 3.7) [72].

CO,Et 1)90 y COH
3
. — . —» 19b
MPEG-O O£ 5 0@ MPEGO COM (3.7)

21

Furthermore, the synthetic strategy depicted in Equation 3.7 but using 2-methyldi-
ethylmalonate anion, has also been used for the preparation of mPEG-2-methylbutyric
acid, which was suggested to behave as a mild PEGylation reagent.

Other interesting syntheses of mPEG butyric acid have also been published in
the patent literature [80]. For example, ortho-ester 23 can be obtained by a two-
step procedure from 4-bromobutanoyl chloride and 3-methyl-3-oxetanemethanol
22 (Equation 3.8). A nucleophilic substitution reaction of 23 with mPEG-alkoxide,
followed by hydrolysis, gives the required acid 19b (Equation 3.8). The decrease
in the acidity of the proton o- to the now protected carbonyl, removes the pos-
sibility of elimination reactions observed with 3-bromopropionate and related
halo-esters.

Hox\h__ /\/\(\g\mEthé)H mPEGo/\/\( HsPO,_ 1op (3.8)

Commercially available trimethyl 4-bromoorthobutyrate 24 can be used as an equiv-
alent electrophilic starting material in a similar substitution reaction (Scheme 3.5).
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Scheme 3.5 4-bromoorthobutyrate 24.

In addition, it has been shown that nucleophilic substitution reactions of mPEG-alk-
oxides with ethyl 5-bromovalerate and ethyl 4-bromo-4-methyl butyrate, yield mPEG-
ethyl valerate and mPEG-ethyl 2-methyl butyrate respectively, which upon hydrolysis
should afford the corresponding free acids [81,82]. Presumably these reactions also give
elimination products, as indicated for ethyl 3-bromopropionate.

It is well known that the reactivity of activated mPEG acids 17a-19a towards the
-NH, group of peptides and proteins depends on the length and the presence of sub-
stituents in the hydrocarbon spacer moiety. Thus, the longer the hydrocarbon chain
between the polymer and the reactive center, the lower the reactivity towards the amino
group and, hence, the higher the selectivity of the PEGylation reaction. The hydrolysis
rates of derivatives 17a-19a and of N-hydroxysuccinimdyl esters of 20 and of mPEG-4-
methyl butyric acid and related compounds correlate well with this reactivity trend. For
example, the half-lives of the previously mentioned activated esters are 0.75, 16.5, 23.3,
33 and 44 minutes respectively (25°C, pH 8) [73,77].

mPEG-acetic acid 17a and mPEG-propionic acid derivative 18a have been inten-
sively employed in bioconjugation of relevant proteins, such as methioninase [82], insu-
lin [83], murine GM-CSF [84], glucagon-like peptide 1 [85], protamine [86], salmon
calcitonin [87], o-lactalbumin [88], recombinant human arginase I [32], concanavalin
A [89], pretreatment of allografts [90], adenovirus vectors [91,92], platelet CD42a [93],
red blood cells [94], formate dehydrogenase [95] and antibodies against glutamic acid
decarboxylase [96-98].

An example of the use of activated mPEG-butyric acid 19a includes the PEGylation
of erythropoietin B [99]. This conjugate, commercially available as Mircera®, is used for
the treatment of anaemia associated with chronic kidney disease.

Branched mPEGs bearing activated proximal carboxylic groups are particularly well
suited for the improvement of the biopharmaceutical properties of several therapeuti-
cally relevant proteins. Branched mPEGs behave as if they have higher molecular weights
than linear mPEGs of identical molecular weights. Moreover, if branched mPEGs are
used, more than one polymer chain can be linked into each attachment site. The result
of these two effects is reflected in a better shielding of the protein, while diminishing the
possibility of deactivation of the active site of the protein. In particular, branched mPEGs
bearing a lysine linker 3 (Scheme 3.6, Table 3.1) proved to be particularly suitable for the
conjugation of several different proteins such as: ribonuclease, catalase, asparaginase,
trypsin [100], interferon o-2a [101-103], interferon ot-2b [104], interferon 3-1b [105],
TNYL-RAW - Fc portion of human IgG1 [106], peptides targeting the human neonatal
Fc receptor [107], a-momorcharin [108,109], erythropoietin [110], organophosphorus
hydrolase [111] and lactoferrin [112], among several other examples.

Various different methods for the synthesis of 3 can be found in the literature.
For example, the first reported synthesis of 3 involved the reaction of mPEG-p-
nitrophenylcarbonate 8 with lysine in buffered aqueous media, affording intermediate
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Scheme 3.6 Branched mPEGs bearing a lysine linker.

mPEG-monosubstituted lysine. This mono-conjugated product was then further treated
with the same reagent in methylene chloride to yield 25a, which can then be converted
to 3 by diimide-mediated esterification with N-hydroxysuccinimide [113]. This two-
step procedure allows for the preparation of branched 3-bearing mPEG chains of differ-
ent molecular weight [100]. An easier method for the synthesis of 3 was also introduced
by the same authors. Thus, the reaction of mPEG-N-hydroxysuccinimidyl carbonate 2
with lysine in buffered aqueous solution afforded branched 25a in a single step [100]. In
these methods, 25a was purified by ion exchange chromatography. The related 25b has
been prepared by reaction of lysine with 2 using pyridine as base. Hydrolysis of ester
25b followed by activation under standard conditions provides 3 [114].

We have recently introduced a simple and straightforward method for the synthe-
sis of 3. N-Carbamoylimidazolium iodide 12 was obtained in high yield by a simple
two-step procedure and then reacted with an organic solvent soluble silylated lysine
derivative to yield 25c in a single step. Compound 25¢ was converted to 25a during the
aqueous work-up of the reaction [54].

An elaborate but useful method for the preparation and use of 3 in the PEGylation
of proteins that avoids intermediate purification steps has been published in the patent
literature [37]. A noteworthy point is that only one purification step is performed after
the conjugation reaction.

The relevance of reagent 3 (or of intermediate 25a) is clear when it is considered that
four out of the eleven PEGylated products currently available on the market contain the
branched mPEG2Lys structural motif (Table 3.1, Pegasys® (interferon o.-2a), Macugen®
(aptanib), Cimzia® (anti-TNF fab’) and Omontis® (dimeric synthetic peptide for the
stimulation of erythropoiesis).

In connection, a new tri-branched mPEG3Lys2 has recently been successfully
employed for the conjugation of interferon -2 [115].

3.3.3 PEGylation by Reductive Amination

It is well known that under slightly acidic conditions (pH 4.5-5.0) carbonyl groups
react with nucleophilic amines to yield Schiff bases that can be isolated or further
converted to the corresponding amines by reaction with an adequate reducing
reagent, such as NaBH, or LAH. In PEGylation technology, the reductive alkyla-
tion reaction has successfully been used to achieve mild and site-selective conju-
gation reactions using mPEG-acetaldehyde 26 and mPEG-propanaldehye 4 with
NaBH,CN as the reducing reagent (Equation 3.9). Although NaBH,CN is usually
the reducing reagent of choice, it has recently been suggested that other boranes,
such as pyridine- and 2-picoline borane, can be used in PEGylations proceeding by
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the reductive amination method [116]. mPEG-propanaldehyde 4 is better suited for
PEGylation than acetaldehyde 26 since the latter is unstable and dimerizes by aldol
condensation reaction.

0 NH,-Protein mpEG-0 ~ NaBH,CN mPEG-O o
mPEG-OHR/ BTG (‘%TFN-Proteln—> WNH Protein (39)
n:1:26
n:2:4

In the PEGylation of -NH, groups with electrophilic reagents 26 and 4, different issues
should be considered: i) the nucleophilicity of the particular -NH, group involved in the
condensation reaction, and ii) the pH at which the condensation reaction is performed. As
indicated previously, the e-NH, group of lysine is more nucleophilic and basic than most
terminal (and o carboxyl) -NH, groups. Under the slightly acidic conditions required
for the condensation reaction, the more reactive e-NH, groups are in the protonated and
non-nucleophilic form, allowing site-specific PEGylation at the terminal -NH, group.
The reductive amination reaction can be seen as a two-step alkylation reaction, and thus,
the net charge of the protein does not change after the conjugation reaction.

The synthesis of mPEG-acetaldehyde 26 by direct oxidation of mPEG is not simple.
For example, it has been indicated that the oxidation of mPEG with pydrinium chloro-
chromate in methylene chloride, affords 26 in low yield (30%) [117]. Using mPEGs of
20 kDa, we have found that Dess-Martin periodinane is useful for the preparation of 26
giving the required aldehyde in high yield [118]. Aldehyde 26 can also be prepared by
a Moffat-type oxidation reaction or by the nucleophilic substitution reaction of mPEG
potassium alkoxide with chloro- or bromoacetaldehyde diethylacetal, followed by acid
hydrolysis [119-121]. The last method has been proposed as the method of choice for
the synthesis of 26. In a similar approach, aldehyde 4 can be obtained by nucleophilic
substitution of mPEG alkoxide with 3-chloropropanaldehyde diethyl acetal, under sev-
eral different conditions, followed by deprotection (50%) [122]. On the other hand, it
has been indicated that this reaction affords a mixture of substitution and elimination
products. A detailed kinetic analysis showed that 15 equivalents of the substrate in boil-
ing dioxane or toluene are the optimal experimental conditions to obtain the required
protected aldehyde 4 with quantitative yield [123].

Other methods for the preparation of 4 have been published, mainly in the pat-
ent literature. For example, it has been claimed that 2-naphthalenesulfonyl chloride
reacts with 2,2-dimethyl-1,3-dioxolane-4-ethanol, yielding synthetic intermediate sul-
fonate 27 (Equation 3.10). Sulfonate 27 was then reacted with the mPEG alkoxide to
afford a protected mPEG-diol derivative 28, which after hydrolysis under acid condi-
tions, followed by oxidation with NalO,, gave mPEG-propionaldehyde 4 in good yield
(Equation 3.10) [124].

“/ \/\[ >< n';(I;EGBuOH mPEGO\/\o(\\#;;:;g 4 (3.10)
28

Diethylacetals 29a and 29b are more stable and can be obtained with higher purities
than the mPEG-aldehydes 26 and 4. Hence, it has been indicated that 29a and 29b are
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better suited for the use in PEGylations proceeding by the reductive amination strategy.
The diethylacetals 29a-b are easily transformed to the aldehyde hydrates under acidic
conditions. Thus, after adjusting the pH, they can be directly used for the conjugation
reaction (Equation 3.11) [125].

mpeG-0thy OBt Hi0% HO% G- oﬁ\( <5 20rs (3.11)

OEt
n: 1:29a
n:2:29b

Several different proteins have been PEGylated with aldehydes 26 and 4. Some
interesting examples include the PEGylation of horseradish peroxidase [126], CD4
immunoadhesin [119], doxorubicin [127], recombinant human granulocyte colony-
stimulating factor (Filgrastim, r-metHuG-CSF) [128,129], human megakaryocyte
growth and development factor (MGDF) [130], lysozyme [131], tumor necrosis factor
receptor type I [132], interferon -1a [133], octreotide [134], recombinant human argi-
nase I [32], recombinant erythropoietin [110], porcine follicle-stimulating hormone
[135] and others [122,124].

Baker and coworkers introduced 2-methylpropionaldehyde mPEG derivative 30
and successfully used this reagent for the site-selective conjugation of interferon 3-1a.
mPEG aldehyde 30 can be easily prepared by a three-step procedure that affords the
reagent in excellent yield (Equation 3.12) [136].

Br

) BH, THF
MPEGO-Na ————> mPEGOY B0 aoH mPEGO/\r (3 12)

3) DMP

Noteworthily, this conjugate has completed phase 3 clinical trials and has been sub-
mitted for FDA approval for the treatment of multiple sclerosis (Plegridy®).

3.3.4 PEGylation by Alkylation

The pioneering work of Abuchowski on PEGylation was based on alkylation reactions
using extremely reactive mPEG-dichlorotriazine 31 (Scheme 3.7). This compound reacts
with nucleophilic -NH, groups yielding stable amine linkages (Equation 3.13) [20,21]. As
with the reductive amination process, alkylation reactions give conjugates that preserve
the same charge as the native protein.

MPEG-X +NH,-Protein ——= MPEG-O ~ Ny protein (313)
al a
NN N)§
I MPEG-0-50,CH,CF
MPEG- o)\ )\o MPEG-O NJ\O PEGM e

31 32 33

Scheme 3.7 mPEGs reagents based on tri-chlorotriazine and tresylate.
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It has later been shown that reagent 31, which can be obtained by the reaction of
mPEG or mPEG alkoxide with cyanuric chloride, reacts in a nonselective fashion with
the nucleophilic groups present in proteins, such as lysine, tyrosine, histidine, cysteine
and serine. PEGylation reactions with 31 and related branched compound 32 are per-
formed at neutral or basic pH (7.4-10.0).

After the first substitution, the remaining chloride of 31 is reactive enough for a sec-
ond substitution, and this can lead to undesirable crosslinking of the proteins. Several
examples of the use of 31 have been published, mainly in early studies, including the
PEGylation of ovoalbumin [137,138], bovine serum albumin [20], superoxide dismutase
[139], elastase [140], acyl-plasmin-streptokinase complex [141], trypsin [142], silk
fibroin [143] and immunoglobulin [144], catalase [145,146], amongst others.

The Y-shaped branched mPEG 32 is more suitable than 31, given that the decreased
reactivity obtained upon replacement of two chlorine atoms yields milder and more
selective PEGylation reagents [147]. In addition, since 32 has only one leaving group,
protein crosslinking is not possible. Moreover, reactive mPEG 32 has two polymer
chains linked to one reagent molecule, allowing the attachment of two mPEG chains
on each conjugation site, decreasing the possibility of inactivation of the biomacromol-
ecule activity (Equation 3.6). Branched polymer 32 can be obtained by the reaction of
mPEG with cyanuric chloride in benzene using Na,CO, as base. The activated polymer
obtained in this way was successfully used in the conjugation of E. coli asparaginase
[148]. It was later demonstrated that this synthetic method affords a mixture of lin-
ear and branched polymers 31 and 32, which ultimately led to complex mixtures of
PEGylated products. An improved method that affords 32 as a single product has also
been published [149]. Further examples of the use of branched mPEG 32 include the
PEGylation of ovoalbumin and phenylalanine ammonia-lyase [150,151].

mPEG tresylate (mPEG-2,2,2-trifluoroethanesulfonate) 33 is another well-known
reactive derivative that has been employed as an electrophilic mPEG reagent for the
conjugation of proteins by mean of alkylation reactions. Activated mPEG 33 can easily
be prepared by the reaction of mPEG with tresyl chloride in the presence of pyridine
[152]. In the same fashion as with reagents 31 and 32, PEGylation of peptides and pro-
teins with 33 is performed under mild conditions, furnishing conjugates that retain the
net charge of the unmodified biomacromolecule [153]. A detailed kinetic study on the
coupled hydrolysis-nucleophilic substitution reaction of PEG bis-tresylate with amines
has been performed by Griffith and coworkers [154]. It was suggested that low temper-
atures and a pH of around 8.0 are the best conditions for the conjugation of secondary
-NH, groups, while the pH should be increased to around 8.8 for the conjugation to the
€-NH, amino group of lysine. In addition, it has also been indicated that 33 reacts in a
non-specific fashion with various nucleophilic groups present at the aminoacids side
chains, giving complex mixtures of products that can involve unstable bonds, result-
ing in poorly defined mixtures of conjugated adducts [155]. For this reason, the use
of mPEG 33 has been almost abandoned. Representative proteins that have been con-
jugated to mPEG using tresylate 33 include lipases [156], alkaline phosphatase [157],
albumin [152], granulocyte-macrophage colony-stimulating factor [158], insulin [159]
and B-deleted recombinant coagulation factor VIII [160]. Related mPEG tosylates are
also well-known activated polymers that have been used, for example, in the PEGylation
of trypsin [161]. In connection, mPEG-mesylate, mPEG-bromide and mPEG-chloride
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are all well-known electrophilic derivatives. These compounds have mainly been used
as synthetic intermediates for the preparation of more elaborate reagents.

mPEG-epoxide 34 has been used as a mild PEGylating reagent that reacts with -NH,
groups under mild conditions (Equation 3.14). Reagent 34 has found application mainly
in material and polymer sciences, among other uses [162-166]. mPEG derivative 34
reacts with -NH, groups of peptides and proteins producing stable secondary amine
bonds (conjugate 35, Equation 3.14). Due to the low reactivity of this electrophilic
mPEG reagent, its application for the PEGylation of biomacromolecules has been lim-
ited. In addition, it has been suggested that this reagent is not selective for -NH, group
conjugation, since it reacts with the -OH, -SH and imidazole groups. Examples of the
use of 34 include the PEGylation of glutathione, bovine serum albumin, protein A, and
monoclonal antibodies [167-169].

mPEG—O/\& + NH,-Protein——~ mPEG-0" >y NH-Protein (314)
OH
34 35

Epoxide 34 can be prepared by nucleophilic reaction of mPEG with the oxirane
ring of epichlorohydrin in the presence of BF,.Et,O complex. The intermediate alcohol
product is then dehalogenated with sodium aluminate to afford the required mPEG
reagent 34 [170].

3.4 PEGylation of Thiol Groups

In the last two decades different technologies have been developed with the aim of
tackling site-selective PEGylation. In this regard, PEGylation at -SH group has been the
object of intense research in academia and in the industry. Cysteine amino acids are
scarcely present in peptides and proteins. In addition, cysteine amino acids are hydro-
phobic and they are usually located in the internal part of proteins, limiting their avail-
ability for conjugation. On the other hand, -SH group PEGylations at cysteine residues
located in the surface of the protein usually do not compromise the protein bioactivity,
taking full advantage of the benefits of PEGylation. The -SH moiety is one of the most
reactive nucleophilic groups present in biomolecules, which can react with electrophilic
mPEG reagents at slightly acidic or neutral pHs (6-7). At these pH values nucleophilic
-NH, usually cannot compete with -SH nucleophiles.

Importantly, genetic engineering methods are available nowadays for the introduc-
tion of cysteine residues in peptides and proteins; and this approach has been employed
for the PEGylation of proteins whose native forms do not have these amino acidic resi-
dues. [171,172]. Although useful, this strategy can steer to the formation of unwanted
disulfide linkages and to protein dimerization. Furthermore, another approach that
has been developed to increase the amount of available free cysteine amino acids
involves the reduction of protein disulfide bridges using adequate reagents [173]. This
method has found particular application for the site-selective PEGylation of antibod-
ies, whose activity can be critically decreased by terminal -NH, group conjugation. Of
course, these conjugation methods are site-selective when the protein possesses only
one disulfide bridge, or when only one of two or more of the disulfides bridges can be
reduced selectively.
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Scheme 3.8 mPEG reagents for the conjugation of -SH group.

From all commercially available reagents that are capable of reacting selectively with
the -SH groups, most of the attention have been centered on mPEGs 36-38 (Scheme 3.8).

Vinyl sulfone 37 reacts selectively with -SH group of cysteine in slightly basic condi-
tions in Michael-type addition reaction to afford stable thioether linkages (Equation
3.15). It has been indicated that lysine conjugation also occurs at more basic pH (pH
9.3) when large excesses of 36 are used.

36 + HS-Cys-Protein —>mPEG-o’g\/\S—CyS-PrOtein (315)

mPEG-vinylsulfone 36 was prepared following the reaction sequence presented in
Equation 3.16. Mesylation of mPEG under standard conditions, followed by nucleo-
philic substitution with 2-mercaptoethanol under basic conditions affords sulfide 39
(Equation 3.16). Oxidation with H O, yields sulfone 40, which was then reacted with
SOCI, to give chloride 41. Finally, chlorosulfone 41 was dehalogenated to the target
reagent in quantitative yield by a base-promoted elimination (Equation 3.16) [174].

MPEGO o~ OH 0 mpeG0 g 0H 20D mPEG-O._~gon I — > 36 (3 16)
; ; .

39 40 41

A simple one-step “click” method for the preparation of vinyl sulfone 36, among
other hydroxyl-terminated polymers, has been published. In this method, bis-vinyl sul-
fone is employed, which upon reaction with mPEG-alkoxide gives 36 in a single step
and with high yield [175].

mPEG-maleimide 37, and other closely related compounds, are well-known
reagents that have intensively been used to achieve site-selective conjugation at cyste-
ine amino acids. In the same fashion as with 36, reagent 37 reacts with the -SH group
in a Michael-type addition reaction, yielding hydrolytically stable thioether linkages
(Equation 3.17). As observed for 36, with reagent 37 side-reactions which arise from
the conjugation with -NH, groups, are also produced, mainly at alkaline pHs, although
at very low rates. Moreover, it has been indicated that the rate of -NH, conjugation
increases in the presence of an organic co-solvent [64].

(0]
37 + HS-Cys-Protein — mPEG-O/\/D 5-Cys-Protein (3 1 7)
o}

The synthesis of mPEG reagent 37 has been published in the patent literature as depicted
in Equation 3.18. Tosylation of mPEG under standard conditions, followed by nucleophilic
displacement reaction with aqueous ammonia solution gives mPEG-amine 42. Acylation
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of 42 with succinic anhydride yields unsaturated amide derivative 43, which can then be
converted to the target maleimide under harsh reaction conditions (Equation 3.18) [176].

F
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42 43

Although other methodologies for synthesis of 37 have been published, it has been
indicated that these methods afford undesirable high amounts of byproducts [177-179].

More recently it has been claimed that mPEG-amine 42 can react with
N-methoxycarbonylmaleimide in aqueous basic solution, rendering the required
mPEG maleimide 37 in a single step [180].

Reagent 37 is one of the most widely employed mPEGs for site-selective conjuga-
tion of -SH groups. Compound 37 has been used, for example, in the PEGylation of
interleukin-2, staphylokinase, rHuGM-CSEF, erythropoietin analogues, cyanovirin-N,
prolidase, recombinant human arginase I, si-RNA, bone morphogenetic protein-2,
exenatide analogues and aptamers, amongst many others [32,181-193]. A drawback
found in the use of this derivative relates to the instability of the reagent.

Branched mPEG,-lysyl-maliemide 7 (Table 3.1) is a useful PEGylation reagent that
has found application for the conjugations of antibody fragments. A remarkable appli-
cation of 7 involves its use in the preparation of Cimzia® (Table 3.1). Maleimide 7 can be
obtained starting with branched succinimidyl ester 3 by a two-step method (Equation
3.19) [194].

o
3— " 2. o «/\I o + YVo NN —=7 (319)
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Further examples of the use of 7 in the PEGylation of macromolecules are well docu-
mented in the literature [195,196].

Other mPEG reagents bearing activated unsaturated bonds, such as mPEG acrylate,
have also been used as Michael acceptor for selective cysteine PEGylation [197].

mPEG-iodoacetamide 38 is a mild PEGylating reagent that reacts with the -SH via
nucleophilic substitution reaction yielding stable thioeter linkages (Equation 3.20). As
mentioned for derivatives 37 and 38, some loss in the selectivity of the conjugation reac-
tion is observed as the pH is increased.

H
39 4 HS-Cys-Protein — mPEG-O/\/N\n/\S-Cys-Protein (3 20)
X .

The PEGylation reactions with 38 are usually performed using an excess of the
reagent in a darkened flask, in order to limit the formation of iodine, which can react
with other amino acids. mPEG-iodoacetamide is a commercially available reagent that
can be prepared by the reaction of mPEG-amine 42 with iodoacetic anhydride in diox-
ane [178]. Examples of the use of 38 include the PEGylation of acyl-coenzyme A and
cholesterol acyltransferase [198].
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mPEG-orthopyridyldisulfide 44 (mPEG-OPSS) is another useful reagent for -SH
site-selective PEGylation. This compound reacts with -SH groups in acid and alkaline
media via a thiol exchange reaction to afford unstable disulfide linkage (Equation 3.21),
which can be broken under reducing physiological conditions.

N
pEG-0° s/(Nj + HS-Cys-Protein ——» mPEG-0""~>5.Cys-Protein (32 1)
m

44

Several other mPEG-OPSS derivatives having different spacers between the polymer
chain and the pyridyl-disulfide moiety have been patented [199].

mPEG-OPSS 44 has been prepared by tosylation of mPEG followed by nucleophilic
displacement with potassium thioacetate to give intermediate thioester 45, which after
methanolysis and treatment with dithiothreitol yielded mPEG-thiol 46 (Equation 3.22).
Finally, the reaction of the free thiol group of 46 with ortho-bis-dithiopyridine affords
sulfide 44 (Equation 3.22) [200].

T,
0, (3.22)
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Examples of the use of reagent 44 include the PEGylation of interferon [ and staphi-
lokinase [182,200,201].

Chemically accessible disulfide bridges are amenable for site-specific conjugation.
Thus, in TheraPEG® technology, disulfide bridges are reduced under mild conditions to
give the free -SH groups (Equation 3.23), which are then trapped by a double Michael-
type 1,4-addition using an unsaturated sulfone as acceptor, affording a stable cyclic bi-
sulfide linkage (Equation 3.23) [173].

SOR,
59 5@ (‘SOZRZ_’ _c,e Ry-PEGm——> (3 23)
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Noteworthily, it has been demonstrated that the conjugation reaction does not affect
the tertiary structure of the protein and, importantly, that, due to steric hindrance at the
conjugation site, only one polymer chain is attached at each disulfide bridge.

Recently, Brocchini and coworkers further expanded this concept and designed
mono-sulfone 47 for site-selective PEGylation of -SH groups [202]. Mono-sulfone 47
behaves as a latent PEGylating reagent, which upon elimination of tolyl-sulfonyl anion
generates unsaturated ketone 48, which reacts in Michael-type addition reaction with
-SH to afford conjugate 49 (Equation 3.25). To avoid retro-Michael addition, the elec-
trophilic carbonyl group should be reduced using a suitable hydride to give stable -OH
group (Equation 3.25). Moreover, it was demonstrated that the conjugates obtained
with reagent 47 are more stable than those obtained with mPEG-maleimide derivatives.

(o] (o]
5 ( > 2 @ tol-509 + § ( > 2 Protein-SH (324)
mPEG-NH mPEG-NH

48
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The PEGylation of -SH groups employing dithiophenolmaleimides 50 has been
reported. The free -SH groups, generated upon reduction with a suitable reagent, are
quickly trapped by 50 (Equation 3.26). It has been suggested that using this method it
is possible to restrict the unfolding, aggregation and disulfide scrambling of the protein
[203]. A closely related method that uses dibromomaleimide derivatives has also been
developed [204].
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3.5 Reversible PEGylation

As described previously, the covalent attachment of mPEG has a profound effect in the
biopharmaceutical properties of peptides and proteins. Moreover, it is usually regarded
that the linkage between the polymer and poly-peptidic chain should be stable in physi-
ological conditions, in order to allow an increment of the half-life of the conjugate. On
the other hand, nowadays it is well known that the attachment of the polymer at, or close
to, the active site can lead to drug inactivation by steric hindrance. With the aim of sur-
passing drug inactivation and loss of the biological activity, several different approaches
for releasable or reversible PEGylation have been developed in the last years, which have
found application, mainly, for the controlled delivery of small drugs. [205,206]. In releas-
able PEGylation, the polymer is bound to the bioactive molecule through an unstable
bond or a degradable linker which can be cleaved under specific conditions, releasing
the native unmodified drug at a controlled rate. In fact, in releasable PEGylation the
drug-polymer conjugate is seen as a prodrug, from which the unmodified active drug
is delivered after polymer release. In the particular case of peptides and proteins, the
PEGylated prodrug can show reduced activity or be completely inactive. Moreover, the
PEGylation of hydrophobic small drugs with this hydrophilic polymer has been used to
increase the solubility, and hence for the delivery of poorly soluble drugs.

Several different unstable or degradable linkages have been used in reversible
PEGylation, including esters, carbonates, carbamates, hydrazones and amides, among
others. As indicated previously, these approaches proved to be particularly useful for
the conjugation of small drugs. Successful examples of the use of PEGylation for con-
trolled delivery include the conjugation of paclitaxel, camptothecin and podophyllo-
toxin, and various others [205,207,208]. The design of the linker which brings together
the protein and the polymer chain, forming a tripartate prodrug, is a key issue that
determinates the mechanism of the release, in this way governing the rate of delivery.

Reversible PEGylation reactions involving 1,4- or 1,6- benzyl elimination (BE) and
bicine linkers are well-established strategies for releasable PEGylation of small drugs,
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such as daunorubicine, vancomycin, amphotericine B, and doxorubicine [209-212].
Furthermore, benzyl elimination has been found to also be well suited for reversible
PEGylation of proteins. This approach is based on the initial cleavage of an hydrolytically
unstable polymer-linker bond from bioconjugate 51, after which a well-known fast 1,4-
or 1,6-elimination delivers the unmodified native protein (Equation 3.27) [213,214].

Prote| n
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The chemistry of the PEGylation reaction with the linker involves the formation of
urethane linkages with free -NH, groups of the biomacromolecule. The mPEG reagents
used in this approach usually are N-hydroxysuccinimidyl carbonates, which react
with proteins in the same fashion as indicated in Equation 3.1. One important advan-
tage of the benzyl elimination approach is that the kinetics of the release can be finely
tuned by the introduction of substituents of different natures and sizes in the ortho
position to the -OH group (R substituents in conjugate 51). Moreover, the nature of
the bond that brings together the polymer and the linker (trigger group) can also be
modified, providing further possibilities for the fine control of the delivery. It has been
shown that the nature of the trigger groups may also have an influence in the reactiv-
ity of the PEGylation reagent. Thus, reagent 52, which has two ortho methyl groups
and the mPEG chain linked by an ester moiety, is particularly attractive for releasable
PEGylation (Scheme 3.9).

Branched and linear bicine linkers 53 and 54 have found application for the con-
trolled delivery of small drugs and proteins (Scheme 3.10) [210,215]. The chemistry of
the delivery using a linear derivative is illustrated in Equation 3.28. Hydrolysis of the
aliphatic ester group affords hydroxyethyl intermediate 55. Intermediate 55 reacts with
water at a controlled rate rendering bis-hydroxyethyl intermediate 56, which undergoes
a well-known cyclization reaction to give bicine 57 and delivering the native drug or

protein (Equation 3.28).
mPEG- O %

Scheme 3.9 Reagent 52, useful for releasable PEGylation by 1,4- or, 1,6-BE.
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Scheme 3.10 Bicine linkers used in reversible PEGylation.
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As expected, the rate of release can be modulated by modification of the heteroatom
that brings together the polymers and the linker (X in compounds 53 and 54), by intro-
duction of additional side chains, or by increasing the steric hindrance. Related to mPEG
3, bicine linkers 53 are particularly interesting and useful structures, due to the well-
known advantages that have been described previously for branched mPEG polymers.

Fluorenyl-based reagent 58 has been used for the attachment of mPEG of up to 40
kDa to proteins by means of urethane bond formation (Scheme 3.11). The fluorenyl
moiety releases the native unmodified protein at a slow controlled rate by hydrolysis
reaction, as is shown in Equation 3.29 [216]. Reagent 58 has been used in the revers-
ible PEGylation of exendine-4 [216], human growth hormone, interferon o2 [217],
enkephalin [218], atrial natriuretic peptide [219] and insulin [220].

R R
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Thioester 59 has recently been introduced for reversible protein PEGylation [221].
Carbamate linkage formation with the target protein affords conjugate 60 (Equation
3.30), which under reductive conditions decomposes to 61, ultimately giving the free
protein (Equation 3.31).
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Disulfide bridges can be cleaved under reductive conditions or by sulfide
exchange reaction. Thus, this simple concept has successfully been exploited for
reversible PEGylation. The chemistry that supports this approach, using conjugate

(o]
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Scheme 3.11 Fluorenyl-based reagent for reversible PEGylation.
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62 as an example, is presented in Equation 3.32. Upon reduction of the disulfide
bridge of 62 (by a cysteine amino acid, or any other entity containing a -SH group,
such as glutatione), intermediate sulfide 63 is obtained. 1,6-Elimination from 63
delivers the unmodified native protein and sulfur product 64 (Equation 3.32)
[222,223].
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Finally, the reversible PEGylation based in the trimethyl lock lactonization has mainly
found application for the controlled release of small prodrugs [224]. The chemistry
underlying this process is shown in Equation 3.33. Hydrolysis reaction at a controlled
rate of the ester linkage of 65 by endogenous enzymes gives intermediate conjugate 66,
which upon nucleophilic attack of the free -OH group renders lactone 67 and delivers
the free native drug (Equation 3.33).

mPEG- O

Q_@ 0. NH,-Drug (333)
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N

H-Drug 66

3.6 Enzymatic PEGylation

Conjugation mediated by transglutaminase is nowadays considered as a powerful tool
for the site-selective attachment of mPEG to various different proteins. The concept of
these conjugations is based on the enzymatic catalyzed acyl transfer reaction between
the carboxamide group of glutamine and the -NH, group of PEG-amine, which affords
stable amide linkage (Equation 3.34). The approach can be used for the PEGylation of
native or chimeric proteins, yielding homogeneous conjugates.

[ SR,
gA)LNHﬁ RN gA*NWOPEGm (3.34)

Human granulocyte colony-stimulating factor [225], o-lactalbumin, interleukin-2
[226], salmon calcitonin, IgGH [227], filgrastim [228] and hGH [229], are some examples
of proteins that have been PEGylated using transglutaminase. For further insights into
this important matter, the reader is referred to the comprehensive article of Veronese
and coworkers [226].
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3.7 PEGylation of Carbohydrates Residues

Chemical or enzymatic oxidation of carbohydrate residues of glycoproteins generates
reactive aldehyde groups that can react with mPEG hydrazines to yield hydrazones,
which are usually reduced to the more stable alkyl hydrazide derivatives [230]. To show
the concept of these conjugations, the PEGylation with hydrazide 68 is presented in
Equation 3.35. Examples of proteins that have been PEGylated following this approach
include oxidized ovoalbumin and immunoglobulin G [231].
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The related PEGylation of aldehyde groups with PEG-amines is difficult since the
-NH, groups of proteins show a similar reactivity to the -NH, group of PEG-amine, a
fact which can result in the unwanted crosslinking of the protein. The pKa of hydrazides
is around 3, allowing for selective conjugation at acidic pHs, at which most of the pro-
tein amino acids are in the protonated non-nucleophilic form (pKa around 10).

Serine- or threonine-terminated proteins can be oxidized to the corresponding gly-
oxylyl groups, which can then be reacted with aminooxy mPEG derivatives to achieve
site-selective PEGylation. Furthermore, the reactive terminal carbonyl group can be
introduced by metal catalyzed transamination [232].

A new two-step process, known as glycoPEGylation, has become increasingly
important in the last years for the site-specific bioconjugation of proteins [233]. The
sequence for the conjugation consists of a first step of enzymatic glycosylation with
N-acetylgalatosamine and N-acetylgalatosamine transferase at specific threonine and
serine residues. In the second step, the protein is PEGylated at the N-acetylgalatosamine
residue with a sialic acid mPEG derivative using sialyltransferase. Examples of pro-
teins that have been conjugated by this strategy include factor VIla [234,235], G-CSE,
IFN o-2b and GM-CSF [233]. In a related approach, a transpeptidase (sortase A), has
recently been employed for the site-selective attachment of mPEG to citokines [236].

3.8 PEGylation by Click Chemistry

In the last few years PEGylation processes employing “click” reactions have evolved
as an innovative strategy for site-selective conjugation [237,238]. “Click chemistry”
is defined as a group of reactions that: a) are easy to perform and have wide scope
(simple reaction conditions, insensitive to oxygen or water, which can give the desired
products from readily available starting materials); b) afford high yields of products
(without involving complicated purification steps); and c) give products that are
stable under physiological conditions. Although various different systems have
been developed for “click” synthesis, the Cu(I)-catalyzed Huisgen 1,3-dipolar cyclo-
addition (HDC) to form 1,2,3-triazoles, is particularly well suited for site-selective
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PEGylation of proteins. Thus, proteins which have been incorporated with azido-
containing non-natural amino acids react with mPEG-alkynes affording triazole
linkages, as depicted in Equation 3.36 [239].

