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Abstract: Controlled release of biologically active compounds in the context of drug and vaccine
delivery is an important area of research with broad implications in many areas of medicine. In
particular, the challenges of oral delivery are of specific interest to reduce the cost and potential
health risks related to parenteral administration of pharmaceuticals and vaccine formulations.
We discuss the biological activities of two biopolymers, -glucans and emulsans, both of which
offer significant potential for individual formulations related to drug impact, while in combination
offer synergistic opportunities in terms of formulation and delivery. -Glucans have been
established as potent immunomodulatory and biologically active compounds with application in
a wide range of disease systems. The emulsan family of biopolymers also has significant potential
in vaccine and drug delivery based on recent studies. Each of these biopolymers offers exciting
opportunities to modulate biological responses via control of chemistry and physical properties
achieved during biosynthesis or postsynthesis modifications. When combined into a delivery
system for controlled release, synergistic outcomes may be achieved that offer new and exciting
opportunities as described in the present paper. These outcomes represent the combined
improvements of solubility in physiological environments and immunomodulation due to the
specific chemistry and structures involved. Overall, this approach provides a new direction in
controlled release wherein the biomaterial carrier, in this case emulsan, and the drug, in this
case f3-glucan, play an active role both in biological activation as well as in delivery profiles.
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Introduction and respond with appropriate counter measures which can
The innate immune system is the first line of defense involve a spectrum of responses from biochemical attack, a

against attack, whether from parasites, bacteria, or viruses.cellular response by phagocytic cells, to the induction of the

The organism must correctly recognize the type of infection acquired immune system. The recognition of nonself in the

innate immune system is mediated largely by specific cellular
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Figure 1. (A) Generic structure of S-glucans. Typical examples follow: R’ = H in Curdlan, laminarin, and schizophyllan, R' =
glucose residues in barley glucans, R" = H in barley glucan and Curdlan, and R" = glucose residues in laminarin, Saccharomyces
B-glucan, and laminarin. (B) Generic structure of emulsan with a three-amino sugar repeat and fatty acid side chains.

biopolymer engineering to alter chemistry or molecular of some pathologies and in antimicrobial and anticancer
weight, is a major focus of our research efforts. therapies where they induce a required immune response.
Most $-glucans contain (4-3)-3-p-glucopyranosyl units Emulsan is an anionic exopolysaccharide produced from
with (1,6)3 or (1,4) side chains with varying distributions  a variety of hydrocarbon sources, including fatty acids and
and lengths depending on the biological sources (Figure 1).ethanol, by the Gram-negative bacteriutinetobacter
p-Glucans have several characteristic advantages over othegenetianusstrain RAG-1, previously classified ascineto-
biopolymers. These include availability across several genera,bacter calcoaceticit$ (Figure 1). The polysaccharide main
simple purification protocols, lower molecular variability, chain contains three amino sugarsgalactosaminep-
neutral charge in aqueous solution, high stability at various galactosaminouronic acid, and a dideoxydiamino hexose in
temperatures and pH levels, long half-life in vertebrates (due a 1:1:1 ratio’® The polymer ha®-acyl- andN-acyl-bound
to the lack of3-glucanases), lack of allergenic response, and side chain fatty acids ranging in chain length from 10 to 22.
absence of inhibitory or competing arftiglucan antibodies  These fatty acid substituents constituteZ3% (w/w) of the
in mammals. In addition, singg-glucans are not found in  polymer. The emulsan amino groups are either acetylated
higher organisms, they trigger the innate immune respbnse. or covalently linked by an amide bond to 3-hydroxybutyric
Humans do not possegshydrolases, s@-glucans remain  acid® The combination of the hydrophilic anionic sugar main
in the bloodstream and lymphatic system and gradually are chain repeat units with the hydrophobic side groups leads
deposited in the liver and/or spleen over a few months to the amphipathic behavior of emulsan and, therefore, its
without structural change until oxidative degradation by ability to form stable oil-in-water (o/w) emulsions.
phagocytes or secretion through glomerular filtraidn. The emulsan family of polymers represents a novel class
Degradation of3-glucans can occur in the human intestine of adjuvant candidates. While the emulsans share some
and is related to the presence/dflucanases in the local  similar structural features with lipopolysaccharides (LPSs),
microbial flora? Because of this, molecules able to reduce they are a distinct family of acylated exopolysaccharides.

or inhibit -hydrolase activities could play a relevant role  The most obvious distinctions between emulsans and LPSs
in drug formulation to preserve thg-glucan molecule

integrity and biological activity. Administration gf-glucans
to mammals has been reported to be beneficial in the context

(5) Gutnick, D. L.; Shabtai, Y. Exopolysaccharide bioemulsifiers in
biosurfactants and biotechnology. Exopolysaccharide Bioemul-
sifiers Kosaric, N., Cairns, W. L., Gray, C. C., Eds.; Marcel

(1) Brown, G. D.; Gordon, S. Fungg-glucans and mammalian Dekker, Inc.: New York, 1987; Vol. 25, pp 21R46.
inmunity. Immunity2003 19, 311-315. (6) Gutnick, D. L.; Shabtai, Y. Exopolysaccharide bioemulsifiers in
(2) Suda, M.; Ohno, N.; Hashimoto, T.; Koizumi, K.; Adachi, Y.; biosurfactants and biotechnology. Eixopolysaccharide Bioemul-
Yadomae, T. Kupffer cells play important roles in the metabolic sifiers Kosaric, N., Cairns, W. L., Gray, C. C., Eds.; Marcel
degradation of a soluble anti-tumor—<B)-3-b-glucan, SSG, in Dekker, Inc.: New York, 1987; Vol. 25, p 232.
mice. FEMS Immunol. Med. Microbioll996 15, 93—100. (7) Belsky, I.; Gutnick, D. L.; Rosenberg, E. Emulsifier Afthro-
(3) Motoi, M.; Ishibashi, K.; Mizukamio, O.; Miura, N. N.; Adachi, bacter RAG-1: Determination of emulsifier-bound fatty acids.
Y.; Ohno, N. Anti3-glucan antibody in cancer patientst. J. FEBS Lett.1979 101, 175-178.
Med. Mushroomg004 6, 41—-48. (8) Gorkovenko, A.; Zhang, J.; Gross, R. A.; Allen, A. L.; Kaplan,
(4) Chourasia, M. K.; Jain, S. K. Polysaccharides for colon targeted D. L. Bioengineering of emulsifier structure: Emulsan variants.
drug delivery.Drug Delivery 2004 11, 129-148. Can. J. Microbiol.1997, 43, 384-390.
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are the differences in molecular weight, the variability in
fatty acid side chain lengths and types, and the degree of
substitution with fatty acid side chaifisUtilizing direct
biological synthesis for control and manipulation of complex .
structural features offers a new path to a family of com-
pounds that cannot be attained by current organic chemistry g
approaches. This process can be exploited to generate
emulsans with modified acyl fatty acid groups (for example,
chain lengths, unsaturation or saturation, hydroxylation, and
fluorination have all been demonstrated) on the polysaccha-
ride backbone, thereby generating an essentially unlimited
suite of adjuvant candidates within this family of related smallintestine
polymers that may induce variable immune modulation, both (PH=68-7-4)
in the degree and in the nature of the response.