) MPEGO /\[N\«N
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Protein-N3 + MPEG-O —— N (3.36)
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Noteworthily, the 1,2,3 triazole linkage formed upon PEGylation is stable to hydrolysis
and this group is usually seen as equivalent to the amide linkage [237]. Another impor-
tant issue arises from the fact that azide and alkyne functions are unreactive towards
most functional groups of natural amino acids, and thus make these processes very site-
selective [237]. The -N, group that allows the site-selective PEGylations is usually intro-
duced by incorporation of homoazidoalanin into a recombinant protein, among other
methodologies [240]. This function serves as attachment site for the covalent conjuga-
tion of the protein with the corresponding mPEG-alkynes. Although various mPEG-
alkyne derivatives are commercially available, some of them can be obtained following
simple synthetic steps, as shown for the preparation of mPEG-propargyl carbamate 69
(Equation 3.37) and mPEG-propargyl ether 70 (Equation 3.38) [241-243].

Vi
MPEG-OH + C1,CO — mPEGVO/\/O\g/G Mmpmo’\/o\gn/ (337)
69
Pz
Br. 4 o. #
- O /
70

The most common and convenient catalytic system used to trigger the “click”
PEGylation includes the use of CuSO, 5H,0 as copper source and sodium ascorbate
as mild reducing reagent [239,244]. Other reagents, such as hydrazine [245] and tris(2-
carboxyethyl)phosphine [246] can also be used for the reduction of the Cu(II) source to
the active Cu(I) species. Even though the methodology complies with all the requisites
for a “click” reaction, one major drawback is associated with the use of the copper cata-
lyst, since it is well known that copper compounds can be toxic [247,248]. Moreover,
the use of copper salts can lead to protein denaturation. Thus, the required amounts of
copper source and reducing reagent, as well as the use of an additive (such as histidine)
should all be carefully evaluated, in order to prevent protein denaturation and, eventu-
ally, toxicity effects [249].

In a closely related method, the genetically introduced para-azidophenylalanine
residue was used to achieve the site-specific conjugation of SOD by means of a [3+2]
cycloaddition reaction with mPEG-propargyl amine 69 (Equation 3.39) [250].
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More recently a new PEGylation method involving the formation of the triazole link-
age by [3 + 2] cycloaddition reaction has been developed. Noteworthily, this method
does not require the use of copper catalysts. As shown in Equation 3.40, strained
cyclooctynes 71 are used as PEGylation reagents, which are aimed at decreasing the
activation energy of the “click” reaction [251].

Q Protein O
O, N ¢}
Protein-N; + | Z)]’R — N, . z)]/R (340)
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This method has been used in the PEGylation of modified CalB, and it has been
demonstrated that the conjugation reactions proceed faster than the analogue pro-
cesses catalyzed by copper [252].

3.9 Other PEGylations

3.9.1 PEGylation at Arginine

The PEGylation of basic and nucleophilic arginine residues with mPEG phenylglyoxal
has been reported some years ago. The usefulness of this methodology was rather lim-
ited due to the long reaction times that were required to achieve good yields of con-
jugation. In addition, the PEGylation with mPEG phenylglyoxal was not selective and
conjugation at histidine and lysine residues was also usually observed [253,254].

A more convenient method for the site-selective PEGylation of arginine has only
recently been disclosed [255,256]. The process relies on the thermodynamic selectivity
obtained upon reaction of the protein with methyl glyoxal analog 72. In aqueous solu-
tion, dimethyl acetal derivative 72 is in equilibrium with the unprotected forms, which
are the actual PEGylating reagents (Equation 3.41).

o7 OH OH
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A detailed study of the reaction of methyl glyoxal 72 with N-acetyl arginine and
N-acetyl cysteine has been performed and, importantly, it has been demonstrated that
with reagent 72, PEGylation at lysine residues does not occur [256].

3.9.2 PEGylation at Tirosine

The site-selective conjugation at tyrosine residues of salmon calcitonin using diazonium
salt 73 has recently been published (Equation 3.42) [257]. It has been indicated that the
PEGylation reaction is reversible, and that the starting materials can be obtained by reac-
tion with suitable reducing reagents.
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3.9.3 PEGylation at Histidine

Recombinant proteins expressed in several prokaryotic expression systems are often pro-
duced with histidine-tags (HisTag), which allows the purification of proteins using affin-
ity chromatography with matrices that contain nickel or other metal ions. Brocchini has
nicely shown that these tags can be used for site-selective PEGylation employing new
mPEG-sulfone reagents. It is worth mentioning that since the histidine tags are expressed
at the N or C terminus of proteins, the biological activity of the protein is not compro-
mised [258]. The concept of the HisTag PEGylation has been exploited for the develop-
ment of the TheraPeg® technology, which involves a bis-alkylation reaction with a double
1,4-Michael-type addition using bis-sulfone 74 as PEGylation reagent. In physiological
conditions, monosulfone 75 is formed upon elimination of tolyl-sulfinic acid from mPEG
bis-sulfone 74. Unsaturated sulfone 75 is the actual PEGylating reagent (Equation 3.43).
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The concept of the conjugation reaction with sulfone 75 is presented in Equation
3.44. The nucleophilic addition of the heterocyclic nitrogen of the aromatic ring to the
double bond affords intermediate 76, which upon elimination of tolyl-sulfinic acid
forms o,B-unsaturated ester 77. A second Michael addition finally gives cyclic bis-
alkylated product 78 (Equation 3.44).

HNN _SO,Tol
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Bis-sulfone 79 and branched bis-sulfone 80 have also been prepared and carefully
evaluated in HisTag PEGylation (Scheme 3.12) [258].
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Scheme 3.12 Reagents for HisTag PEGylation.
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Examples of proteins that have been PEGylated by HisTag technology include
cytokines (IFN o-2a), antibody fragments (anti-TNE, scFV), endostatin and pro-brain
natriuretic peptide.

It has been shown that PEGylation at histidine amino acids can also be accomplished
using simple mPEG-diazonium salt 81 (Equation 3.45) [259]. This reagent reacts with
the protein (lysozyme) in mild conditions and in short reaction times, affording the
mono-PEGylated protein together with a small amount of bis-conjugated adduct.
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3.9.4 PEGylation at Carboxylic Groups

The challenging site-selective PEGylation of terminal carboxyl groups has been
reported by Zalipsky. In this method, mPEG-hydrazide is reacted selectively with the
carboxyl group by means of carbodiimide activation at low pH. At the pH values at
which the conjugations are performed (4.5-5.0) all amino groups of the protein are in
the protonated non-nucleophilic form and, hence, the crosslinking of the biomolecule
does not occur [260].

3.9.5 PEGylation with mPEG Isothiocyanate

PEGylation of amino groups of human serum albumin and human keratinocyte growth
factor 2 using mPEG isothiocyanate has been reported [261,262]. The conjugation with
this reagent affords hydrolytically stable thiourea linkages by means of a simple and
easily obtained PEG derivative (Equation 3.46) [261].
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Other methods for PEGylation include the conjugation of non-natural amino acids,
such as p-acetylphenylalanine with mPEG-oxyamine [263,264], pyrrolysinine and
pyrroline-carboxy-lysine with mPEG carbonyl compounds [265], among several other
methods [266-268].

3.10 Actual Trends

Optimization of PEGylation processes, analyses of PEGylation reaction mixtures
and characterization and activity studies of purified conjugates are usually extremely
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time- and cost-consuming tasks. A promising automated process for screening
the experimental conditions in the microscale, as well as for characterization of
the PEGylation of lysozyme with mPEG-succinimidyl carbonate 2 and mPEG-
propionaldehyde 4, has recently been reported [269].

Solid-phase PEGylation is an increasingly important technology that is expected to
gain relevance in the future. In these conjugations the proteins are PEGylated using
mPEG reagents that are linked to a solid matrix. The main goal of the methodology is
to surpass some of the drawbacks that are commonly found in solution-phase methods.
Several approaches have been developed, including site-specific PEGylation of kerati-
nocyte growth factor 1 [270] and the use of heparin-sepharose columns to conjugate
recombinant human fibroblast growth factor 2 to PEG-butyraldehyde through reduc-
tive alkylation [271]. Other examples include the conjugation of albumin and staphy-
lokinase [272], lipopetides [273], interferon ot-2a [274] and hemoglobin, among others
[275].

Further innovative PEGylation strategies include: i) C-terminal PEGylation of recom-
binant proteins expressed as intein-fusion proteins, using hydrazone-forming ligation
reactions [276]; ii) PEGylation of latex surfaces beads for immunocamouflage [277], iii)
PEGylation of immunonanoparticles [278], and iv) monoPEGylation using an adapted
Dock and Lock (DNL) method [279].

3.11 Conclusions

The number of peptide and protein drugs amenable for bioconjugation, as well as new
PEG tailor-made reagents and PEGylation strategies, are still increasing nowadays.
Actual developments in PEGylation technology tend to tackle the two major difficul-
ties found in bioconjugation, namely: i) to guarantee product homogeneity by improv-
ing site-specific approaches, and ii) to diminish the cost of production processes by
improving the efficiency of the conjugation reaction, while maintaining batch-to-batch
reproducibility.

As was shown earlier, one of the most effective strategies to achieve site-selective
conjugation involves PEGylation at scarce cysteine residues located at the surface of
the protein.

PEGylation is undoubtedly a diverse and hot field, which is embedded within emerg-
ing technologies for the development of improved and new protein therapeutics and
other applications. PEGylation takes place at the interface of chemistry, biotechnology
and polymer chemistry, as well as pharmaceutical and biomedical sciences. Thus, it is
synonymous with inter- and multi-disciplinary research, a key factor for success that is
not new but scarce in a situation where finding a common language is sometimes diffi-
cult. The combination of these and other factors, such as the ever-growing demand and
increasing complexity emerging from the need for more effective therapeutic targets,
even today still stimulate the development of research projects aimed at the design,
synthesis and evaluation of tailor-made mPEG reagents and technologies. We believe
that these efforts will provide, in the near future, further interesting and technologically
relevant results.
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Abstract
Polymeric matrices are the most widely employed systems for preparation of controlled release
pharmaceutical dosage forms due to their simple and low-cost manufacturing process.
Percolation theory studies the critical concentration of the components of disordered sys-
tems. When a component reaches its percolation threshold, it undergoes a geometrical phase
transition and starts to extend over the whole sample, having much greater influence on the
properties of the dosage form.
This chapter describes the main polymers employed in the manufacturing of pharmaceutical
matrix systems. Furthermore, the principal factors affecting drug release from polymeric matri-
ces are analyzed from the point of view of the classical theories as well as the percolation theory.

Keywords: Controlled drug delivery, percolation theory, critical points, cellulose derivatives,
polymeric matrices, relative particle size, tablet porosity, biodegradable polyurethane

4.1 Introduction

Polymeric matrix systems are the most widely employed for the formulation of oral
prolonged release pharmaceutical dosage forms due to their simple and low-cost manu-
facturing process. There are three main types of pharmaceutical matrices: inert, hydro-
philic and lipidic matrices, being hydrophilic and inert matrices the most employed
ones..

Percolation theory studies the critical points of a wide variety of systems and pro-
cesses. When this theory is applied to pharmaceutical systems, i.e., tablets, pellets, etc.,
the critical points correspond to the critical concentration of one or more compo-
nents of the system, including the system porosity. When one component of the sys-
tem reaches its percolation threshold it experiences a geometrical phase transition and
starts to span the whole sample, having stronger influence on the properties of the
system, which usually undergo abrupt changes.
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Since the first time that this theory was applied to the pharmaceutical sciences by
Leuenberger and coworkers in 1987, many studies have been carried out applying their
concepts to the design and characterization of inert and hydrophilic matrices manu-
factured with the most employed commercial polymers and, more recently, with new
biodegradable polymers. These studies have shown that critical points govern the drug
release from polymeric matrix systems. Therefore, their knowledge is essential for a cor-
rect application of the concept of Quality by Design, established in the directives of the
International Conference on Harmonisation (ICH Q8: Pharmaceutical Development).

The purpose of this chapter is to provide a description of the different types of poly-
meric matrices existing in the market and how the properties of the principal polymers
employed in their manufacture affect the drug release. Furthermore, the main concepts
of percolation theory are exposed in order to explain the critical points influencing the
drug release from matrix systems.

4.2 Matrix Systems

In the last decades, great attention has been paid to the development of oral prolonged
release drug delivery systems. These systems are pharmaceutical formulations that
release the drug slowly and in such a way that the release rate becomes the limiting step
in controlling the arrival of the drug to systemic circulation, so that the drug plasma
levels remain more constant with less fluctuation between peaks and valleys than in
the case of conventional dosage forms. Therefore the therapeutic concentration of drug
is maintained over a longer period of time and the time between doses is increased.
This fact improves patient compliance, which is one of the main factors affecting the
success of a treatment. Furthermore, toxicity caused by overdose is reduced as well as
problems of effectiveness due to valleys in the drug plasma levels. Nevertheless, these
systems show some drawbacks such as difficulty of eliminating the drug quickly in case
of adverse effects, intra- and inter-individual variability in the drug plasma concentra-
tions due to the dependence on gastric emptying (especially in the case of monolithic
systems) and risk of burst effect caused by the breakage of the systems when the dosage
form is broken, chewed or crushed [1].

Matrix systems have a high interest in the formulation of prolonged drug delivery
devices because of their low cost and ease of manufacture. Matrix systems consist of
a drug dispersed in a polymeric surrounding substance. The drug can be dispersed
at a molecular level, although it is more usually in the form of solid particles. Despite
the fact that the polymer can undergo swelling and/or erosion processes, it must keep
the integrity of the system during the drug release process. The progress achieved in the
manufacturing of matrix systems depends on the advances of the polymer science and
the knowledge of the factors affecting their behavior [2].

Depending on the polymer nature, matrix systems can be classified in three different
categories:

o Inert matrix systems;
 Hidrophylic or swellable matrix systems;
» Lipidic matrix systems.
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More recently, combined matrix systems prepared with a mixture of an inert and a
hydrophilic polymer are being studied.

Depending on the number of particles that constitute the dosage form, matrix
systems can also be classified into monolithic systems, such as tablets, or multipar-
ticular systems, such as, for example, pellets. Multiparticular systems offer several
therapeutic advantages in comparison with monolithic systems, such as dispersion as
individualized units in the gastrointestinal tract, reducing high local drug concentra-
tion. This fact leads to a maximization of the drug absorption and a reduction in the
peak plasma fluctuation. Moreover, the drug effect is less dependent on the gastric
emptying, which reduces intra- and inter-individual variability of the drug plasma
concentration [3,4].

4,2.1 Inert Matrices

Inert matrices are manufactured with polymers that form an indigestible and insoluble
skeleton after compression. These polymers must accomplish different requirements
such as ability to form a porous and non-disintegrable net after compression, insolu-
bility in the gastrointestinal fluids, compatibility with the drug and other excipients,
and lack of toxicity [2]. Examples of materials that are used as inert matrix-forming
polymers are metacrylate copolymers (Eudragit’RS), ethyl cellulose, dibasic calcium
phosphate, polyvinylacetate (PVA), etc.

Drug release from inert matrix systems occurs by diffusion through the pores of
the matrix (once the gastrointestinal liquids spread across the porous net by capillar-
ity, causing the dissolution of the drug), including the initial pores and the pores that
appear once the drug is dissolved [5]. Equation 4.1 that describes the diffusional drug
release kinetics from inert matrices was proposed by Higuchi [6]:

Q=S[(D-e/1) 2A-e&C) Ct]'? (4.1)

Where:

S: Surface of the drug exposed to the dissolution medium;

Q: quantity of drug released from the matrix by unit of exposed surface at time t;

D: diffusion coeflicient of the drug in the dissolution medium;

A: amount of drug by unit of matrix volume (concentration in the matrix);

C_: solubility of the drug in the dissolution medium;

&: porosity of the matrix;

T: tortuosity of the matrix.

This model can be referred to as a “classical model.” Some years later, Gurny et al.
described the existence of zero-order release periods in inert matrix tablets prepared
with ethylcellulose [7]. These periods were explained by the saturation of the drug in
the water-filled pores of the matrix. When the saturation conditions are kept for a sig-
nificant time period, the dissolution rate becomes slower than the rate of diffusion and
therefore becomes the rate-determining step of the drug release kinetics. Potter et al.
and Caraballo et al. also confirmed the existence of these periods in compact and inert
matrix tablets, respectively [5,7].
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4.2.2 Hydrophilic Matrices

One of the most employed types of controlled drug delivery systems is swellable matri-
ces, which consist of a homogeneous dispersion of drug molecules in one or more
hydrophilic excipients, which swell after contact with water, generating a gel or a high
viscosity colloid. Among the advantages of these systems are highlighted their low cost
and simple manufacture, low risk of dose dumping, flexibility to obtain a desirable drug
release profile and a wide variety of excipients with low toxicity that can be employed
in their manufacture [8].

Cellulose derivatives are the polymers most widely used in the formulation of hydro-
philic matrices, although there are a wide range of polymers that can be employed such
as polymers of natural origin, like alginates or chitosan, and polymers of semisynthetic
origin, such as modified starches, polyurethanes, etc.

Drug release kinetics from these systems depend on several factors such as rate of
polymer swelling, rate of penetration of water through the matrix, rate of dissolution
of the drug in the medium, rate of diffusion of the drug through the swelled polymer
and erosion of the swelled matrix. Due to the complexity of mechanisms involved in
the release process from these systems there are a high number of publications that
investigate drug release from hydrophilic matrices [9-11].

The mechanism and kinetics of drug release are influenced by the solubility of the
drug and the swelling and erosion properties of the polymer. Some authors indicate
that water-soluble drugs are released predominantly by diffusion with a limited contri-
bution from matrix erosion, while water insoluble drugs are released mainly through
matrix erosion exhibiting time-independent or zero-order release kinetics [12].

Other factors such as polymer concentration, polymer properties, drug content,
drug and excipient relative particle size, and compression pressure have been demon-
strated to influence drug release [13].

4.2.3 Lipidic Matrices

Lipidic matrices are constituted by a drug suspended or dissolved in lipidic excipients
in which the drug is embedded.

The excipients employed are glycerides, fat acids and alcohols, fat acids and low
molecular weight esters and waxes. These excipients are generally of natural origin and
physiologically tolerated. The mechanism of drug release depends on the characteris-
tics of the excipient employed. In the case of digestible lipids, the matrix is destroyed by
the hydrolysis of the fat components and the erosion is the predominant mechanism.
By contrast, in the case of non-erodible excipients, the drug is mainly released by diffu-
sion through the excipient.

4.3 Polymers Employed in the Manufacture
of Matrix Systems

There are a wide range of excipients which can be used in forming matrix systems, and
among them, polymers constitute the largest group. The following are the most frequently
used in inert and hydrophilic matrices (Table 4.1).
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Table 4.1 Polymers employed in the manufacture of inert and hydrophilic matrices.

Inert Matrices Hydrophilic Matrices
Ethylcellulose Cellulose ethers (HPMC, MC, CMC)
Polymethacrylates Chitosan
Polyvinyl acetate Gums (Xanthan gum, Guar gum)
Polyethyleneoxide
Polyurethanes
Sodium alginate
Starch derivatives

4.3.1 Polymers for Inert Matrices
4.3.1.1 Ethylcellulose

Ethylcellulose is an ethyl ether of cellulose, prepared by ethylation of the alkali cellulose,
whose most important property is to be insoluble in water. Different ethylcelluloses are
commercially available varying both the ethoxyl content (45.0-49.5%) (Ethocel®, by
Dow Chemical Company) and viscosity values (10-100 cP). As a general rule, viscos-
ity increases as the molecular weight (MW) of polymer increases. The lower viscosity
grades of this polymer are more compressible and compactible, leading to harder tab-
lets and, consequently, to lower drug dissolution rates [14-16]. This increase in com-
pactibility has been explained based on the fact that the polymers with lower MW show
a less ordered structure [14].

4.3.1.2 Polymethacrylates

Polymethacrylates are synthetic cationic and anionic polymers of dimethylaminoethyl
methacrylates, methacrylic acid, and methacrylic acid esters in varying ratios. This
group includes a variety of copolymers with a molecular weight typically higher than
100,000. Several types are commercially available as the dry powder, aqueous disper-
sion, or organic solution. For sustained drug release, Eudragit® RL and RS by Evonik
are the most representative products. Both are water-insoluble copolymers of ethyl
acrylate, methyl methacrylate and a low content of methacrylic acid ester with quater-
nary ammonium groups. The ammonium groups are present as salts and give rise to
pH-independent permeability of the polymers.

Moreover, polymethacrylic acid has been successfully blended with other polymers,
both physical and chemically, by copolymerization. For example, physical mixtures with
native starches, which are not suitable for delayed drug release, have been reported to be
useful as drug delivery systems and to guarantee the insolubility of dosage forms in the
acidic medium [17]. In relation to chemical blends, methacrylic monomers are espe-
cially indicated for the modification and improvement of natural biopolymers, since
they have unique characteristics such as copolymerization ability, stability, and efficacy,
which compensate for its high cost [18-21]. Grafting of methacrylic monomer on car-
bohydrate backbone causes important modifications on the physicochemical proper-
ties of the final product such as lower crystallinity and density, higher hydrophobicity
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Figure 4.1 X-ray diffractograms of methacrylate-starch copolymer and native starch showing the
amorphization of the polysaccharide.
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Figure 4.2 Microphotographs corresponding to tapioca starch and methacrylate-starch copolymer
showing the increased size of particles.

and an increase in the size of particles [22] [23]. Figures 4.1 and 4.2 show examples of
these changes on starch particles.

With respect to technological properties, methacrylic starch copolymerization also
improves the compression characteristics of native polysaccharide, increasing the defor-
mation capacity, decreasing the necessary pressure to obtain tablets and improving the
friction properties. Nevertheless, the most significant technological improvement can
be the reduction of the drug release rate from matrix systems [22]. While standard
starch tablets show 100% of drug release at the first hour with a complete disintegra-
tion, graft copolymers produce a delayed release and maintain the inert structure of the
matrix.

4.3.1.3 Polyvinyl Acetate Mixtures

Polyvinyl acetate (PVAc) is a homopolymer synthesized from vinyl acetate monomer
using a free radical polymerization procedure [25]. This water-insoluble polymer is
mostly employed blended with other polymers. The most famous association is the
physical mixture of PVAc and polyvinyl pirrolidone (PVP), commercially known as
Kollidon SR® by the chemical company BASF. Kollidon SR consists of 80% PVAc, 19% of
PVP and 1% of sodium lauryl sulfate and silica as stabilizers (BASF). The PVP is added
as water-soluble polyamide which forms pores into the matrix tablet allowing drug dif-
fusion. Kollidon SR has been shown to be a suitable pH-independent excipient to form
matrix tablets, controlling drug release by both diffusion and erosion mechanisms [24].
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4.3.2 Polymers for Hydrophilic Matrices

A variety of polymers are employed as hydrophilic matrix-forming excipients whose
characteristics may play a key role and significantly influence the behavior of these
devices. Cellulose ethers, especially hydroxypropyl methylcellulose (HPMC), are fre-
quently used as the basis for preparing hydrophilic matrix tablets.

4.3.2.1 Cellulose Ethers

Cellulose is a highly regular polymer of (f-1,4) D-glucose units with a molecular weight
of approximately 10° Da. This polymer has a rigid and crystalline structure and strong
intermolecular hydrogen bonds via hydroxyl groups. Therefore, pure cellulose is not
soluble in water. However, cellulose can be modified by the substitution of hydroxyl
groups at positions 2, 3, and 6 of the anhydroglucose. Cellulose ethers are produced by
incorporating methoxy or hydropropoxy within the glucose chains. Thereby, the crystal-
line structure of cellulose breaks down and it becomes soluble in water.

4.3.2.1.1 Hydroxypropyl Methylcellulose

Hydroxypropyl methylcellulose (HPMC) or hypromellose is the most frequently used
polymer to prepare hydrophillic matrix systems. Some of the reasons for this success
are: its non-ionic structure, which may reduce the incompatibilities with other sub-
stances; its resistance to enzyme degradation; its stability at a broad pH range (3-11);
and its gelification with water. This cellulose derivative, with a MW ranging from
10,000 to 1,500,000, has two different substituents incorporated into the general struc-
ture: methoxy (CH,O) and hydroxypropoxy (CH,OCH(OH)CH,). HPMC is commer-
cially available with different degrees of substitution, defined as the average number
of hydroxyl groups substituted per glucose unit, and viscosity values ranging from
3 to 200,000 cP in a 2% water solution. An example of HPMC 4000 cP is shown in
Figure 4.3. Both degree of substitution and viscosity are factors which affect the proper-
ties of HPMC, as they determine the formation of the gel layer and affect the rate and
mechanism of drug release [25].

&
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Figure 4.3 Microphotograph showing HPMC 4000 cP particles.
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Matrices prepared with HPMC are not significantly affected by the variation of the
pH of the dissolution medium. In contact with dissolution fluids, HPMC hydrates
slowly, swells and forms a thick gel layer at the tablet surface, which is responsible for
controlling the drug release rate [26].

4.3.2.1.2 Methylcellulose

Methylcellulose is a water-soluble cellulose derivative in which approximately 26-33%
of the hydroxyl groups are in the form of the methyl ether. The different methylcellu-
loses show varying degrees of substitution (between 1.4-2.0) and MW (10,000-220,000
Da) [27]. The solubility, as well as other polymer properties, depends on how uniform
the methoxyl groups are distributed along the polymeric chain. In matrix tablets, meth-
ylcellulose is normally used in combination with HPMC.

432.1.3 Sodium Carboxymethylcellulose

Sodium carboxymethylcellulose (NaCMC) is an anionic water-soluble polymer
prepared by reacting cellulose with sodium monochloroacetate. Typical molecular
weight is 90,000-700,000 Da [27]. Various viscosity grades are commercially avail-
able, reflecting different degrees of substitution, and consequently, varying aqueous
solubility. NaCMC-based matrix tablets control the drug release depending on the
pH. Such sensitivity to pH of the dissolution media is attributable to the ionic nature
of the polymer. At pH 1 the gel layer formed is rigid, typical of a partially crosslinked
hydrogel, with dissolution profiles very similar to HPMC. Drug release from these
matrices is driven by diffusion. However, at pH 4.5 and 6.8, NaCMC matrices release
the drug faster than HPMC, with a release mechanism mainly governed by polymer
relaxation and erosion [28].

Blends of NaCMC and HPMC have been frequently used since the mixture of the
two polymers can lead to a combination of the two release mechanisms and nearly
zero-order release kinetics could be obtained [28].

NaCMC is incompatible with strongly acidic solutions and xanthan gum, and it
forms complex coacervates with gelatin and pectin [27].

4.3.2.2 Chitosan

Chitosan is a copolymer of glucosamine and N-acetylglucosamine, produced from the
deacetylation of chitin. Chitosan is commercially available in several types and grades
that vary in molecular weight (10,000-1,000,000), in degree of deacetylation and vis-
cosity [27]. This is a widely used pharmaceutical excipient due to its favorable proper-
ties, such as enzymatic biodegradability, nontoxicity, low cost and biocompatibility [29].
Indeed, chitosan is an excellent viscosity-enhancing agent in an acidic environment,
owing to its high MW, and it acts as a bioadhesive polymer due to its positive charge
under dissolution [27].

Moreover, its chemical structure allows the incorporation of new chemical groups,
providing versatile materials with specific functionalities and modified physical and
biological properties [29]. Several researchers have successfully modified chitosan
obtaining new properties such as the observed decrease in the glass transition tempera-
ture (T ) that could be related not only to the more bulky side chains incorporated, but
also to the higher water incorporation encountered in the new compounds [29].
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4.3.2.3 Gums

Gums are biodegradable and nontoxic polymers with a complex and branched struc-
ture. They exhibit high cohesive and adhesive properties and swell in contact with
aqueous media.They have been successfully used alone or in combination for preparing
sustained drug release systems.

Xanthan gum

Xanthan gum is an anionic high molecular weight polysaccharide produced by fermen-
tation by the microorganism Xanthomonas campestris. Each xanthan gum repeat unit
contains five sugar residues: two glucoses, two mannoses and one glucuronic acid [27].
This polymer is available in different grades with diverse particle sizes. Matrices contain-
ing xanthan gum provide prolonged drug release, being the release rate not affected by
pH [30,31]. Moreover, drug release is slightly faster in acidic media owing to more rapid
initial surface erosion. Due to its anionic nature, xanthan gum shows incompatibility
with cationic surfactants, polymers, or preservatives.

Guar gum

Guar gum isa natural polysaccharide obtained from the ground endosperms of Cyamopsis
tetragonolobus (L.), and unlike the previous gum, is non-ionic. It is composed of linear
chains of D-galactose and D-mannose, with a ratio between 1:1.4 and 1:2, which may be
described chemically as a galactomannan [27]. When guar gum is in contact with water
it swells almost immediately and forms a highly viscous, thixotropic sol.

4.3.2.4 Polyethyleneoxide

Polyethyleneoxide (PEO) is a non-ionic homopolymer of ethylene oxide, represented
by the formula (CH,CH,0O) . This biocompatible polymer shows excellent bioadhe-
sive properties so it is commonly used as sustained-release bioadhesive polymer [32].
PEO is available in different molecular weights under the POLYOX™ (Dow) name.
Depending on the molecular weight, different dissolution and water swelling rates, vis-
coelastic behavior of the swollen gel as well as extent and duration of bioadhesion can
be achieved [32]. In general, the higher molecular weight grades provide prolonged
drug release form matrix tablets [27].

4.3.2.5 Polyurethanes (PUs)

Polyurethanes (PUs) are among the most commonly selected biomedical polymers
[33]. They are a versatile class of polymers with interesting physicochemical properties.

The urethane linkage in biomedical PUs can be formed through a two-step process.
The initial step is a reaction involving the end-capping of the macrodiol soft segments
(e.g., polyether, polyester, polycarbonate, and polysiloxane) with diisocyanate to form
a prepolymer. The second reaction is the coupling of the prepolymer with a chain of
low molecular weight, generally a diol or a diamine [34]. The hard segment usually
refers to the combination of the chain extender and the diisocyanate components. Due
to the chemical incompatibility between the soft and hard segments, the morphology
of PUs consists of hard segment aggregations to form domains that are dispersed in a
matrix formed by the soft segments [35,36]. This unique morphology is responsible for



110 HANDBOOK OF POLYMERS FOR PHARMACEUTICAL TECHNOLOGIES

the exceptional mechanical properties and biocompatibility of the biomedical PUs. For
example, depending on the relative molecular weights and amounts of the hard and
soft segments, the PU obtained can be elastomeric or rigid. The mechanical proper-
ties of PU can also be tailored by changing the chemical nature of the chain extender.
Generally, PUs prepared with aliphatic chain extender are softer than those with aro-
matic chain extender. Biocompatibility of PUs is also closely related to the chemical
nature of the different segments. Early studies by Lyman et al. showed that changes in
the molecular weight of the polypropylene soft segments affect protein adsorption [37].
Lysine diisocyanate and hexamethylene diisocyanate are preferred over aromatic diiso-
cyanates in the synthesis of biodegradable PUs [38]. Biostability has been, and contin-
ues to be, a main research focus of PUs. The challenge to maintain long-term in-vivo
stability of PUs lies in the fact that biodegradation of PUs is a complex and multifactor-
mediated process. Mechanisms responsible for PU biodegradation include hydrolysis,
oxidative degradation, metal or cell catalysis, enzymatic degradation, surface cracking,
environmental stress cracking, and calcification [38].

Well-defined mechanical properties combined with excellent biocompatibility make
PUs attractive for the development of drug delivery systems and medical devices, as
well as for tissue engineering [39]. The degradability of polyurethanes is becoming a
hot topic in the polymer community due to their biomedical applications [38,40-42].
For example, the synthesis of biocompatible and biodegradable polyurethanes is inter-
esting for the design of short-lived biomedical devices such as controlled drug-delivery
systems [43-48].

4.3.2.6 Sodium Alginate

Sodium alginate is a natural anionic polymer typically obtained from brown seaweed.
This sodium salt of alginic acid is a linear unbranched polysaccharide which contains
varying proportions of f-D-mannuronic acid and a-L-guluronic acid. Various grades
of sodium alginate are commercially available with varying viscosity levels. The com-
position and molecular weight of alginates, pH, temperature, or the presence of metal
ions are important, as these factors determine the physical properties of the gel formed
in aqueous medium. The sensitivity to pH is in relation to the pKa of its monomers.
At pH below the pKa of mannuronic acid (3.38) and guluronic acid (3.65), soluble
sodium alginate is converted to insoluble alginic acid, which induces crack formation
or lamination of alginate matrix tablets, leading to burst release of drug in a gastric
environment. This problem results in loss of controlled drug release and, consequently,
potentially limits the use of alginate as a single matrix in tablets for oral drug delivery
[49]. It was also noted that alginate particle size, viscosity and concentration affect not
only the rate of drug release, but also the release mechanism [50]. Based on its swelling
and erosion characteristics, it has been reported that alginate can control drug release
for 8-10 h [50,51].

4.3.2.7 Starch Derivatives

While cellulose is the most abundant polysaccharide, starch is the principal plant energy
storage. Starch is an abundant, inexpensive, natural biopolymer, with two structures
based on a-(D)-glucose, branched amylopectin and largely linear amylose, whose ratio
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varies depending on the source. The molecular weight can range between 50 and 500
million Da, depending on the origin and the nature of the starch [27]. From a techno-
logical point of view, starches possess poor flow properties, elastic deformation during
the tableting process and do not provide a sustained drug release [22]. Therefore, they
are often used as disintegrant polymers. Due to the fact that native starches do not swell
in cold water, they have been modified with processes such as pregelatinization, using
different techniques such as spray-drying, extrusion or drum-drying. Pregelatinized
starches have been reported to be useful as prolonged drug release excipients [52,53].
Also, carboxymethyl-substituted high amylose starch exhibited effective sustained
delivery properties [54-56]. The formation of a satisfactory sustained-release matrix is
strongly influenced by both the proportion and the structural characteristics of amy-
lose and amylopectin, which determine the nature of the resultant matrix structure, gel
strength, and viscoelastic properties due to their interactions after hydration. For exam-
ple, waxy corn starch, with nearly 100% amylopectin, may promote extensive inter-
action among amylopectin molecules and form a strong and viscous matrix capable
of sustaining drug release. In contrast, the essentially linear nature of amylose cannot
support the formation of a network structure unless amylose molecules were linked
together through extensive crosslinking [52].

4.4 Polymer Properties Affecting Drug Release from Matrix
Systems

In-depth knowledge of properties of the polymers employed in the manufacture of
matrix systems is always necessary due to the high impact they have on their behavior.
The polymer properties showing more influence on the drug release are considered in
this section.

4.4.1 Mechanical Properties

Mechanical properties of polymers play an important role in the drug release from
matrix tablets. For understanding the role of these properties it is necessary to take
into account the concept of glass transition temperature. In contrast to small mole-
cules which have the three typical states, i.e., solid, liquid and gas, polymers decompose
instead of boiling and can be glassy, rubbery or viscous liquid. At low temperatures,
polymers act as brittle solid or glass because there is not enough energy to permit any
chain mobility. As temperature increases, the energy allows some chain movement.
The temperature at which the polymer changes from glassy to rubbery state is known
as glass transition temperature, Tg, and will be a crucial point to forming stable matrix
networks.

In a hydrophilic matrix, the glassy soluble polymer transforms into a rubbery state
as the water plasticizes it and reduces the T . The glassy/rubbery polymer interface will
constitute the swelling (transition) front [9].

In the case of inert matrices, mechanical properties will affect the integrity of
the system and drug release. All the polymers mentioned before for inert matrices
have an amorphous structure with plastic deformation as dominant densification
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mechanism. Therefore, they produce a coherent matrix even under low compression
forces. However, these polymers have different T,. While Kollidon® SR (co-processed
PVAc and PVP, ratio 8:2), and Eudragit® RS (ammomum methacrylate copolymer)
have lower T , 35°C and 60°C, respectively, ethylcellulose exhibits temperatures of
about 129-133°C. It has been stated that the degree of elastic deformation of these
polymers differs according to their T  [57]. Moreover, the higher elasticity is in rela-
tion with less permanent interparticulate bonding, and lower compressibility and
compactibility. Thus, the low T, of Kollidon comes along with low elasticity and high
matrix integrity. Correspondingly, the high T _of ethylcellulose is associated with
high elasticity, but also high stability against temperature and humidity influences.
On the other hand, studies performed with these inert polymers have shown drug
release rates varying in the same order than matrix integrity, i.e., Eudragit RS > ethyl
cellulose > Kollidon SR [57].

In addition, in the case of ethylcellulose, there is a correlation between the viscos-
ity grade and the elastic nature, following the rank order: 100 cp > 45 cp > 20 cp >
10 cp. The dependence of the compressibility and compactibility on viscosity grade
seems to be due to the increase in polymer order as a result of increased molecular
weight [14].

4.4.2 Particle Size

The effect of the particle size of the polymer on drug release from matrix tablets has
been widely studied. This factor is related to the entry of water into the matrix and the
formation of a gel layer. Thus, small particles, which are close to one another, produce
a coherent gel layer faster, and therefore, a slower drug release rate [58,59]. In the same
way, an increase in drug release rate occurs when coarser polymer particles are used
due to the fact that higher polymer particles need a longer time for water to penetrate,
causing swelling [60]. Moreover, a gel layer with larger pore size has been observed
when coarser HPMC particles are used.

However, most authors reported that the effect of particle size seems to disappear for
matrices containing high polymer concentrations. Classical theories fail to explain the
dependence between the influence of the particle size and the polymer concentration
[60]. The explanation provided by the percolation theory will be discussed in Sections
4.6.1.2 and 4.6.2.3 of this chapter.

4.4.3 Viscosity

Viscosity has an important influence on the drug release from hydrophilic matrix tablets,
conditioning the passage of water through the gel layer during the swelling process [61].
For largely linear polymers, the viscosity is dependent on the chain length. In aqueous
dispersion the viscosity of a polymer depends on its chemical structure, its molecular
weight and the interactions with the solvent. Normally, high molecular weight polymers
increase the viscosity of the system [59]. Regarding drug release rate, an inverse relation-
ship between release rate and gel viscosity has been shown [62,63]. The more viscous
the gel layer formed with the entry of water into the matrix, the greater the resistance to
polymer erosion and the slower the release rate of the drug [59].
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4.4.4 Molecular Size

The large size of polymers is the reason for their unique properties. For example, their
size is responsible for their being non-volatile because they have high attractive forces
(primary and secondary) and the energy necessary to volatilize them would be suffi-
cient to degrade them [64]. The molecular size of polymer strongly influences the drug
release rates, so that it would be very convenient to know the exact MW of the polymer
employed to prepare a pharmaceutical dosage form, especially for prolonged release
formulations.

However, the measurement of MW requires complex studies due to its high variability
and the large size of these molecules. Therefore, a range of MW is usually employed. In
general, an increase of the molecular size decreases the release rates [65-68]. However,
some authors have performed studies with polymers with similar MW which showed
different release rates, so this property is not the sole determinant of the release rate.

The radius of gyration, Rg, is a parameter directly related to polymer MW. The Rg
represents the statistical average of the molecular length [69]. This parameter is used
to describe the dimensions of the polymer side chain and increases with the increment
of MW. Some studies have shown that Rg influences the drug release process, which is
not surprising since Rg and viscosity are related to each other, but cannot alone predict
the release rates [59].

4.4.5 Substituent Content

The polymer side chains play a crucial role in hydration rate and the diffusion of the
drug in the dissolution medium. The type of substituent incorporated alters the sol-
ubility, the gel strength, and the swelling and erosion of the polymer. In the case of
substituents with polar groups, a reduction in the crystallinity of the polymer occurs,
which is reflected in a decrease in its melting point [59]. This also affects the solubility
of the polymer in water. In the case of HPMC, the influence of the substituents has been
analyzed, showing that the higher the number of methoxyl groups, the slower the drug
release rate [70].

Moreover, an increase in hydrophobicity of the polymer has been observed with the
presence of longer side chains [59].

4.5 Percolation Theory

Percolation theory is a statistical theory that studies disordered and chaotic systems. The
first works were developed in the Second World War by Flory and Stockmayer to describe
how small branching molecules react and form very large macromolecules. This polym-
erization process may lead to the formation of a very large network of molecules con-
nected by chemical bonds, the key concept of the percolation theory. In the mathematical
literature, percolation was introduced by Broadbent and Hammersley in 1957 [71].

Studies of the percolation theory were carried out since 1970 by authors such as
Essam and Gwilym. Stauffer carried out detailed studies of these concepts and their
application in different fields of science.
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However, until 1987 this theory was not introduced in the pharmaceutical field.
This step was carried out by Leuenberger and his colleagues at the University of Basel
[72-77]. Since that moment, the percolation theory has been applied to an important
number of pharmaceutical formulations.

The percolation theory is a multidisciplinary theory which studies and evaluates the
distribution of the components of disordered and chaotic systems. The main aim is to
study properties, parameters or predicting behaviors near to the percolation threshold
[71]. This theory allows the analysis of critical phenomena and has been employed in
different fields such as physics, chemistry, ecology, biochemistry and epidemiology. A
critical point is defined by an abrupt change in the system properties or by the appear-
ance of new system properties [71].

4.5.1 Basic Concepts

Two important concepts of the theory are “cluster” and “percolation threshold”
Percolation theory defines a cluster as a group of neighbor positions occupied by the
same component. Two positions are considered neighbors when they share a side of
their position in the lattice. An infinite cluster or percolating cluster is defined as a clus-
ter that extends though the system and connects all the sides of the lattice [71].

Figure 4.4 shows a square lattice for two occupation probabilities. The percolation
of a component depends on the probability, p, that a randomly selected site will be
occupied by this component. The expected number of occupied squares is p-N, where
N is the total number of squares in the lattice, and the probability that these squares are
empty is (I-p)*N. The probability p can assume values between 0 and 1.

As Figure 4.4 illustrates, for a low occupation probability (p = 0.2 or 20%), a small
number of the squares will be occupied. On the other hand, if the occupation probabil-
ity is high (p = 0.73), then a large number of squares will be occupied. It is important to
realize the existence, in this second case, of a cluster that connects the top and bottom,
left and right sides of the lattice. This is called a percolating cluster. In the case of an
infinite lattice, mathematicians call it an infinite cluster.

The percolation threshold (p) is the concentration of a component at which there
is a maximum probability of appearance of an infinite or percolating cluster of this

Figure 4.4 Square lattice for two occupation probabilities: (A) Occupation probability (p = 0.2); (B)
Occupation probability (p = 0.73).
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component. In other words, it is the concentration at which this component starts to
percolate the system, acting as the outer phase of an emulsion [71]. At this concentra-
tion point, some properties of the system change suddenly.

According to these ideas, a tablet can be described as a heterogeneous binary sys-
tem formed by a drug and an excipient. As a function of their relative volume ratio,
one or both components constitute a percolating cluster formed by particles of the
same component that contact each other from one side to the other side of the tablet.
The percolation threshold of the drug indicates at which concentration this substance
dominates the drug/excipient system. The concept is very similar to the point where
a component passes from being the inner to being the outer phase of an emulsion. It
is not surprising that the component becoming the “outer phase” or percolating phase
will have more influence on the properties of the system [76].

Furthermore, the concentration point at which a component is starting to percolate
the system is usually related to a change in the properties of the system, which will now
be more affected by this component. This is known as a critical point. Close to the criti-
cal point important changes can take place, for example, changes in the release mecha-
nism of the active agent and modification of the tablet structure.

Therefore, in three-dimensional systems of binary mixtures of components A and
B, two percolation thresholds (p ) can be found. As it can be observed in Figure 4.5,
starting from low occupation probabilities of component A (therefore, close to 100% of
component B in the system), when the concentration of A increases, this component
will change its distribution pattern. Component A will pass from being in the form of
finite or isolated clusters, to form a percolating cluster. The concentration at which the
maximum probability for this geometrical phase transition taking place exists is called
the percolation threshold of A (p_,). At the same time, the component B is also forming
a percolating cluster of B.

As we move upwards in the plot showed in Figure 4.5, the concentration of compo-
nent A continues increasing and the concentration of the component B goes down, a
critical concentration of B will be found corresponding to the percolation threshold of
B (p_,). Below this concentration, component B is expected to be in the form of finite
clusters, therefore this component does not percolate the system [78].

100% A_' I_0% B

[ Finite cluster of B ]

[ Percolating cluster of A ]

Percolating clusters of
AandB

Percolating cluster of B

Finite cluster of A

Figure 4.5 Percolation in binary systems.
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4.5.2 Fundamental Equation

According to the percolation theory, a system property X at the percolation threshold p_
follows a power law, known as the fundamental equation of percolation theory:

X=S(p-p.) (4.2)

where S denotes the scaling factor and q the critical exponent. Equation 4.2 is strictly
valid only close to the percolation threshold (+10%). However, in practical cases,
Equation 4.2 often showed a much larger range of validity than originally anticipated
[79].

The critical exponent g depends on the macroscopic property X. It is interesting to
note that the critical exponents which are independent on the type of lattice introduce
a kind of universal order in the area of disordered media.

4.5.3 Percolation Models

Different types of percolation models have been developed. They can be divided into
random and not random percolation models. In the last ones—correlated percolation,
directed percolation, etc.—the occupation probability or the probability of formation
of a cluster is conditioned by external factors.

The more important percolation models are the random percolation models. This is
especially true when looking to their application in pharmaceutical technology, where
for the moment, only random percolation models as site, bond, site-bond or continuum
percolation models, have been applied.

Historically, the first one was the bond percolation model, developed in the
works of Broadbent and Hammersley. Nevertheless, it was soon observed that the
site percolation model provides a more general point of view, so that every situation
described by the bond percolation model can also be described by a site percolation
model. For this reason, the site percolation model has been the one more exhaus-
tively studied [71].

In site percolation, each lattice site is occupied with probability p and empty with
probability I-p. A cluster is defined as set of neighboring squares that are occupied (see
Figure 4.6).

In bond percolation, the lattice consists of bridges or bonds that can be open or
closed (see Figure 4.6). Each bond is open with probability p, otherwise closed with
probability 1-p.

Tablet formation can be imagined as a combination of site and bond percolation
phenomena. The formation of a tablet during compression can be described as a site-
bond percolation phenomenon. The volume of the matrix is supposed to be spanned
by a three-dimensional virtual lattice with lattice spacing of the order of a molecular
diameter. This interpretation is more rigorous than an earlier one assuming a lattice
spacing of approximately mean particle size, and takes into account a particle size dis-
tribution, i.e., a distribution of cluster sizes [76]. After pouring particles/granules to be
compacted into the die, the lattice sites are either empty forming pores or occupied by
molecules forming clusters.
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Figure 4.6 Square lattices for site and bond percolation models.

4.5.4 Application of the Percolation Theory to the Design
of Controlled Release System

The application of the percolation theory to the design of pharmaceutical dosage forms
is a good tool to know more exactly the internal structure of these systems and enables
the prediction of the concentrations, which can lead to important changes in the prop-
erties of the dosage form (critical points). Making use of this theory, it is possible to
reduce time and cost in drug development. It is also possible to produce pharmaceuti-
cal forms improving their quality and safety. In addition, the application of this theory
allows a deeper knowledge of the formulation structure and behavior, helping to directly
design a formulation, knowing that it will fulfill the quality requirements according to
the concept of “Quality by Design.”

4.6 Critical Points in Matrix Systems

4.6.1 Critical Points in Inert Matrices

There are many factors that affect the drug release from inert matrices such as con-
centration and solubility of the drug, type of polymer, utilization of polymer blends,
particle size of the drug and polymer and hydrophobia of the other excipients that can
be employed (fillers, lubricants, binders, etc.).

The concepts of the percolation theory have been employed to explain the influ-
ence of the above-mentioned factors in the drug release behavior [77]. Concretely,
Leuenberger and Bonny employed for the first time the percolation theory to explain
drug release kinetics from inert matrix-controlled release systems [73,74]. To apply
the percolation theory to pharmaceutical dosage forms it is necessary to estimate the
percolation threshold of the drug and the inert matrix-forming excipient. As it was pre-
viously explained, the percolation threshold represents a geometrical phase transition.
When a component of the formulation reaches its percolation threshold it starts perco-
lating the system, acting as the external phase of an emulsion. Consequently, when this
component is formulated at this or higher concentrations it will have a higher influence
on the general behavior of the dosage form [8].
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The ideal system for the formulation of a controlled release inert matrix is the bicoher-
ent system which contains percolating clusters of both drug and matrix-forming polymer
[5,73,80,81]. Bicoherent systems are possible in solid dosage forms since the percolation
thresholds of their components are normally around 30-35% v/v [82]. When the pro-
portion of drug in the system is above its percolation threshold (the drug plus the initial
pores percolate the system), the release of the complete drug dose is assured. Otherwise,
the drug forms isolated clusters and only the drug fraction contained in the clusters that
connect with the surface of the dosage form is released, with part of the drug remaining
inside the system, leading to a therapeutic failure. On the other hand, the matrix-form-
ing polymer must also be above its percolation threshold, percolating the matrix. This
way the polymer forms a skeleton controlling the drug release and avoiding disintegra-
tion of the matrix, which would lead to an abrupt release of the drug.

Besides what has been previously explained, it is advisable not to formulate the
system in the closeness of the percolation threshold of its components, since they are
areas of great variability that will result in unpredictability in the biopharmaceutical
and mechanical behavior. Therefore, the knowledge of the critical points of drugs and
polymers, and the influence of the different factors that affect these critical points, lead
to more robust formulations and an important decrease in the costs of the optimization
process and the time to market [83].

There are numerous studies that have estimated the percolation threshold of different
drugs and matrix-forming polymers in inert matrices. The earliest one was carried out
by Bonny and Leuenberger [73]. These authors prepared two types of binary matrix tab-
lets employing the water-soluble model drug cafteine with two different polymers: ethyl
cellulose (EC) as inert matrix-forming polymer, and hydrogenated castor oil (HCO) asa
lipidic matrix-forming excipient. These tablets were prepared with drug loading varying
from 10% to 95% (w/w) by direct compression. Matrices were subjected to dissolution
testing to measure the amount of drug released versus time. The percolation thresholds
of the matrix systems were calculated from these data according to a method developed
by the authors [73]. This method employs the f-property, which is a property of the tab-
let derived from the release profiles and the total porosity of the matrices:

b
f=—F——= (4.3)

- \J2-A-€eC,

where b is the slope of the Higuchi plot, A the concentration of the dispersed drug in
the tablet, ¢ is the matrix porosity due to the initial tablet porosity and the drug content
after leaching, and C, the solubility of the drug in the dissolution method.

The ff property was proposed by Bonny and Leuenberger, knowing that the universal
exponent for conductivity and transport properties is g = 2.0 in three dimensions, and
arranging the release parameters in order to have a property that depends linearly on
the drug percolation threshold.

Thus, according to the fundamental equation of the percolation theory (Equation
4.2), it can be assumed that:

B=—ce +ce (4.4)
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where c represents a constant and ¢_represents the critical porosity-drug percolation
threshold. Plotting 8 versus &, the drug percolation threshold (¢ ) can be calculated as
the point of intersection with the abscissa.

The drug percolation threshold p_ or ¢, including the drug content and the initial
pores for these matrices, ranged between 30-36% (w/w). With respect to the excipient
percolation threshold, p_, differences were found between EC (critical point around
30% w/w) and HCO matrices (6% w/w). The very low percolation threshold of the
lipidic matrix-forming excipient was attributed to the different particle sizes of matrix-
forming excipient and active substance, being the HCO particle size much smaller than
the caffeine particle size. The effect of the particle size of a substance in its percolation
threshold will be discussed later.

According to these data, bicoherent systems could be obtained for caffeine loadings
between 30% and 70% (w/w) in the case of EC matrices and 45% to 95% (w/w) for the
HCO matrices, respectively. So only this narrow range of mixing ratios will provide an
almost complete drug release in vivo without the risk of disintegration of the matrix.

Melgoza et al. carried out another study in which the critical points of binary tab-
lets manufactured with the hydrophobic acrylic matrix-forming polymer Eudragit®
RS-PM and the painkiller morphine hydrochloride were estimated [81]. For this
purpose matrix tablets with a drug content varying from 10 to 90% (w/w) were pre-
pared. To estimate the polymer percolation threshold, scanning electron mycroscopy
(SEM) micrographs of the cross-section of the tablets and the tablet integrity after
20-h release assay were studied. A clear difference in the polymer distribution can
be appreciated in the SEM micrographs corresponding to the cross-section of the
matrices containing 70 and 80% (w/w) of drug (see Figure 4.7). In Figure 4.7a, it
can be observed how in the matrices with a drug loading of 80% w/w, the Eudragit
RS-PM particles (dark grey particles in the picture), start to become isolated between
the morphine hydrochloride particles. Therefore, the coherent matrix is no longer
present and it is foreseeable that the tablet will disintegrate during the dissolution
process. With the aim of confirming this result, the tablet integrity after 20-h release
assay was studied. The results obtained suggested that the percolation threshold of
Eudragit RS-PM in the assayed tablets oscillates between 65 and 80% (w/w) of drug,
since tablets containing more than 65% (w/w) of morphine hydrochloride disinte-
grate after 20 h.

These results are in agreement with those obtained by Melgoza et al. and Caraballo
et al., who estimated the critical points of matrices prepared with dextromethorphan
hydrobromide and naltrexone hydrochloride, respectively, and the same polymer
(80,84].

4.6.1.1 Influence of Mechanical Properties of Polymers on Critical Points

In order to determine if the different mechanical behavior of the polymer affects the
drug percolation threshold, Eudragit® RS-PM, exhibiting a more rigid behavior, and
Ethocel® 100, a plastic excipient, were employed to prepare inert matrices contain-
ing KClI as a model drug [85]. The drug percolation threshold of these matrices was
estimated employing the method of Bonny and Leuenberger, obtaining 95% confi-
dence intervals of 0.3644 + 0.0641 and 0.3407 + 0.0345 of total porosity for matrices
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Figure 4.7 SEM micrograph corresponding to the cross-section of the tablets using the BSE detector.
(a) Matrices containing 70% of drug. (b) Matrices containing 80% of drug.

containing Eudragit RS-PM and Ethocel 100, respectively [73,74]. Thus, no significant
differences were found in the drug percolation threshold in spite of these excipients
having very different mechanical behaviors.

4.6.1.2  Influence of Drug and Excipient Particle Size on Critical Points

Different studies have investigated the influence of the particle size of the components
of a formulation on their percolation threshold in inert matrices. Initially, the exis-
tence of a linear relationship between the drug particle size and the drug percolation
threshold was demonstrated, but later studies showed that what really determines the
drug percolation threshold is the relative drug particle size, i.e., the ratio between the
mean drug and excipient particle size [86,87]. This fact can be explained according to
the percolation theory since an increase in the particle size of all the components of a
finite system is equivalent to a decrease in the size of the system. Therefore, in a binary
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system, the effect of a reduction in the drug particle size is similar to an increase in
the excipient particle size. Consequently, an increase in the drug particle size leads to
an increase in the drug percolation threshold, while for the excipient particle size the
opposite effect is observed. This effect can be explained since a great particle can be
considered as a cluster with a 100% density of the same component, which conditions
the lower effectiveness of this component to percolate the whole system as an occu-
pation density much lower, of around 50%, is enough to obtain a cluster of the same
dimension. This fact results in a higher percolation threshold for this component [71].

The linear relationship between the percolation threshold and the relative particle
size can be observed in Figure 4.8 showing drug percolation thresholds as a function of
the drug/excipient particle size ratio in inert matrices prepared with different granulo-
metric fractions of KCl and Eudragit® RS-PM. Therefore, drug particles of a bigger size
have a low efficiency to percolate the system.

4.6.1.3 Influence of the Utilization of Polymer Blends on Critical Points

In the beginning, the percolation theory was applied to binary systems. However, the
majority of pharmaceutical matrix systems are comprised of more than two compo-
nents, being multicomponent matrix systems frequently employed. That is the reason
why studies in ternary and multicomponent matrix systems have been carried out in
order to explain the behavior of these matrices [88, 89].

Caraballo et al. studied ternary matrix systems containing KCI, polyvinylpyrrol-
idone crosslinked (PVP-CL) and Eudragit® RS-PM [89]. The in-vitro release behav-
ior of these matrices was evaluated on the basis of its dissolution efficiency (E,), and
clear percolation thresholds were not found for the employed components separately.
Nevertheless, when the E L was plotted as a function of the Eudragit RS-PM volume
ratio, an abrupt decrease of this parameter could be appreciated at approximately 65%
v/v of Eudragit RS-PM (see Figure 4.9). This effect does not correspond to the Eudragit
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Figure 4.9 Evolution of E, of the studied tablets as a function of the Eudragit® RS-PM volume
fraction (%).

RS-PM percolation threshold, but to the percolation threshold of the hydrophilic sub-
stances jointly considered. Therefore, the existence of a combined percolation threshold
of the hydrophilic components was demonstrated, showing that this combined percola-
tion threshold can be reached independently on the proportion of each component in
the mixture. The only condition is that the sum of the concentration of both compo-
nents reaches the value corresponding to the combined percolation threshold; i.e., the
hydrophilic substances are in a concentration that allows them to percolate the tablet.
Consequently, it can be concluded that multicomponent inert matrix systems can be
simplified to a binary matrix system on the basis of a discriminatory property, such as
the solubility.

4.6.1.4 Influence of Filler on Critical Points

In matrices prepared with drugs showing low water solubility, the presence of a fast dis-
solution filler has been shown to mask the percolation threshold of the drug, exerting
a strong influence in the matrix properties. That was the case of a study carried out by
Cifuentes et al. in which five lots of matrices containing 30% (w/w) of carbamazepine,
different percentages of Ethocel® and from 15.23 to 53.27% v/v of the freely soluble
filler lactose were prepared [90]. A clear change in the release behavior was appreciated
between batches containing 33.2% (v/v) of lactose (batch FP C3) and 23.9% (v/v) of
lactose (batch FP C4) (see Figure 4.10). This change can be attributed to the percola-
tion threshold of lactose, meaning that batches with content up to 23.9% (v/v) lactose
do not contain a percolating cluster of the filler, which is encapsulated by the other
components of the formulation, resulting in a slower drug release. On the other hand,
batches with a content of lactose of 33.2% (v/v) or higher contain a percolating cluster
of lactose, so that the filler favors water penetration into the matrix.

Figure 4.10 also shows an unexpected behavior of lot FP C3, as this batch exhib-
its a very fast initial drug release, faster even than the release rate shown by lots con-
taining a higher content of lactose. This strange behavior can be explained by taking
into account that the main components of the matrix—the poorly soluble drug, the
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Figure 4.10 Dissolution profiles of batches containing carbamazepine and ETHOCEL® 7 FP.

insoluble polymer and the freely water soluble filler—are above or very close to 30%
(v/v); so these three components are in concentrations that allow them to percolate
the tablet, leading to a tricoherent system that could be the reason for the anomalous
behavior shown by this lot.

4.6.1.5 Influence of Tablet Porosity on Critical Points

In order to investigate the influence of the tablet porosity on the release behavior of
inert matrix tablets, Cifuentes et al. prepared five batches containing 30% of carbam-
azepine and 40% of ethylcellulose (Ethocel® 7 FP) as well as 5 batches containing 30%
of carbamazepine and 40% of Ethocel® 10 FP with 5 different porosity levels ranging
from 0 to 25% [90]. Both types of matrices contained the soluble filler lactose. As it
was expected, matrices prepared with both types of polymers and lower initial porosity
(0-5% v/v) showed a slower release rate since these matrices were below the percolation
threshold of the soluble filler plus the initial porosity.

Considering the effect of the porosity as an individual factor, and according to per-
colation theory, assuming a random distribution, the percolation of pores through a
solid system follows a continuum percolation model, showing a percolation threshold
of around 16% [91]. As it can be observed in Figure 4.11, which shows the behavior of
the percent of drug released at 1 h, 3 h and 6 h as a function of the initial tablet porosity,
the results obtained are in agreement with this hypothesis, given that tablets containing
more than 16% of initial porosity show higher percentages of drug released at the three
studied time points.

4.6.2 Critical Points in Hydrophilic Matrices

As it has been explained in the previous section, the percolation theory has been
extensively employed to describe the behavior of inert matrix systems. More recently,
this theory has been applied to the study of swellable matrices being critical points
in hydrophilic matrices reported for the first time by Caraballo and Leuenberger in
2004 [92]. An important number of papers dealing with the application of the percola-
tion theory to the study of the release and the water uptake behavior of these systems
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have been published since then. Percolation thresholds have been estimated in hydro-
philic HPMC matrices, plotting the kinetic parameters (Higuchi’s slope ‘b’; normalized
Higuchi’s slope ‘b/% (v/v) of HPMC’ and relaxation constant of Peppas-Sahlin ‘kr’) as a
function of the volumetric fraction of each component [93-95].

The presence of critical points supposes a discontinuity of the system due to the
geometrical phase transition that takes place. This leads to a different distribution of
the components of the system. In the case of swellable matrices, critical points can be
expected for each one of the components of the formulation. Nevertheless, it has been
proved that the polymer critical point plays the most important role in these systems.
Above the polymer percolation threshold, this excipient, in contact with the biological
fluids, forms a coherent gel layer that acts by controlling the drug release rate. On the
contrary, below the polymer percolation threshold, polymer is distributed in isolated
clusters which do not produce a continuous gel layer. This leads to the erosion of the
polymer and in the majority of the cases to the disintegration of the matrix, with the sub-
sequent abrupt release of the drug in a similar way as a conventional dosage form [60].

With respect to the drug percolation threshold, this critical point shows much less
influence on the behavior of hydrophilic matrices when compare to inert matrix tablets.
This is attributed to the fact that in swellable matrices the existence of an infinite cluster
of drug is not necessary to obtain its complete release. In these systems the polymer
swells and enables the water penetration through the whole systems without the need
of a percolating cluster of soluble substances. Therefore, little differences have been
found between matrices formulated below and above the drug percolation threshold
[13, 93, 96].

4.6.2.1 Critical Points in Ternary Polymer Blends

In Section 4.6.1.3 it has been explained the existence of a “combined percolation thresh-
old” in inert matrices, which supposes that this percolation threshold can be reached
independently of the proportion of each polymer in the blend with the condition that
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the sum of both concentrations reach the value corresponding to the combined perco-
lation threshold. In the case of hydrophilic matrices, ternary tablets containing HPMC
and sodium carboxymethyl cellulose (NaCMC) as matrix-forming polymers and KCl
as model drug were studied in order to investigate if it is possible to extrapolate the
previous conclusion to hydrophilic matrices or contrarily, if the polymers behave in
an independent way, being necessary to reach the critical concentration of one of the
polymers to obtain the continuous gel layer that controls the drug release [97].

In this study, the percolation threshold of HPMC and NaCMC binary matrices were
estimated analyzing the water uptake and the release behavior of the matrices. The
HPMC percolation threshold was situated between 29 and 41% (v/v) HPMC for the
binary KCI-HPMC matrices, while the excipient percolation threshold for the binary
KCI-NaCMC hydrophilic matrices was found between 39 and 54% (v/v) NaCMC. As it
can be appreciated, there is a narrow range of overlapping concentrations for the poly-
mers percolation threshold. Thus it suggests that there is a small possibility that these
two polymers can show a combined percolation threshold. This hypothesis is confirmed
since considerable differences in the Higuchi’s slope values (1.416 and 0.49, respectively)
were found in two batches of matrices prepared employing very similar volume percent-
ages of both polymers.

On the other hand, an independent behavior of the two polymers has not been con-
firmed since matrices containing similar HPMC concentrations show important varia-
tions in the value of the Higuchi’s slope when the concentration of NaCMC varies.

This study concluded that the behavior of the polymers is intermediate between the
two models proposed, i.e., there is a collaboration between HPMC and NaCMC to
form the gel layer that acts by controlling the drug release rate, although the effect of
these polymers is not additive.

Contreras et al. also carried out a study in ternary matrices employing the same poly-
mers but using theophylline, a model drug with intermediate water solubility, instead of
the freely water-soluble KCI [98]. Percolation thresholds of binary theophylline/HPMC
and theophylline/NaCMC hydrophilic matrices have been estimated between 21.5 and
31.3% (v/v) of HPMC and between 39 and 54% (v/v) of NaCMC, respectively. It has been
demonstrated that these two polymers do not show a combined percolation threshold for
the whole concentrations range. It is necessary that the concentration of both excipients is
above a minimum value (approximately between 10 and 20% v/v) to establish an effective
collaboration between the polymers [98].

4.6.2.2 Influence of Drug Solubility in Critical Points

As it was previously stated, the mechanism of release of water-soluble drugs is pre-
dominantly controlled by diffusion, while the release of poorly soluble drugs tends to
be controlled by the erosion of the matrix. In order to study the influence of this factor
on the polymer percolation threshold of swellable matrices, Fuertes et al. carried out an
investigation preparing matrices containing HPMC K4M as hydrophilic matrix-form-
ing polymer and acetaminophen, theophiline and ranitidine-HCI as drugs [99]. The
polymer percolation threshold of the different matrices was estimated based on their
drug release and water uptake behavior.
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Figure 4.12 Excipient percolation thresholds (expressed as %v/v HPMC + initial porosity)/ HPMC
relative particle size versus the drug solubility in matrices containing acyclovir, theophiline, ranitidine
HCI, acetaminophen, lobenzarit disodium and KCL

Since there is a linear dependence of the percolation threshold of one component on
its relative particle size, with the aim to correct the influence of the different relative par-
ticle size, the values of the excipient percolation threshold were divided by the excipient
relative particle size [87]. The obtained results have been plotted against the solubility
of the drugs studied in this work: acetaminophen, theophylline and ranitidine-HCI.
Moreover, data corresponding to hydrophilic matrices studied in previous works
and containing different drugs—KCl, lobenzarit disodium and acyclovir—were also
included, as it can be observed in Figure 4.12 [93, 94,96].

As this figure shows, the obtained percolation thresholds are not related to the drug
solubility, even making the correction corresponding to the particle size. Different cor-
rected percolation thresholds have been obtained for drugs having very similar water
solubility.

These results were confirmed by a study carried out by Gongalves-Aradjo et al. in
multicomponent HPMC hydrophilic matrices containing verapamil-HCI and carbam-
azepine [100].

These data suggest the robustness of HPMC hydrophilic matrices and the usefulness
of the percolation threshold as a preformulation parameter in order to rationalize the
formulation of hydrophilic matrix systems.

4.6.2.3 Influence of Relative Particle Size on Critical Points

As it as been previously explained for inert matrices, the percolation threshold shows a
linear dependency on particle size that was found by Caraballo et al., being the factor
responsible for the change of the percolation threshold the relative particle size of the
studied component [86, 87].

Miranda et al. carried out a later study with the aim to investigate if this linear depen-
dence could also apply for hydrophilic matrices [13]. For this purpose, matrix tablets
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containing KCl and HPMC K4M as matrix-forming polymer were prepared employing
six different excipient/drug particle size ratios (ranging from 0.42 to 4.16). The drug
load varied from 20 to 90% (w/w). The polymer percolation threshold was calculated
by plotting “b/% (v/v) of HPMC,” the normalized Higuchi’s slope, versus the HPMC
volumetric fraction. The excipient percolation threshold were plotted as a function of
the excipient/drug particle size ratio of the matrices but poor correlation parameters
were found, so the excipient percolation threshold was calculated adding the initial
porosity to the excipient volumetric fraction, and in this case a linear relationship was
found. This result suggests that the initial porosity contributes to establish the gel bar-
rier responsible for the release control.

The linear trend was also confirmed for matrices prepared with LBD and HPMC
K4M, suggesting that the linear relationship is independent of the drug included in the
matrix [96]. Moreover, the same regression line was also found to be valid for systems
as different as inert and hydrophilic matrices. Figure 4.13 shows the common regres-
sion line obtained for the inert KCl/Eudragit RS-PM and swellable KCI/HPMC K4M
and lobenzarit disodium/HPMC K4M matrices.

Therefore, also in the case of hydrophilic matrices, lower percolation thresholds are
found for smaller relative particle size of a component due to its higher percolation
efficiency.

4.6.2.4 Influence of the Tablet Initial Porosity

Although the influence of the initial porosity has been widely studied in inert matrices,
and that it is clear that the pores facilitate the water uptake and the drug release, and that
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the initial porosity has to be added to the porosity caused by the dissolution of soluble
substances (the drug percolation threshold is expressed as total porosity), the influence of
the initial porosity in hydrophilic matrices is not as simple [5,73,74]. As it was explained
in the previous section, it has been proposed that the initial porosity contributes to estab-
lish the gel barrier, but this supposition was not experimentally confirmed [13]. For that
reason, Aguilar-de-Leyva et al. carried out the first experimental study of the influence of
the initial porosity of the matrices on the polymer percolation threshold, preparing mul-
ticomponent carbamazepine formulations and employing HPMC as hydrophilic matrix-
forming polymer, MCC and lactose as fillers, and a lubricant mixture. Every formulation
was compressed employing three different pressure levels in order to obtain three differ-
ent levels of initial porosity (mean porosity values: 7.9, 16.0 and 27.3% v/v) [101].

The release behavior of these matrices showed a common critical point of 13-15% v/v
of HPMC even though these formulations have three different levels of initial porosity.

Previous works have explained the low values obtained for the polymer percolation
threshold in hydrophilic matrices based on the contribution of the initial porosity of
the tablet in order to form the gel layer that controls the drug release [13,94,95]. The
results obtained by Aguilar-de-Leyva et al. do not contradict this hypothesis, since the
porosity values of the previous studies correspond to the lower level (5-10%), and this
study proposes that it could be an involvement of the initial porosity. Nevertheless, this
new study concluded that the contribution of initial porosity to establish the gel layer
would be restricted to a low range of tablet porosity [101]. Above this range, an increase
in the tablet initial porosity does not affect the polymer percolation threshold.

4.6.2.5 Influence of Polymer Viscosity

As it has been explained in a previous section, it is clear that polymer viscosity influ-
ences drug release since an increase in polymer viscosity leads to a greater resistance to
polymer erosion and to a slower water uptake and release rate of the drug. Nevertheless,
it was unknown if a change in the polymer viscosity also changed the critical concentra-
tion of the polymer [101]. In order to study this issue, Aguilar-de-Leyva et al. prepared
multicomponent carbamazepine formulations employing two different viscosity grades
of HPMC as hydrophilic matrix-forming polymer, and carried out the estimation of
the critical points of the polymer. The authors found no influence of the two different
viscosity grades of HPMC employed in their critical points. This result is in agreement
with the approach proposed by the percolation theory, since the critical concentration
of a polymer corresponds to a change in the release behavior of the dosage form due
to a phase transition of the polymer that passes from being isolated to percolating the
matrix. As the distribution of the solid polymer particles inside the matrix is not depen-
dent on the polymer viscosity level, the polymer percolation threshold was expected to
remain at the same concentration. As a consequence, the results of this study support
the robustness of the percolation threshold and its use as a preformulation parameter.

4.6.3 Critical Points in Multiparticular Matrix Systems

The percolation theory has been widely applied to the study of monolithic matrix systems.
However, it was not applied to the study of multiparticular matrix system until the study
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published by Aguilar-de-Leyva et al. in 2011, employing matrix pellets [102]. Pellets offer
some technological advantages compared to monolithic systems such as spherical shape,
narrow particle size distribution and low friability. These characteristics are responsible
for their very good flow and facilitate their coating or inclusion into hard gelatin capsules
or even their compression into tablets [103]. Furthermore, it is possible to combine non-
compatible drugs or different drug release profiles in the same formulation [104,105].

Aguilar-de-Leyva et al. studied the release profiles of thirteen batches of pellets pre-
pared by extrusion-spheronization process containing varying proportions of clozap-
ine/microcrystalline cellulose (MCC)/hydroxypropylmethyl cellulose (HPMC) and
different clozapine particle size fractions [102].

The results of this study show that the distance to the HPMC percolation thresh-
old has an effect on the drug release rate, and as explained in previous sections, this
behavior is typical of hydrophilic matrices. Nevertheless, in the studied multiparticu-
late matrix systems, the drug percolation threshold also exerts an important influence
on the release behavior. This is a typical behavior of inert matrices. Therefore, an inter-
mediate behavior between inert and hydrophilic matrices was found for the studied
MCC/HPMC multiparticulate matrices.

On the other hand, a clear effect of the drug particle size in the release rate has been
appreciated in lots formulated in the vicinity of the drug percolation threshold, being
this effect less evident when the distance to the drug percolation threshold increases.
This provides a rational explanation to the “gosh” effect of the particle size, previously
mentioned by several authors.

Although more research is needed in this field, the percolation theory is providing a
science-based explanation of the behavior of matrix systems including inert and hydro-
philic matrices in the form of monolithic or multiparticulate systems.

4.6.4 Critical Points in Matrix Tablets Prepared
by Ultrasound-Assisted Compression

There are a considerable number of papers dealing with ultrasound-assisted powder
compression [106-110].

Caraballo et al. applied the concepts of percolation theory to the study of tablets con-
taining KCI as model drug with a content ranging from 10 to 90% w/w and Eudragit®
RS-PM (as inert matrix forming polymer), comparing ultrasound-assisted compres-
sion and compression in a traditional eccentric machine [91]. The results obtained
pointed out that the matrix-forming thermoplastic polymer employed suffered a severe
decrease of approximately 50% in its percolation threshold in comparison with the
matrices prepared by the conventional compression method, and that a better control
in the drug release is obtained.