Emulsan preparations have served as effective adjuvants
as demonstrated using several systems. Emulsan-induceu
antibody titers against classical hapten carriers were shownrjgure 2. Oral release of Curdlan on emulsan—alginate gel
to be similar to levels obtained using complete Fruend’s microspheres in the human digestive tract.
adjuvant!® and emulsan-based formulations for intranasal
delivery also stimulated significant titers against hapten In these strategies, polymeric carriers play a key role in
conjugates (B. Panilaitis et al., unpublished results). In providing for the drug a microenvironment that protects it
models of Lyme disease, botulinum intoxication, fedsinia from the harsh external environment. A range of synthetic
pseudotuberculosissmulsan-based vaccines protected the polymers and copolymers have been used as coating or
animals from lethal and/or pathology-inducing challenge adsorbent agents. However, multistep processes are usually
doses (B. Panilaitis et al., unpublished results). required to synthesize and/or modify these polymers. In

Oral medication is one of the most common routes for addition, the presence of undesirable secondary products,
drug release because it is noninvasive and less harmful tharsometimes toxic, requires additional purification steps which
parenteral delivery and is recommended especially in chronicare expensive and time-consuming. As a result of these
diseases or when multiple serial doses are requiréd. complications, the search for biocompatible, degradable, and
addition, oral drug administration offers a gateway for environmentally sensitive or “smart” coating polymers that
delivery through the gastrointestinal territory and for sys- are relatively easily used has become desirable.
tematic delivery through access to the lymphatic system and
blood stream. However, a major limitation for oral delivery Chapter 1. Biomedical Applications and
of biomolecules is thg dlges_tlve tract, pqrtlcularly the.stomach Properties of f-Glucans
due to the harsh acid environment with pHs ranging from
1.0 to 3.5 (Figure 2). In addition, the presence of hydrolytic
enzymes in the digestive tract significantly reduces the
bioavailability of sensitive compounds used in pharmacology.
Typical examples of compounds with reduced bioavailability
are some antibiotics, therapeutic peptides, proteins like
insulin, and some enzymé&%'3To overcome these problems,
drug coating and adsorption are the prevalent alternatives.

Esophagus

Stomach
(pH=1.0-3.5)

Large intestine
(pH=6.4-7.5)

Antimicrobial and Immunomodulatory Properties.
B-Glucans are the most abundant components of fungal and
yeast cell walls, but they are also widely distributed in algae,
higher plants, and some bacteria (Table 1). Over the past
decade, f-glucans have been studied because of their
cholesterol-lowering activities, and their anticoagulant and
antithrombotic activities which reduce the risk of cardio-
vascular diseasé$. 6 Also, the metabolic control of diabetes
by S-glucans was previously reportétin fact, f-glucans
are biopolymers designated Generally Recognized As Safe

(9) Lerouge, |.; Vanderleyden, J. O-Antigen structural variation:
Mechanisms and possible roles in animal/plant-microbe interac-
tions. FEMS Microbiol. Re. 2002 26, 17—-47.

(10) Panilaitis, B.; Johri, A.; Blank, W.; Kaplan, D. L.; Fuhrman, J. (14) Alban, S.; Franz, G. Characterization of the anticoagulant actions

A. Adjuvant activity of emulsan, a secreted lipopolysaccharide of a semisynthetic curdlan sulfatEhromb. Res200Q 99, 377—
from AcinetobactewenetianusClin. Diagn. Lab. Immunol2002 388.
9, 1240-1247. (15) Lee, K. B.; Bae, J. H.; Kim, J. S.; Yoo, Y. C.; Kim, B. S.; Kwak,

(11) Sinha, V. R.; Trehan, A. Biodegradable microspheres for protein S. T.; Kim, Y. S. Anticogaulant activity of sulfoalkyl derivatives
delivery.J. Controlled Releas2003 90, 261—280. of curdlan.Arch. Pharm. Res2001, 24, 109-113.

(12) Haupt, S.; Rubinstein, A. The colon as a possible target for orally (16) Jenkins, D. J. A.; Kendall, C. W. C.; Vuksan, V.; Vidgen, E.;
administered peptide and protein dru@¥it. Rev. Ther. Drug Parker, T.; Faulkner, D.; Mehling, C. C.; Garsetti, M.; Testolin,
Carrier Syst.2002 19, 499-551. G.; Cunnane, S. C.; Ryan, M. A,; Corey, P. N. Soluble fiber intake

(13) Bernkop-Schimeh, A.; Kirchmayer, R.; Kratzel, M. Synthesis, at a dose approved by the US Food and Drug Administration for
development and in vitro evaluation of drug delivery systems with a claim of health benefits: Serum lipid risk factors for cardio-
protective effect against degradation by pepdirug Targeting vascular disease assessed in a randomized controlled crossover
1999 7, 55-63. trial. Am. J. Clin. Nutr.2002 75, 834-839.
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Table 1. Typical Examples of Biologically Active 3-Glucans

carbohydrate (common name)

main glycosidic linkages

sources

AC-1 glucan f-(1,4) with branches Acetobacter xylinum

barley glucan £-(1-3), p-(1—4) Hordeum vulgare (barley)

Curdlan p-(1-3) Alcaligenes faecalis var. myxogenes
glucan phosphate p-(1—6) S. cerevisiae

laminarin £-(1-3) Eisenia bicyclis

lentinan B-(1—3), p-(1—6) Lentinus edodes (Shiitake mushroom)
lichenan p-(1-3), f-(1—4) Icelandic moss

PGG-glucan p-(1-3) S. cerevisiae

pustulan /-(1-6) Penicillium allahabadense and Umbilicaria species
scleroglucan B-(1—3), f-(1—6) Sclerotium glucanicum

schizophyllan p-(1-3) Schizophyllum commune

SSG-glucan p-(1-3) Sclerotinia sclerotiorum

(GRAS) by the U.S. Food and Drug Administration (FDA)

in fishes of economic interest such as African catfiSka(ius

since 2003, and of late, the European Communities Com- gariepinug,? Atlantic salmon $almo sala),?* brook trout
mission designated a solubfeglucan purified fromSac- (Sakelinus fontinali$,?® carp Cyprinus carpig,?® rainbow
charomyces cetésae as an orphan drug for treatment of trout (Oncorhynchus mykis3d’ and yellowtail Seriola quin-
oral mucositis in head and neck cancer patients. gueradiatd.?® The physiological mechanisms of enhanced
However, the development of the beneficial biological bacterial resistance mediatedfglucans in Atlantic salmon,
activities of high-molecular weight (HMWJp-glucans as  catfish, and rainbow trout were attributed to the enhancement
immunomodulators is still in its infancy. HMVB-glucans of humoral as well as nonspecific cellular defenses such as
are considered as biological response modifiers (BRM) andthe bacterial killing activity of macrophages and phagocy-
were reported to be useful for the treatment of some bacterial,tosis?”2°3 In addition, enhanced complement activity, an
fungal, protozoan, and viral pathogen infections as well as increase in the level of cytokine synthesis, and production
certain types of tumor$:*® In particular, in vitro studies  of oxygen free radicals by macrophages were detected in
revealed thaB-glucans or their derivatives possess relevant fish after treatment with3-glucans® =32 §-Glucans also
biological activities such as inhibition of parasites like induced an augmented specific immune response in Atlantic
Plasmodium falciparumthe malaria-causing agetttand salmon and catfish when administered prior to vaccination
Babesia bois, one the most significant protozoa in cattle against Aeromonas salmonicidand Edwardsiella icta-
diseasé! Also, bacterial and parasitic infection resistance
in mice was increased after oral administration or intraperi- (23) voshida, T.; Kruger, R.; Inglis, V. Augmentation of non-specific
toneal doses of oat-derivgglucan?? Administration ofS. protection in African catfishClarias gariepinus(Burchell) by
cerevisae ff-glucans has been reported to increase the the long-term oral administration of immunostimulanis.Fish
resistance against major microbial pathogens suckeas- Dis. 1995 18, 195-198.
monas hydrophilaEdwardsiella tarda Streptococcusp., (24) Robertsen, B.; Rorstad, G.; Engstad, R. E.; Raa, J. Enhancement