The reason for the decrease in the polymer percolation threshold was suggested to
be that the polymer experiences a sintering phenomenon that results in an almost con-
tinuum medium inside the US tablets. The drug particles are practically surrounded
by the inert polymer, which diminished the contact with the dissolution medium and
therefore slows down the release rate. So, in the case in which a component experi-
ences a thermoplastic deformation, the continuum percolation model can be employed
to explain the changes in the system with respect to a tablet obtained by a traditional
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compression. The continuum percolation model considers that the component is not
distributed into discrete lattice sites. By contrast, this model considers a continuum
distribution function of the components. This way the existence of a regular lattice
underlying the system is not needed.

As a consequence of the decrease in the polymer percolation threshold, a lower
amount of excipient is needed for the manufacture of controlled release tablets by US
compression, thus resulting in an important advantage for the pharmaceutical industry
that can prepare controlled release matrices containing high drug doses with a low
increase in the weight of the final system. As an example of this issue, Aguilar-de-Leyva
et al. have designed a controlled release hydrophilic matrix tablet formulation prepared
with the orphan drug deferiprone that contains only 15% of excipients [111]. This
matrix system includes a dose of 750 mg of API—intended for twice a day adminis-
tration—with a similar weight (ca. 900 mg) to the conventional tablets existing in the
market, which contain 500 mg API and have to be administered three times a day.

4.7 Case-Study: Characterization of a New Biodegradable
Polyurethane PU (TEG-HMDI) as Matrix-Forming
Excipient for Controlled Drug Delivery

Biopolymers are an essential element in improving human health and quality of life.
The wide spectrum of physical, mechanical, and chemical properties provided by poly-
mers has increased the extensive research, development, and applications of polymeric
biomaterials. The significance of polymers as biomaterials is reflected in the market
of medical polymers, estimated to be approximately $1 billion. Many of these poly-
mers were initially developed as plastics, elastomers, and fibers for nonmedical indus-
trial applications. However, they were later developed as biomedical-specific materials.
Currently, with rapid growth in modern biology and interdisciplinary collaborative
research, polymeric biomaterials are being widely used in pharmaceutical technology
with excellent biocompatibility [33].

The ability of a new biodegradable polymer, polyurethane triethylene glycol 1,6-hexa-
methylene diisocyanate PU(TEG-HMDI), to act as matrix-forming polymer for con-
trolled release tablets has been studied and its percolation threshold in a matrix system
has been estimated [112]. The hydrophilic polyurethane PU(TEG-HMDI) was success-
fully synthesized by reaction of 1,6-hexamethylene diisocyanate (HMDI) and trieth-
ylene glycol (TEG) (Scheme 4.1). The diol monomer (TEG) was chosen to enhance
the hydrophilic nature and swelling properties of the new material. These properties
contribute to the degradability of the polyurethane.

Rheological studies, as well as drug release studies, were carried out to analyze the
properties of the new polymer as matrix-forming excipient.

4.7.1 Rheological Studies

Table 4.2 shows the results of the rheological studies. These results predict that the
polymer has adequate flow and compressibility properties, making it a good candidate
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Scheme 4.1 Synthesis of the PU(TEG-HMDI).

for direct compression processes, which is an important advantage for preparation of
solid dosage forms.

4.7.2 Preparation of Matrix Tablets

Nine-mm diameter binary tablets have been prepared by direct compression in an eccen-
tric tabletting machine (Bonals A-300; Barcelona, Spain). The tablets had a medium
weight of 250 mg and contained 10%, 20%, and 30% of excipient PU(TEG-HMDI) and
theophylline as model drug.

4.7.3 Drug Release Studies

Figure 4.14 shows the dissolution profiles of the binary tablets prepared. It can be
observed that theophylline is released more slowly from tablets containing a higher
amount of polymer. For example, in tablets containing 10% of polymer, almost 90%
of theophylline is released at 8 hours. However, the percentage of drug released from
batches containing 20% and 30% of polymer is lower than 60% after 8 hours of assay
[112].

Drug release data have been analyzed according to different kinetic models: Higuchi,
Korsmeyer and Peppas & Sahlin [6,113,114]. Table 4.3 shows the results obtained for
these models.

As Table 4.3 shows, the obtained time exponents are close to 0.5 for the Korsmeyer
equation, indicating that the drug release predominantly follows the mechanism of dif-
fusion, with a low contribution of the erosion mechanism [113].

The results corresponding to the Peppas & Sahlin equation (Table 4.3) are also in
agreement with the previous conclusion, being that the values of the diffusion constant
k, are more than 100 times higher than relaxation constant k [114].

4.7.4 Estimation of Excipient Percolation Threshold

As explained in previous sections, the percolation threshold corresponds to the con-
centration of a component for which there is a maximum probability of appearance of
an infinite or percolating cluster of this component.
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Figure 4.14 Dissolution profiles for batches containing 10, 20, and 30% w/w of PU(TEG-HMDI).

As can be observed in Figure 4.15, the release rate underwent a sudden decrease
when the polymer concentration passed from 10% w/w to 20% w/w of polymer. This
fact indicates that the batch containing 10% of polymer is below the polymer percola-
tion threshold [93,97,115].

Below the percolation threshold, the excipient does not percolate the system and the
drug release is not as efficiently controlled by the gel layer. In this situation, the gel layer
initially shows important “holes” which allow a fast water uptake, leading to a quicker
release process. By contrast, above the excipient percolation threshold (lots containing
20 and 30% of polymer) a percolating cluster of this component exists and a coherent
gel layer is formed from the first moment, which is able to control the hydration and
drug release rate.

The new biodegradable polymer PU(TEG-HMDI) shows very good compactibility,
allowing it to obtain matrix tablets with a high crushing strength [112]. Moreover, this
polymer shows a high ability to control the drug release using very low concentrations.

4.8 Conclusions and Future Perspectives

Polymeric excipients are showing amazing growth in the field of pharmaceutical tech-
nology. In this chapter, the behavior and characteristics of the main polymers employed
for the preparation of matrix systems that constitute the most popular type of pro-
longed drug delivery systems have been studied, from both the point of view of “clas-
sical” theories, as well as from the new perspective offered by a theory coming from
Statistical Physics and named the percolation theory.

On the other hand, in 2004 the U.S. Food and Drug Administration published a
directive introducing the concepts of “Quality by Design” (QbD). This initiative encour-
ages a science-based knowledge of the pharmaceutical formulations in order to be able
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Figure 4.15 Percolation threshold of the PU(TEG-HMDI).

to “design the quality” instead of assaying whether our dosage form meets the required
specifications.

One of the main concepts introduced by QbD is the “Design Space,” defined as the
multidimensional combination and interaction of input variables and process param-
eters that have been demonstrated to provide assurance of quality.

The concepts of QbD and Design Space are already included in the ICH directives,
concretely in the ICH Q8: Pharmaceutical development. Therefore, the regulatory
agencies are already asking for the pharmaceutical industry to fulfill these directives.

As explained before, the percolation threshold corresponds to a critical phase tran-
sition that supposes an important change in the properties of the system. Therefore,
the critical points associated with the percolation thresholds are natural limits of the
Design Space. This is an important reason why much more research is expected in
this area in the near future.

Furthermore, the explanation based on the percolation approach is more complete
than that provided by the “classical theories” Thus it supposes an advance in the con-
cept of “Quality by Design” of the pharmaceutical formulations. Therefore the knowl-
edge of the critical points of the pharmaceutical formulations is essential for medicine
manufacturing in the current regulatory environment.
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Abstract
Pharmaceutical quick dissolving films are an attractive dosage form for administration of drugs
because they dissolve or deaggregate spontaneously in the body cavity, resulting in a solution
or suspension without water. These films mainly take advantage of the oral cavity’s extremely
permeable tissues, which for many years have been a site of absorption for delivery of drugs to
the circulation (oral transmucosal delivery, OTD), and for native delivery to the adjacent tissues
(oral mucosal delivery, OMD). The fundamental science and up-to-date analysis concerning
the oral cavity and oral membrane drug delivery has been reported extensively in the literature.
In this chapter, a systematic approach to outlining the polymers and their possible blends
with other excipients has been explored for developing quick dissolving novel films, with special
emphasis on their characterization procedures.

Keywords: Quick dissolving films, wafers, polymeric blends, plasticizers, characterization,
morphological study, dosage forms, testing, pharmaceutical science, oral delivery, buccal
delivery

5.1 Introduction

In order to achieve optimal drug therapy;, it is necessary for patients to receive the correct
medication, at the right dosage, and at the most convenient dosing intervals [1]. Recently
there has been a tremendous need for developing newer dosage forms to improve the
efficacy of drugs currently in the market. Due to the low cost associated with both money
and time, pharmaceutical companies are reconsidering delivery strategies to improve the
usefulness of drugs that have already been approved rather than developing a single new
chemical entity. Many pharmaceutical companies have headed their research activity in
the direction of reformulating existing drugs into new dosage forms [2]. However, despite
the tremendous advances in drug delivery, the oral route remains a well-liked route for
the administration of therapeutic agents as a result of low price, simple administration
and high level of patient compliance. However, important barriers are obligatory on the

*Corresponding author: prithvirajchakraborty.pc@gmail.com

Vijay Kumar Thakur and Manju Kumari Thakur (eds.) Handbook of Polymers for Pharmaceutical Technologies,
(143-166) © 2015 Scrivener Publishing LLC

143



144 HANDBOOK OF POLYMERS FOR PHARMACEUTICAL TECHNOLOGIES

peroral administration of medicine, like hepatic first-pass metabolism and drug degrada-
tion inside the channel (GI) tract, prohibiting the oral administration of certain categories
of medicine, particularly biologics (e.g., peptides and proteins). Consequently, different
assimilatory mucosae are being thought about as potential sites for drug administration,
together with the membrane linings of the nasal, rectal, vaginal, ocular, and oral cavities.
The transmucosal routes of drug delivery provide distinct blessings over peroral admin-
istration for general drug delivery like the doable bypass of the primary pass impact and
turning away of presystemic elimination inside the GI tract. Among these, delivery of
medication to the mouth has attracted explicit attention thanks to its potential for top
patient compliance and distinctive physiological options. Within the oral mucosal cavity,
the delivery of drugs is classified into two categories: (i) local delivery and (ii) systemic
delivery either via the buccal or sublingual mucosa [3].

5.1.1 Drug Delivery Systems for Intraoral Application

Intraoral drug delivery systems (Figure 5.1) are intended for the movement of drug
through the oral mucosa. These systems generally fall into one of four broad categories:
mucoadhesive buccal patches and tablets, quick disintegrating solid dosage forms, solid
intraoral delivery systems and aerosol intraoral drug delivery systems.

5.1.2 Quick Dissolving Novel Pharmaceutical Films/Wafer Dosage Form

Quick dissolving pharmaceutical oral films/wafers are an attractive route of adminis-
tration because they dissolve or deaggregate spontaneously in the oral cavity, result-
ing in a solution or suspension without water. Effectively it is a solid-dosage form
providing the convenience of a liquid-dosage form. The perception of using thin films

Dissolvable logenzes ~ Non dissolving matrix

Needle less powder

Sublingual tablets ) injection

Quick dissolving dosage forms Needle less liquid
Tablets/Films/Wafers injection

Local injectables

Buccal/Gingival patches 5 5
Topical ointments

Microparticles Bioadhesive

tablets
Topical gels

Periodontal fibers

Solutions and sprays Topical Pastes

Chewing gums Dry Powders

Active delivery devices Transmucosal Electronic Drug
Delivery (EDD)

Figure 5.1 Types of intraoral dosage forms [4].
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or strips for delivery of drugs into the mouth is not novel; reports exist of delivery
of lidocaine, a local anesthetic, for dental applications from polymer films [5]. These
films generally dissolve rapidly (within seconds) to release the active agents, but can
be tailored to release the drug more slowly as well, depending upon their thickness
and selection of the polymer matrix. A film or strip can be defined as a dosage form
employing a water-dissolving polymer (like a hydrocolloid, which may be a bioad-
hesive polymer), allowing the dosage form to quickly hydrate, adhere, and dissolve
when placed on the tongue or in the oral cavity (i.e., buccal, palatal, gingival, lin-
gual, or sublingual, etc.) to offer rapid local or systemic drug delivery. Drug release,
depending on the rate of dissolution of the films, may be either quick (within sec-
onds) or slower (within minutes). These films are monolithic matrices and release
the active ingredients multidirectionally when placed in the oral cavity [4]. A major-
ity of the drugs prescribed to patients are conventional tablets and capsules, and less
attention has been paid to patients experiencing difficulty in swallowing (dysphagia)
[6]. It has been reported that 35 percent of the general population, 30 to 40 percent
of elderly nursing home patients, and 25 to 50 percent of patients hospitalized for
acute neuromuscular disorders and head injuries have dysphagia. The main causes
of dysphagia include esophageal disorders such as achalasia, gastroesophageal reflux
disease (GERD), cardiovascular conditions such as aneurysms, autoimmune diseases
such as Sjogren’s syndrome and acquired immune deficiency syndrome (AIDS), thy-
roid surgery, radiation therapy to head and neck or oral cavity, and other neurologi-
cal diseases such as cerebral palsy [7]. Oral wafers/oral disintegrating films (ODFs),
postage stamp-sized strips of thin polymeric films, are relatively new dosage forms
for this route of administration. They are intended to disintegrate or dissolve almost
instantaneously when placed onto the buccal cavity [8]. The pharmaceutical wafers
holds potential advantages like rapid disintegration, no swallowing or chewing, no co-
administration of water, accurate dosing compared to liquid products, greater safety
and efficacy, along with patient compliance. Wafers are intended to dissolve rapidly in
the saliva without swallowing the whole dosage form, making them the right choice
for pediatric and geriatric patients, bedridden patients or patients suffering from dys-
phagia, Parkinson’s disease, mucositis or vomiting [9].

The first type of non-medicated oral quick dissolving film that came out on the con-
sumer market was Listerine® PocketPaks™ breath freshener in October 2001, a product
of Pfizer’s Warner-Lambert Consumer Healthcare Division [10]. With this launch, a
number of other innovative thin-film products have also found their way into the con-
sumer market for breath freshening like FreshBurst™, Myntz™ Instastripz, Gel-A-Mint
Sugar Free™, MagikStrips™, Altoids™ Strips and many more.

Prestige Brands International introduced the first oral thin-film product to incor-
porate a drug, Chloraseptic® Relief Strips™, in the United States in September 2003, for
relief of sore throat [11]. Zengen, Inc. was behind the development of this new delivery
technology of a medicated oral strip structured as a proprietary bilayer system. The sys-
tem contains 3 mg of benzocaine and 3 mg of menthol (oral anesthetics and analgesics)
and is made available in tamper-evident blister packs. Chloraseptic Relief Strips include
the following inactive ingredients: acesulfame potassium, hydrocolloids (carboxymeth-
ylcellulose and modified pectin), flavoring agent (cherry flavor), plasticizer (glycerin),
sweetener (sucralose), coloring agent (Red 40), lecithin, magnesium silicate, and water.
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A number of companies have been involved as innovators in the development
and manufacturing of patented thin-film strip technologies including LTS Lohmann
Therapie-Systeme AG and Lavipharm Laboratories, which developed the Quick-Dis™
and Slow-Dis™ technologies [12].

5.1.3 Buccoadhesive Wafer Dosage Form Advantages
over Conventional Oral Dosage Forms

The specific advantages that the buccoadhesive wafer dosage form has over conven-
tional oral dosage forms are:

o A fast wetting phenomenon, which helps them to adhere to the mucosa
and/or dissolve rapidly, avoiding easy spitting out.

o The fear of choking or inhalation makes patient incompliance to orally
disintegrating tablets. ODF/wafer technology completely eliminates
these problems [8].

o Astheyare thin and can be taken without water, wafers are ideal for trav-
elers or patients who do not have continuous access to water.

 Lyophilization is a common process for manufacturing orally disinte-
grating tablets. However, the manufacturing of ODFs stands on the tech-
nology for producing transdermal patches, which is less expensive than
lyophilization [8].

» Convenient accurate dosing is achieved in the case of ODFs, which
makes them superior to liquid formulations such as drops or syrups [9].

o Asdrug release from wafers into the oral cavity requires a few seconds, a
rapid onset of action could be achieved.

o As the drug is absorbed through the oral mucosa, first-pass metabolism
for some drugs is avoided, improving their bioavailability. Buccal absorp-
tion may be particularly beneficial, for example, for patients suffering
from migraines, runny noses and allergic rhinitis.

« There are no known adverse physiological effects of ODFs, and the oro-
mucosa is less vulnerable to damage or irritation than the other mucosa.

5.2 Preparation Methods of Novel Quick Dissolving Films

Generally, novel quick dissolving films are made by some of the established technolo-
gies like coating, solvent casting and hot-melt extrusion process. At first a wide web is
produced and afterwards it will be cut into the desired size needed by the dosage form.

5.2.1 Hot-Melt Extrusion Process

Hot-melt extrusion has been approved as a solvent-free manufacturing process for ODFs.
In this process, the API and other ingredients are mixed in a dry state, which is then sub-
jected to a heating process and extruded out in a molten state. The blend of API, polymers
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and other excipient is heated and pressed through a slot nozzle to a web. The web is then
cooled down and cut to film size [13]. Recently, another method was reported in the litera-
ture which used hot-melt extrusion and spherical dies. The thin web is prepared by using
a cooled roll. In this process, solvents are completely eliminated [2]. The strips, formed by
this, are further cooled and cut to the desired size. The thermolabile APIs may degrade at
the high temperature used in this process. Hence, the literature reveals that the solvent cast-
ing method is the method of choice for manufacturing of quick dissolving films.

5.2.2 Solvent Casting Method

Typically this technique includes the preparation of the base material that involves the
blending of film-forming excipients and therefore the API mixed along in a very appro-
priate solvent or solvent system. The choice of solvent basically depends on the API to
be incorporated into the film/strip. The physicochemical properties of the API like heat
sensitivity, shear sensitivity, the polymorphic mode of the API utilized, compatibility of
the API with solvent and different strip excipients are to be critically studied. The sev-
eral components during this are liquid rheology, desired mass to be forged and content
uniformity. Solvents used for the preparation of solution or suspension ought to ideally
be elite ones from the ICH 3 solvent list [2].

The heating method could also be enclosed at this stage for the entire dissolution of
materials. At this time, the necessary point to be considered is the air bubbles which will
have become entrapped throughout the solution preparation. Entrapped air might tend
to provide uneven strips. A deaeration step is imperative to induce a strip with uniform
thickness. Vacuum motor-assisted machines will be utilized to get rid of the entrapped
air. Several corporations adopt bubble-free mixing treatment having the appropriate
kind of specialized stirring systems. Another necessary side is the entrapped moisture
within the solution. This could attribute changes within the mechanical properties of
the strips like enduringness, flexibility, folding endurance, modulas of elasticity, elon-
gation, etc. Therefore, care ought to be exercised by using appropriate moisture con-
trols within the production space. The solution is subjected to continuous intermixture
method so as to retain the viscousness and concentration. Once this solution is ready,
the film casting is performed whereby a strip of desired thickness is cast onto a mov-
ing inert substrate. Appropriate rollers are utilized for guiding the solution onto the
substrate. The clearance or tolerance between the roller, and therefore the substrate,
determines the specified thickness of the strip. The strip is then subjected to the dry-
ing method to get rid of the solvent. In R&D for small-scale production, film strips are
sometimes cast using applicators. Adjustable film applicators enable the user to modu-
late the film thickness.

5.3 Polymers and Blends for Utilization in Different Quick
Dissolving Films

The polymers and blends listed in the literature for utilization in quick dissolving films
are presented in Table 5.1.
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5.4 Polymers in Novel Quick Dissolving Films

5.4.1 Hydroxypropyl Cellulose (Cellulose, 2-hydroxypropyl ether)

Hydroxypropyl celllulose is also known as cellulose, hydroxypropyl ether; E463;
hydroxypropyl cellulosum; hyprolose; Klucel; Nisso HPC; and oxypropylated
cellulose.

Hydroxypropyl cellulose (Scheme 5.1) is a stable material which is white to slightly
yellow colored, odorless and a tasteless powder. It is commercially available in differ-
ent grades having various solution viscosities. Depending upon the polymer grade, the
viscosity of solutions ranges from 75 mPa s - 6500 mPa s. Its molecular weight has
a range of 50,000-1,250,000. In regards to the melting point, the material softens at
130°C and chars at 260-275°C. A characteristic of Hydroxypropyl cellulose is that of
absorbing moisture from the atmosphere. Quantity of water absorbed largely depends
upon the initial moisture content, temperature and relative humidity of the surround-
ing air. Typical equilibrium moisture content values at 258°C are 4% w/w and 12% w/w
at 50% and 84% relative humidity respectively.

5.4.1.1 Method of Preparation

Reacting a purified form of cellulose with sodium hydroxide produces a swollen alkali
cellulose that is chemically more reactive than untreated cellulose. At elevated tempera-
ture and pressure, the alkali cellulose is then reacted with propylene oxide. Substitution
of the propylene oxide can be done on the cellulose through an ether linkage at the three
reactive hydroxyls present on each anhydroglucose monomer unit of the cellulose chain.
The process of etherification takes place in such a way that hydroxypropyl substituent
groups contain almost entirely secondary hydroxyls. Secondary hydroxyl present in the
side chain is available for further reaction with the propylene oxide, and ‘chaining-out’
may take place. Results include the formation of side chains containing more than 1 mole
of combined propylene oxide.

5.4.1.2 Pharmaceutical Application

Hydroxypropyl cellulose acts as a tablet binder in the range of 2-8% of tablet weight.
Its most suitable applicability is for water-soluble drugs. This polymer is used for

OR OH
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OR R

R=H or [CH,CH(CH,)O]m
m= Common Integral number of Cellulose derivative
Hydroxypropyl cellulose

Scheme 5.1 Chemical structure of Hydroxypropyl cellulose.



150 HANDBOOK OF POLYMERS FOR PHARMACEUTICAL TECHNOLOGIES

preparation of modified release dosage form, for the preparation of microcapsules and
as a thickening agent in oral and topical formulations. Due to its non-ionic nature, it
is used as an emulsifier in cosmetic formulations. It can be used for the preparation of
flexible films alone or in combination with Hypromellose, as it imparts low surface and
interfacial tension to its solution.

5.4.1.3 Safety and Regularity Status

This polymer is generally considered as a nontoxic and non-irritant material. It is GRAS
listed and included in the FDA Inactive Ingredient Guide.

5.4.2 Hydroxypropyl Methyl Cellulose (Cellulose Hydroxypropyl Methyl
Ether)

Hydroxypropyl methyl cellulose (Scheme 5.2) is also known as Benecel MHPC; E464;
hydroxypropyl methylcellulose; HPMC; hypromellosum; Methocel; methylcellulose
propylene glycol ether; methyl hydroxypropylcellulose; Metolose; MHPC; Pharmacoat;
Tylopur; and Tylose MO.

Hypromellose is an odorless, tasteless and white or creamy white fibrous or granu-
lar powder. The molecular weight varies between 10000-1500000. It absorbs moisture
from the atmosphere; the amount of water absorbed depends upon the initial moisture
content, temperature and relative humidity of the surrounding air. It browns at 190-
200°C; chars at 225-230°C. Glass transition temperature is 170-180°C.

5.4.2.1 Method of Manufacturing

The purified form of cellulose, obtained from cotton linters or wood pulp, is treated
with sodium hydroxide solution to produce swollen alkali cellulose that is chemically
more reactive than untreated cellulose. Reaction of the alkali cellulose with chloro-
methane and propylene oxide produces methyl hydroxypropyl ethers of cellulose.
Further purification of the fibrous reaction product is done and is grounded to fine,
uniform powder or granules.
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R=H or CH, or CH,CH(OH)CH,

Hydroxypropyl methyl cellulose

Scheme 5.2 Chemical structure of Hydroxypropyl methyl cellulose.
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Production of low viscosity grades is done by exposing Hypromellose to anhydrous
hydrogen chloride to induce depolymerization.

5.4.2.2 Pharmaceutical Application

Hypromellose is widely used in oral, ophthalmic and topical formulations; used pri-
marily as a tablet binder, film coating agent, film-forming agent and as a matrix for use
in extended release formulations. It is also used as a suspending and thickening agent.
In gels and ointments, it is also used as an emulsifier, suspending agent and stabilizing
agent.

Hypromellose is used to manufacture capsules, as an adhesive in plastic bandages
and as a wetting agent in contact lenses.

5.4.2.3 Safety and Regulatory Status
Hypromellose is listed in GRAS and included in FDA Inactive Ingredient Guide.

5.4.3 Pullulan

Chemically, Pullulan is 1, 6a-linked maltotriose (Scheme 5.3). It is available as white,
odorless, tasteless, stable powder. The molecular weight ranges from 8000-2,000,000.
It is soluble in hot and cold water. The viscosity (10%w/w, 30°C) of Pullulan is found to
be 100-180 mm?*/s and melting point is 107°C. Moisture content is less than 6 %w/w.

5.4.3.1 Method of Manufacturing

Production of Pullulan occurs from starch by the fungus Aureobasidium pullulans.

5.4.3.2 Pharmaceutical Application

Pullulan is used extensively in the food industry to provide bulk and texture.
Hydrophobic grades of Pullulan are used for preparation of nanoparticles for targeted
delivery. Pullulan can also be used as a replacement for dextran as a plasma expander.
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Scheme 5.3 Chemical structure of Pullulan.
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Pullulan films are strong and are therefore used for decoration of food products, in
confectionaries. Pullulan acts as an ideal carrier system for flavors, colors and drugs.

Pullulan is used in coating for immediate release tablets and it is also used for prepa-
ration of capsule shells. An edible, mostly tasteless polymer, its chief commercial use
is in the manufacture of edible films that are used in various breath freshener or oral
hygiene products such as Listerine Cool Mint by Johnson & Johnson (USA).

5.4.3.3 Safety and Regulatory Status
Pullulan is listed in GRAS.

5.4.4 Carboxymethyl Cellulose

Carboxymethyl cellulose is commonly known as Akulell, Blanose, Aquasorb, and CMC
sodium (Scheme 5.4).

It is a white, odorless powder, having a molecular weight of 90,000-700,000, and is
easily dispersed in water to form a clear or colloidal solution.

5.4.4.1 Pharmaceutical Application

Carboxymethyl cellulose is used widely in oral and topical formulations. It is used
mainly as a consistency increasing agent. It is used as a stabilizer for preparation of
suspensions and emulsions. Carboxymethyl cellulose can be used as a binder or disin-
tegrant depending on the grade and concentration used in the formulation. It is also
reported as a cryoprotective agent. It has a mucoadhesive property which is used in a
number of topical and also oral preparations. It is reported for use together with other
film-forming polymers for preparation of oral films or for coating tablets. It can be used
for preparation of microparticles because it forms complex coacervates with gelatin and
pectin.

5.4.4.2  Safety and Regulatory Status
Carboxymethyl cellulose is GRAS listed.

CH,OR

R=H or CH,COONa

Sodium carboxy methyl cellulose

Scheme 5.4 Chemical structure of Sodium carboxymethyl cellulose.
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5.4.5 Polyvinyl Pyrollidone

Polyvinyl pyrollidone is also known as E1201; Kollidon (Scheme 5.5); Plasdone; poly[1-
(2-oxo-1-pyrrolidinyl)ethylene]; polyvidone polyvinylpyrrolidone;  povidonum;
Povipharm; PVP; and 1-vinyl-2-pyrrolidinone polymer.

Chemically it is a 1-Ethenyl-2-pyrrolidinone homopolymer. It is categorized as non-
ionic polymer.

The USP 32 describes povidone as a synthetic polymer consisting essentially of linear
1-vinyl-2-pyrrolidinone groups, the differing degree of polymerization of which results in
polymers of various molecular weights. It is characterized by its viscosity in aqueous solu-
tion, relative to that of water, expressed as a K-value, in the range of 10-120. Approximate
molecular weights for different grades of povidone are presented in Table 5.2.

Povidone occurs as a fine, white to creamy-white colored, odorless or almost odor-
less, hygroscopic powder. Povidones with K-values equal to or lower than 30 are man-
ufactured by spray-drying and occur as spheres. Povidone K-90 and higher K-value
povidones are manufactured by drum-drying and occur as plates. It softens at 150°C.

5.4.5.1 Pharmaceutical Applications

Though povidone is used in a variety of pharmaceutical formulations, it is primar-
ily used in solid-dosage forms. In tableting, povidone solutions are used as binders in
wet-granulation processes. Povidone is also added to powder blends in the dry form
and granulated in situ by the addition of water, alcohol, or hydroalcoholic solutions.
Povidone is used as a solubilizer in oral and parenteral formulations, and has been
shown to enhance dissolution of poorly soluble drugs from solid-dosage forms.

N )

— LH—CHZ—

Kollidon

Scheme 5.5 Chemical structure of Kollidon.

Table 5.2 Approximate molecular weights for different grades of povidone.

K-Value Approximate Molecular K-Value Approximate
Weight Molecular Weight

12 2500 30 50000

15 8000 60 400000

17 10000 90 1 000 000

25 30000 120 3000 000
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Povidone solutions may also be used as coating agents or as binders when coating
active pharmaceutical ingredients on a support such as sugar beads. Additionally, povi-
done is used as a suspending, stabilizing, or viscosity increasing agent in a number of
topical and oral suspensions and solutions.

5.4.5.2 Method of Preparation

Povidone is manufactured by the Reppe process. Acetylene and formaldehyde are
reacted in the presence of a highly active copper acetylide catalyst to form butynediol,
which is hydrogenated to butanediol and then cyclodehydrogenated to form butyro-
lactone. Pyrrolidone is produced by reacting butyrolactone with ammonia. This is fol-
lowed by a vinylation reaction in which pyrrolidone and acetylene are reacted under
pressure. The monomer, vinylpyrrolidone, is then polymerized in the presence of a
combination of catalysts to produce povidone.

5.4.5.3 Safety and Regulatory Status

Polyvinyl pyrollidone has been accepted for use in Europe as a food additive. It is
also included in the FDA Inactive Ingredients Database; in non-parenteral medicines
licensed in the UK and in the Canadian List of Acceptable Non-medicinal Ingredients.

5.4.6 Sodium Alginate

Sodiumalginate (Scheme 5.6) is alsoknown as Alginatosodico; algin; alginicacid, sodium
salt; E401; Kelcosol; Keltone; natriialginas; Protanal; and sodium polymannuronate.

It consists chiefly of the sodium salt of alginic acid, which is a mixture of polyuronic
acids composed of residues of D-mannuronic acid and L-guluronic acid. It occurs as an
odorless and tasteless, white to pale yellowish-brown colored powder.

5.4.6.1 Pharmaceutical Applications

Sodium alginate is used in a variety of oral and topical pharmaceutical formulations.
In tablet formulations, it may be used as both a binder and disintegrant; it has been
used as a diluent in capsule formulations. Since it can delay the dissolution of a drug
from tablets, capsules, and aqueous suspensions, it has been used in the preparation of
sustained release oral formulations. In topical formulations, sodium alginate is widely
used as a thickening and suspending agent in a variety of pastes, creams, and gels, and

Scheme 5.6 Chemical structure of Sodium alginate.
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as a stabilizing agent for oil-in-water emulsions. The adhesiveness of hydrogels pre-
pared from sodium alginate has been investigated, and drug release from oral mucosal
adhesive tablets, buccal gels, and vaginal tablets based on sodium alginate have been
reported. The esophageal bioadhesion of sodium alginate suspensions may provide a
barrier against gastric reflux or site-specific delivery of therapeutic agents. Other novel
delivery systems containing sodium alginate include ophthalmic solutions that form a
gel in situ when administered to the eye; and in-situ forming gel containing paracetamol
for oral administration; nasal delivery systems based on mucoadhesive microspheres;
and a freeze-dried device intended for the delivery of bone-growth factors.

5.4.6.2 Method of Preparation

Sodium alginate is formed when Alginic acid is extracted from brown seaweed and is
neutralized with sodium bicarbonate.

5.4.6.3 Safety and Regulatory Status

Sodium alginate is GRAS listed and is accepted in Europe for use as a food additive. It
is also included in the FDA Inactive Ingredients Database.

5.4.7 Polymethacrylates

Polymethacrylates are also known as Acryl-EZE; acidi methacrylici et ethylis acrylatis
polymerisatum; acidi methacrylici et methylis methacrylatis polymerisatum; ammonio
methacrylatis copolymerum; copolymerum methacrylatis butylati basicum; Eastacryl;
Eudragit; Kollicoat MAE; polyacrylatis dispersio 30 per centum; and polymeric meth-
acrylates. The chemical and trade names of polymethacrylates are listed in Table 5.3,
along with the names of the companies that produce them.

PhEur 6.2 describes methacrylic acid-ethyl acrylate copolymer (1:1) as a copolymer
of methacrylic acid and ethyl acrylate having a mean relative molecular mass of about
2, 50,000. The ratio of carboxylic groups to ester groups is about 1:1. It may contain
suitable surfactants such as sodium dodecyl sulfate or polysorbate 80. An aqueous 30%
w/v dispersion of this material is also defined in a separate monograph. As described
in PhEur 6.0, Methacrylic acid-methyl methacrylate copolymer (1:1) is a copolymer of
methacrylic acid and methyl methacrylate having a mean relative molecular mass of
about 1, 35,000. The ratio of carboxylic acid to ester groups is about 1:1. A further mono-
graph in PhEur 6.0 describes methacrylic acid-methyl methacrylate copolymer (1: 2),
where the ratio of carboxylic acid to ester groups is about 1:2. PhEur 6.0 describes basic
butylatedmethyacrylate copolymer as a copolymer of (2-dimethylaminoethyl) methac-
rylate, butyl methyacrylate, and methyl methacrylate having a mean relative molecular
mass of about 1, 50,000. The ratio of (2-dimethylaminoethyl)methacrylate groups to
butyl methyacrylate and methyl methacrylate groups is about 2:1:1. The Ph Eur 6.0
describes ammoniomethyacrylate copolymer as a poly(ethyl propenoate-co-methyl
2-methylpropenoate-co-2-(trimethylammonio) ethyl 2-methylpropenoate) chloride
having a mean relative molecular mass of about 1, 50,000. The ratio of ethyl propenoate
to methyl 2-methylpropenoate to 2-(trimethylammonio) ethyl 2-methylpropenoate is
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Table 5.3 Chemical and trade names of Polymethacrylates produced by various companies.

Chemical Name

Trade Name

Company Name

Poly(butyl methacrylate,
(2-dimethylaminoethyl) meth-
acrylate, methyl methacrylate)
1:2:1

Eudragit E 100 Eudragit E
12.5
Eudragit E PO

Evonik Industries

Poly(ethyl acrylate, methyl meth-
acrylate) 2: 1

Eudragit NE 30 D Eudragit
NE 40 D
Eudragit NM 30 D

Evonik Industries

Poly(methacrylic acid, methyl
methacrylate) 1 : 1

Eudragit L 12.5
Eudragit L 12.5 P

Evonik Industries

acrylate, trimethylammonio-
ethyl methacrylate chloride) 1
:2:0.2

PO Eudragit RL 30 D
Eudragit RL 12.5

Poly(methacrylic acid, ethyl acry- | Acryl-EZE Colorcon
late) 1:1 Acryl-EZE 93A Colorcon
Acryl-EZE MP Eudragit L 30 | Colorcon
D-55 Evonik Industries
Eudragit L 100-55 Evonik Industries
Eastacryl 30D Eastman
Chemical
Kollicoat MAE
30 DP BASEF Fine
Kollicoat MAE Chemicals
100 P
BASF Fine
Chemicals
Poly(ethyl acrylate, methyl meth- | Eudragit RL 100 Eudragit RL | Evonik Industries

Poly(ethyl acrylate, methyl meth-
acrylate, trimethylammonio-
ethyl methacrylate chloride) 1
:2:01

Eudragit RS 100 Eudragit RS
PO

Eudragit RS 30 D Eudragit
RS 12.5

Evonik Industries

about 1:2: 0.2 for Type A and 1:2: 0.1 for Type B. Polyacrylate dispersion (30 percent)
is described in PhEur 6.3 as a dispersion in water of a copolymer of ethyl acrylate and
methyl methacrylate having a mean relative molecular mass of about 8, 00,000. It may
contain a suitable emulsifier. The USP32-NF27 describes methacrylic acid copolymer
as a fully polymerized copolymer of methacrylic acid and an acrylic or methacrylic
ester. The monograph defines three types of copolymers, namely, Type A, Type B, and
Type C. They vary in their methacrylic acid content and solution viscosity. Type C
may contain suitable surface-active agents. Ammonio methacrylate copolymers Type



PorymEeRIC SYsTEMS IN QUIcK D1ssoLvING NOVEL FiLMs 157

A and Type B, consisting of fully polymerized copolymers of acrylic and methacrylic
acid esters with a low content of quaternary ammonium groups, are also described in
USP32-NF27. Variation occurs in their ammonio methacrylate units. USP32-NF27
also describes amino methacrylate copolymer as a fully polymerized copolymer of
2-dimethylaminoethyl methacrylate, butyl methacrylate and methyl methacrylate.
Typically, the molecular weight of the polymer is >100 000.