Vibrio anquillarum Vibrio salmonicidaandYersinia rucketi of non-specific disease resistance in Atlantic salrBafmo salar
9 m a ! L. by a glucan fromSaccharomyces censiae cell wall. J. Fish

Dis. 199Q 13, 391-400.
(17) Wursch, P.; Pi-Sunyer, F. X. The role of viscous soluble fiber in  (25) Siwicki, A. K.; Anderson, D. P.; Rumsey, G. L. Dietary intake
the metabolic control of diabetes: A review with special emphasis of immunostimulants by rainbow trout affects non-specific im-
on cereals rich ip-glucan.Diabetes Carel 997, 20, 1774-1780. munity and protection against furunculosiget. Immunol. Im-
(18) Ross, G. D.; Vwicka, V.; Yan, J.; Xia, Y.; VéviCkova J. munopathol1994 41, 125-139.
Therapeutic intervention with complement ghdlucan in cancer. (26) Yano, T.; Matsuyama, H.; Mangindaan, R. E. P. Polysaccharide-
Immunopharmacolog$999 42, 61-74. induced protection of car@yprinus carpioL. against bacterial
(19) Tzianabos, A. O. Polysaccharide immunomodulators as therapeutic infection. J. Fish Dis.1991 14, 577-582.
agents: Structural aspects and biologic functi@im. Microbiol. (27) Jeney, G.; Anderson, D. P. Glucan injection or bath exposures
Rev. 200Q 13, 523-533. given alone or in combination with bacterin enhance the non-
(20) Havlik, I.; Looareesuwan, S.; Vannaphan, S.; Wilairatana, P.; specific defense mechanisms in rainbow tro@in¢orhynchus
Krudsood, S.; Thuma, P. E.; Kozbor, D.; Watanabe, N.; Kaneko, mykis$. Aquaculture1993 116, 315-329.
Y. Curdlan sulfate in human severe/ceretfPésmodium falci- (28) Matsuyama, H.; Mangindaan, R. E. P.; Yano, T. Protective effect
parummalaria.Trans. R. Soc. Trop. Med. Hyg005 99, 333— of Schizophyllan and Scleroglucan agairtreptococcussp.
340. Infection in yellowtail Seriola quinqueradiata Aquaculturel992
(21) lgarashi, I.; Kimani Njonge, F.; Kaneko, Y.; Nakamura, Y. 101, 197-203.

Babesia bigeminaln vitro and in vivo effects of curdlan sulfate
on growth of parasite€Exp. Parasitol.1998 90, 290-293.

(22) Yun, C.-H.; Estrada, A.; Van Kessel, A.; Park, B.-C.; Laarveld,

(29) Chen, D.; Ainsworth, A. J. Glucan administration potentiates

immune defense mechanisms of channel catfis)urus punc-
tatus RafinesqueJ. Fish Dis.1992 15, 295-304.

B. -Glucan, extracted from oat, enhances disease resistance(30) Jorgensen, J. B.; Robertsen, B. Y¢gaglucan stimulates respira-

against bacterial and parasitic infectioREMS Immunol. Med.
Microbiol. 2003 35, 67—75.
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luri.?234In previous work, cells oBlastomyces dermatitidis ~ mechanism involving complement receptor 3 (CR3, also
a yeast well-known as @-glucan producer, were opsonized namedaMf2 integrin, Mac-1, or CD11b/CD18) present in
and facilitate complement deposition, suggesting fhglu- myeloid and natural killer (NK) cells and also in selected
can in the cell surface is accessible to antibodiesnovel leukocytes. CR3 is a heterodimeric molecule composed of
f-glucan-conjugated vaccine was reported to successfullythe o, (CD11b) and3, (CD18) chains. CR3 is an adhesive
prevent vaginal infections afandida albicansn rats and structure with different binding domains. The CD11b chain
lethal systemic infection oAspergillus fumigatug mice3¢ possesses an | domain, which recognizes iC3b-opsonized
Interestingly AspergillusandCandidaspp. are phylogeneti-  particles, intercellular adhesion molecules, and extracellular
cally very distant and harbor different cell wall compositions, matrix proteins, and the C terminus, a lectin-like domain,
but both synthesizes-glucans as cell surface polymers. harboring a binding site for carbohydrates ljkglucan?344
Moreover, in vitro experiments have demonstrated an The trigger of CR3 for phagocytosis or cytotoxic degranu-
increase in the macrophage killing activity 6andidasp. lation of tumor cells requires the binding to the receptor of
by antif3-glucan antibodies, and a correlation of the decline bothS-glucan and iC3b (opsonized cells). When tumor cells
of anti3-glucan antibody titer with the presence of mycdsis. are resistant to complement-dependent cytotoxicity (CDC),
These results confirm previous findings of other research the use of antitumor antibodies able to attach iC3b to the
groups?23839t is important to note that the fungicidal activity  cell surface in conjunction with3-glucan generates the
of 5-glucans is relevant since fungal infections are more than activation of complement and has been probed to be a
10% of nosocomial infections and are of significant concern promising alternative in cancer therapies. In particular,
in immunocompromised patiemt$However, the complete  laboratory studies using animal models showed Curdlan, an
mechanism of-glucan biological activities is extremely unbranched linegf-(1—3) glucan, prevents colon aberrant
complex and still under investigation. Additional beneficial crypt foci induced by 1,2-dimethylhydrazine in r&tsnd
biological activities described fgi-glucans were the inhibi-  demonstrated anticancer activities against sarcoma 180 in
tion of AIDS viruses HIV-1 and HIV-2142 mice and tumor in endothelial celi&*” Oral delivery of
Anticancer Properties. Tumoricidal activity ofg-glucan ~ f-glucans enhanced the antitumor activities of several
has been attributed to the activation of the complement monoclonal Abs against mouse breast carcinoma, and Lewis
lung carcinoma, melanoma, and neuroblastoma in huffigAs.
Cancer immunotherapy using monoclonal Abs combined
with the use of3-glucan adjuvants exhibits the characteristics

(31) Engstad, R. E.; Robertsen, B.; Frivold, E. Yeast glucan induces
increase in activity of lysozyme and complement-mediated
hemolytic activity in Atlantic salmon bloodFish Shellfish

Immunol.1992 2, 287-297. (41) Yoshida, T.; Yasuda, Y.; Mimura, T.; Kaneko, Y.; Nakashima,

(32) Fujiki, K.; Shin, D. H.; Nakao, M.; Yano, T. Molecular cloning H.; Yamamoto, N.; Urdu, T. Synthesis of curdlan sulfates having
and expression analysis of car@yprinus carpi interleukin- inhibitory effects in vitro against AIDS viruses HIV-1 and HIV-
1b, high affinity immunoglobulin E FC receptor g subunit and 2. Carbohydr. Res1995 276, 425-436.
serum amyloid AFish Shellfish Immuno200Q 10, 229-242. (42) Naito, T.; Okada, M.; Ogasawara, H.; Kaneko, H.; Hishikawa,

(33) Solem, S. T.; Jorgensen, J. B.; Robertsen, B. Stimulation of T.; Matsumoto, T.; Sekigawa, |.; Hashimoto, H.; Kaneko, Y.
respiratory burst and phagocytic activity in Atlantic salm8almo Curdlan sulfate induces the downmodulation of chemokine
salar L.) macrophages by lipopolysaccharideish Shellfish receptors leading to suppression of HIV infectidn.Acquired
Immunol.1995 5, 475-491. Immune Defic. Synd2001, 26, 512—513.

(34) Saeed, M. O.; Plumb, J. A. Immune response of channel catfish (43) Thornton, B. P.; Vetvicka, V.; Pitman, N.; Goldman, R. C.; Ross,
to lipopolysaccharide and whole c&dwardsiella ictalurivac- G. D. Analysis of the sugar specificity and molecular location of
cines.Dis. Aquat. Org.1986 2, 21—25. the -glucan-binding lectin site of complement receptor type 3

(35) Zhang, M. X.; Brandhorst, T. T.; Kozel, T. R.; Klein, B. S. Role (CD11b/CD18).J. Immunol.1996 156, 1235-1246.
of glucan and surface protein BAD 1 in complement activation (44) Xia, Y.; Ross, G. D. Generation of recombinant fragments of
by Blastomyces dermatitidigeast.Infect. Immun2001, 69, 7559 CD11b expressing the functiondtglucan-binding lectin site of
7564. CR3 (CD11b/CD18)J. Immunol.1999 162, 7285-7293.

(36) Torosantucci, A.; Bromuro, C.; Chiang, P.; De Bernardis, F.; Berti, (45) Shimizu, J.; Kudoh, K.; Wada, M.; Takita, T.; Innami, S.;
F.; Galli, C.; Norelli, F.; Bellucci, C.; Polonelli, L.; Costantino, Maekawa, A.; Tadokoro, M. Dietary curdlan suppresses dimeth-
P.; Rappuoli, R.; Cassone, A. A novel glyco-conjugate vaccine ylhydrazine-induced aberrant crypt foci formation in Sprague-
against fungal pathogend. Exp. Med2005 202, 597-606. Dawley rat.Nutr. Res.2002 22, 867—877.

(37) Ishibashi, K. M.; Yoshida, I.; Nakabayashi, H.; Shinohara, N. N.; (46) Kiho, T.; Matsushita, M.; Usui, S.; Ukai, S. Biological activities
Miura, Y.; Adachi Ohno, N. Role of anfi-glucan antibody in of (1—-3)-6-p-glucans with reducing glucose side chaiBsci.,
host defense against fun§EMS Immunol. Med. MicrobioR005 Biotechnol., Biocheml998 62, 570-572.

44, 99-1009. (47) Usui, S.; Matsunaga, T.; Ukai, S.; Kiho, T.; Hirano, K. Growth

(38) Casadevall, A.; Dadachova, E.; Pirofski, L. A. Passive antibody suppressing factor for endothelial cells exhibits tumor regressing
therapy for infectious diseasé¢at. Rer. Microbiol. 2004 2, 695— activity. Biol. Pharm. Bull.1999 22, 353—359.

703. (48) Cheung, N. K.; Modak, S. Oral (133),(134)p-glucan synergizes

(39) Xiao, Z.; Trincado, C. A.; Murtaugh, M. B-Glucan enhancement with antiganglioside GD2 monoclonal antibody 3F8 in the therapy
of T cell IFNy response in swiné/et. Immunol. Immunopathol. of neuroblastomaClin. Cancer Res2002 8, 1217-1223.

2004 102, 315-320. (49) Cheung, N. K.; Modak, S.; Vickers, A.; Knuckles, B. Orally

(40) van Burik, J. A.; Magee, P. T. Aspects of fungal pathogenesis in administeregB-glucans enhance anti-tumor effects of monoclonal
humans Annu. Re. Microbiol. 2001, 55, 743-772. antibodies.Cancer Immunol. ImmunotheR002 51, 557—564.
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of a targeted attack based on surface tumor moleculardemonstrated that binding @ glucan to the macrophage
markers. Such specificity of targeting is an important scavenger receptor protects against endotoxic shock and
advantage when compared to nonspecific chemo- and ra-weakens the binding of LDE%%° Since the uptake of LDL
diotherapeutic cancer treatments. by macrophages is considered one of the initial steps in the
Mechanism of Activity. Severas-glucan receptors which ~ formation of atherosclerotic lesions, the usgfajlucans to
mediate the complex biological responses of this class of prevent atherogenic events could be an alternative therapy
polymers have been identified. Among them is lactosyl- to be explored.
ceramide (LacCer, G@l-4Glc-ceramide, or CDw17) which In humans, other receptors involved in the binding to
belongs to the glycosphingolipid (GSL) family. LacCer has g-glucans described in the literature are Toll-like receptors
been identified as an important signaling intermediate for 2 and 6 (TLR-2 and TLR-6, respectively) which work
the regulation of proliferation and adhesion in mammalian cooperatively. TLRs are present in a variety of human cells,
cells? Also, LacCer has been identified as a receptor for including the gastrointestinal tract and cell lineages involved
B-glucans and has been shown to recognize a variety ofin the immune response. TLRs recognize different types of
microbes>* Binding of -glucans with the LacCer receptor PAMPs and were discovered through their homology to the
induces the activation of NkB, enhancement of neutrophil  Toll receptors oDrosophilawhich are relevant in antifungal
oxidative burst, and production of macrophage inflammatory defensé?! Vertebrate TLRs are single-pass transmembrane
protein (MIP-2) in alveolar epithelial cell$:*° In human  proteins with an extracellular leucine-rich domain and an
monocytic cells, LacCer induces the expression of the intracellular domain homologous to the cytosolic interleu-
platelet/endothelial cell adhesion molecule (PECAM-1 or kin-1 receptor (IL-1) domain. Activation of TLR is mediated
CD31 antigen) and activates protein kinasex@nde by by adaptor proteins, like MyD88 and/or Mal, which partici-
translocating from the cytosol to the membrane; conse- pate in the signaling and induce the expression of nuclear
quently, phospholipase A2 is activated, and as a result, transcription factorkB (NF«B), and interferon response
increasing levels of homotypic and heterotypic adhesion andelement 3 (IRF) which regulates IFBl-production. The
transendothelial cell migration can be observed. subsequent cascade involves the transcription of proinflam-
Scavenger receptors recognize LDLs (low-density lipo- matory cytokine gene®:63
proteins) and fatty acids and are involved in mechanisms of  \jore recently, a major receptor f@glucans, Dectin-1,
inflammation and atherogenesis but also are able to recognizgyas jgentified in mouse myeloid cells (macrophage, mono-
other molecules such g&glucans?® Further experiments  cyte, and neutrophil lineages). Dectin-1 in concert with TLR
is involved in the proinflammatory response feglucans.
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transmembrane region, and a cytoplasmic tail having anshould improve biological function and clinical outcomes,
immunoreceptor tyrosine-based activation motif (ITAM). the issues addressed in Chapter 3.