5.4.7.1 Method of Manufacture

Polymerization of acrylic and methacrylic acids or their esters leads to its preparation,
e.g., butyl ester or dimethylaminoethyl ester.

5.4.7.2  Safety and Regulatory Status

Polymethacrylates are included in the FDA Inactive Ingredients Database.

5.4.8 Microcrystalline Cellulose

Microcrystalline cellulose (Scheme 5.7) is also known as Avicel PH; Cellets; Celex; cel-
lulose gel; hellulosum microcristallinum; Celphere; Ceolus KG; crystalline cellulose;
E460; Emcocel; Ethispheres; Fibrocel; MCC Sanaq; Pharmacel; Tabulose; and Vivapur.

It is a purified, partially depolymerized cellulose, that occurs as a white, odorless,
tasteless, crystalline powder and is composed of porous particles having an empirical
formula (C.H, O,) ,and a molecular weight »36000. It is commercially available in dif-
ferent particle sizes and moisture grades that have different properties and applications.

It chars at 260-270°C.

5.4.8.1 Pharmaceutical Applications

Microcrystalline cellulose is widely used in pharmaceuticals, primarily as a binder/
diluent in oral tablet and capsule formulations where it is used in both wet-granulation
and direct-compression processes. In addition to its use as a binder/diluent, microcrys-
talline cellulose also has some lubricant and disintegrant properties that make it useful
in tableting. It acts as a disintegrant at 5-15% concentration.
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Scheme 5.7 Chemical structure of Microcrystalline cellulose.
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5.4.8.2  Method of Manufacturing

Controlled hydrolysis with dilute mineral acid solutions of a-cellulose, which is obtained
as a pulp from fibrous plant materials, is used in the manufacturing of microcrystal-
line cellulose. Following hydrolysis, the hydrocellulose is purified by filtration and the
aqueous slurry is spray-dried to form dry, porous particles of a broad size distribution.

5.4.8.3 Safety and Regulatory Status

Microcrystalline cellulose is listed in GRAS and is accepted for use as a food additive in
Europe. It is also included in the FDA Inactive Ingredients Database.

5.5 Role of Plasticizers in Novel Quick Dissolving Film

Plasticizer is an important ingredient of the OS formulation. It helps to enhance the
pliability of the strip and reduces the crispness of the strip. Plasticizer considerably
improves the strip properties by reducing the glass transition temperature of the poly-
mer. The choice of plasticizer depends upon its compatibility with the compound and
conjointly the kind of solvent utilized within the casting of the strip.

Use of plasticizer can increase the flow of polymer and enhance the strength of the
polymer [31,32]. As wafers still have a comparatively high water content once dried,
water itself acts as plasticizer. Glycerol, propylene glycol, low molecular weight poly-
thene glycols, phthalate derivatives like dimethyl, diethyl and dibutyl phthalate, citrate
derivatives like tributyl, triethyl, ethanoyl group, triacetin and castor oil are some of
the normally used plasticizer excipients. Generally the plasticizers are employed in a
concentration of 0-20%w/w of dry polymer weight. But inappropriate use of plasticizer
could result in film cracking, ripping and peeling of the strip [2]. It has been conjointly
reported that the utilization of certain plasticizers may additionally have an effect on
the absorption rate of the drug [33]. The plasticizer utilized ought to impart permanent
flexibility to the strip and it depends on the volatile nature and also the form of interac-
tion with the polymer. It ought to be noted that the properties of plasticizer are vital
to decrease the glass transition temperature of polymer within the range of 40-60°C
for non-aqueous solvent system and below 75°C for aqueous systems [34]. Plasticizer
should be compatible with the drug in addition to alternative excipients used for prepa-
ration of the strip.

Among the various grades of polyethylene glycol (PEG); PEG 300 was found to
be higher plasticizer for gelatin as compared to higher relative molecular mass PEG.
This is often because lower molecular weight PEG formed visually superior films and
had low water vapor permeation rate. Once sugars like mannitol and sorbitol were
tested as plasticizers for gelatin strips, sorbitol was found to be higher as compared
to mannitol since mannitol crystallizes out from the gelatin strip [35]. Maltodextrin
can even be plasticized and regenerated into OS with incorporation of glycerol and
propylene glycol as plasticizer within the concentration range of 16-20% w/w. In this
case, glycerol was found to be higher than propylene glycol once the strips were manu-
factured by solvent casting as well as hot-melt extrusion strategies. However, PEG has
miscibility issues with maltodextrins and does not act very well as good plasticizers
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[14]. Certain drug molecules themselves will act as plasticizer. For instance, ibupro-
fen interacts with Eudragit RS 30 D in the role of a plasticizer. In this case, the glass
transition temperature of Eudragit RS 30 D decreased and smooth film formation was
ascertained as a result of the hydrogen bonding between the drug and the polymer.
Also, the dissolution rate of ibuprofen decreased once its concentration within the
formulation was increased [36].

There are two mechanisms propagated on how the plasticization takes place, spe-
cifically internal plasticization (involving chemical interaction) and external plasti-
cizing impact. Formulators prefer to adopt the latter mechanism because it does not
involve chemical interactive alterations within the product. An example of internal
plasticization is wherever PEG 4000 was used as plasticizer for phenobarbital where
the drug release was reduced to a significant extent [37]. The chemical structure and
concentration of plasticizers play a crucial role in alleviating the glass transition
temperature of the polymers. Cellulosic hydrophilic polymers were simply plasti-
cized with hydroxyl group containing plasticizers like PEG, propylene glycol, glyc-
erine and polyols. In contrast, less hydrophilic cellulosic polymers were plasticized
with esters of citric acid and phthalic acid [8]. Glycerine acts as a better plasticizer
for polyvinyl alcohol, whereas diethylene glycol can be used for both Hypromellose
as well as polyvinyl alcohol films [37]. The literature conjointly witnesses that the
taste of glycerine plasticized ODFs was preferred over the taste of propylene glycol
plasticized films [14].

5.6 Characterization Procedure Listed in the Literature for
Fast Dissolving Films

Different pharmacopoeias reveal the monographs of common dosage forms (e.g.,
Ph.Eur, USP). Though the dosage forms for application in oral cavity, i.e., medicated
chewing gums, oromucosal preparations, orodispersible tablets or oral lyophillisates
are enclosed, monographs and specifications for oral films or wafers have nevertheless
been established. To decide the potency and dependableness of the pharmaceutically
developed wafers, they are evaluated for their physicochemical parameters, which are
of overriding importance. The characterizations of the various properties of fast dis-
solving films are categorized into mechanical, chemical and analytical properties.

5.6.1 Thickness and Weight Variation

The measurement of the thickness of the film is usually performed by using a well-cal-
ibrated electronic digital micrometer, screw gauge, vernier caliper or by SEM images.
The essentiality of the measurement is to ascertain the uniformity of the film thickness,
as it is directly related to the accuracy of dose in the film. Moreover, an optimum thick-
ness is necessary to provide adequate bioadhesion [38]. The expansion of the thickness
of the film has led to the criticalness of the choice of polymers (polyvinyl pyrrolidone,
Eudragit, etc.) [14]. As a general criterion, an ideal buccal film should exhibit a thick-
ness between 50 and 600 pm.
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Weight variation technique includes weighing of the individual films followed by
calculation of the average weights. Then the average weight of the films is subtracted
from the individual weights. Large variation in weight depicts the inefficiency of the
method employed and is likely to have non-uniform drug content.

5.6.2 Film Flexibility

The film flexibility is determined by adapting the ASTM bend mandrel test (D 4338-
97), where a 2-3 cm sample is bended over an 8 mm mandrel and examined for cracks
over the area of the bend in a strong light. If no cracks are visible at 5x magnification,
the films are assumed to be flexible [14].

5.6.3 Tensile Strength

Mechanical properties play a crucial role in the physical integrity of the dosage form.
The tensile strength measures the strength of the film as diametric tension or tear-
ing force. Ongoing studies use this parameter to measure the mechanical strength
of the films during formulation optimization. Stretching is done until the sample
under test tears and the stress needed represents the tensile strength. It is calculated
by dividing the force (N) at which the film breaks with the cross-sectional area (m?)
of the film.

The determination of the mechanical properties of a buccal film is usually based on
the ASTM D882 method [39].

The literature reveals several methods for the measurement of tensile strength.
Texture analyzer equipment, texture analyzer AG/MC1 (Acquati, I), is reported, which
is equipped with a 5 N load to determine the tensile strength of the prepared film [14].
On the texture analyzer, each test strip is placed in the tensile grips longitudinally.
Initial grip separation and crosshead speeds are 60 mm and 500 mm min™ respec-
tively. The conclusion of the test is drawn at the film break. In another method, Palem
et al. [40] used a microprocessor-based advanced force gauze with a motorized test
stand to assess the tensile strength of the buccal patches. It is calculated by the applied
load at rupture divided by the cross-sectional area of the strip as given in the equation
below [2]:

Tensile strength = [Load at failurex 100]/
Strip thickness Strip width
(5.1)

5.6.4 Tear Resistance

Tear resistance of plastic film or sheeting is a complex function of its ultimate resistance
to rupture. Basically, very low rate of loading—51 mm (2 in.)/min—is employed and is
designed to measure the force to initiate tearing. The maximum stress or force (that is
generally found near the onset of tearing) required to tear the specimen is recorded as
the tear resistance value in newtons (or pounds-force) [41,42].
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5.6.5 Young’s Modulus

Measurement of stiffness of film represents Young’s or elastic modules. The methods used
for the measurement of tensile strength can also be utilized here. This measures resistance
to deformation and can be observed by plotting the stress-strain curve wherein the slope
measures the modulus. The higher the slope, the greater is the tensile modulus. However,
a gentle slope measures a low tensile modulus and a case of deformation. Further, if the
modulus keeps on changing with stress, the initial slope gives the modulus, and is com-
monly observed in the case of plastic materials. In general, films which are hard and
brittle possess higher tensile strength and higher Young’s modulus values [38].

5.6.6 Folding Endurance

The flexibility of buccal films is an important physical characteristic needed for easy
application on the site of administration. This flexibility is measured quantitatively in
terms of folding endurance and is determined by repeatedly folding the film at 180°
angle of the plane at the same plane until it breaks or is folded to 300 times without
breaking. The number of times the film is folded without breaking is computed as the
folding endurance value.

5.6.7 ATR-FTIR Spectroscopy

An intact contact angle provides interaction between the drug and polymer in films.
Hence the prepared films are generally assessed for this interaction. Analytical tech-
niques such as FTIR can easily detect the chemicals and assess the compatibility of drug
with the excipients by scanning the mixture. The FTIR spectrophotometer records the
spectra of the samples using the KBr disc. The drug and excipients are pulverized, gently
triturated with KBr powder in a specific weight ratio and compression is done using a
hydrostatic press at a particular pressure. Then the disc is placed in the sample holder
and scanned to obtain the spectra. In an advanced ATR-FTIR machine, a simple probe
is used to record the spectra. The films are placed in contact with the probe and the
machine thus can record the spectra.

5.6.8 Thermal Analysis and Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter records the thermograms of the samples, which pro-
vide insight into the state of the drug molecules inside the film. Any shift in the endother-
mic or exothermic peak or widening of peak area directly represents phase transition,
recrystallization or molecular interaction of the drug molecule entrapped inside the film.
Assessment of this is done by heating the sample in an aluminum pan at room tempera-
ture to elevated temperature (~500°C) at a specified heating rate (~10°C/min).

5.6.9 Disintegration Test

Deaggregation of solid dosage form (e.g., tablet or capsule) into its primary particles
is termed as disintegration, and is thereby distinguished from drug dissolution. But in
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case of oral quick dissolving film, disintegration and concurrent dissolution occurs in
a small amount of saliva, making it difficult to mimic natural conditions and measure
with an adequate method.

The disintegration time limit of 30 s or less for orally disintegrating tablets described
in CDER guidance can be applied to fast dissolving oral strips [43]. The literature reveals
different methods for determination of the disintegration process of quick dissolving
films. Use of a pharmacopoeial disintegrating test apparatus is also recommended for
such a study. A simple method as described by El-Setouhy [44] is by placing the film
size required for dose delivery (2x2 cm) on a glass Petri dish containing 10 mL of dis-
tilled water. In-vitro disintegration time is recorded as the time required for the film
to break. In another method, films are fixed in slide frames and placed upon a beaker.
Placing a drop (200pl) of distilled water on the film and noting the time until the drop
was able to wet through the film was recorded by Preis and coworkers [45].

Thermomechanical analysis for swelling is also studied to investigate the disintegra-
tion process. In the case of buccal wafers, the films swell and subsequently dissolve, so
it is not a swelling process in the common sense. Thermomechanical analysis (TMA)
is reported for buccal wafers using a Mettler TA 3000 apparatus (Mettler Toledo,
Germany) with TC 10A processor and a TMA 40 load cell. Discs are film coated with
either placebo or verum film solutions, each with the same width (900um). A film-
coated disc is placed into a crucible and annealed. The measuring sensor is placed onto
the surface with a constant force of 0.02 N at a constant temperature of 37°C. Addition
of 250 pL of purified water is done using a syringe [46]. Disintegration behavior is
predicted from the developed setup. The swelling process is finished when the sensor
dips onto the surface of the metallic disc.

Contact angle measurement is another type of process utilized for the study of dis-
integration time of quick dissolving films. Optical contact angle meter measures the
time-dependent contact angles. Distilled water of volume 7.5 pL is dropped onto the
film lying planar on the surface at room temperature. After 30 s the contact angle is
determined by using the specialized software. Measurement of the contact angle can be
done by different methods like the two tangential methods, a height-width ratio, the
circle fitting and the sessile drop fitting [46].

5.6.10 X-ray Diffraction Study or Crystallinity Study of Films

An X-ray diffractometer can determine the physical form (crystalline or amorphous) of
the drug molecule inside the film by X-ray crystallographic analyses. Placing the film in
the sample holder and acquiring the XRD transmission diffractograms with a specific
X-ray source over a start to end diffraction angle, scan range and scan speed can be
obtained. The literature cites reports of identification of solubilization or conversion of
crystalline drug to molecular dispersion within the films during the formulation stage
by X-ray diffractograms, due to incorporation of plasticizers like propylene glycol [22].

5.6.11 Morphological Study

Surface properties, i.e., surface texture (smooth/rough), drug distribution (homo-
geneity, aggregated/scattered), thickness, etc., of prepared films can be evaluated
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using SEM, electron microscopy and scanning tunneling microscopy. The literature
reveals that most of the studies are reliant on SEM for assessing the surface mor-
phology of the films. This is performed by mounting the films on stubs that are
sputter coated with gold in an inert environment and photographed using SEM to
obtain suitable magnified images. Identification of the shape, size and number of
pores in the buccal films and the possible influence of plasticizer has been reported
by the use of SEM. Certain studies have reported an assessment of the influence of
chemical composition of the film on the surface morphology, crystallinity, etc., by
utilization of SEM [38].

Analysis of the distribution of substances within the quick dissolving films or
wafers is done by Near-infrared chemical imaging (NIR-CI). NIR-CI is a non-invasive
approach where the polymers and the active ingredient are analyzed separately. Suitable
vibrational bands for both substances are detected for selective imaging. During manu-
facturing of the quick dissolving films/wafers the recrystallization process takes place,
and clarification of whether the polymer, the active ingredient or one of the excipients
is recrystallized during this process is done by NIR-CI [46].

5.7 Conclusion and Future Perspectives

Many pharmaceutical companies are switching their product franchises from ODTs to
quick dissolving films due to their advantages over ODTs with respect to their being a
consumer-friendly alternative. Patent non-infringing product development is opened
by utilization of these delivery systems. It also allows brand extension by the pharma-
ceutical companies for their existing products, and also helps to improve product life-
cycle management by increasing the patent life of existing molecules or products. Due
to ease of fabrication, bypassing complicated and expensive processes (like lyophiliza-
tion) used to manufacture ODTs, these types of formulations reduce the overall cost of
the therapy. This delivery platform shows promising business potential for the future in
different areas of pharmaceuticals, cosmeceuticals and in nutraceuticals.
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Abstract

This chapter describes recent developments of natural and synthetic biomaterials to support
the propagation of human pluripotent stem cells (hPSCs), including human embryonic stem
cells (hESCs) and induced pluripotent stem cells (hiPSCs), while maintaining pluripotency in
feeder-free cultures. hPSCs are differentiated into any kind of tissue cells in our body, which will
be used as pharmaceuticals as cell therapy. The development of methods for culturing these cells
without using mouse embryonic fibroblasts (MEFs) as a feeder layer will enable more reproduc-
ible culture conditions and reduce the risk of xenogenic contaminants when used in pharma-
ceuticals. The combination of human ECM proteins or cell adhesion molecules and synthetic
biomaterials with well-designed surfaces and/or structures (e.g., scaffolds, hydrogels, microcar-
riers, microcapsules, or microfibers) in the presence of a chemically defined medium containing
recombinant growth factors would offer a xeno-free alternative to feeder cells for culturing
hPSCs and maintaining their pluripotency.

Keywords: Embryonic stem cells, induced pluripotent stem cells, cell culture, biomaterial,
pluripotency, differentiation, vitronectin, extracellular matrix

6.1 Introduction

Human embryonic stem cells (hESCs) are derived from the inner cell mass of 3-
to 5-day-old blastocysts [1,3,4]. Recently, pluripotent stem cells that are similar to
ESCs were derived from an adult somatic cell by the “forced” expression of certain
pluripotency genes [5-8], such as Oct3/4, Sox2, c-Myc and klf-4, or their proteins
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[9,10] and microRNAs [11]. These cells are known as induced pluripotent stem cells
(iPSCs). iPSCs are believed to be similar to ESCs in many respects. However, human
iPSCs (hiPSCs) do not have the ethical concerns that hESCs have, which is due to
the destruction of human embryo for the preparation of hESCs. Human pluripotent
stem cells (hPSCs), such as hESCs and hiPSCs, open avenues for drug discovery and
regenerative medicine. The development of a fully defined microenvironment for cul-
turing hPSCs will have a tremendous impact on the use of hPSCs in cell therapy
and tissue engineering [12-15]. The current gold standard for maintaining hPSCs in
an undifferentiated state commonly uses the culturing method on feeder cells (e.g.,
mouse embryonic fibroblasts [MEFs] or human feeder cells, such as human foreskin
fibroblasts [16,17] and human adipose-derived cells [18]) or on Matrigel [19,20] or
Geltrex [21] (Figure 6.1). The use of feeder cells to culture hPSCs is time consuming,
varies depending on the specific lot of feeder cells, and is labor intensive. In con-
trast, Matrigel and Geltrex are composed of substrates isolated from the sarcomas of
Engelbreth-Holm-Swarm mice, which include collagen IV, laminin, heparan sulfate
proteoglycans, enactin, and growth factors (e.g., fibroblast growth factor [FGF], epi-
dermal growth factor [EGF], and transforming growth factor-p [TGF-f]), and have
been used to maintain the pluripotency of many hPSC lines [1]. These culture condi-
tions are undefined, and their xenogenic components of these molecules obstruct the
clinical application of hPSCs [22,23]. Furthermore, there are concerns regarding the
transfer of xenogenic viruses, in addition to immunogenic epitopes, such as the non-
human sialic acid N-glycolylneuraminic acid (Neu5Gc), to humans [22].
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Figure 6.1 Culture methods for human pluripotent stem cells (hPSCs). hPSCs can be cultured on mouse
embryonic fibroblasts (MEFs) or human feeder cells. Feeder-free culturing of hPSCs is possible on xeno-
containing Matrigel. Several types of feeder-free and xeno-free cultures of hPSCs can be developed on
extracellular matrix (ECM)-coated surfaces and oligopeptide-immobilized surfaces. hPSCs can also be
cultured on polysaccharide hydrogels or on synthetic polymer surfaces by selecting a specific GAG or

a specific polymer with optimal water content. Reproduced with permission from [2]; Copyright 2014
Elsevier Inc.
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Table 6.1 Feeder-free culture of hPSCs on ECM-immobilized substrates in a defined
medium.* Reproduced with permission from [2]. Copyright 2014 Elsevier Inc.
Cell Lines Cell Culture Culture Longest Ref (Year)
Substrates (2D Medium Time in
or 3D Culture) Culture
hESCs (H9, CA2) Decellularized ECMs HEScGRO with | 20 passages 46 (2010)
from human bFGF
foreskin fibroblasts
(2D)
hESCs (H1, H9) Decellularized ECMs | TeSR2 20 passages 43 (2011)
from human EB
derived from
hESCs (2D)
hESCs Decellularized ECMs | TeSR2 not specified 44 (2012)
from human
foreskin fibroblasts
(2D)
hiPSCs (UTA1) FN-coating dishes hESF9a 27 passages 61 (2010)
(2D)
hESC (I6) CELLstart-coating StemPro 28 passages 21 (2009)
dishes (2D)
hESCs (Shef3, CELLstart-coating StemPro 20 passages 51 (2011)
Shef6) dishes (2D)
iPSC from ADSCs | CELLstart-coating NutriStem Not specified | 55 (2010)
dishes (2D)
hESCs (RC6, 9, 10, | CELLstart-coating StemPro not specified 56 (2012)
13) dishes (2D)
hESCs (H1, HSF1) | FN or LN-coating DMEM/F12 25 passages 57 (2011)
dishes (2D) with small
molecules &
bFGF
hESCs (H1, H9, FN, VN, Col I, PDL, HGM, XSR, or 15-34 31(2012)
CA1) iPSC(4YA, or CELLstart- TeSR2 with passages
4YE, BJ-EOS, coating dishes (2D) and without
4YF) Y27632
hESCs (H9, CELLstart or mTeSR1 or 6 passages 58 (2010)
CHA®6) Vitronectin- StemPro
coating dishes (2D)

(Continiued)
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Cell Lines Cell Culture Culture Longest Ref (Year)
Substrates (2D Medium Time in
or 3D Culture) Culture
hESCs (H9, CA1) CELLstart, mTeSR1 5-10 passages | 53 (2011)
StemXVivo,
BridgeECM,
MEF-CMTX, or
FN-coated dishes
(2D)
hESCs (HES2, VN, LN, FN, Col 1V, mTeSR1 8 passages 59 (2008)
HUESI) or entactin-coating
dishes (2D)
hESCs (HS181, Mixed ECMs (human | mTeSR1, not specified 47 (2007)
HS237, HS293, Col IV, VN, FN, X-Vivo 20
HS306) LN)-coating dishes
(2D)
hESC (BGO1V) LN-coating dishes DMEM/F12, 35 passages 70 (2010)
(2D) Activin-A,
bFGE chi-
mera protein
hESCs (HS207, LN-511 coating O3 or H3 20 passages 62 (2010)
HS420, HS401) dishes medium
hESCs (HES-3, LN or VN coating StemPro 20 passages 113 (2012)
H7) microcarriers (3D)
hESCs (HES-3, VN-coating dishes mTeSR1 20 passages 68 (2011)
H1)
hESCs (MELL, Recombinant VN StemPro 10 passages 69 (2010)
MEL2, hES3)

*Col, collagen; EB, embryonic body; FN, fibronectin; LN, laminin; VN, vitronectin; PDL, poly-D-lysine

There is a demand to develop hPSC lines suited to conditions that support large-
scale cell manufacture under feeder-free and xeno-free conditions in facilities that are
compliant with current good manufacturing practice (cGMP) [24-27]. The presence
of feeder cells restricts the use of hESCs and hiPSCs. Extensive research has developed
several alternative hPSC culture conditions that do not involve feeder cells. However,
the key factors responsible for maintaining hPSC self-renewal capabilities are not still
evident [19,28-30]. The basic FGF (bFGF), Wnt, and Activin/Nodal pathways are
expected to be important for the maintenance of hPSC pluripotency. Furthermore,
controlled propagation that maintains hPSC pluripotency is an important technology
for creating the bankable populations of hPSCs required for future research geared
toward regenerative medicine [28].
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Table 6.2 Feeder-free culture of hPSCs on oligopeptide-immobilized, chimera protein-
immobilized, and glycosaminoglycan-immobilized substrates in a defined medium.a
Reproduced with permission from [2]. Copyright 2014 Elsevier Inc.
Cell Lines Cell Culture Culture Longest Ref (Year)
Dubstrates (2D or Medium Time in
3D Culture) Culture
Synthetic oligopeptide- and polypeptide-immobilized surface
hESCs (H1, H7, Oligopeptide mTeSR1 17 passages | 74 (2010)
H9, H149), iPSCs (heparin-binding medium
(IMR90-1) domain) immo- with
bilized dishes ROCK
(2D) inhibitor
hESCs (H1, H7) Oligppeptide XVIVO10 10 passages | 71 (2010)
(BSP, VN)- +GFs,
immobilized mTeSR1
dishes (2D)
hESCs (H9, H14) Cyclic RGD- mTeSR1 5 days 73 (2010)
immobilized
dishes (2D)
hESCs (H9, BGN1) | PDL-immobilized mTeSR1 2 passages 120 (2008)
dishes (2D) medium
with
ROCK
inhibitor
hESCs (H1, H9) PDL-coating mTeSR1 14 days 96 (2012)
pDTEc microfi-
bers (3D)
iPSCs Pronectin F ReproFF 45 passages | 48 (2012)
Chimera protein-immobilized surface
hESC (H1, H9), E-cadherin chimera | mTeSR1 35-53 76 (2010)
hiPSC (hiPSC3a, passages
hiPSCé6a)
hESCs StemAdhere TeSR2 not specified | 79 (2012)
(chimera

E-cadherin)-
coating dishes

(2D)

(Continiued)
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Cell Lines Cell Culture Culture Longest Ref (Year)
Dubstrates (2D or Medium Time in
3D Culture) Culture
GAG scaffold
hESCs (HUES?7, Microfiber of mTeSR1 10 passages | 81 (2012)
BG01V/hOG), chitin/alginate
hiPSCs (PD-iPS5,
hFib2-iPS4)
Synthetic polymer surface
hESCs (H9, BG01) PMEDSAH surface | StemPro 3-10 85 (2010)
passages
hESCs (HUES]I, PMVE-alt-MA StemPro 5 passages 88 (2010)
HUES9) surface
hESCs (H7, H9, PMEDSAH surface | StemPro 10 passages | 23 (2011)
BGO01, CHB-8,
CHB-10)
hESCs (H1, H9) APMAAm surface mTeSR1 20 passages 87 (2011)
hESCs (BGO01, H9) PMEDSAH surface mTeSRI, 25 passages | 86 (2012)
StemPro
hESC (RH1) AFEtMA-CI/DEAEA | mTeSR1 20 passages 89 (2013)

*APMAAm, aminopropylmethacrylamide; BSP, bone sialoprotein; GAG, glycosaminoglycan; PMEDSAH,
poly[2-(methacryloyloxy(ethyl ~ dimethyl-(3-sulfopropyl)ammonium  hydroxide; =~ PMVE-alt-MA,
poly(methyl vinyl ether-alt-maleic anhydride); VN, vitronectin

Currently, together with a chemically defined culture medium, cell culture matrices
have been investigated to culture hPSCs and to maintain their pluripotency. These matri-
ces are chemically defined and/or void of xenogenic components (Tables 6.1 and 6.2).
However, the newly designed matrices require a combination of specific culture media,
and only specific hPSCs can maintain pluripotency on these cell culture matrices [31].
Therefore, it is currently difficult to determine the optimal matrices for hPSC culture.

Medical engineering scientists and molecular biologists have recently examined the
effects of culture conditions on stem cell fate. Additionally, since 2010, several novel
biomaterials and methods for hPSC culture on these biomaterials have been devel-
oped under feeder-free and xeno-free culture conditions. Therefore, this chapter
mainly focuses on the current developments in hPSC culture materials and describes
the biomaterial-assisted regulation of hPSCs under feeder-free and xeno-free culture
conditions.
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Figure 6.2 Schematic representation and conceptual model of hPSC culture. The hPSC culture on

(a) an oligopeptide-immobilized surface (2D and 3D), (b) an ECM-immobilized surface (2D and 3D),
() a surface that does not support hPSC culture (2D and 3D), (d) a synthetic polymer surface that
supports hPSC culture (2D and 3D), (e) a 3D hydrogel prepared with GAG or another polymer, and

(f) a microfiber surface that supports hPSC culture. On the oligopeptide-immobilized (a) and ECM-
coated substrates (b), which contain exogenous oligopeptides and ECMs, respectively, hESCs can attach
via cell-oligopeptide or cell-ECM contacts. Alternatively, hESCs can further produce endogenous ECMs
to form extensive cell-matrix contacts and colonies. On synthetic (d,f) and hydrogel (e) substrates that
lack exogenous ECMs, hESCs produce ECM (endogenous ECM, red) and establish proximal cell-cell
contacts instead of forming extensive cell-matrix contacts and colonies. Reproduced with permission
from [2]; Copyright 2014 Elsevier Inc.

There are several strategies for developing biomaterials for hPSC culture under
chemically defined and feeder-free conditions. These strategies include hPSC culture (a)
on two-dimensional (2D) dishes with immobilized natural extracellular matrix (ECM)
polymers, (b) on 2D dishes with immobilized synthetic oligopeptides derived from
ECMs, (¢) on 2D hydrogels prepared from polysaccharide such as glycosaminoglycan
(GAG), (d) on 2D dishes prepared from synthetic monomers, (e) on 3D microcarriers
with or without bioactive molecules (ECM, oligopeptides, or GAG) immobilization,
and (f) in porous or hydrophilic 3D microcapsules (Figures 6.1 and 6.2).

6.2 Analysis of the Pluripotency of hPSCs

The hPSCs display high telomerase activity and express several pluripotency surface
markers, such as glycolipid stage-specific embryonic antigen 4 (SSEA-4), tumor rejec-
tion antigen 1-60 (Tra-1-60), keratan sulfate-related antigen, and tumor rejection
antigen 1-81 (Tra-1-81), but not glycolipid stage-specific embryonic antigen 1 (SSEA-
1). SSEA-1 is expressed on mouse ESCs. High expression levels of specific pluripo-
tency genes are also shown by hESCs, such as Oct3/4, Oct-4 (POU5F1, POU domain
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Table 6.3 Characterization of Pluripotent ESCs and iPSCs.* Reproduced with permission
from [1]. Copyright 2011 American Chemical Society.

Characterization Specification (Examples)

1. Morphology Colony formation
Cell morphology

2. Protein level Oct-4, Oct-3/4, Nanog, TRA-1-60, Tra-1-81, SSEA-3,
Surface marker analysis SSEA-4
Immunohistochemical Oct3/4, Oct-4, Sox-2, SSEA-3, SSEA-4, TRA-1-60,
analysis TRA-1-81, Nanog

Alkakine phosphatase(AP)

SSEA-1(Negative staining)(G77,G207,A1)

3. Gene level Oct3/4, Oct-4, Sox-2, Nanog, TDGF-1, UTF-1, REX1,
hTERT, ABCG2, DPPA5, CRIPTO, FOXD3, Tertl,
Rex2, DPPA5

4. Differentiation ability Embryonic body formation in vitro (EB)

Teratoma formation in vivo

“Bold gene and proteins are frequently analyzed for the characterization of hESCs and human iPSs.

transcription factor), Nanog, Sox-2, Rex-1, and hTERT, the catalytic component of
telomerase. Table 6.3 summarizes the characteristics of pluripotent hESCs [1].

The pluripotency of hPSCs is evaluated based on (a) the colony formation ana-
lyzed by microscopy, as hPSCs generate colonies with tight boundaries; (b) the alkali
phosphatase activity (ALP) measured by colorimetry detection with enzyme-substrate
detection; (c) the expression of pluripotency genes evaluated by RT-PCR and qRT-PCR
measurements; (d) the expression of pluripotent proteins measured by flow cytometry
and immunostaining analysis; and (e) the ability to differentiate into three germ layer
cells measured by embryoid body (EB) formation and by teratoma formation, which
are analyzed by hematoxylin and eosin (H&E) staining and immunostaining methods
(Figure 6.3 [1,2]). It is also important to confirm that the hPSCs do not have any karyo-
type abnormality after long-term culture.

6.3 Physical Cues of Biomaterials that Guide Maintenance of
PSC Pluripotency

Biological cues, such as growth factors, hormones, ECMs, and small chemicals, can
guide the pluripotency and differentiation direction of stem cell fate [32,33]. For many
years, researchers have devoted substantial effort to identify the soluble factors that
mimic the stem cell microenvironment. However, investigators have recently realized
the potential importance of the physical cues of biomaterials that influence stem cells;
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Figure 6.3 Characterization of pluripotent hPSCs. The pluripotency of hPSCs is evaluated based on (a)
the colony morphology measured using microscopy (1st screening); (b) the ALP activity measured using
an enzyme-substrate reaction, the pluripotent protein expression measured using immunohistochemical
or flow cytometry analysis, and the pluripotent gene expression measured using RT-PCR or

qRT-PCR analysis (2nd screening); and (c) the ability to differentiate into cells from all three germ

layers analyzed using EB and teratoma formation. The pictures in this figure are used with permission
from [1]; Copyright 2011, Adapted with permission from American Chemical Society. Reproduced with
permission from [2]; Copyright 2014 Elsevier Inc.

these cues include elasticity (stiffness), surface roughness, and the hydrophilicity of the
biomaterials used for cell culture [34,35].

Physical interactions between stem cells and the elasticity (or stiffness) of the ECMs
where the cells are cultured can guide the stem cell fate of differentiation, although the
control of stem cell fate has been classically attributed to genetic and/or epigenetic medi-
ators [36]. Recently, investigators have begun to recognize that the elasticity of cell cul-
ture biomaterials guides the lineage commitment of human stem cells. Stem cells tend
to efficiently differentiate into specific lineages of tissue cells when the stem cells are cul-
tured on biomaterials with elasticity similar to those tissues [34,35]. Figure 6.4 provides
examples of the elasticity of human tissues and natural and synthetic polymers [35].



176 HANDBOOK OF POLYMERS FOR PHARMACEUTICAL TECHNOLOGIES

Alginate gel

PTFE

Acrylate copolymer gel

Differentiated tissue cells
===

Brainneuralcells PDMS Osteoid
=

[————] I
Bone PET Polystyrene (10°)
marrow ESCs Skeletal-muscle membrane Rigid bone (10°)

]| | = ] I

1 1 1 1

102 10° 104 105 106 107 108
Elasticity (Pa)

Figure 6.4 Examples of the elasticity of human tissues (blue bars and arrows), synthetic polymers
(red bars and arrows), and natural polymers (green arrows). Reproduced with permission from [35];
Copyright 2013 American Chemical Society.

6.3.1 Effect of Biomaterial Elasticity on hPSC Culture

The elasticity of cell culture substrates affects the cell morphology, cell phenotype, and
focal adhesions of stem cells, especially in 2D cultures [35]. The mechano-sensing of
substrates by stem cells is generated by integrin-mediated focal adhesion signaling
[37]. The attachment between cells and the ECM in cell culture substrates or tissues is
mediated by integrin receptors. The integrins are composed of obligate heterodimers
containing two distinct chains of a and  subunits, which contribute to cell-matrix
signaling by activating intracellular tyrosine kinase and phosphatase signaling to elicit
downstream biochemical signals that are important for the regulation of gene expres-
sion and stem cell fate [38].