When thefg-carbohydrates, but nat-glucans, bind to the

extracellular domain_, a tyrosine _res_;idue is phosphqrylated Chapter 2. Biomedical Applications and

and s_tarts the activation of transcription factor R_<H¥,—wh|c_h Properties of Emulsans

also is enhanced by TLRs at the cell surface increasing the ] B ) .

level of production of IL-12 and TN&S*®5 The human Structural Tailorability. Previous studies of emulsan
homologue to Dectin-1, name&glucan receptordGR), is were directed at exploring the metabolic flexibility of the
spliced in many forms, but only two isoform§GR-A and bacterium to incorporate exogenous fatty acids under a

BGR-B), which vary only in the presence or absence of a variety of culture strategies. These studies led to the
stalk region, are able to recognifieglucans®® observation that significant manipulation in both the com-

. . . . position and degree of fatty acid substitution could be
vitﬁ)n%t;ei:lgijocl% %'Cglgogfo‘ﬂ;eezggg'ifwgﬁegznggéfd "N achieved’ 72 Thus, the idea that a family of acylated

2 . exopolysaccharides can be formed by a microbial production
66,67 - _
Icf "15?; hD e: tn 1.'5 allsoclijprti%ulgtzd bty Cyt?clf['r? eél'thzi and system has now been demonstrated. The bioengineering of
~13, Which are invo'lved In the Indliction of the "PE " ihe surfactant structure is fundamentally important since it
response which results in an alternative activation of mac-

hages® E . f Dectin-1 is infl db shows that the acylation of the sugar backbone by the
rophages.”txpression ot Dectin-L 1S infiuénced by many acyltransferase enzyme system can potentially take place with
molecules, including cytokines and steroids, but the presence, \ e range of acyl donor molecules to match a specified
of high levels of Dectin-1 receptors in tissues like lung and

) ' ) roduct performance. This leads to the concept of “tailorabil-
intestine has been suggested to have a potential role as %

. : " of these acylated exopolysaccharides.
surveillance receptd®. Consequently, oral delivery should 4 Y PoY

. - Recently, on the basis of the earlier success with modula-
be the most favorable route for enhancing and realizing the . . .
. ) o tion of fatty acid content and levels, additional control of
maximal immune response via this receptor.

. incorporation profiles of the fatty acids provided fa
Summary. -Glucans are abundant in fungal and yeast ,enetianusvas explored? Therefore, mutants deficient in
cell walls, among other organisms, and have been undergaiy acid utilization were sought, with the assumption that
intensive study during the past decade for a variety of yhis would lead to further “tailoring” of structural profiles.

p_hysio_logical .irrllpacts. While development .of the beneficial Transposon mutagenesis Af venetianusRAG-1 using a
biological activities of HMWf-glucans as immunomodu- o dified transposon, Tn10 (mini-Tn10PttKi)was used
lators is relatively new, a challenge remains for effective 54 previously describé876 Conjugation was found to be
and sustained delivery of these polymers, such as for thepgre effective than electroporation for the transformation
treatment of pathogen infections and cancers. Mechanismsyf A ,enetianusRAG-1 directly with the isolated plasmid
of action for this family of biopolymers have been elucidated, pLOFPttKm containing the mini-Tn10PttKm transposon.
and severgp-glucan receptors which mediate the complex  antipiotic selection was used to isolate transformants, and

optimizing the controlled delivery of these biopolymers
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1—3-4-glucan (zymosan)-activated macrophagediol. Chem. Sci. Eng.1995 72, 92—-93.
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molecule, dectin-1, by subtractive cDNA cloninh.Biol. Chem containing non-antibiotic resistance selection markers for cloning
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(1) loss of5-oxidation pathways (to promote direct incor-
poration of exogenous fatty acids) and (2) loss of fatty acid
synthesis. A lower level of fatty acid substitution was a
general characteristic of these mutants. Data collected
included fatty acid profiles, total fatty acids (degree of
substitution), and the molecular weight of the polysaccharide
backbone and emulsification properti€sin additional
studies, fluorinated fatty acid esters were successfully
incorporated into emulsan.These products were character-
ized byF NMR, and levels up to 8.5 wt % of total fatty
acids per milligram of emulsan were found. The solution
behavior of these modified polymers was evaluated by an
emulsification assay, and the level was found to be signifi-
cantly higher than that of native emulsan.

Stimulation of Murine Macrophages by Emulsan. As
a first step in the exploration of immunological responses

to emulsan, one of the emulsan structures, produced on an &
ethanol feed source, was characterized with macrophages.

The effects with and without bound protein were assessed
to elucidate differences. Removal of the protein resulted in
the ability to attribute immunomodulatory properties specif-
ically to the polymer and to rule out any effects of the
contaminating protein without affecting the emulsification
properties of the polymer, which may be important in the
adjuvant activity of emulsan. To determine the immuno-
modulatory effects of emulsan, we first determined whether
emulsan or deproteinized emulsan (apoemulsan) could
stimulate macrophages to release BNFA he results sug-
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Figure 3. (A) RAW 264.7 cells were stimulated with crude
(black bars) or apoemulsan (white bars) isolated from the A.
venetianus RAG-1 parent strain fed on minimal medium and
ethanol. (B) Primary macrophages from C3HeB/FeJ (black
bars) and C3H/HeJ (white bars) mice were stimulated with
specified doses of LPS or apoemulsan from ethanol-fed RAG-
1. TNF concentrations are the average of triplicates, and the
error bars represent the standard error of the mean.

gested that both the proteinated and deproteinated polymers
could generate this response. These results set the stage fopflammatory cytokine, TNE, was considered to be a

exploration of the relationship between structural features
of the polymers and levels of immunomodulation.

This family of polymers has structural similarities to
bacterial LPSs that suggested it might have pro-inflammatory
activity. The polymeric nature of emulsan’s polysaccharide
backbone suggests that it might also share properties with
chitin and chitosan derivatives that have demonstrated an
ability to activate macrophagé%.:8! On the basis of the
composition of emulsan and structural similarities to tradi-
tional microbial lipopolysacharides, the release of the pro-

(77) Johri, A. K.; Yalpani, M.; Kaplan, D. L. Incorporation of
fluorinated fatty acid esters into emulsan Bcinetobacter
calcoaceticuRAG-1. Biochem. Eng. J2003 16, 175-181.

(78) Nishimura, K.; Ishihara, C.; Ukei, S.; Tokura, S.; Azuma, .
Stimulation of cytokine production in mice using deacetylated
chitin. Vaccine1986 4, 151-156.

(79) Nishimura, K.; Nishimura, S.; Seo, H.; Nishi, N.; Tokura, S.;
Azuma, |I. Macrophage activation with multi-porous beads pre-
pared from partially deacetylated chitih. Biomed. Mater. Res.
1986 20, 1359-1372.

(80) Nishimura, K.; Nishimura, S.; Seo, H.; Nishi, N.; Tokura, S.;
Azuma, |. Effect of multiporous microspheres derived from chitin
and partially deacetylated chitin on the activation of mouse
peritoneal macrophage¥accine1987, 5, 136—140.