Mouse ESCs (mESCs) were shown to maintain their pluripotency on soft substrates
(0.6 kPa) whose intrinsic stiffness matched that of the mESCs even in the absence of
exogenous leukemia inhibitory factor (LIF). In contrast, mESCs could not maintain
their self-renewal and pluripotency on conventional stiff culture polystyrene dishes (>
4 MPa) coated with collagen type I or on hydrogels with much stiffer moduli [39]. In
general, LIF had to be added to the culture medium during the expansion of mESCs
to maintain their pluripotency and self-renewal [24]. Several mESC cell lines could be
cultured on soft substrates without the addition of LIF to the culture medium; these
cultures maintained the generation of homogenous undifferentiated colonies with a
high expression of pluripotent markers (Oct3/4) and high alkaline phosphatase (ALP)
activity (index of pluripotency, see Table 6.3) for up to 15 passages, suggesting that
their soft hydrogels could be used for the long-term culture of mESCs [39]. In general,
laminin and vitronectin should be more optimal proteins than collagen, which was
used in a study that immobilized an ECM in the cell culture substrate to maintain the
self-renewal and pluripotency of ESCs and iPSCs [1]. Therefore, it is interesting to note
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that mESCs can be cultured on soft hydrogels coated with collagen type I while retain-
ing their self-renewal and pluripotency for 15 passages in the absence of LIF in the
culture medium [39]. The mESC colonies on soft cell substrates in a culture medium
without LIF generated low cell-matrix traction and had low stiffness. Both the traction
and stiffness of the colonies were triggered to increase as the cell culture substrate stift-
ness increased; these increases were also accompanied by a downregulated expression
of the pluripotent protein Oct3/4. This research implies that the self-renewal and pluri-
potency of mESCs can be maintained on soft cell culture substrates via the biophysical
mechanism of facilitating the generation of low cell-matrix traction [39]. Therefore, it
appears that an optimal biomaterial elasticity exists for hPSC cultures that maintain the
pluripotency of hPSCs [2].

The hESCs (H9) were cultured by our group in a chemically defined medium of
mTeSR1 on several grades of stiffness of hydrogels grafted with specific nanosegments
[2]. The hESCs cultured on relatively stiffer substrates (e.g., storage moduli of 25 kPa
and 30 kPa) tended to differentiate after five days of culture, whereas the hESCs cul-
tured on relatively softer substrates of 12-16 kPa maintained their pluripotency based
on the morphology of hESC colony (Figure 6.5) [2]. Only a few small or no colonies of
hESCs were observed on the softest substrates (10 kPa). Therefore, our results indicate
that cell culture substrates with the optimal elasticity can maintain the pluripotency of
a hESC culture [2].

A contradictory result was reported, in which stiff (rigid) substrates can maintain
hESC pluripotency [40]. Microfabricated elastomeric PDMS micropost arrays were
prepared by Sun et al., and the height of the PDMS microposts controlled the substrate
stiffness (elasticity) (Figure 6.6) [35,40]. The PDMS micropost arrays affect focal adhe-
sion, cytoskeleton contractility, cell morphology, and stem cell differentiation [35,40].
hESCs were cultured on oxygen plasma-treated micropost arrays coated with vitronec-
tin. The hESCs were mechano-sensitive, and their cytoskeleton contractility increased
with the increasing matrix stiffness of the micropost arrays. Stiff substrates supported
the maintenance of the hESC pluripotency [35,40]. Matrix mechanics-mediated cyto-
skeleton contractility is essentially correlated with E-cadherin expression in cell-cell
contacts and is involved in hESC cell fate decisions. The microenvironment of the hESC
culture on the micropost arrays significantly differed from that of a conventional 2D
culture [35,40]. This different microenvironment may lead to differences in the optimal
elasticities (stiffness) required to maintain hESC pluripotency, for which soft surfaces
are preferable in a conventional 2D culture and stiff surfaces are preferable in a micro-
post array culture [2].

6.3.2 Effect of Biomaterial Hydrophilicity on hPSC Culture

Biomaterial wettability can influence the bioresponse of cultured cells [41,42].
Therefore, Li et al. prepared vitronectin-coated dishes with different surface charges
and wettabilities for hESC culture: vitronectin (VN)-coated tissue culture polysty-
rene dishes (VN-TCPS), VN-coated polyethylene terephthalate films (VN-coated
PET), VN-coated polystyrene films that were plasma-treated in advance (VN-coated
PS-plasma), VN-coated PET films that were coated with poly-L-lysine in advance
(VN-coated PET+PLL), and VN-coated PET films that were coated with polyacrylic
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(b) Soft

(a) Stiff

Figure 6.6 Elastomeric polydimethylsiloxane (PDMS) micropost arrays in which the height of the
PDMS microposts controls the substrate stiffness (elasticity). Short and long microposts lead to stiff
and soft surfaces, respectively, although both micropost arrays are prepared with the same components
and PDMS crosslinking. Reproduced with permission from [35]; Copyright 2013 American Chemical
Society.

acid in advance (VN-coated PET+PAA) [41]. The VN-coated PET and VN-coated
PS-plasma films exhibited greater wettability but did not support the pluripotency
of HES-3 hESCs in MEF-CM. MEF-CM is a xeno-containing conditioned medium
prepared from mouse embryonic fibroblasts (MEFs). The hESCs cultured on the
cationic VN-coated PET+PLL film and the anionic VN-coated PET+PAA film
exhibited slower expansion rates than those of the hESCs cultured on the other
film types but maintained pluripotency for 13 passages. The highest expansion rates
and high pluripotent marker expression were observed in the hESCs cultured on
the VN-TCPS dishes, which exhibited a water contact angle of 65 degrees; the data
obtained under these conditions were comparable to those for cells cultured on
Matrigel [41]. Mei et al. also reported that the optimal wettability of culture dishes
was an important factor for culturing hPSCs and suggested that a polymer film with
a water contact angle of approximately 75 degrees supports hPSC expansion and
pluripotency [42].

Mei et al. used a combinatorial technique to evaluate biomaterials for culturing
hPSCs and maintaining their pluripotency using microarrays [1,2,42]. Twenty-two
acrylate monomers with various hydrophobicity and hydrophilicity values (water
contact angles) and various crosslinking densities were chosen for development in
the microarrays. The colony-formation frequency was investigated by examining the
number of polymer spots on which hESC colonies expressed the pluripotent mark-
ers Oct-4 and SSEA-4 [42]. The surface roughness of the substrate after fetal bovine
serum (FBS) adsorption did not correlate strongly with the colony formation fre-
quency, whereas the optimum wettability (65° < water contact angle < 80°) of the
copolymer was well correlated with a high colony formation frequency over a broad
range of polymer stiffness values. The polymers with a moderate water contact angle
(65° < water contact angle < 80°) that were generated from multiple acrylate-group-
containing monomers led to the best colony-formation frequency [1,2,42]. The ability
of the hit arrays to expand pluripotent hESCs in defined mTeSR1 medium was veri-
fied. These hESCs could differentiate into the cells from three germ layer lineages after
more than two months of culture (>10 passages) [1,2,42]. However, in this case, the
hESC culture was accomplished on synthetic copolymers with an FBS coating, which
indicates that acrylate copolymers alone cannot support hESCs under xeno-free con-
ditions [2].



180 HANDBOOK OF POLYMERS FOR PHARMACEUTICAL TECHNOLOGIES

6.4 Two-Dimensional (2D) Culture of hPSCs
on Biomaterials

6.4.1 hPSC Culture on ECM-Immobilized Surfaces in 2D

In addition to MEFs, several human cell lines have been shown to be suitable feeders for
hPSC culture. It is rational to assume that adhesion-based cultures of hPSCs rely on the
natural ECM polymers deposited by the feeder cells for attachment and proliferation.
On the basis of this idea, researchers began to use the ECM components secreted by
feeder cells. There are two types of ECMs that are employed for hPSC culture: decellu-
larized ECMs prepared from human fibroblasts from foreskin, dermal, or other human
cell lines (which are chemically undefined but not xenogenic) [28,43-46] and single
or mixed components of chemically defined ECMs, such as fibronectin, laminin, and
vitronectin [47]. These ECMs are used as coating materials on cell culture dishes or
scaffolds [48].

Fu et al. prepared ECMs derived from decellularized feeders that had been derived
from embryonic bodies that were predifferentiated from H9 hESCs through a freeze-
thaw procedure (Table 6.1) [43]. ECMs composed of collagen IV, laminin, and fibro-
nectin were used to support the long-term growth of H1 and H9 hESCs with animal
component-free TeSR2 medium for up to 20 passages [43]. Therefore, this study sug-
gested a new strategy for the efficient propagation of clinically compliant hESCs in an
autologous, feeder-free culture system.

Most of the reported hPSC lines were initially derived via culture on MEFs dur-
ing their initial development. Therefore, these cell lines are difficult to use for the
clinical treatment of human patients. Ilic et al. derived and propagated hESCs on
decellularized human neonatal foreskin fibroblasts under feeder-free and xeno-free
conditions (Table 6.1) [44]. Their specific mutation-carrying (Huntington’s disease
and myotonic dystrophy 1) hESC lines maintained pluripotency on these decellu-
larized ECMs. However, dishes coated with commercially available CELLstart (mix-
ture of fibronectin and human serum albumin) did not support the growth of these
hESCs in serum-free medium (StemPro) containing bFGE, insulin growth factor 1
(IGF1), heregulin, and activin A [49]. In contrast, conventional hESC lines can gen-
erally maintain pluripotency on CELLstart in the StemPro medium [44]. Currently,
the combination of a specific cell culture matrix and culture medium must be care-
fully selected and fine-tuned depending on the specific characteristics of particular
hPSCs [31]. There is no perfect coating material or cell culture dish that can ensure
the maintenance of hPSC pluripotency for a long period of time (i.e., over 10-20
passages).

Natural polymers of recombinant or natural fibronectin, laminin, vitronectin, and
collagen IV, which are components of ECMs, have begun to be used instead of Matrigel
or decellularized ECMs for the feeder-free growth of undifferentiated hPSCs because
their chemical characteristics are relatively more well defined (Table 6.1). The ECM
components that are immobilized on dishes for hPSC proliferation and to provide
binding sites for stem cells are summarized in Table 6.4 [50].
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Table 6.4 ECMs immobilized on dishes for adhesion, differentiation, and proliferation of
stem cells and binding site of cells. Reproduced with permission from [50]. Copyright 2012
American Chemical Society.

ECM Binding Site of Cells

Collagen I Integrin (aVP3, a2p1)

Collagen I Integrin (alp1)

Collagen I Integrin (alfB1, a2p1, a3fB1)

Collagen II Integrin (alpl, a2p1, al0Opl)

Collagen IV Integrin (a2p1, CD44)

Fibronectin Integrin (041, a5p1, aVB3, allbp3, aVP6, aVP5)

Laminin Integrin (alB1, a2f1, a3p1, a6Pl, a6p4)

Laminin-1 (laminin | Integrin (alpl, a2f1, a6p1, a7f1, a9B1), a-dystroglycan, suifade,
111) and heparan sulfate proteoglycan

Laminin-5 (laminin Integrin (a2p1, a3p1, a6p1, a6p4)
332)

Laminin-511 Integrin (a6p1)

Laminin-10/11 Integrin (a3p1, a6B1, a6B4)

Vitronectin Integrin (aVB3, aVP5)

6.4.1.1 Fibronectin

Fibronectin is a high-molecular-weight (~440 kDa) glycoprotein component of ECMs
that binds to other ECM components, such as collagen, fibrin, and heparan sulfate
proteoglycans. Fibronectin exists as a protein dimer consisting of two nearly identical
monomers linked by a pair of disulfide bonds [2].

Several investigators have evaluated that fibronectin-coated substrates maintain hESC
pluripotency (Table 6.1) [51-58], whereas other researchers have reported unfavorable
results when culturing hESCs on fibronectin-coated substrates [31,59]. Amit et al. cul-
tured several hESC lines (I-6, I-3, and H-9) on bovine and human fibronectin-coated
dishes (5 pg/cm?) in knockout DMEM (KO-DMEM) supplemented with 15% serum
replacement (SR). The fibronectin-specific integrin receptor a531 was expressed in the
undifferentiated hESCs (Figure 6.7) [52]. Under these conditions, the hESCs maintained
pluripotency for more than six months, whereas the hESCs cultured on gelatin-coated
dishes tended to differentiate [52]. Human fibronectin was found to be relatively more
favorable for maintaining the pluripotency of the hESCs compared with bovine fibro-
nectin [52]. The applied SR contained Albumax, which is a lipid-enriched bovine serum.
Therefore, this work was not performed under xeno-free culture conditions.
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Figure 6.7 Schematic model of hESC adhesion on an ECM-coated substrate. The adhesion of hESCs to
fibronectin, vitronectin, and laminin-511 is mediated by a_f,, a f, and a_f3,, respectively. Reproduced
with permission from [2]; Copyright 2014 Elsevier Inc.

Hughes et al. analyzed commercially available cell culture matrices for hPSCs,
including CELLstart (Invitrogen), StemXVivo (R&D Systems), and Bridge Human
ECM (Global Stem), as well as human basement extract and Matrigel (Table 6.1) [53].
StemXVivo is marketed as a mixture of recombinant proteins and is primarily com-
posed of enactin and vitronectin. The main components of CELLstart are human fibro-
nectin and human serum albumin [53]. Bridge Human ECM is primarily composed
of albumin and also contains fibronectin isoform-1. Fibronectin is a highly abundant
component of these matrices. Hughes et al. found that hESCs (H9 and CA1 lines) could
maintain their pluripotency and their capacity for self-renewal on fibronectin-coated
dishes as well as on commercially available composite ECMs, including fibronectin
in defined mTeSR1 medium containing transferrin, IGF, bFGF, TGF-B1, and bovine
serum albumin (BSA). However, none of these matrices could promote and maintain
the growth of H9 hESCs with the same efficiency and stability as Matrigel in defined
mTeSR1 medium [53]. The authors suggested that fibronectin, either with or without
other defined ECM components, had the ability to maintain the pluripotency and
undifferentiated state of H9 and CA1 hESCs in mTeSR1 to some extent [53]. However,
fibronectin alone does not appear to represent a perfect matrix for culturing pluripo-
tent hESCs based on these results. Many researchers are using CELLstart as an hPSC
adhesion matrix in vitro [51,54,55,60]. Hernandez et al. cultured hESCs (Shef3 and
Shef6) on CELLstart in StemPro medium, which maintained their pluripotency and
normal karyotype for over 20 passages (Table 6.1) [51]. These authors also succeeded
in propagating hESCs from a single cell to clonal expansion [51]. The clonal expansion
of hESCs is advantageous for the safe selection of hESCs or hiPSCs for clinical applica-
tions, especially after genetic modification of the cells.

Sugii et al. reported a feeder-free production of hiPSCs from human adipose-
derived stem cells (hADSCs) on the humanized, defined substrate CELLstart (Table
6.1) [54,55]. The hiPSCs were successively generated on the substrate, although more
time was required to generate hiPSC colonies via feeder-free production methods than
for feeder-dependent methods [55]. Hayashi et al. also examined hiPSC generation
from adult human dermal fibroblasts under feeder-free and defined culture conditions
(Table 6.1) [61]. The hiPSCs were cultured on fibronectin-coated dishes in an hESF9a-
based medium. Because of the use of a defined medium and matrix, the established
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hiPSC lines showed little or no expression of non-human N-glycolylneuraminic acid
(Neu5Gc), which causes immunorejection when the hiPSCs are transplanted into
human patients [61]. Their results show that feeder-free iPSCs can be produced using
fibronectin-coated dishes.

6.4.1.2 Laminin

Laminin is the first ECM protein expressed in two- to four-cell-stage embryos and is a
major component of the ECM of the basal laminae in vertebrates [1]. Laminins are a
family of heterotrimeric glycoproteins composed of a, 3, and y chains, forming 15 dif-
ferent combinations in human tissues [62]. Laminin-511 consists of the a5, f1, and y1
chains and is frequently employed as a coating material on the dishes used to culture
hESCs (Table 6.1) [19,62-65].

Several hESClines express laminin-511 chains, whereas laminin-332 is not expressed
in hESCs [62,63,66]. Miyazaki et al. found that hESCs primarily express integrin a6p1,
which binds predominantly to laminin-111, laminin-332, and laminin-511/-521
(Figure 6.7) [63]. The hESCs were observed to proliferate on plates coated with these
three recombinant laminins in MEF-CM for several passages while maintaining their
pluripotency. These results showed that recombinant laminin-111, laminin-332, and
laminin-511 can aid in the expansion of undifferentiated hESCs due to their high
affinity for integrin a6p1, which is expressed on hESCs [63]. However, this work was
performed using xeno-containing culture media, and the hESCs were only cultured
for a few passages. It is therefore unknown whether the hESC pluripotency can be
maintained for extended passages in xeno-free culture medium. However, Rodin et al.
reported that hESCs (HS420, HS207, and HS401 lines) cultured on laminin-511-coated
dishes could maintain pluripotency for at least 20 passages with a normal karyotype
in either O3 medium or H3 medium, which are composed of animal derivative-free
components [62].

6.4.1.3 Vitronectin

Vitronectin is a 75 kDa glycoprotein consisting of 459 amino acid residues [67]. Braam
et al. studied hESC attachment on dishes coated with several ECMs (laminin-111, vitro-
nectin, fibronectin, and collagen IV) at concentrations of 10-50 pg/ml (Table 6.1) [59].
Integrin-blocking experiments suggested that aV(5 integrins mediated the adhesion
of hESCs to vitronectin, a5f1 mediated the adhesion to fibronectin, and a6p1 medi-
ated the adhesion to laminin-111 as well as laminin-332 and laminin-511 (Figure 6.7)
[59,63]. Only the recombinant vitronectin-coated dishes supported the self-renewal and
pluripotency of hESCs for at least eight passages in defined mTeSR1 medium in this
study. Several other researchers have also reported that vitronectin-coated dishes sup-
port the pluripotency of hESCs (Table 6.1) [31,41,68-70]. Yap et al. defined a threshold
surface density of vitronectin for the expansion of hESCs (H1 and HES-3) and for the
maintenance of pluripotency [68]. The successful propagation of hESCs was found to be
possible for > 20 passages on dishes coated with > 5 lig/ml human plasma vitronectin in
mTeSR1 medium, which corresponded to 250 ng/cm? of protein as determined by the
Bradford assay [68].
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Meng et al. investigated the synergistic effects of the cell culture medium, matrix,
and exogenous factors on the adhesion and growth of hPSCs under defined and xeno-
free culture conditions in which hPSCs maintain pluripotency for a long period of time
[31]. These authors found that hPSC culture on vitronectin-coated dishes in defined
TeSR2 medium was optimal for maintaining long-term cultures of three hESC lines and
two hiPSC lines, whereas hPSC culture on fibronectin-coated dishes was suboptimal
[31]. Vitronectin, in concert with a suitable cell culture medium, can be regarded as one
of the optimum matrices for supporting hPSC proliferation.

6.4.2 hPSC Culture on Oligopeptide-Immobilized Surfaces in 2D

Culturing hESCs on ECM components, such as vitronectin and laminin-511,
which are used to coat dishes, maintains hESC self-renewal and the ability of the
cells to differentiate into the three germ layer lineages for a long time period in a
defined culture medium. However, these ECMs are costly and are derived from
animal sources, leading to batch-to-batch variability. It is desirable to use syn-
thetic oligopeptide materials as functional and active sites to maintain the plu-
ripotency of hPSCs. Melkoumian et al. developed synthetic surfaces composed
of polyacrylate conjugated to biologically active peptides (PAS) using 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide (EDC/NHS)
reaction [71]. These biologically active peptides on PAS were bone sialoprotein
oligopeptide (BSP-PAS), vitronectin oligopeptide (VN-PAS), long or short fibro-
nectin oligopeptide (sFN-PAS or IFN-PAS, respectively), and laminin oligopeptide
(LM-PAS) (Tables 6.2 and 6.5) [71]. Only the BSP- and VN-derived peptides gen-
erated hESC (H1 and H7 lines) adhesion and colony formation; this study was the
first to demonstrate hESC pluripotency when hESCs were cultured on oligopeptide-
immobilized dishes in defined X-VIVO medium. Interestingly, all of the oligopep-
tides investigated in this study contained the RGD (arginine-glycine-aspartic acid)
cell adhesion sequence, suggesting that the RGD sequence alone is not sufficient for
adherence and the maintenance of hESC self-renewal and pluripotency [71]. The sur-
face density of the oligopeptide was also found to be important, with a BSP peptide
concentration of > 0.5 mM being necessary to maintain the hESC colony on the pep-
tide surfaces [71]. This concentration is an extremely high concentration. The hESCs
(H7) were cultured on BSP-PAS and VN-PAS surfaces for more than ten serial pas-
sages and maintained self-renewal with a normal karyotype in defined media, includ-
ing X-VIVO 10, mTeSR1, and TeSR2 [71].

The cyclic RGD peptide CRGDC is known to have ten-fold greater ability than the
linear GRGDSP peptide to bind the aV3, aVP5, and a5p1 integrins where the aV5
and a5P1 integrins are expressed in hESCs [59,72]. Therefore, Kolhar et al. designed
cyclic RGD peptide-grafted dishes. GACRGDCLGA peptides were conjugated to
amine-modified tissue culture plates via a bi-functional linker, which reacts with an
amine on the culture substrate and a thiol of the peptide (Figure 6.8) [73]. The cyclic
RGD peptide density on the plates was calculated to be 10-30 fmol of peptide per cm®.
The cyclic RGD peptide-grafted dishes supported the expansion of hESCs (H9 and
H14) with the maintenance of pluripotency in MEF-CM for ten passages [73]. The dif-
ferentiation ability of hESCs into three germ layers after ten passages was confirmed by
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Table 6.5 Amino acid sequences of oligopeptides and polypeptides for hPSC culture.?
Reproduced with permission from [2]. Copyright 2014 Elsevier Inc.

Name (Model ECM) Amino Acid Sequence Ref (Year)
BSP-PAS (BSP) KGGNGEPRGDTYRAY 71 (2010)
VN-PAS (VN) KGGPQVTRGDVFTMP 71 (2010)
sFN-PAS (FN) GRGDSPK 71 (2010)
IEN-PAS (FN) KGGAVTGRGDSPASS 71 (2010)
LN-PAS (LN) KYGAASIKVAVSADR 71 (2010)
Cyclic RGD GACRGDCLGA 73 (2010)
Oligo-HBP1 (VN) GKKQRFRHRNRKG 74 (2012)
Oligo-HBP2 (BSP) FHRRIKA 74 (2010)
Oligo-HBP3 (EN) GWQPPARARI 74 (2010)
PDL -(-Lysine-)- 31 (2012)
Pronectin F (FN) ([GAGAGS],GAAVTRGDSPASAAGY) , | 48(2012)

‘FN, fibronectin; BSP, bone sialoprotain, HBP, heparin binding peptides; LN, laminin; PDL, poly-
D-lysine; VN, vitronectin

EB formation. The hESCs were reported to be cultured in a chemically defined medium,
mTeSR1, for five days in this study [73]. Dishes with optimal elasticity that are grafted
with cyclic RGD peptide might improve the culture of hESCs in xeno-free and chemi-
cally defined medium for long passages (10-20 passages).

Klim et al. used a defined-surface array of self-assembled monolayers composed
of peptide-substituted alkanethiol conjugates to identify specific peptide sequences
that sustain the self-renewal of hPSCs (Table 6.2) [74]. A total of 18 different bioac-
tive oligopeptides were identified; these oligopeptides were derived from fibronectin,
laminin, vitronectin, bone sialoprotein, annexin, E-cadherin, NCAM, DII-1, BMP-
2, and phage display libraries. These oligopeptides contained not only the integrin
ligand RGD but also the binding domain of polysaccharide (Table 6.5) [74]. The sur-
faces presenting heparin-binding peptides (GKKQRFRHRNRKG from vitronectin,
FHRRIKA from bone sialoprotein, and GWQPPARARI from fibronectin) consis-
tently mediated hESC (H9) adhesion and allowed for hESC propagation associated
with pluripotent marker expression in mTeSR1 medium with the ROCK inhibitor
Y-27632. In contrast, the integrin ligand KGRGDS inconsistently maintained hESC
pluripotency [74]. Several hESC lines (H9, H13, H14, and DF19-97T) and hiPSCs
(IMR-90) cultured on dishes with the immobilized GKKQRFRHRNRKG sequence
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Figure 6.8 Preparation of a cyclic RGD peptide-grafted surface. GACRGDCLGA peptides were
conjugated to amine-modified tissue culture plates via a bi-functional linker, which reacts with an amine
on the culture substrate and a thiol of the peptide. This figure was adapted with permission from [73];
Copyright 2010 Elsevier Inc.

using biotin-streptavidin chemistry in mTeSR1 together with ROCK inhibitors were
found to proliferate and exhibit long-term self-renewal and pluripotency (up to three
months, 17 passages) with normal karyotypes. These cells differentiated into three
germ layer lineages after three months of culture. The hESCs could also be cultured
on dishes with the immobilized GKKQRFRHRNRKG sequence and the cyclic RGD
peptide for one to two months in the absence of a ROCK inhibitor in defined mTeSR1
medium, which maintained their self-renewal ability and pluripotency together with
normal karyotypes [74]. Specific oligopeptide-immobilized dishes are able to main-
tain hPSCs in a defined medium and are preferable to ECM-coated dishes because of
their fully synthetic nature.

6.4.3 hPSC Culture on Recombinant E-cadherin Substratum in 2D

E-cadherin is a Ca**-dependent cell-cell adhesion molecule [75] that is essential for
intercellular adhesion and colony formation among hESCs [1]. Undifferentiated hESCs
express large amounts of E-cadherin. Nagaoka et al. prepared a fusion protein consist-
ing of the E-cadherin extracellular domain and the IgG Fc domain (E-cad-Fc) (Figure
6.9) and investigated hESC culture on the recombinant E-cadherin substratum in both
MEF-CM and defined mTeSR1 medium (Table 6.2) [1,76]. The hESCs cultured in this
manner could maintain pluripotency for > 35 passages and could differentiate into the
three germ layer lineages.
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Figure 6.9 Schematic model of hESC adhesion on an E-cadherin chimera-coated surface. The
E-cadherin-mediated adhesion of hESCs is typically associated with B-catenin signaling and stimulates
PI3K/AKkt signaling. Reproduced with permission from [2]; Copyright 2014 Elsevier Inc.

Integrin-mediated cell-ECM interactions are considered essential for the mainte-
nance of stem cell pluripotency and viability. As noted in previous sections, substantial
effort has been devoted to finding a suitable ECM component that can maintain the
pluripotency of hESCs via the interaction between hESCs and integrin receptors on
ECMs. Integrin-ECM interactions activate integrin-linked kinase (ILK) or focal adhe-
sion kinase (FAK) signaling pathways as well as the PI3K/Akt and MAPK pathways [77].
In contrast, the E-cadherin-mediated adhesion of hESCs is typically associated with
f-catenin signaling and also stimulates PI3K/Akt signaling (Figures 6.7 and 6.9) [76].
The Akt signaling pathways are considered to be especially important for maintaining
the pluripotency of hESCs [78]. It has been suggested that trans-homodimerization
between E-cadherin on hESCs and the E-cadherin domain of a substratum of recombi-
nant E-cadherin could promote and maintain the pluripotency of hESCs via the activa-
tion of the PI3K/Akt signaling pathway [76]. A recombinant E-cadherin substratum
is currently commercially available (StemAdhere™ from Stem Cell Technologies) [79].

6.4.4 hPSC Culture on Polysaccharide-Immobilized Surfaces in 2D

Several polysaccharides, such as hyaluronan and alginate, have also been examined
as potentially suitable biomaterials for hPSC expansion [80-83]. Polysaccharide is
known to play an important role in regulating hPSC adhesion and self-renewal [74].
For example, hyaluronan-derived hydrogels might provide an adequate physiological
environment for hPSC growth because the feeder layers that support hPSCs are com-
posed of large amounts of hyaluronic acid in addition to abundant ECM proteins.
Liu et al. developed hyaluronan-derived hydrogels from thiol-modified hyaluro-
nan, thiol-modified gelatin, and poly(ethylene glycol) diacrylate both with and without
fibronectin [80]. The growth rates of hiPSCs (HDFa-YK26) on the hyaluronan-derived
hydrogels (with and without fibronectin) in MEF-CM were similar to those of hiP-
SCs grown on MEF or Matrigel for 12 serial passages. Additionally, these cells main-
tained their pluripotency, their ability to differentiate into three germ layer lineages
in vitro, and their stable karyotypes [80]. Furthermore, hiPSCs could be cultured on
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hyaluronan-derived hydrogels containing fibronectin but not on hyaluronan-derived
hydrogels without fibronectin in defined NutriStem medium. However, the long-term
culture of hiPSCs on hyaluronan-derived hydrogels containing fibronectin in NutriStem
medium was not successful due to the mechanical weakness of the hyaluronan-derived
hydrogels containing fibronectin [80].

Compared with 2D culture, 3D culture more accurately imitates the in vivo micro-
environment by allowing extensive cell-cell and cell-matrix contacts and interactions.
The problem with most 3D culture systems is that harvesting expanded hPSCs from 3D
scaffolds is difficult. Lu et al. constructed ion complex microfiber scaffolds composed
of anionic alginate and citosan; these polysaccharides can be enzymatically degraded
using alginate lysate and chitinase, respectively [81]. hESC-embedded microfibers were
prepared by spinning microfibers from the interface between a chitosan solution and an
alginate solution containing hPSCs followed by immersion in a CaCl, solution for algi-
nate crosslinking (Table 6.2, Figure 6.10 [81]). Then, several types of hESCs and hiPSCs
were loaded onto the 3D microfiber system, and these cells could be propagated for ten
consecutive passages in defined mTeSR1 medium while maintaining their pluripotency
and their ability to differentiate into the three germ layer lineages while showing stable
karyotypes. The 3D microfibers allowed for the encapsulation of hPSCs at a high seeding
density (approximately 107 cells/ml) while maintaining high viability. This density was
approximately 50 times higher than the cell density achieved with a conventional 2D
culture system [81]. hPSC harvesting was accomplished by incubating the 3D micro-
fibers in chitinase and alginate lysate for 10 min. The hPSCs recovered from the 3D
microfibers showed excellent cell viability and pluripotency. Furthermore, the hPSCs
embedded in 3D microfibers were directly cryopreserved, and more than 75% of these
hPSCs were viable after thawing in mTeSR1 containing ROCK inhibitors. This recovery
ratio was more than 17-fold higher than that observed in hPSCs cryopreserved using the

Spinning of hESC-entrapped chitin/alginate hydrogels
n
Y Spinning

Motor _-'

Washing by dipping
2 into PBS solution

Gelation by dipping
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5 5
hESCs in ST
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Figure 6.10 Spinning of hESCs entrapped in chitosan/alginate ion complex hydrogels. Microfibers

were prepared by spinning from the interface between the chitosan solution and the alginate solution
containing hPSCs, followed by immersion in a CaCl, solution for alginate crosslinking (coagulation) and
washing. Figure modified with permission from [81]; Copyright 2012 Elsevier Inc.
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conventional method [81] because this 3D microfiber system obviated the need for cell
detachment before cryopreservation.

6.4.5 hPSC Culture on Synthetic Surfaces in 2D

The culture of hPSCs on chemically defined substrates synthesized from monomers
eliminates the variables associated with feeder cells and natural protein coatings, which
can range from batch-to-batch inconsistencies to biosafety issues [23]. In most cases,
synthetic polymer matrices support only short-term hPSC propagation or culture
in culture media containing xenobiotic products, such as fetal bovine serum (FBS)
or MEF-CM [42,84]. Recently, several synthetic polymer materials were reported to
support hPSC proliferation in xeno-free conditions or in chemically defined media
(Table 6.2 and Figure 6.11) [85-89]. In this section, we will discuss (a) several types
of synthetic polymers that sustain the long-term culture of hPSCs, (b) the thermore-
sponsive synthetic polymers that hold hPSC culture, and (c) synthetic nanofibers that
maintain the long-term culture of hPSCs.

6.4.5.1 Synthetic Polymers that Support the Long-Term Culture of hPSCs

A fully defined synthetic polymer, poly(2-[methacryloyloxy]ethyl dimethyl-[3-sul-
fopropyl] ammonium hydroxide) (PMEDSAH), was grafted onto TCPS dishes via
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Figure 6.11 Chemical structures of the synthetic polymers used as substrates, hydrogels, and scaffolds
for the proliferation of pluripotent hPSCs in defined media under feeder-free and xeno-free conditions.
(a) Poly(2-[methacryloyloxy]ethyl dimethyl-[3-sulfopropyl] ammonium hydroxide) (PMEDSAH),

(b) poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA), (c) aminopropylmethacrylamide
(APMAAm), (d) copolymer of 2-(diethylamino)ethyl acrylate (DEAEA) and 2-(acryloyloxyethyl)
trimethylammonium chloride (AEtMA-CI) (AEtMA-CI/DEAEA), e) alginate, and (f) water-soluble
chitin (chitosan). Reproduced with permission from [2]; Copyright 2014 Elsevier Inc.
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Figure 6.12 Long-term culture of H9 hES cells on synthetic dishes in MEF-CM. (a) Schematic diagram
showing the graft-polymerization process used to synthesize the polymer grafting. Tissue culture
polystyrene dishes were first activated by UV ozone; then, methacrylate-based monomers were polymerized
from the surface. (b) Chemical structure of the methacrylate-based monomers used for the polymer
grafting on the dishes. (c) The table lists the contact angle, reduced elastic modulus (GPa), initial hES cell
aggregate adhesion, and number of passages achieved on each polymer-grafted dish. Figure modified with
permission from [86]; Adapted 2012. Reproduced with permission — Creative Commons License.

surface-initiated graft polymerization (Table 6.2 and Figure 6.12 [86]), which sup-
ported the long-term culture of hESCs (H9) with normal karyotypes for more than
ten passages in defined StemPro medium [85,86]. However, no hESC attachment
was observed on poly(carboxybetaine methacrylate) (PCBMA)-grafted dishes, and
the hESCs adhered but spontaneously differentiated during the first two passages on
poly([2-(methacryloyloxy)ethyl]) (PMETAC)-, poly(3-sulfopropyl methacrylate)
(PSPMA)-, poly(2-hydroxyethyl methacrylate) (PHEMA)-, and poly(poly[ethylene
glycol] methyl ether methacrylate) (PPEGMA)-grafted dishes in MEF-CM (Figure 6.12
[86]). Only PMEDSAH-grafted dishes successfully supported H9 cells in StemPro
medium [85,86]. Some hESC lines, such as BG01, could not maintain pluripotency
beyond three passages on the PMEDSAH-coated dishes in StemPro medium, although
the development of completely synthetic surfaces, such as a PMEDSAH-grafted dish,
is essential for the proliferation and maintenance of pluripotent hESCs in defined and
xeno-free culture media.
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The hydrogel interface of aminopropylmethacrylamide (APMAAm) was reported to
be adequate for culturing hESCs in the defined medium mTeSR1 (Table 6.2, Figure 6.11)
[87]. Healy et al. reported that hESCs (H1 and H9) could be cultured on APMAAm for
over 20 passages and could maintain pluripotency, similar to the results observed for
hESCs cultured on Matrigel (both qualitatively and quantitatively) [87]. These authors
analyzed the adsorption of BSA and other components, such as bFGF and TGE-p,
onto an APMAAm hydrogel in mTeSR1 media and found that the adsorption of cer-
tain specific proteins on the surface was critical for hESC adhesion to the hydrogel
[87]. Although BSA is known to block the nonspecific adsorption of other proteins
on the surfaces, the specific conformation of BSA as well as that of other components
of the medium on APMAAm appears to create an interface that supports the long-
term growth of hESCs. Albumin, along with other bioactive components, may facili-
tate the adhesion of hPSCs by promoting the secretion of ECMs from hPSCs and/or
integrin expression by hPSCs when albumin is adsorbed on the surfaces with a specific
conformation.

Other types of synthetic polymers can also support the proliferation of pluripotent
hESCs with normal karyotypes. Brafman et al. prepared dishes coated with 90 different
synthetic polymers for use in a high-throughput screening approach [88]. Among the
tested polymers, poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA), with
a molecular weight of approximately 1.25 x 10° Da, was observed to support the prolif-
eration and self-renewal of hESCs (HUES1 and HUES9) over five passages in StemPro
medium (Table 6.2, Figure 6.11), whereas most of the other polymers supported hESC
proliferation for only a short period of time [88]. ECMs are known to be secreted by
hESCs and play a critical role in cell attachment and the maintenance of pluripotency,
whereas the integrins a5 and aV are primary integrins that mediate hESC attachment
and interactions between ECMs. The expression levels of endogenous ECMs and integ-
rins in hESCs cultured on PMVE-alt-MA were found to be significantly higher than their
levels in hESCs grown on Matrigel [88]. Therefore, PMVE-alt-MA appears to promote
both the secretion of ECMs and the expression of integrins by hESCs, which supports
the proliferation of pluripotent hESCs on PMVE-alt-MA-coated dishes (Figure 6.2(d)).

6.4.5.2 Thermoresponsive Synthetic Polymers that Support hPSC Culture

Mechanical, enzymatic, and chemical cell dissociation methods are currently used as
passaging techniques for hPSCs. However, these methods are not well defined, which
introduces variability into the system and may lead to cell damage. The enzymatic
detachment of cells from dishes sometimes generates karyotype abnormalities.

Cells can be detached from substrates by external stimulation, such as a temperature
change or light irradiation [90-93]. In particular, the dishes or micelles prepared from
a thermoresponsive polymer exhibiting a low critical temperature (LCST) have been
used for drug carriers, cell culture dishes, and other biomedical usages [94]. Zhang
et al. screened thermoresponsive synthetic polymer arrays consisting of 609 different
polymers, spotted in quadruplicate, that were synthesized in situ via inkjet printing
mixtures of 18 monomers in seven different ratios in the presence of the crosslinker
N,N’-methylene-bis-acrylamide for hESC (RH1) culture [89]. These authors found
that a family of thermoresponsive synthetic hydrogels based on 2-(diethylamino)
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ethyl acrylate (DEAEA) and 2-(acryloyloxyethyl) trimethylammonium chloride
(AEtMA-CI), AEtMA-CI/DEAEA, supported the long-term growth and pluripotency
of hESCs (RH1 and H9) in defined mTeSR1 medium over a period of two to six months
(more than 20 passages) (Figure 6.11, Table 6.2) [89]. The hydrogels permitted gentle,
reagent-free cell passaging associated with > 90% cell release through the transient
modulation of the ambient temperature from 37 to 15°C for 30 min. The chemically
defined substrates developed in this study represent a flexible and scalable approach
for improving the definition, efficacy, and safety of hPSC culture systems for research,
industrial, and clinical applications [89].

6.4.5.3  Synthetic Microfibrous Scaffolds that Support the
Long-Term Culture of hPSCs

Currently, most of the available synthetic polymers that support hPSC proliferation
are hydrogels, such as PMEDSAH [85,86], APMAAm [87], PMVE-alt-MA [88], and
AEtMA-CI/DEAEA [89], that are used in conjunction with defined and/or xeno-free
media (Table 6.2 and Figure 6.11). The systematic design of hydrogels might facilitate
the development of biomaterials for the long-term culture of pluripotent hPSCs. The
development of chemically defined, controllable, and sustainable culture matrices com-
posed of synthetic polymer hydrogels on dishes or microcarriers is critical for elucidat-
ing the mechanisms that control hPSC cell behavior and for optimizing the conditions
for the safe clinical application of hPSCs.

Conventional hPSC culture systems mainly involve 2D dishes, which fail to ade-
quately recapitulate the complex 3D microenvironments that cells inhabit during
embryonic development [95]. Therefore, conventional 2D cultures of hPSCs in vitro
have limited ability to reproduce the 3D in-vivo microenvironment. Carlson et al.
investigated critical determinants of hESC (H1 and H9) self-renewal on poly-D-lysine
(PDL)-immobilized synthetic polymer substrates with different configurations, which
included 2D polymer films, macroporous scaffolds (sponges) with a nonfibrous geom-
etry, and microfibrous scaffolds prepared via the electrospinning method (Table 6.2).
The base polymer was poly(desaminotyrosyl tyrosine ethyl ester carbonate) (pDTEc).
The hESC:s failed to adhere to both the 2D substrates and the 3D macroporous scaffolds
coated with PDL. However, the electrospun microfibers coated with PDL were able
to promote cell adhesion, proliferation, and pluripotency and were able to maintain
the differentiation ability of hESCs for at least 14 days in defined mTeSR1 medium
[96]. However, the long-term culture of hESCs will be necessary to evaluate whether
microfibrous scaffolds coated with PDL can support pluripotent hESCs for long periods
of time (i.e., more than 10-20 passages). It was suggested that hESC adhesion within
microfibrous scaffolds causes enhanced confinement within these scaffolds, which leads
to an increase in cell-cell contacts and, subsequently, colony formation. Additionally,
the microfibrous scaffolds induce hESCs to deposit large amounts of ECMs, especially
those containing laminin [96]. The hESCs appear to have the ability to populate fibrous
microenvironments with endogenous ECMs, and ECM deposition may be differen-
tially regulated based on the geometry of the cell culture substrates. Within 3D fibrous
substrates [96], the enhanced local surface area relative to that of 2D dishes and 3D
macroporous scaffolds [96] allows for the aggregation of hESCs during seeding. With
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this aggregation, hESCs can reestablish cell-cell contacts, and endogenously produced
ECM components can aggregate, encouraging the generation of undifferentiated hESC
colonies [96]. Although the ease of hPSC harvesting from 3D cell culture substrates
must be improved, it appears that synthetic substrates with proper 3D microgeometries
that contain adhesion molecules, such as PDL, ECMs, or oligopeptides, can support
the formation of self-renewing, pluripotent hESC colonies that maintain the ability to
differentiate into the three germ layer lineages.

6.5 Three-Dimensional (3D) Culture of hPSCs
on Biomaterials

Conventional 2D culture systems, as discussed in the previous sections, are easy to use
for hPSC culture in standard operations and are valuable for developing and analyzing
the mechanism of the pluripotency maintenance of hPSCs cultured on the biomate-
rials. Furthermore, the morphology of hPSC colonies (i.e., pluripotency of hPSCs)
can be observed by microscopic observation in situ. The detachment of hPSCs from
biomaterials and the selection of undifferentiated hPSCs from an hPSC colony can be
easily performed under microscopic observation. However, the most robust and effi-
cient way to produce hPSCs is the cultivation of hPSCs in a 3D culture system because
large numbers of hPSCs must be provided in clinical applications. A minimum of 1
% 10° cells are required per implantation for one patient in current trials using stem
cells, such as the trials for treating myocardial infarction. This number corresponds to
more than 130 plates of 75 cm?* T-flasks, supposing a confluent culture of hPSCs with
1 x 10° cells/cm?.

Several 3D culture strategies for hPSCs have been established: (a) cell culture in
macroporous scaffolds, (b) cell culture on nanofibers or microfibers, (c) self-aggregated
spheroid (cell aggregate) culture, (d) cell culture on microcarriers, and (e) microencap-
sulated cell culture in suspended hydrogels [97,98].

Because of the recent development of the ROCK-inhibitor Y27632, as well as the
fusion of interleukin-6 receptor to interleukin-6 (IL6RIL6 chimera), hPSCs can be cul-
tured in a single state or on cell aggregates [99-102]. There are several reports dealing
with hESC aggregate cultures in suspension [98-102], although this culture method
is beyond the scope of this review. Furthermore, the cell aggregate culture of hPSCs
in suspension was reported to be less efficient and less reproducible, and this method
relied on expensive reagents, ROCK-inhibitors, and a high concentration of bFGF
[103]. Therefore, the microcarrier suspension culture of hPSCs or the culture of micro-
encapsulated hPSCs in hydrogels appear to be more suitable than a cell aggregate cul-
ture in suspension for 3D culture in a homogenous and scalable stirred 3D culture
system [104]. These culture methods are introduced in the following sections.

6.5.1 3D Culture of hPSCs on Microcarriers

Frequently, hPSCs have been cultured on microcarriers in suspension because a
high surface-to-volume ratio can be achieved for a microcarrier cell culture system.
Microcarriers have been used for the scalable culture of anchorage-dependent cells,
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including human retinal pigment epithelial cells and human hepatocytes, and for the
co-culture of neurons and astrocytes [105]. Microcarriers are typically spherical par-
ticles composed of a variety of materials, including cellulose, polystyrene, glass, and
polyester, with a typical diameter of 100-250 wm [105]. Recent attempts to culture
hPSCs on microcarriers are summarized in Table 6.6 [65,103,106-113]. Microcarrier
systems provide the flexibility of culturing cells either within a macroporous scaffold or
on the surfaces of the microcarriers.

Phillips et al. investigated the attachment and expansion of hESCs (ESI-017) on
microcarriers made of several types of polymers with various morphologies in MEF-CM
(Figure 6.13 and Table 6.6) [106]. The microcarriers were used without MEF attachment
or coating by an ECM or Matrigel. The hESCs could attach to the Hillex II microcar-
riers made of the crosslinking polystyrene modified with triethyl ammonium that had
cationic charged surfaces and to the Cultisphere that had cationic charged surfaces. In
contrast, hESCs could not adhere to the Cytodex 3 microcarriers made of crosslinked
dextran or to the Solohill plastic+ or Solohill pronectin microcarriers. Solohill plastic+
is made of crosslinked polystyrene microcarriers with a cationic charge, and Solohill
pronectin contains pronectin-coated polystyrene microcarriers [106]. Pronectin is
an oligopeptide containing the RGDS sequence and is designed to mimic fibronec-
tin. Relatively few hESCs adhered to the Cytodex 1 microcarriers, which are made of
crosslinked dextran with a diethylaminoethyl group and have cationic charged surfaces
[106]. In general, the positively charged surfaces of microcarriers such as Hillex II pro-
mote hESC adhesion on the surfaces by electrostatic interactions because the cells have

-— 1.25x106 1 1 L 1 1 1 1 1
w —
s R I
S -
5 1.00x10
o
e 5
© 7.50x10° |
e _
£
2 5.00x10° f
E 5
O 250x10° |
I
kS m
= 0.00 =Il:1I|jl T T T T T
% 5 £ 35755 &%
= .y b x
%8588 g £ 2
g ro § S g 5 = o £
6 =z 8 2 3 = § 35
5 T £ 9 © ©
5 © S v °
b ° o n
@ 0]

Figure 6.13 Attachment and growth of ESI-017 hESCs on microcarriers. The number of attached ESI-
017 cells cultured on nine different microcarriers in MEF-CM after a 72 h culture. The initial seeding
number was 1.0 x 10° cells. This figure was modified with permission from [106]; Copyright 2008
Elsevier Inc.
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negatively charged surfaces in the resting state. However, other factors, such as the size,
shape, and materials of the microcarriers, also appear to affect the hESC adhesion to the
microcarriers because, in that study, some microcarriers with positively charged sur-
faces did not show good hESC adhesion to the microcarriers (e.g., Cytodex 1) [106]. A
collagen coating on the microcarriers (Solohill collagen) did not promote better hESC
adhesion compared with the adhesion using the cationic charged microspheres (Hillex
II). The microcarriers used in this work were not coated with Matrigel, laminin, or
vitronectin; therefore, the hESCs could not expand for more than three or six passages,
and the expansion period depended on which cell detachment enzyme, collagenase or
trypsin, was used.

Several other researchers reported hESCs to be cultured on microcarriers without
a Matrigel or ECM coating [103,107,108]. However, the hESC culture period of those
studies was reported to be a relatively short period (no more than two to six passages).
Therefore, most researchers [65,105,113] currently use a Matrigel or ECM coating on
the microcarriers to expand hPSCs and to maintain their pluripotency.

Nie et al. investigated hESC (H1 and H9) adhesion and cell viability on several
microcarriers in MEF-CM after five days of culture; the microcarriers were made
of crosslinked dextran, gelatin, and polystyrene and had different surface segments
and charges [105]. The microcarriers were precoated with laminin and fibronec-
tin to promote hESC adhesion on the microcarrier surfaces. A visual assessment of
hESC attachment and cell viability is shown in Table 6.7 [105]. hESC survival was
not observed for several types of crosslinked polystyrene microcarriers (e.g., H11-
921, F102, C102, G102, P102, PP102, and PF102) coated with laminin and fibronec-
tin. Crosslinked dextran microcarriers (Cytodex 1 and 3) coated with laminin and
fibronectin promoted hESC adhesion. In particular, the hESCs that were cultured on
crosslinked dextran microcarriers with denatured collagen (Cytodex 3) and coated
with laminin and fibronectin showed fair adhesion on the microcarriers with high cell
viability in MEF-CM [105].

Chen et al. also investigated the effects of ten types of microcarriers on the
attachment efficiency, cell growth, and pluripotency of hESCs (HES-2 and HES-3)
in MEF-CM; the microcarriers were coated with and without ECMs or Matrigel
(Table 6.6) [65]. The microcarriers in their study were (a) cylindrically shaped cel-
lulose microcarriers with positively charged (DE52, DE53, and QA52) and nega-
tively charged surfaces (CM52), (b) spherically shaped crosslinked dextran (Cytodex
1, Cytodex 3), (c) crosslinked gelatin microcarriers (Cultispher G), (d) spherically
shaped cellulose microspheres (Cytopore 2), and (e) spherical hydroxylated meth-
acrylate microcarriers (Tosho 65 PR and Tosoh 10 PR) [65]. The hESCs showed less
cell attachment (38%) on smaller (10 um) microcarriers (Tosho 10 PR). The macro-
porous gelatin microcarriers (Cultispher G) showed low hESC attachment efficiency
(23%) [65]. This finding is most likely due to the shortage of nutrients for the hESCs
in the macropores due to the limited diffusion of nutrients into the microcarriers.
The hESCs on negatively charged (CM52) microcarriers were not able to support cell
growth and pluripotency. Only the hESCs on large spherical microcarriers (Cytodex
1, Cytodex 3, Cultispher G, and Cytopore 2) could grow with 67-85% expressing
the pluripotent surface marker Tra-1-60 at passage 3 when the microcarriers were
not coated with ECM or Matrigel in MEF-CM [65]. Therefore, the hESCs were
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Table 6.7 Preliminary screening of hESC culture on some microcarrier materials coated with
laminin and vitronectin in MEF-CM after 5 days. Reproduced with permission from [2].
Copyright 2014 Elsevier Inc.

Microcarrer Material Cell Cell
Attachment | Viability

Cytodex 1 Cross-linked dextran with N, Fair Poor
N-diethylaminoethyl groups

Cytodex 3 Crosslinked dextran immobilized with dena- | Fair Fair
tured collagen on surface

Cytopore 1 Macroporous cross-linked dextran with N,N- | Poor Poor
diethyl aminoethyl groups, charge density
of 1.1 meq/g
Cytopore 2 Macroporous cross-linked dextran with N,N- | Poor Poor
diethyl aminoethyl groups, charge density
of 1.8 meq/g
CultiSphere-S | Crosslinked pharmaceutical grade porcine Fair Poor
gelatin
Solo Hill Crosslinked polystyrene modified with cat- Poor None
H11-921 ionic trimethyl-ammonium
Solo Hill F102 | Crosslinked polystyrene modified with cat- Poor None
ionic gelatin
Solo Hill C102 | Crosslinked polystyrene modified with Poor None
gelatin
Solo Hill G102 | Crosslinked polystyrene modified with high | Poor None
silica glass
Solo Hill P102 | Crosslinked polystyrene Poor None
Solo Hill Cationic crosslinked polystyrene Poor None
PP102
Solo Hill Crosslinked polystyrene modified with Poor None
PF102 recombinant fibronectin

able to be cultured on microcarriers coated with Matrigel; the hESCs showed long-
term growth and maintained their pluripotency in that study. Most microcarriers
showed decreased cell attachment efficiency for coatings with Matrigel. For example,
the cell attachment efficiency on positively charged DE53 and QA52 microcarriers
decreased by 11% and 18%, respectively [65]. The reduced cell attachment efficiency
was attributed to the Matrigel coating, which led to the masking of the positively
charged surfaces on the microcarriers. However, the Matrigel coating on the micro-
carriers significantly improved the cell yield and pluripotency in long-term cultures
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(3-11 passages); these cultures showed more than 90% viability, except for the hESCs
cultured on negatively charged microcarriers (CM52) and on microcarriers com-
posed of gelatin (Cultispher G) [65]. Finally, positively charged cylindrical cellu-
lose microcarriers (DE53) and positively charged spherical microcarriers (Cytodex
1) were selected for the subsequent investigation due to the high hPSC expression
of pluripotent markers while using the microcarriers in MEF-CM. In contrast to
the Matrigel coatings, the laminin-coated microcarriers (DE53 and Cytodex 1) were
able to support long-term propagation with high pluripotency of hESCs in MEF-CM
(Figure 6.14 [65]). The cell yield of hESCs cultured on fibronectin-coated microcar-
riers was found to be slightly less than that on laminin, and the cell yield of hESCs
on vitronectin or hyaluronic acid was less than that on laminin or fibronectin [65].
This finding suggests that a Matrigel or laminin coating is essential for the stable
long-term propagation of hESCs (ten passages) on specific microcarriers (e.g., DE53
and Cytodex 1) in MEF-CM, whereas conventional microcarriers without a coating
of Matrigel or ECMs cannot support hESC expansion while maintaining the hESC
pluripotency for more than three passages.

In most cases, hPSC cultures on microcarriers require a Matrigel coating and/or
MEF-CM. These conditions are not xeno-free culture conditions and make it difficult
to use hPSCs in clinical applications.

Heng et al. cultured hESCs (HES-3 and H7) on crosslinked polystyrene microcar-
riers (7602B, Thermo Fisher Scientific) coated with vitronectin or laminin in chemi-
cally defined StemPro medium (Table 6.6) [113]. The adsorption of vitronectin and
laminin onto the microcarriers resulted in coating surface densities of 450 and 650

20x10° p—r——

1.5x10° |

1.0x10° |

Cell yield (no. / mL)

5.0x10°

0.0

Heparan (b)
Hya (s)

Hya (b)
Vitronectin
Fibronectin
Laminin
Matrigel

> =
£ £
b (=
©

o S
s 2
o

z z

Figure 6.14 hESC (HES-3) propagation on cellulose microcarriers (DE53) coated with different ECM
components in MEF-CM after two passages where heparan sulfate (p) indicates heparan sulfate derived
from pig, heparan (b) is from bovine, Hya (s) indicates hyaluronic acid derived from Streptococcus, and
Hya (b) is from bovine. In total, hESCs at 1.6x10° cells/ml were seeded on a 4 mg/ml microcarrier. This
figure was modified with permission from [65]; Copyright 2012 Elsevier Inc.
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ng/cm?, respectively, which were used to support hESC propagation [113]. The long-
term expansion of hESCs was found to be possible on the microcarriers coated with
vitronectin or laminin with a high expression (>90%) of pluripotent markers (Oct-4
and TRA-1-60) for 20 passages while maintaining normal karyotypes. The average fold
increase in cell numbers on the microcarriers coated with both vitronectin and laminin
per serial passage was 8.5 [113]. Embryoid body differentiation assays and teratoma
formation confirmed that the hESCs retain their ability to differentiate into lineages
of all three germ layers. This work is the first report in which hESCs were expanded
on microcarriers for long passages (20 passages) under feeder layer-free and xeno-free
culture conditions using chemically defined medium.

Although Heng’s work [113] achieved feeder layer-free and xeno-free cultures of
hESCs in chemically defined medium, the researchers only verified a few ES cell lines
(HES-3 and H7). It is not clear whether the microcarriers and cell culture protocol
used by Heng et al. could support all hESC and hiPSC lines. It is preferable to prepare
or synthesize microcarriers composed of other types of biomaterials and to develop
and design optimal microcarriers for hPSC culture in feeder layer-free and xeno-free
culture conditions by referencing Heng’s work [113].

6.5.2 3D Culture of hPSCs Entrapped in Hydrogels (Microcapsules)

The microencapsulation of hPSCs is an attractive technology that protects against
hydrodynamic shear and prevents excessive aggregate agglomeration while allowing
for the efficient diffusion of nutrients, gases, and growth factors through the micro-
capsule walls (Figure 6.15) [114]. Several hydrophilic biomaterials (hydrogels) can be
selected to entrap hPSCs in the hydrogels; these materials include alginate, hyaluronic
acid, agarose, dextran, and polyethylene glycol derivatives [97,115,116].

Alginate is the most common encapsulation material. Alginates are unbranched
binary copolymers of 1-4 linked B-D-mannuronic acid (M) and a-L-guluronic acid
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Figure 6.15 Microencapsulation of hPSCs. Microencapsulation of hPSCs permits the mass transport
of nutrients and secretory products while restricting the passage of immune molecules and cells and
shielding them from physical forces. The modification of various capsule parameters can modulate
stem cell response(s) while simultaneously enabling expansion in scalable suspension bioreactors for
bioprocessing and transplantation in vivo. Reproduced with permission from [114]; Copyright 2012
Wiley Periodicals, Inc.
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(G) of widely varying composition and sequential structures. Alginate gelation occurs
when multivalent cations, such as Ca, ionically interact with blocks of guluronic resi-
dues between two different chains; this interaction results in a three-dimensional net-
work, which leads to the generation of hydrogels [117]. Therefore, hPSCs encapsulated
in an alginate hydrogel can be prepared by dropping an aqueous alginate solution con-
taining hPSCs into a CaCl, solution. Alginate possesses several favorable properties,
such as biocompatibility, biosafety, and permeability, that are required in biomaterials.
However, alginates possess bioinert characteristics and do not specifically interact with
hPSCs. Consequently, some researchers have added ECMs or oligopeptides containing
cell binding domains to alginate hydrogels using a blending or grafting method. Recent
attempts to culture hPSCs that were microencapsulated in hydrogels are summarized
in Table 6.8.

Siti-Ismail et al. encapsulated hESCs (H1) in alginate hydrogels containing gela-
tin through the dropwise addition of an aqueous alginate solution containing hESCs
and gelatin into a CaCl, solution using a 25-gauge needle [83]. The hESCs in the algi-
nate hydrogels could be cultured in DMEM supplemented with 20% knockout serum
replacement (KSR) for a period of up to 260 days. Cell aggregates were formed within
the alginate hydrogels that retained pluripotency and could differentiate into the three
germ layer lineages when they were subsequently cultured in a differentiation medium
[83]. These data suggest that hESCs can be maintained in an undifferentiated state in
a hydrogel without passaging for a long period of time. However, the expansion (fold
increase) and viability rate of the hESC proliferation in the hydrogels were not examined
in this study. It was also unclear whether the growth of hESCs in the alginate hydrogels
was decreased or arrested or whether the cells proliferated at a normal rate. However,
hydrogels that contain adhesion sites, such as ECMs, that can be blended into hydrogels
might represent promising matrices for hPSC culture.

Serra et al. evaluated various 3D culture strategies for the encapsulation of hESCs
as (a) single cells, (b) cell aggregates, and (c) cells adhered on microcarriers in algi-
nate hydrogels (Figure 6.16) [97]. The microencapsulated hESCs were cultured in
stirred tank bioreactors. Microencapsulation improved the culture of hESC aggregates
(30-100 um) by protecting the cells from hydrodynamic shear stress, controlling the
aggregate size, and maintaining the cell pluripotency for two weeks; in contrast, the cell
viability decreased gradually from approximately 95% to 5% after seven days of culti-
vating single hESC cells entrapped in alginate microcapsules [97]. This finding suggests
that the microencapsulation of single cells is not a suitable protocol for hESC expansion
while maintaining pluripotency. A significant improvement in cell viability and meta-
bolic activity in hESC aggregates in alginate microcapsules was observed compared
with those in the non-encapsulated hESC culture.

For the (c) protocol, hESCs were immobilized on Matrigel-coated microcarriers
(Cytodex 3) and encapsulated in spherically shaped alginate hydrogels. The micro-
encapsulation of hESC-adhering microcarriers in the alginate hydrogels significantly
enhanced the cell viability and cell expansion when compared with those in non-
encapsulated 2D hESC culture [97]. The combination of microencapsulation and
microcarrier technology resulted in the high production and storage of pluripotent
hESCs. This method leads to high cell expansion, such as the 19-fold increase in
cell concentration, when hESCs have enough surface area to grow (Table 6.8) [97].
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cell aggregates on microcarriers on microcapsules
(single cells)
(@) (b) (© ‘
hPSC culture on hPSC cultureon ®
microcapsules microcarriers entrapped o o hPSCs
(cell aggregates) in microcapsules

Q microcarrier
@ microcapsule
(d) (e)
¢ ®

Figure 6.16 Conceptual model of hPSC culture in 3D. hPSCs can be cultured (a) in cell aggregates, (b)
on microcarriers, (c) on microencapsulated single cells, (d) on microencapsulated cell aggregates, and (e)
on microcarriers entrapped in microcapsules. Figure modified with permission from [97]; Adapted 2012.
Reproduced with permission — a Creative Commons Attribution License.

This study suggests that the combination of cell microencapsulation and microcarrier
technology results in an optimal process for the scalable production of high-quality
pluripotent hPSCs because microencapsulation ensures a shear stress-free micro-
environment and avoids the excessive clustering of microcarriers and aggregates in
hPSC culture.

The alginate encapsulation of hPSCs typically results in weak mechanical proper-
ties and chemical instability in addition to poor resistance to osmotic swelling, which
often results in cell escape, although Siti-Ismail et al. reported a 260-day culture of
hPSCs encapsulated in alginate hydrogels [83]. Therefore, the exterior of alginate
microcapsules is often coated to increase the mechanical stability by polyelectrolyte
complexation, where two oppositely charged polymers are complexed together [114].
The coating materials are polycations, such as poly-L-lysine (PLL), because of the poly-
anionic characteristics of alginate. PLL binds to both the M and G blocks of alginate
through ionic interactions, and PLL typically binds more tightly to alginates with higher
M content [114]. To improve biocompatibility, the positive PLL charges on the exterior
of the microcapsule are neutralized through deposition of additional alginate, forming
alginate-PLL-alginate microcapsules. Chitosan, polyethylene glycol (PEG), and other
polycations might be used as alternatives to PLL [114].

Jang et al. developed a 3D synthetic polyethylene glycol (PEG)-based hydrogel
microcapsule using PEG3400 for hESC (H1, H9, and Novo) culture in a feeder layer-
free condition (Table 6.8) [118]. The PEG-based hydrogels were prepared by the con-
jugation of vinylsulfone-functionalized 3-arm PEG, 4-arm PEG, and 8-arm PEG to
dicystein-containing peptides with an intervening matrix metalloproteinase (MMP)-
specific cleavage site (Ac-GCRD-GPQGIWGQ-DRCG-NH2) through a Michael-type
addition reaction (Figure 6.17) [118,119]. A high expression of MMP-2 in H9 hESCs
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Figure 6.17 Chemical structures of PEG-based hydrogels. A. Chemical structures of a 3-arm PEG

(a), 4-arm PEG (b), 8-arm PEG (c), and an oligopeptide with an MMP-specific cleavage site (d). B.
Chemical reaction of 3-arm PEG hydrogels (a), 4-arm PEG hydrogels (b), and 8-arm PEG hydrogels (c).
Reproduced with permission from [2]; Copyright 2014 Elsevier Inc.

was observed compared with that using other MMP isomers. Therefore, the research-
ers selected the MMP-2-sensitive PEG-based hydrogel for hESC growth in DMEM/
F12 medium with KSR and bFGE The physical properties of the stem cell microenvi-
ronment are important factors for determining cell fate and for maintaining the plu-
ripotency and differentiation of stem cells [35], as discussed in Section 6.3. Significant
effects of PEG concentration (5, 7.5, 10, 12.5, or 15%) and vinyl sulfone-functionalized
PEG multiarm number (3, 4, or 8) on hESC morphology were observed in this study
[118]. The PEG arm numbers and PEG concentration affected the stiffness of the PEG-
based hydrogels. The hESCs underwent apoptosis in the 3-arm PEG-based hydrogels,
which were softer hydrogels because of the shortage of hydrogel crosslinking com-
pared with that in the 4-arm and 8-arm PEG-based hydrogels [118]. The relatively
stiffer hydrogels from the 4-arm and 8-arm PEG-based hydrogels appear to be prefer-
able for hESC cultures that maintain cell viability and pluripotency.

Cell growth was found to be maximal with the 8-arm architecture and 10% PEG con-
centration, which generated the highest expression of stemness-related genes (Oct3/4,
Nanog, Klf4, Tert, Sox2) on hESCs [118]. The 8-arm PEG-based hydrogels consisting
of 10% PEG were considered to be the optimal condition for the culture in the feeder-
free 3D conditions. The alkaline phosphatase activity in cultured H9 cells in the 8-arm
PEG-based hydrogels was similar to that in the 2D culture of conventional MEF feeder
cells [118]. However, an increased expression of pluripotent genes (Klf-4, Cdhl, Tert,
Sox2, and Utf1) and higher expression of pluripotent surface markers (SSEA-4, Oct3/4,
Nanog, Tra-1-60, and Tra-1-81) were detected in the 3D-cultured hESCs compared
with those in the hESCs cultured on MEF feeder cells (2D culture) [118]. These results
indicate that the chemically defined, acellular niches developed using PEG-based
hydrogels have the ability to support hESC self-renewal.
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6.6 hPSC Culture on PDL-Coated Dishes with the Addition of
Specific Small Molecules

Rho signaling is required for the maintenance of cell-cell contacts in hESCs [120].
The use of a ROCK-specific inhibitor revealed that cell-cell adhesion was reversibly
controllable and indispensable for ESC self-renewal. Harb et al. [120] and Meng et al.
[31] reported that hESCs could be cultured on PDL-coated dishes in defined mTeSR1
medium supplemented with the ROCK inhibitor Y27632. These hESCs maintained
their pluripotency, their ability to self-renew, and their ability to differentiate into
the three germ layer lineages. In conventional cultures, Y27632-containing medium
is usually replaced with fresh medium without Y27632 24 h after seeding or thaw-
ing dissociated cells because Y27632 can promote hPSC attachment and viability but
not proliferation [31]. However, Y27632 was always present in the culture medium in
these experiments [31] because the hESCs tended to detach from the culture surfaces if
refeeding occurred without Y27632 in the culture medium.

Long-term culturing (e.g., > 10-20 passages) of hESCs on PDL-coated dishes in
defined medium supplemented with Y27632 should be performed to evaluate whether
hPSCs can proliferate and maintain their pluripotency and ability to differentiate into
the three germ layer lineages under these conditions.

6.7 Conclusion and Future Perspective

Human pluripotent stem cells (hPSCs) are commonly cultivated on MEF or human feeder
cells in a culture medium containing KSR or in mTeSR1, StemPro, or another commer-
cial culture medium used for feeder-dependent cultures. After a few passages, the hPSCs
can be shifted into a feeder-free culture system consisting of Matrigel- or Geltrex-coated
dishes with mTeSR1, StemPro, or another commercial culture medium. Neither type of
culture system is suitable for clinical trials as pharmaceuticals because serum, MEFE, or
Matrigel, which is derived from xeno-origin is used.

Currently, some feeder-free and xeno-free culture systems are commercially pro-
duced: hPSCs are able to proliferate on (1) vitronectin-coated dishes in TeSR2 medium;
(2) Synthemax (an oligopeptide derived from vitronectin) dishes in TeSR2, StemPro
medium, or another hPSC culture medium; (3) CELLstart (mixture of albumin and
fibronectin)-coated dishes in TeSR2, StemPro, or another hPSC culture medium;
(4) StemAdhere-coated dishes in TeSR2; or (5) PDL-coated dishes in TeSR2 supple-
mented with Y27632. However, not all hPSCs can proliferate and maintain their plu-
ripotency in each of the above serum-free culture systems. Further development of
coating materials or cell culture biomaterials, including nanofibers, microfibers, micro-
carriers, and hydrogels, is demanded for the long-term culturing of pluripotent hPSCs
as well as for the development of an optimal hPSC culture medium for their pharma-
ceutical usages.

The clinical applications of hPSCs will require hPSC production on a large scale.
Currently, hPSC culture media and culture dishes are extremely costly; thus, the large
scale production of hPSCs is extremely difficult. Furthermore, the surface design of
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microcarriers or microfibers for use in the mass production of pluripotent hPSCs in
bioreactors should be considered. The current microcarrier materials used for hPSC
culture are limited to crosslinked polystyrenes, dextran, and gelatin beads because the
typical microcarriers used for hPSC culture are selected from commercially available
beads (Tables 6.6 and 6.7). However, in 2D culture system, some sophisticated biomate-
rials have been reported for the long-term culture of hPSCs; these biomaterials are oli-
gopeptide-immobilized dishes and completely synthetic dishes under feeder layer-free
and xeno-free culture conditions. In this case, ECM-coated microcarriers or micro-
fibers will not be adequate for hPSC production because of the high cost of ECMs.
Synthetic microcarriers, nanofibers, microfibers, or hydrogels that support hPSC pro-
liferation while maintaining their pluripotency might be promising in the future. A
topic of interest will be the development of microcarriers prepared from a surface (or
polymeric) design that holds hPSC expansion and keeps hPSC pluripotency for a long-
term 2D culture. Microcarriers that are coated with specific polymers (PMEDSAH,
PMVE-alt-MA, APMAAm, and AEtMA-CI/DEAEA) or grafted with specific oligopep-
tides (VN-PAS, Oligo-HBP1) are expected to maintain several types of hPSCs while
keeping pluripotency in a chemically defined medium for the long term (more than 20
passages).

Currently, no systematic research has been performed to determine why certain syn-
thetic polymers with a specific chemical scheme support pluripotency of certain hPSC
cell lines. Some specific polymers that have been reported to maintain hPSC pluripo-
tency are still necessary to be reevaluated using different cell lines and culture media,
and the results should be evaluated by different researchers. It is still unclear whether
completely synthetic surfaces can support hPSC pluripotency in xeno-free culture con-
ditions without an ECM, oligopeptide, or polysaccharide coating; indeed, most syn-
thetic surfaces appear to require the secretion of ECMs from hPSCs or the adsorption
of proteins from a conditioned medium of feeder cells (or another culture medium).
Biological assays examining synthetic surfaces and surface coatings that support hPSCs
will help to uncover the most valuable and efficient synthetic surface designs or coating
biomaterials for hPSC culture.
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Abstract

Over the past few years, there has been an in-depth analysis of drug delivery using novel carrier
systems. Novel methods like nanoparticles, nanocrystals, nanocapsules, microemulsions and
phytosomes have improved the solubility, bioavailability, duration of action and, alternatively,
therapeutic effectiveness of drugs. Ayurveda and Siddha are the traditional systems of medicine
which have been followed by Indian Ayurvedic practitioners for the last thousand years, whose
potential has just being realized within the last few years. However, the drug delivery system used
for administering herbal medicine to the patient is ancient and noncurrent, resulting in reduced
efficaciousness of the drug. If the novel drug delivery technology is applied in herbal medica-
tion, it should facilitate in increasing the efficaciousness and reducing the facet effects of varied
herbal compounds and herbs. This is the basic plan behind incorporating novel methodology
of drug delivery in herbal medicines. However, contemporary phytopharmaceutical analysis
will solve the scientific desires (such as determination of pharmacological effect, mechanism of
action, site of action, correct dose required, etc.) of herbal medicines to be incorporated in novel
drug delivery systems, such as nanoparticles, matrix systems, solid dispersions, liposomes, solid
lipide nanoparticles and so on. This review summarizes numerous drug delivery technologies
which may be used for herbal actives along with some examples.

Keywords: Herbal drug, nanogreen, nanoparticle liposomes, curcumin, phytopharmaceutical

7.1 Introduction

Over the last thousand years, herbals have been used by humans in the form of con-
stituents, herbal extracts and finished herbal products; other uses may be in functional
foods and meditative products, as well as in opiates, perfumes, decorative agents, dyes,
poisonous arrows and for salvation. With the development of chemical structures, the
pharmacology and mechanisms of action of plant active constituents have resulted in
the expansion of life-saving medicines for human diseases. For human civilization,
many herbal medicines have saved the lives of millions of people, some examples of
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which are Digitalis purpurea, which is used for cardiovascular disease [1]; Cinchona
officinalis, used as the first antimalarial drug; Reserpine, the first antihypertensive
drug, was isolated in 1952 from the dried root of Rauwolfia serpentina; vincristine
from Catharanthus roseus (2] and paclitaxel from the Taxus brevifoliais are used as
antineoplastic drugs [3]; Momordica charantia is used as a hypoglycemic drug [4]; and
the first antibiotic penicillin was from Penicillium notatum [5]. In the last hundred
years, due to herbal drug innovation and expansion, various helpful drugs have been
developed, creating a great many successes in curing human diseases. Still, there is a
pressing need for a lot of efficacious medicine [6]. Herbal medicines are the combi-
nation of therapeutic experiences for the generation of autochthon systems of medi-
cation for many years. The majority of biologically active constituents in plants are
water soluble in nature, like flavonoids, glycosides, tannins, etc. These constituents are
weakly absorbed either owing to their giant molecular mass that cannot be absorbed
by inert transmission or owing to their reduced macromolecule solubility, a factor that
severely restricts their capability to pass through the lipid-rich natural membranes,
following reduced bioavailability [7].