(81) Shibata, Y.; Foster, L. A.; Metzger, W. J.; Myrvik, Q. N. Alveolar
macrophage priming by intravenous administration of chitin
particles, polymers oN-acetylp-glucosamine, in micelnfect.
Immun.1997, 65, 1734-1741.
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suitable property to assay after stimulation of macrophages.
Emulsan molecules present a significant capacity to activate
macrophages, as determined by the release ofolfiém
primary cells as well as RAW 264.7 cells (Figure 3A), which
was dependent on the presence of the fatty acid side chains
as all activity was lost after hydrolysis of the side chains.
Initial studies with protein-contaminated crude emulsan with
macrophages isolated from C3H/HeJ and C3HeB/FeJ mice
indicated that TLR4 was not necessary for activation.
However, further experiments, utilizing protein-free apo-
emulsan, demonstrated that emulsan activity was largely
dependent on the TLR4 receptor (Figure 3B). While the
TLR4 receptor is clearly implicated in these studies, it is
important to point out that the emulsan experiments were
conducted in the presence of polymyxin B and, therefore,
independent of any LPS contamination in the emulsan
samples. This was further confirmed by the limulus ameo-
bocyte assay. The response is approximately 20-fold lower
than that of LPS on a per weight basis. Nitric oxide was not
released in response to emulsan.

Due to the ability to generate a nearly infinite number of
structural variants of the emulsan polymer, it is important
that screening methods be comprehensive to prevent the
exclusion of valid adjuvant candidates. As a result of our
focus on macrophage activation, specifically Td\$ecretion,
as an in vitro screening method, the nature of macrophage
activation was examined in more detail utilizing an RNase
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protection assay (RPA, R&D systems). The transcript levels Table 2. Immunization Groups for Intranasal Delivery?
of cytokine (LTo, LTS, TNFa, IL-6, IFNy, IFNA, and MIF) treatment subcutaneous  intranasal
or growth factor (TGB1l, TGF32, and TGIB3) were

. . DNP-KLH alone (50 u 5
_exgmmed (data no.t shown). Analysis of the RPA data DNP-KLH, 50 ug(of Ri)Gl, and EtOH 5 5
indicated thgt the increased level of ThFeleased as DNP-KLH, 5 g of RAG1, and EtOH 5
measured with an ELISA was found also at the message pyp.kiH, 50 ug of RAG1, EtOH, 5 5
level. TGFB1 was also induced while a modest increase in - and 3 mg/L cerulenin
the transcript levels of IL-6 and IFNwas also noted in DNP-KLH, 5 ug of RAG1, EtOH, 5
response to some of the emulsan variants. MIF levels were and 3 mg/L cerulenin
constitutively high and unchanged with any of the treatments. PNP-KLH, 50 4g of RAG1, and TSA 5 5

The most important result of these analyses was that while PNP-KLH. 5 ug of RAGL, and TSA 5

other genes were induced in response to emulsan, that @ The emulsan analogue is denoted by the strain of A. venetianus,
induction was in proportion to the amount of T Feleased RAG-1 in all cases, the carbon source, and the supplement. EtOH
as determined with an ELISA. This suggests that measure represents 1% ethanol. TSA represents 0.1% tricosanoic acid.

ment of the amount of TNk released is a reasonable , 10 groups of 5 mice each and immunized as described in
indicator of overall macrophage activation in response to the +4p1e 2. Preimmune sera were taken 3 days prior to primary
emul_san variants. i . immunization. Antigen and adjuvant were mixed by repeated
Adjuvant Activity of Emulsan. The adjuvant activity of  pqhiration through a 25 gauge needle. Each mouse was
emulsan preparations was originally established using a;mynized with a total volume of 60L (subcutaneous) or
classical hapten-carrier immunization prototfotal DNP- 30 | (intranasal) of adjuvant and/or antigen as described.
specific antibody titers revealed a significant and long-term gorim was collected 7 days after primary immunization
immune response comparable to that induced by Completesy\ed by a subsequent boost immunization 3 weeks after

Freu_qd’s Adjuvant. In anitio_n, an exam.ina.ti_on of DNP- he primary immunization. Serum was collected again on
specific IgG2a and IgGL1 titers indicated a significant increase days 7, 14, and 28 post-boost. Serum was analyzed for total

in the T-helper type 1l-associated IgG2a over antigen aloneDNP-specific antibody titers as previously describeds

controls, with little to no increase in IgG1 titers in emulsan 5 firt ingication of the relative adjuvant activity of each of

and Freund’s adjuvant-immunized animals. . the three emulsan analogues, the serum from subcutaneously
Due to several drawbacks of traditional immunizations immunized animals was compared. Although there was a

(pain associated with injection, risk of needle sticks, spread gjight decrease in the titers induced by the cerulegimulsan

of disease through reused and contaminated needles, and th{?atty acid biosynthetic inhibitor) and the TS&mulsan

high cost of trained personnel to administer injections), there (tricosanoic acid-supplemented cultures) combinations, the
is a clear need for alternative methods of vaccination. One g« aj titers 28 days post-boost were very similar and not

of the most promising methods is intranasal delivery. ggnhificantly different (data not shown). Intranasal immuniza-
Intranasal delivery of vaccine formulations has been used 5, with these emulsan-based formulations was highly

to examine the mmune response of several an'[!flens’successful.The relative titers displayed in Figure 4 indicate
including pertussiS; measles and rubelfdand influenza” a significant increase in the level of the immune response to
Aside from the advantages of the noninvasive and less o DNP-KLH in the emulsan-based formulations when
techr_1i_ca| nature of intranasal fjelivery, the potentigl for compared to the antigen alone group. These responses are
specific target_lng _ofthe mucosal immune system may '”duceslightly weaker than those observed in subcutaneously
a more effective immune resporfSerhe efficacy of emul- 0 nized animals; however, absolute titers would be
san-based formulations for intranasal delivery was examined. aaded for absolute comparisons.

Fifty 6-week-old female BALB/c mice were randomly placed Efficacy of Emulsan in Experimental Disease Models.

— Emulsan has been examined for its efficacy as an adjuvant
(82) "\jaka' M. Y"_"T\;Jda'kY-? TaQ'QUﬂI‘('v T T(O_Z“ka' SN; _"4"’“"’;??' l')“ in three separate disease models. It has proved to be either
aeyama, J.; Morokuma, K.; Ohkuma, K.; Goto, N.; Tochikubo, o \herior or equivalent to the control adjuvant, alum, in all

K. Mucosal and systemic antibody responses against an acellular | . del of L di | f |
pertussis vaccine in mice after intranasal co-administration with cases. In a muriné model of Lyme disease, emuisan formula-

recombinant cholera toxin B subunit as an adjuveatcine2003 tions induced significantly higher antigen-specific antibody

21(11—-12), 1165-1173. titers and protected patients from the pathology associated
(83) Sepulveda-Amor, J.; Valdespino-Gomez, J. L.; Garcia-Garcia, with challenge (arthritis) (unpublished data). In studies with

Mde. L.; Bennett, J.; Islas-Romero, R.; Echaniz-Aviles, G.; de aY. pseudotuberculosimodel of the Plague, animals were

Castro, J. F. A randomized trial demonstrating successful boosting again protected from lethal challenge and exhibited high
responses following simultaneous aerosols of measles and rubella

(MR) vaccines in school age childreviaccine2002 20, 2790-

2795. (85) Dilraj, A.; Cutts, F. T.; de Castro, J. F.; Wheeler, J. G.; Brown,

(84) Coulter, A.; Harris, R.; Davis, R.; Drane, D.; Cox, J.; Ryan, D.; D.; Roth, C.; Coovadia, H. M.; Bennett, J. V. Response to different
Sutton, P.; Rockman, S.; Pearse, M. Intranasal vaccination with measles vaccine strains given by aerosol and subcutaneous routes
ISCOMATRIX adjuvanted influenza vaccin®¥accine2003 21 to schoolchildren: A randomised tridlancet200Q 355 (9206),
(9—10), 946-949. 798-803.
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observation was supported in the subsequent Lyfaesinia
and Botulinumtrials, as animals exhibited no observable
effects on behavior or survival.

Summary. Emulsans make up a versatile family of
140 complex heteropolysaccharides with capacity for immuno-
modulation. In addition, the polymers appear to be nontoxic
and are capable of carrying payloads in the form of drugs
or proteins, analogous to their natural function. Mechanisms
of biological activation of emulsans appear to be similar to
60 those of LPSs, although the ability to modulate responses in
terms of both level and duration appears to be different. In
addition, the ability to modulate chemistry and structure of

2
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20 emulsans via a combined genetic and physiological strategy
0 a—— provides a mode of gaining additional control of biological
No Adjuvant Rag-1 Emulsan Cerulenin- Tricosanoic Acid activation.
inhibited Supplemented
Emulsan Emulsan
Figure 4. Relative antibody responses to DNP-KLH delivered Chapter 3. Contm”e_d Releqse of p-Glucan
by emulsan via the intranasal route. from Emulsan —Alginate Microspheres

_ - _ _ _ _ Carrier Formulations for B-Glucans.Among the mem-
anngen-specn‘lc armbody titers (unpubllshed da.ta). Thls_was bers of thep-glucan family, Curdlan is one of the most
again observed in a model of botulinum intoxication popular and widely used biopolymers, largely because it is
(unpublished data) where animals immunized twice with considered safe by the U.S. Food and Drug Administration.
emulsan formulations produced titers that were higher than o\vever, the efficiency of Curdlan in pharmacological
those of animals immunized three or more times with alum- formyjations relies on the use of other carriers as a result of
based formulations. In addition, animals were again protectedpoor polymer solubility in agueous media under physiological
from lethal challenge. _ conditions, thereby resulting in low bioavailability. Recently,

In Vivo Toxicity of Emulsan. One important concern  |ow-molecular weight solublg8-glucan was accepted for
regarding candidate adjuvants is toxicity. No animal has died ¢jinical trials in the European Union to prevent oral mu-
due to immunization with an emulsan-based formulation to ¢sitis87 However, on the basis of the low residence time in

date (more than {100 .immunizat.ions). Anecdotally, it was also he body of solublg-glucan, high concentrations (up to 400
noted that the mice injected with emulsan showed no more yg/dose) and repetitive administrations are required to
discomfort than the mice |nJect’ed with antigen alone, while achieve the proper concentration to obtain a therapeutic dose.
.the mice |n!ected W|th Freund S adJuvants were obVIqusly Nevertheless, in previous work, it has been reported that both
in severe discomfort |mmed!ately following immunization. high-molecular weight soluble and insoluble Grifolan, a
The histology results from tissue samples taken from two g.gjycan obtained fronGrifola frondosa are necessary for
mice in each of the emulsan groups from the initial hapten- o production of TNE by macrophages, in which cytokines
carrier immunization study demonstrated that exposure t0|| .1 and IL-6 were stimulate&8° Similarly, the presence
200ug of emulsan did notincrease the frequency of chronic of g_glycan-containing particles is needed to induce cytokine
disease over controls. Mice were euthanized and examinedsgcretion and production of reactive oxygen species by
at approximately 42 weeks of age (36 weeks following macrophages and dendritic ceff$? Particle synthesis that
pr|mary.|mmun|zat|on). Tissue samples were taken from the ;ycjuded a Curdlan derivative was reported eaffenpw-
lungs, liver, pancreas, mesenteric lymph node, heart, andeyer, this process required chemical synthesis in a series of
kidney. All mice, including those receiving antigen alone, complex steps in organic media with the formation of toxic

exhibited mild-to-moderate lymphatic hyperplasia in the secondary compounds. In related work,-35 mm Curdlan
mesenteric lymph nodes. One of the six emulsan-treated

animals showed evidence of a widespread lymphoma.
However, one of the two control animals (no emulsan) (87) Lehne, G.; Haneberg, B.; Gaustad, P.; Johansen, P. W.; Preus,
’ . . . . H.; Abrahamsen, T. G. Oral administration of a new soluble
de.vel-oped a We”'d'fferem_'a_lted papillary ader)ocgrcmoma. branchegb-1,3b-glucan is well tolerated and can lead to increased
Itis likely that these conditions are more an indication of salivary concentrations of immunoglobulin A in healthy volun-
age than treatment as the average life span of BALB\c female teers.Clin. Exp. Immunol2005 143, 65—69.
mice is approximately 80 weelk%.Taken together, the (88) Okazaki, M.; Adachi, Y.; Ohno, N.; Yadomae, T. Structure-activity
preliminary toxicity data demonstrate that the mice im- relationship of (3-3)-5-p-glucans in the induction of cytokine
munized with emulsan presented no acute toxicity or production from macrophages, vitro. Biol. Pharm. Bull.1995

increased histopathology compared to control animals. This 18, 1320-1327. :
’ (89) Ishibashi, K.; Miura, N. N.; Adachi, Y.; Ohno, N.; Yadomae, T.

Relationship between solubility of grifolan, a fungal B3-
(86) Storer, J. B. Longevity and gross pathology at death in 22 inbred glucan, and production of tumor necrosis factor by macrophages
strains of miceJ. Gerontol.1966 21, 404—409. in vitro. Biosci., Biotechnol., Biochen2001, 65, 1993-2000.
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crystalline-amorphous gel spheres were synthesized as dru¢,
delivery devices$! Besides, considering the limited solubility
of Curdlan in aqueous media under physiological conditions,
as well as the lack gf-hydrolases in humans, the potential
use of these spheres may be limited. Thus, there remains &
need to identify alternative modes of deliverifigglucan to
address the current limitations described above.

Some of the most relevant drug carriers are polymeric
hydrogels, because they are able to shrink or swell on the
basis of environmental changes and have been extensively&
studied for biomedical applications, including oral deliv&ry.
Hydrogels are attractive systems because they are relativel

Hydrogels are hydrophilic linear or branched polymers
containing chemical or physical cross-links which provide
an amorphous structure. In industry, these polymers are
routinely utilized for adsorption, such as in disposable diapers Figure 5. Scanning electron micrographs of alginate (A and
and napkins, or in gel actuators, drug delivery devices, and C) and emulsan—alginate (B and D) microspheres.
tissue engineering scaffol@% In addition, alginates have
been successfully applied in transplants with encapsulatedagueous-based gels, with water content ranging from 76 to
cells and also are components in many biopharmaceutical81%. To analyze the microspheres by SEM, the absence of
formulations?* Alginates are nonbranched acid biopolymers water using a freeze drier is a prerequisite, but changes in
commonly extracted from seaweed composed fSeb- the microsphere morphologies induced by extensive dehy-
mannuronic (M) andax-L-guluronic (G) acids linked by 1,4-  dration were observed. However, more detailed analysis by
glycosidic bonds. Alginate forms into gels in the presence SEM revealed the alginate microspheres displayed a smooth
of divalent ions such as calcium in aqueous systems; thesurface compared to the emulsaiginate microspheres
encapsulatiofrpolymerization process occurs at mild tem- (Figure 5). At higher magnifications, more imperfections
peratures without organic solvents. Gel density and porosity were apparent on the emulsaaiginate microsphere surfaces
can be controlled by changes in the M/G ratio and preparationcompared to the alginate ones.
conditions. Gel degradation proceeds under normal physi- Release of3-Glucans from Emulsan Microspheres.On
ological conditions usually due to the displacement of the the basis of previously published results in which the
cross-linking divalent cations, releasing the resolubilized presence of emulsan reduced the swelling of alginate
polymer into solutior?® microspheres and concomitantly increased the time of release
Recently, emulsanalginate microspheres were found to of encapsulated blue dextran used as a macromolecular drug
exhibit unique biological attributes in terms of protein model}” ANTS-3-glucan was encapsulated in the gel and
adsorption and controlled release. In particular, emutsan the rate of release determined. Surprisingly, no differences
alginate microspheres displayed different functional featuresin Curdlan release were observed when encapsulated Cur-