The usage of standardized extract within the production of herbal medication has
become more and more common and fashionable. However, throughout the extrac-
tion method the drug molecules or active elements within the herbal medication
are exposed to oxidization, a reaction to different environmental degradations [8].
Nanocoatings of those drug molecules protect the active chemicals from degradation
and thus enhance the time period of the herbal product. So the integration of herbal
drug into novel drug delivery systems has certain adscititious benefits, like overcom-
ing poor absorption and high dosage, which are the most common problems for all
herbal drugs and are attractive to all national and international pharmaceutical com-
panies [9].

The word “nanotechnology” was initially used in 1974 by the late Norio Taniguchi
and was inspired by an idea that a nuclear physicist had in 1959 [10,11]. Nanotechnology
is conducted at dimensions at a nanosclae, which is 10 of a meter; it is the power to
figure at the molecular level to form giant structures with essentially new molecular
organization. The interaction of nanotechnology’s building blocks and inter-atomic
forces has the power to manage and manipulate the physical, biological and chemi-
cal properties of a system. The nanocarriers are manufactured from safe materials, as
well as artificial perishable polymers, lipids and polysaccharides. These novel carriers
should preferably meet some conditions. Firstly, the amount of drug released should be
directly proportional to the need and duration of the cure; secondly, the herbal drug
should reach the appropriate target [12]. The novel herbal drug release method targets
the site of action and the amount of drug release is directly proportional to the need
and duration of the cure.

7.1.1 Novel Herbal Drug Formulations
Various novel herbal drug formulations are depicted in Figure 7.1. They are:

1. Vascular delivery methods: Transferosomes, Ethosomes, Liposomes,
Phytosomes;
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5 Nanoparticles
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Herbal drug
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Transferosomes

Figure 7.1 Various novel herbal drug formulations.

2. Nano Drugdelivery methods: Micropellets, Microspheres, Nanoparticles;
3. Biphasic Drug delivery methods: Micro/Nano emulsions.

7.2 Phytosomes

The word “phyto” stands for plant, while “some” represents cellular. Phytosomes are
extremely tiny cells resembling structure. Phytosomes are often a highly developed
type of herbal drug delivery system that contains the active constituents of herb sur-
rounded with supermolecule. Plant secondary metabolites like flavonoids, glycosides
and tannins are water soluble in nature, and from all of these water-soluble metabo-
lites, flavonoids are a broad category of biological active secondary compounds having
significant therapeutic value. The attributes of aqueous herbal extract and outer lipid
layer phytosomes provide higher absorption, good bioavailability and long duration
of action as compared to simple herbal formulations [14]. Phytosomes produce lipid
membrane surrounding the herbal drug which protects against the degradation of
herbal drug by biological enzymes, acid and intestinal microorganisms. Phytosomes
are able to transfer the extract from deliquescent atmosphere into the lipid atmosphere
of the plasma layer and then finally get to the blood via cell. These formulations are
prepared by reacting herbal extract or herbal constituents with soy phospholipids in
appropriate solvents. Phytosomes have varied physical, chemical and spectroscopic
properties having different novel applications [15]. Moreover, phytosomes have been
used in several widespread herbal extracts together with ginko, silybum, liquorice and
ginseng [16]. The secondary metabolites like flavonoids present in these phytomedi-
cines are easily attached with phophatidylcholine and form complex [17].
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Table 7.1 Different commercial phytosomes preparations [21-24].

Herbal Source Phytoconstituent Medicinal Uses

Milk Thistle Sylimarin Antihepatotoxic

Maidenhair Tree 24% Ginkgoflavonoids Brain tonic

American ginseng Ginsenosides Adaptogenic

Tea Leaves Catechin Treatment of Cancer

Olive oil Phenolic Compounds Treatment of inflammation

Grape Vine Procyanidins Nutraceutical, systemic
antioxidant, a

Thornapple Flavonoids Nutraceutical, cardio-protective

Purple coneflower Echinacosides Immunostimulants

Indian Pennywort Triterpenes Nervine tonic, Skin disease

Yanyu and coworkers prepared the phytosome of silymarin and tested its different
pharmacological action. During their study the absorption of silymarin inflated signifi-
cantly, and the therapeutic activity was also increased in a reduced dose [18]. Ravarotto
and coworkers (2004) prepared silymarin phytosome and tested it for antihepatotoxic
activity; and he showed that silymarin phytosomes have more potent antiheapatotoxic
activity than silymarin extract alone. Meriva® is a patented phytosome formulation of
curcumin with soy phospholipids. The two compounds form a noncovalent adduct
during a 1:2 weight quantitative relation, and two components of crystalline polysac-
charide are supplementary to enhance formulation, with overall contents of curcumin
0f20% [19]. Phytosome of glycyrrhetinic acid is the complex sort of glycyrrhetinic acid
with phosphatidyl choline. The active part of glycyrrhetinic acid is structurally almost
like Cortisol, a hormone with anti-inflammatory drug properties, and potentiates its
activity by inhibiting its internal organ and inactivation of animate things [20]. Various
commercial phytosome preparations are presented in Table 7.1.

7.3 Liposomes

Liposomes are composed of a double layer in which one layer is made up of phospho-
lipid and the internal layer is water-soluble drug (Figure 7.2). The liposome layer may
be composed of naturally-derived phospholipids with mixed supermolecule chains and
a variation of head group or of untainted artificial lipids with definite acyl chains and
head groups. The phospholipids align themselves side-by-side with their oleophilic
heads familiarizing themselves with one another. Medication with a wide variety of
lipophilicities may be encapsulated within the liposomes, either within the phospho-
lipids bilayer, within the entrapped binary compound volume or at bilayer interface.



NEW PERSPECTIVES ON HERBAL NANOMEDICINE 219

Water soluble free drug

Phosphatidylcholine Phosphatidylcholine-Drug complex

Figure 7.2 The structural arrangements of the liposome (left side) and phytosomes (right side).

Liposomes are sometimes shaped from phospholipids and are the accustomed modi-
fication of the pharmacokinetic profile of not exclusively medication, but also herbs,
enzymes, etc. [25].

7.3.1 Classification of Liposomes by Work and Mode of Delivery

Liposomes are classified according to their work and mode of delivery as:

i. Classic liposomes;

ii. pH-sensitive liposomes;

iii. Cationic liposomes;

iv. Immunoliposomes;

v. Long-circulating liposomes.

Sac size could be a decisive constraint in determining the circulation half-life of
liposomes.

7.3.2 Classification of Liposomes by Size and Range of Bilayers
Liposomes are classified by their size and range of bilayers as follows:
i. Minute unilamellar vesicles (MUV): 20-100 nm;

ii. Large unilamellar vesicles (LUV): > a hundred nm;
iii. Giant unilamellar vesicles (GUV): > one thousand nm;
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Table.7.2 Liposomes herbal formulations [12].

Herbal Sources Phytoconstituents Uses % Entrapment
Efficiency
Green tea, Apples, Quercetin Antioxidant 67%
Berries, Ginkgo Anticancer
biloba,
St. John’s wort
Milk Thistle Silymarin Hepatoprotective 70%
Sweet Wormwood Artemisin Treatment of viral 62-75%
infection
Amur Peppervine Ampelopsin Antineoplastic 63%
Yew tree Taxol Antineoplastic 95%
Turmeric Curcumin Antineoplastic 88-89%

iv. Oligolamellar sac (OLV): 100-500 nm;
v. Multilamellar vesicles (MLV): > five hundred nm.

Attributable to their distinctive features, liposomes are capable of increasing the effi-
cacy of different herbal extracts or phytoconstituents with mounting constituent liquefac-
tion, rising element absorption, and by also increasing the cellular uptake of herbal drug.
Liposomes release the active constituents of herbal drug to their site of action or their
own receptor for long duration and this process will increase the safety of herbal drugs
[26-28].

Silybin is a potent hepatoprotective herbal medicine which is isolated from the plant
Silybum marianum, but oral absorption of silybin is very poor (< 30%) as compared
to parental root. Formulation of silybin liposome increases the absorption more than
60% (26).

Various herbal extracts and phytoconstituents containing liposomal formulation are
summarized in Table 7.2.

7.4 Nanoparticles

Nanoparticles are micron or submicron particles having a size less than 100 nanome-
ters. The drug is dissolved, entrapped, encapsulated or connected to a nanoparticle
matrix [29]. Nanocapsules are submicroscopic colloidal drug carrier systems com-
posed of an oily or an aqueous core surrounded by a thin polymer membrane, whereas
nanospheres are matrix systems within which the drug is actually and homogeneously
spread. Recently, formulation of PEG nanoparticles has been used for significant deliv-
ery of therapeutic durgs because these nanoparticles will release the drug for a long
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Table 7.3 Bioactive constituents and their applications [35-47].

Name of Bioactive Application
Constituents
Taxol Decrease in poisonous effects
Curcumin Boosted dissolution
Cuscuta Extract Enhanced solubility
Triptolide Solid lipid Enhanced bioavailability and anti-
nanoparticles inflammatory activity
B-elemene Improved constancy and bioavailability
Meletin Improved drug discharge and antioxidant
effect.
Silymarin Enhance distribution time
Ammonium Enhanced absorption
glycyrrhizinate
Berberine Persistent discharge of drug
Naringenin Persistent discharge of drug and Enhanced
bioavailability

period of time. PEG nanoparticles are also able to deliver DNA in gene therapy [30].
Some herbal nanoparticle constituents having a size of more than 100 nanometers have
conjointly been rumored in the literature, like nanoparticles of curcuminoids having
size of 450 nm, paclitaxel and praziquantel nanoparticles in size ranges from 150 to
200 nm. Additionally, nanoparticles may even be outlined as being submicronic (b1l
Im) mixture systems [31]. Nanonization possesses several benefits, like mounting drug
solubility, reducing meditative quantity of drug and raising the permeability of herbal
constituents or extract compared with several classical herbal medication preparations
[12]. Paclitaxel is an anticancer herbal compound which is isolated from the Pacific yew
tree, Taxus brevifolia. Nanoparticles of paclitaxel delivered in a sustained release form
reduce various poisonous effects. Curcumin, which is an active marker component of
Curcuma longa, has malignant neoplasm activity but its anticancer use is very limited
because of it having less solubility in water and poor absorbability. The nanoparticle
formulation of curcumin has improved its bioavailability and has shown significant
anticancer activity [32].

Prabhu et al. prepared silver phyto nanoparticles of Tulsi leaf extract and extract
of nirgundi and compared their antibacterial drug activity to herbal extracts. They
found that the antibacterial drug activities of all the herbal nanoparticles obtained from
Ocimum sanctum showed the most maximum inhibitory rate using 150 pg of those
plants extract [32].
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Yamini et al. Synthesis of Silver Nanoparticles from Cleome viscosa and found that
the extract of Cleome viscose was capable of manufacturing silver nanoparticles extra-
cellular and are relatively constant in resolution it had been conjointly confirmed that
the composite discharge of silver at a core is capable of interpretation antimicrobial
affectivity and tried to move against the microbes [33].

7.4.1 Merits of Nanoparticles as Drug Delivery Systems

The diverse merits of using nanoparticles as drug delivery systems are:

i. Shelf life of herbal constituents will increase;

ii. Solubility of active constituents is markedly increased;

iii. Side effects related to dose of herbal extract is decreased;

iv. Nanoparticles target sites for action;

v. Water and lipid soluble constituents are delivered by nanoparticles.

7.5 Nanoemulsions/Microemulsions

Nanoemulsions are oil in water (o/w) emulsions having globule diameters starting at
50-1000 nm. Typically, the characteristic drop range is from 100 to 500 nanometers.
In nanoemulsion, drug will exist as oil-in-water and water-in-oil forms depending
on whether the central part of the drug is to be oil or otherwise water, correspond-
ingly. Surfactants used for the preparation of nanoemulsions are approved for human
consumption and routine food materials. These surfactants must be approved by the
FDA in form of “Generally Recognized as Safe” (GRAS). Nanoemulsions are sim-
ply produced in large amounts by combining part aqueous insoluble oil with part
aqueous compound under elevated shear pressure or motorized extrusion technique,
which is available worldwide [48]. The different phases of nanoemulsions are shown
in Figure 7.3.

Due to their smaller globule size and large surface area, nanoemulsions will easily
absorb into the skin, so they should not have any type of virulent or irritant effects on
the skin membranes. These formulations are also capable of transferring plant con-
stituents to cell culture for treatment of cancer [48]. The drug delivery of curcumin
by microemulsion increased its absorption as compared to simple curcumin emulsion
[49]. For increasing the solubility and absorption of ubiquinone, a nanoemulsion of
ubiquinone was also developed [50].

7.5.1 Merits of Nanoemulsions

There are various merits to using nanoemulsions, which are:

i. The extremely small drop size causes an oversized reduction within
the gravity strength and movement might also be adequate for defeat-
ing gravity. This proposes that no physical occurrence happens on
storage.
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Figure 7.3 Different phases of nanoemulsion.

ii. The tiny drop size additionally avoids aggregations of the globule. Meager
aggregations are prevented and this allows the system to stay spread with
no separation.

iii. They are appropriate for well-organized delivery of active ingredients
from the skin. The big expanse of the emulsion method permits speedy
dispersion of drug molecules.

iv. Their clear character because of their liquidity (at affordable oil concen-
trations) and also because of the the nonappearance of thick particle
nanoemulsions, which could provide a pleasing visual nature.

v. Unlike microemulsions, which need a high amount of surfactant to
be more than 20%, nanoemulsions can be formulated by very minute
amounts of surfactants. Formulation of 20% o/w nanoemulsion required
less than 10% of surfactant.

vi. They are useful for the release of aromatic compounds, which can be
included in several products; and are also useful for delivery of nonalco-
holic fragrances.

7.6 Microspheres

Microspheres are typically free-flowing, elegant fine particles containing non-natu-
ral polymers that are fragile in character and preferably contain element dimensions
smaller than 200 pm. Microspheres have a number of advantages to overcome the limi-
tations of standard medical aid and increase the curative efficiency of herbal drugs [53]
(Table 7.4). Numerous methods are available for delivering a drug to its target receptor
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Table 7.4 Herbal microspheres and their applications [54,56-58].

Herbal Phytoconstituents | Advantages Uses

Microspheres

Rutin alginate Rutin Targeting into cardio- Cardiovascular and
chitosan cascular and cerebro- Cerebrovascular
microcapsules vascular region diseases

White turmeric oil | Essential oil Continued discharge Liver protective
microsphere and elevated

bioavailability

Camptothecin Camptothecin Continued discharge of | Treatment of
loaded camptothecin cancer
microspheres

Quercetin Quercetin Significantly decreases Anticancer
microspheres the dose size

or organ in a controlled release manner. Microspheres are one of the methods which
release drug/extract in a systematic controlled manner to a specific target site in which
the concentration of drug is also maintained during the treatment period without any
side effects. Microspheres are not only popular for expanded discharge of drugs, but
additionally for effective treatment of cancer by targeting the site of cancer cells [54].
Table 7.4 lists some herbal micropsheres and their applications.

Microspheres are smaller in particle size and have a large surface-to-volume magni-
tude relation. The surface possessions of microspheres usually increased the therapeutic
activity [13]. Impervious microsphere and magnetic microsphere have been commonly
formulated in the last few years. For the formulation of impervious microsphere the
antigen and antibody are coated on the polymer microspheres. The microspheres are
available in oral and parental dosage form.

Many phytoconstituents are formulated into microspheres like rutin, camptoth-
ecin, curcumin, quinine, quercetine and various herbal extracts [54]. Gastro sus-
pended microspheres of silymarin are reported for continued controlled release of
sylmarin for a period of 12 hours that showed an increased bioavailability of silyma-
rin as compared to normal extract [55].

Microspheres are generally prepared by emulsion solvent evaporation, spray drying
and chemical crosslinking techniques.

7.6.1 Classifications of Polymers Used in Microspheres

Polymers which are typically used in microspheres are classified into two types:

1. Synthetic polymers, which are classified into two types:
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a. Non-perishable Polymers: Poly methyl radical methacrylate (PMMA),
Acrolein, Glycidyl methacrylate, Epoxy polymers
b. Perishable Polymers: Poly alkyl group cyano acrylates, Poly anhy-
drides, Lactides, Glycolides and their copolymers
2. Non-synthetic polymers, which are acquired from entirely diverse
resources like carbohydrates, proteins and with chemically changed car-
bohydrates [59].

7.7 Microcapsules

Microencapsulation is a method in which small elements or globules are encircled with
coating to produce tiny capsules. Simply stated, microcapsules contain tiny globules
which are covered by a homogeneous thin layer. In microcapsules the drug particle
is cited as the middle part, inner part, or fill, whereas the layer is typically referred to
as the case or surface covering. The dimensions of microcapsule range from 1 to 1000
micrometers [60,61] The herbal microcapsules entrapped with water-soluble extracts
of plantain Plantago major and Calendula officinalis L. (PCE) were organized by layer-
by-layer surface assimilation of gum and oligo chitosan onto carbonate microparticles
with their sequent dissolving once EDTA treated. Covering of PCE was performed by
absorption and coprecipitation techniques. The coprecipitation provided higher defense
of PCE in the carbonate matrix compared to surface assimilation. In-vitro release kinet-
ics were studied by simulated digestive juice. With the model of acetate lesions in rats,
it has been verified that PCE free from the microcapsules accelerates stomachic tissue
repair [62].

7.7.1 Morphological Features of Microcapsules [63]

The central material is key feature responsible for morphological changes of microcap-
sule (Figure 7.4).

1. Mononucleate (middle shell) microcapsules enclose the shell round the
nucleus.

2. Polynuclear microcapsules contain numerous core capsulates inside the
covering.

3. Matrix microcapsules in which the center substance is dispersed consis-
tently into the covering matter.

7.8 Nanocrystals

Nanocrystals are nanoscopic crystals of the parent compound with dimensions less
than 1pm. Formation of crystalline nanoparticles or nanocrystals improve solubility
and porousness, and ultimately bioavailability [64] (see Figure 7.5). The solubility of
phytopharmaceutical was increased even in nonsoluble product by its conversion into
nanocrystal. The small element dimension means larger surface space which provides
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access to a lot of solvent molecule that will encircle the elements, which is necessary
for liquetying a drug molecule [65].

There are lots of phytopharmaceutical compounds available for use in the treat-
ment of a variety of diseases. Gymnemic acids nanocrystals over microcrystals
should overcome the absorption problem in the gastrointestinal tract and increase
the bioavailability. The nanocrystals of gymnemic acids may offer necessary hints
on how to move the medical ends of the herb to a novel pharmaceutical system for
additional exploration for treatment of disease [66]. Ravichandran et al. prepared
spray-dried curcumin nanocrystals by high homogenization technique that is used to
supply the drug in capsule form. Dried drug nanocrystals provide superior chemical
science properties. Curcumin nanocrystal-loaded capsules are often made via stan-
dard procedures. From the Noyes-Whitney equation, the hyperbolic area and satura-
tion solubility attributable to the decrease in radius lead to hyperbolic dissolution
velocity [67].

7.8.1 Methods for Formulation of Nanocrystals

The most common strategies utilized designed for the formulation of nanocrystals are
crushing, aggressive blending and precipitation. Exhaustive analysis for novel tools has
led to several different techniques meant for manufacturing of drug nanocrystals. Still,
non-pharmaceutical firms like Dow Chemical have been getting into the market of
weakly soluble medication with solubility-enhancing technologies.
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Among different technologies, the subsequent critical fluid strategies are mentioned
solely for reasons of completeness.

Rapid expansion of supercritical solution (RESS);

Rapid expansion from supercritical to aqueous solution (RESAS);
Solution-enhanced dispersion by the supercritical fluids (SEDS);

Spray freezing into liquid (SFL) evaporative precipitation into aqueous
solution (EPAS); and

5. Aerosol solvent extraction (ASES) [68,69].

Ll

7.9 Ethosomes

Ethosomes were initially developed by Touitou et al. in 1997. Ethosomes are lipid ves-
icles usually known as ethanol modified liposome at concentration range b/w 30% v/v
to 35% v/v. They have been widely used as topical/transdermal delivery systems effec-
tive for delivery of medication into and across the skin [70]. The high concentration
of alcohol makes ethosomes a distinctive flexible carrier system which causes fluidiza-
tion of the lipidic portion of skin. On its incorporation in an optimum amount into a
membrane, i.e., vesicle boundry, it enhances the vesicle’s ability to penetrate the stratum
layer. Contrary to standard liposomes, ethosomes are generally smaller in size, higher
in entrapment potency and, of course, have enhanced stability [71]. Ethosomes act as
reservoir systems and offer continual delivery of medication to the desired site [72].
Examination of ethosomes by transmission electron microscopy reveals that ethosomes
can either be unilamellar or multilamellar through to the core. Ethosomal vesicles may
vary in size from a few nanometers to micrometers depending on factors and process
parameters like method of preparation, stirring time, stirring speed and sonication.
Divergent from transfersomes, ethosomes have shown improved skin delivery of drug in
both occlusive and non-occlusive conditions [73]. The topical/transdermal routes have
many advantages as compared to oral delivery, viz. patient compliance, ease of adminis-
tration and removal, non-invasive delivery, direct systematic action, alleviation of first-
pass metabolism, alleviation of GIT irritation and undesired metabolism, etc. [75].

The physicochemical properties of ethosomes enable this vesicular delivery system
to move active moieties effectively through the skin in terms of amount and depth com-
pared to standard liposomes that are remarkable primarily for delivering medication to
the external layers of skin [75]. Triptolide-encapsulated ethosomes have been prepared
for topical delivery of triptolide and evaluated for their ability to decrease erythema in
rats as compared to the other formulations. Also, ethosomal formulation showed a rise
in bioavailability, which may be because of increased skin accumulation. Ethosomes
of Sophora alopencerides were prepared by transmembrane pH gradient technique.
This ethosomal formulation has been proved as an extended release dosage form with
increased permeability across the stratun corenum, and is thus used for topical delivery
of alkaloids [76]. Ethosomal preparations of ammonia glycyrrhizinate for the treatment
of inflammatory diseases of skin are also reported in the literature. These being less
toxic and non-irritating, exhibited better bioavailability as compared to the ethanolic
solution of the drug [77].
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Figure 7.6 Planned mechanism for skin delivery of ethosomal systems.

Figure 7.6 is a diagrammatic representation of the mechanism of ethosomes-
enhanced penetration of drug through lipids in stratum corneum. The layers of skin
at body temperature are densely packed and enormously structured. Ethanol interacts
with lipid molecules within the polar head cluster region, leading to an increase in
their texture. The time interval for ethanol into the polar head cluster surroundings
may end up in a rise within the membrane permeability. Ethanol also offers flexibility
to vesicles, which enhances their penetration into deeper layers of the skin. The inter-
digitated, acquiescent ethosome vesicles will find their way through the disordered
corneum.

7.10 Transfersomes

The word transfersome and the underlying idea were introduced in 1991 by Gregor
Cevc. In the broadest sense, a transfersome can be an extremely adaptable and stress-
responsive, complicated combination. The most popular kind of transfersome is
ultra-deformable vesicle, usually having an aqueous compound core enclosed in a
complicated lipidic bilayer. Reciprocity of the native composition and the form of the
bilayer makes it both self-acting and self-optimizing [78].

Transfersomes were developed so as to uplift the transcutaneous drug hauler property
of the phospholipid vesicles. These self-aggregated lumps, with the immoderate versatile
covering, can repeatedly deliver the drug with great potency, either into or through the
skin. However the effect may depend on the route of administration or mode of applica-
tion. These vesicles have manifold improved skin penetration because of numerous orders
of enormity higher elasticity than the quality liposomes formulation. Transfersomes,
unlike ethosomes, overcome the skin penetration problem by compressing themselves on
the intracellular protection lipid of the corneum and finding their way as flexible carrier
between the lipids of the membrane [79].

7.10.1 Relevant Characteristics of Transferosomes

The infrastructure of transfersomes is composed of hydrophobic and deliquescent
entrapped/embedded moieties. As a result, it has the capability to lodge active moieties
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with a large range of solubility, as shown in Figure 7.7. The relevant characteristics of
transferosomes are:

1. They deform and go through slender constriction (from five to ten times
of their own diameter) with no measurable loss. This high deformability
provides higher penetration of intact vesicles;

2. They act as carrier for a diverse range of molecules, e.g., analgesic, anes-
thetic, corticosteroids, endocrine, anticarcinogenics, insulin, albumen, etc.;

3. They have similar advantages to liposomes, which include biocompat-
ibility, and are perishable as they are made up of natural phospholipids,
soya phophatidylcholine [80].

7.10.2 Transferosomes as Herbal Formulation

Transferosomes encapsulating capsaicins, prepared by the high shear scattering tech-
nique, were found to have better penetration and high absorption in skin surface [81].
Curcumin is potentially used for the treatment of a variety of diseases, but it shows
lower bioavailability when it is in the preferred oral dosage form. Formulation of trans-
ferosome curcumin gel increases the permeation of curcumin through the skin as com-
pared to normal cucumin gel alone [82]. Transferosomes of periwinkle plant derivative
vincristine sulpate showed higher permeation rate through the skin as compared to
normal extract [83]. Colchicines, which are isolated from Colchicum luteum, have been
used for the treatment of gout, but its oral absorption shows some serious gastric side
effects, and the transferosme formulation of colchicines reduced its side effects and
improved its bioavailability [84].

7.10.3 Limitations of Transfersomes

The limitations of transfersomes are:
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1. They are prone to chemical degradation owing to their tendency of
aerophilous degradation;

2. There is doubt that the purity of natural phospholipids can be estimated
correctly, therefore, the world is against use of such drug delivery vehicles;

3. These formulations are uneconomical as well [80].

7.11 Nanoscale Herbal Decoction

The decoction of conventional Chinese medication containing Rhubarb stem, Huang
Lian, (Coptidis stem) and skullcap is widely employed in the treatment of hepatic dis-
order [85]. However, decoction requires heating that lessens its effectiveness. Nanoscale
San-Huang-Xie-Xin-Tang formulation contains Rhubarb stem, Huang Lian, (Coptidis
stem) and skullcap with a weight ratio of 2:1:1, respectively. Nanoscale decoction of this
herbal formulation was prepared in normal water, which potentiates the antihepato-
toxic activity and bioavailability [86].

7.12 Natural Polymers in Nanodrug Delivery

Polymers, especially natural polymers, are one of the permanent candidates for prepa-
ration of drug delivery systems. They play an important role in the production of drug
release devices and also in controlled drug release. The demand for a compound with
specific physical-biological properties has created continued interest in the screening
of natural polymers and their derivatives obtained from industrial and commercial
sources [86]. Nano-drug delivery involves the use of nanometric carriers to deliver
site-specific drug molecules. The nano size enables enhanced uptake of particles by
cells in the body, resulting in greater retention by target tissues. The particles, ranging
from 10 nm - 100 nm, facilitate the passage across cell membrane and reduce the
potential for uptake and clearance by the reticulo-endothelial system, the liver
and spleen. This causes increased therapeutic efficacy and a subsequent decrease in the

Table 7.5 Recent patents on novel herbal formulations.

Us Patent No. Phytoconstituents Novel Drug Delivery

US 5948414 Opium alkaloids and aloin Nasal spray [92]

US 6340478 B1 Ginsenosides Microencapsulation and sustained
discharge [93]

US6890561 Bl Isoflavone-enriched fraction | Microencapsulation [94]

US0042062 Al Extract of Soybin, turmeric Sustained discharge of active con-

and Ginger stituents for treatment of diabetes

[95]

US7569236132 Meletin and Ginkgolide Microgranules [96]
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Table 7.6 Marketed novel herbal formulations.

Product Name Plant Source Novel Drug Company Name
Delivery System

White tea liposome | Tea leaves extract Liposome Cosmetochem [97]
Herbasec

Green tea liposome | Tea leaves extract Liposome Cosmetochem [98]
Herbasec

Ginselect Panax ginsengrhizome | Phytosome Indena [99]
Phytosome

PA2 Phytosome Bark of Aesculus Phytosome Indena [99]

hippocastanum

Sericoside Root of Terminalia Phytosome Indena [99]

Phytosome sericeabark

facet of poisonous effects [87]. In addition, nanosizing leads to particles with an out-
sized surface area to volume quantitative relation, making a lot of space for particles
to be adsorbed or carried [88]. Natural polymers are of great importance as a result
of their usually being biocompatible, biodegradable, nontoxic and non-immunogenic.
Naturally occurring polymers used can be classified into two groups, viz. polysaccha-
rides and proteins [89].

Commonly used polysaccharide polymers for preparation of nanocarriers include
starch, chitosan, alginate and dextran, while gelatin and albumin are examples of the
proteins usually used [90]. These polymers are used to prepare colloidal particles of
nanometric size. In these systems, the drug to be delivered might be spread among
the compound matrix or adsorbed on the surface of the carrier, which is known as
a nanosphere; or it might be encapsulated among a core surrounded by compound
membrane, which is known as a nanocapsule. The tactic by which they are loaded into
nanocarriers for delivery of drug is mainly due to their physicochemical properties, and
therefore the drug to be loaded [91].

7.13 Future Prospects

Far-reaching research has been, and is still going on, in the area of targeted NDDS of
active constituents and extracts obtained from plants. However, some aspects, viz. pro-
duction, application and safety, are still at the exploration stage. The development of
herbal remedies as novel drug delivery system (e.g., phytosomes, transferosomes, etc.) is
still moving at an accelerated rate at a number of institutes at vital and clinical trial lev-
els. However, the only prerequisite is to widen and utlize a formulation that not merely
is as or more effective than the existing treatments for ailments, but that is also bet-
ter at alleviating the side effects and increasing the patient’s compliance. Hence, using
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“herbal medication” in the form of nanocarriers could uplift the plant potential used for
management of a range of persistent physiological disturbances. Nanocarriers as “herbal
remedies” are also flourishing sources of many important medicinal compounds that
can be used as purposeful foods. Several plant extracts and phytomolecules, despite hav-
ing excellent bio-commotion in vitro, demonstrate less or no in-vivo actions due to their
hydrophillicity or improper molecular size or both, resulting in deprived absorption and
bioavailability. The incorporation of consistent plant extracts and polar phyto-constitu-
ents like terpenoids, flavonoids, tannins and xanthones in a novel formulation leads to
enhanced absorption profile and higher concentration, reaching systemic circulation;
thus resulting in improved pharmacokinetics of drugs. It is projected that the competent
and vital importance of the natural products and herbal remedies proposed to be for-
mulated as nano/microcarriers will augment the implication of existing dosage systems/
forms used for herbal delivery.
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Abstract

Biomaterials with specific abilities to interact with biological structures have been widely used
in the development of different devices intended for biomedical use. Within this field, the inter-
est in endogenous polymers as components of delivery systems has gained increasing attention.
This chapter aims to provide an overview of the use of these polymers in nanoparticle develop-
ment and, more specifically, to present novel strategies that could open new horizons for gene
therapy based on non-viral vectors. The strategies that we describe could offer a unique oppor-
tunity to support the translation of basic-science breakthroughs in endogenous polymers into
clinical applications, thus offering the possibility to break down barriers in the transition from
resource-based approaches towards knowledge-based strategies.

Keywords: Gene therapy, non-viral vectors, drug delivery, nanoparticles, endogenous poly-
mers, proteins, carbohydrates

8.1 Introduction

The search for new drugs and therapeutic tools for the treatment of diseases is a con-
tinuous challenge in the pharmaceutical field. Among them, the gene therapy approach
occupies a very promising place. The possibility of inducing the expression of a thera-
peutic protein (inserting a functional gene), or suppressing the aberrant expression
of a protein (inhibiting the gene expression), opens countless possibilities to revolu-
tionize the clinical practice [1-4]. However, this great potential future faces important
issues that must be overcome if we want the broad clinical application of gene therapy
to pass from hope to reality [5]. The first one is knowledge of the exact role of each
protein in the physiopathology of a disease. Such information is necessary in order to
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predict if modification of the gene expression will result in any clinical improvement.
This is a great challenge for multifactorial diseases—those where more than one gene
is involved—and easier for diseases caused by only a single defective gene. The sec-
ond issue is related to the design of a system able to protect and transport bioactive
nucleic acids to the site of action without representing any risk to the patient. In this
respect, different vehicles are being studied as carriers intended to provide successful
gene transfer to cells [6,7].

Fundamentally, gene delivery systems can be differentiated into viral carriers (ade-
novirus, lentivirus, etc.) and non-viral vectors (complexes, micelles, liposomes,
nanoparticles, etc.) [8]. Following are the major requirements for both polymers and
nanoparticulate systems intended for gene therapy.

o Polymer:

o Biocompatibility and biodegradability — the polymer should be metab-
olized by tissues and cells and the degradation products should be
compatible with the body’s structures.

o Absence of toxicity — the polymer should present neither acute nor
chronic toxicity. It should not elicit immune responses.

o Ability to form nanoparticles — the polymer should be able to form a
stable nanoparticulate system.

o Availability and affordability — the polymer should be easily obtained
at pharmaceutical grade and preferably at low price.

o Nanoparticle:

o Genetic material protection — the system should be able to protect the
therapeutic nucleic acid from degradation (extracellular nucleases,
lysosomes, etc.).

o Specific cell uptake - the system should be specifically internalized by
the target cells to avoid potential off-target effects.

o Kinetic release — the kinetic release should avoid early release of the
nucleic acid but it should have an appropriate on-target release.

o Stability — the system must show shelf stability as well as stability after
administration (no aggregation, precipitation or undesired dissocia-
tion phenomena).

o Affordable production - the system should be produced in an easy,
large scale and cost-effective way, preferably avoiding harsh condi-
tions (organic solvents, high temperature, toxic chemicals, etc.).

Among non-viral systems and from a historical perspective, as a premise of mate-
rial related sciences concerning the selection or design of components for the devel-
opment of nanoparticles intended for gene therapy, bioinertness has been a major
requirement. Bioinertness means that a material should not provoke any reaction
from the body. Thus, in the literature we can find different inert nanosystems, such
as those based on polyesters [9-11]. However, this former position was reconsidered
after understanding that the use of bioactive molecules or biomacromolecules could
improve the targeting towards specific tissues/organs and provide an added biological
value, such as mucoadhesiveness, the ability to interact with specific receptors, the
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ability to provide stability in biological fluids, the ability to increase drug efficiency
and even to provide synergistic effects [12-15]. These aspects are discussed in the
following sections in which we refer to endogenous polymers, i.e., those polymeric
components that are found in the human body. As a consequence, in the last few years
there has been increasing attention on the use of endogenous materials that would
fulfill such requirements [16,17]. Herein we will focus our attention on these non-
viral endogenous polymer-based nanoparticles.

8.2 Polymeric Nanoparticles in Gene Therapy: Main
Characteristics of Currently Proposed Nanosystems Based
on Endogenous Polymers

The literature describes different nanosystems intended for gene therapy. Among these
nanosystems, those based on polymers and at the submicron level are usually denomi-
nated nanoparticles. However, first of all we should clarify the difference between the
terms nanoparticles and nanocomplexes (or complexes in general), as we refer to both
in this chapter. Complexes can be described stoichiometrically and are usually formed
by simply mixing cationic polymers and the nucleic acids in question. In such a case,
without the active nucleic acid compound we would merely have a polymeric disper-
sion. On the contrary, in the case of polymeric nanoparticles the formation of the
polymeric structure does not require the concurrence of an active compound, result-
ing in what it is possible to denote as ‘blank’ nanosystems. Due to the obviously more
intricate nature of the interactions between polymers in nanoparticles (that can vary
from covalent bounds to physically crosslinked interactions), they are generally rec-
ognized to have a superior ability to protect the nucleic sequence. Indeed, in some
nanocomplexes the nucleic acid can be displaced or dissociated due to competitive
interactions of the polymers with biological components.

8.2.1 Strategies Based on Use of Endogenous Polymers as Biomaterials

The interaction of nanoparticulate carriers with biological media will depend not
only on their particle size, but also on two critical aspects: their exposed surface
charge and composition. As a consequence, when we decide to modulate such inter-
actions by using endogenous polymers we should focus our attention on the surface
disposition of such polymers and their direct influence on the surface properties of
the system. Therefore, we have two alternative possibilities to carry out the afore-
mentioned design. The first consists of using the endogenous polymers as building
blocks of the nanoparticle structure in order to provide the desired biomimetism. The
second possibility consists of covering the surface of a preformed nanoparticulate
carrier in such a way that the endogenous polymer faces the biological media and
exposes its features.

An additional key aspect is to determine if we can use a selected endogenous poly-
mer in its natural state or if we need to modify it in order to improve its characteristics,
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