compared to those composed of alginate afSfdé. dlan—alginate and emulsaralginate microspheres were
Physical Characteristics of Emulsan Microspheres. compared (Figure 6). As a result, the encapsulation technique
Optical microscopy of alginate and emulsaaiginate mi- was not considered for further studies, while adsorbed

crospheres showed homogeneity in spherical morphology and3-glucan demonstrated a slower kinetic profile. The large
surface structur®. Emulsan-alginate microspheres are discrepancies between blue dextran and ANTS-Curdlan time
release can be attributed to the molecular mass, where that
(90) Na, K.; Park, K-H.; Kim, S. W.; Bae, Y. H. Self assembled Of S-glucan is roughly 80000 Da, which is25 times
hydrogel nanoparticles from curdlan derivatives: Characterization, smaller than that of blue dextran (2 1(f Da).
anticancer drug release and interaction with a hepatoma cell line  Localization of 5-Glucan in Emulsan Microspheres.
(HepG2).J. Controlled Releas@00Q 69, 225-236. ~ Considering the ability of emulsan to adsorb biomolecules,
(91) Dobashi, T.; Yoshihara, H.; Nobe, M.; Koike, M. Liquid crystalline adsorption of3-glucan by the microspheres was explofed.

gel beads of curdlar,angmuir2005 21, 2—4. . . .
(92) Peppas, N. A. Hydrogels in pharmaceutical formulati@ns. J. No adsorption ofi-glucan by the alginate microspheres was

Pharm. Biopharm200Q 50, 27—46.
(93) Lee, K. Y.; Mooney, D. J. Hydrogels for tissue engineeriDigem. (96) Castro, G. R.; Kamdar, R.; Panilaitis, B.; Kaplan, D. L. Protein

Rev. 2001, 101, 1869-1880. release from emulsan coated microspheie€ontrolled Release
(94) Dornish, M.; Kaplan, D.; Skaugrud, @. Standards and guidelines 2005 109 149-157.

for biopolymers in tissue-engineered medical products ASTM (97) Castro, G. R.; Bora, E.; Panilaitis, B.; Kaplan, D. L. Emulsan

alginate and chitosan standard guid&sn. N.Y. Acad. Sc2001, coated alginate microspheres, a new biodegradable system for drug
944, 3868—-397. delivery. In Degradable Polymers and MaterialKkhemani, K.,

(95) Gombotz, W. R.; Wee, S. F. Protein release from alginate matrices. Scholz, C., Eds.; Oxford University Press: Washington, DC, 2006;
Adv. Drug Delivery Rey. 1998 31, 267—285. pp 14-29.
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adsorbed on emulsan—alginate microspheres.
found; meanwhile, the emulsamlginate microspheres ad- °¢
sorbed 2.03+ 0.12 ug/mg of emulsan with an efficacy of
12.3% of wet hydrogel microspheres. The adsorption of , , , ,
0.0 0.5 1.0 1.5 2.0

f-glucan onto a gel microsphere surface was confirmed by
ANTS-labeled polymer (Figure 7). However, a weak fluo-

1/ B-Glucan total time release (1/h)

rescent signal was detected in the inside of microspheres,rjgure 8. Effect of temperature in 100 mM phosphate buffer

suggesting the diffusion of low-molecular weighglucans
to the interior of the gel.

Environmental Effects on -Glucan Release Kinetics.
The effect of temperature on release profiles ofdkglucan
resulted in a linear relationship with the emulsaiginate
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(pH 7.4) (A), phosphate concentration (pH 7.5) at 37 °C (B),
NaCl in 50 mM phosphate buffer (pH 7.4) (C), and pH in
Mcllvaine or phosphate buffers (125 mM) at 37 °C (D) on the
amount of f-glucan released from emulsan-coated micro-
spheres.
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Table 3. Residual Activity of S-Hydrolases in the Presence of Alginate, and Emulsan—Alginate Microspheres and Soluble
Emulsan

inhibition of 5-hydrolase activity (%)

p-glucanases

treatment Bacillus subtilis Aspergillus niger laminarase from Trichoderma sp.
none 0 0 0
soluble alginate 44.4 + 3.2 39.3+23 427+ 3.1
soluble emulsan 995+1.38 946 + 1.7 93.7+3.1
alginate microspheres 32.7+24 28.8+24 38.9+23
emulsan—alginate microspheres 75.3+25 73.4 £ 3.0 725+1.6

microspheres (Figure 8A). The fast releas@-gflucan from surface and access to bloodstream and lymphatic systems.
the microspheres was at 8C with a total release time of 7 However, one of the potential problems of delivering
min. The low rate off-glucan release in solution was [-glucan is the intestine, where the presence of exogenous,
approximate} 6 h at 0°C under the experimental conditions microbial 5-hydrolases can reduce the biological activity of
that were evaluated. Total ANTS-Curdlan release correlated3-glucan. Activities of commercigd-hydrolases were tested
with a linear regressionr{ = 0.96), with a slope of 0.143 in the presence of soluble alginate and emulsan, and with
°C/min. The inverse of the slope suggested that for every alginate and emulsaralginate microspheres. Alginate solu-
increase in temperature of a degree Celsius~ahmin tions and gel microspheres decrefdweydrolase activity from
decrease in totgl-glucan release time was observed (Figure 28 to 44%; meanwhile, in emulsan solution and micro-
8B). Interestingly, at 36.8C, the total release time of spheres, strongéi-hydrolase inhibition was detected, from
f-glucan at pH 7.5 was estimated to be 102 min, sufficient 72.5 to 99.5% (Table 3).

time to reach the human small intestine after oral delivery ~ Summary. In this study, the first in vitro release studies
to trigger biological activity? Importantly, an increase in  of 5-glucans adsorbed on stimuli-sensitive emuisalginate
temperature which is generally associated with pathological microspheres were conducted. The effects of temperature,
physiological conditions, such as solid tumors, induces a pH, and ionic strength on the release of Curdlan from these
reduction in the3-glucan release time, which could enhance carriers were analyzed. The activity Bfglucanases in the

biological response profiles. presence of alginate and alginaemulsan microspheres was
The time required fof3-glucan release displayed a linear also analyzed. The findings support the potential utility of
relationship with phosphate concentratior? & 0.98). these new carriers for the delivery of Curdlan due to the

Phosphate could play an important role in the release of thefacile fabrication and loading requirements, the release
polymer from the microspheres since it is able to produce profiles, and the synergy anticipated due to the biological
complexes by chelating calcium ions, which are the cross- activation features of the carrier (emulsan) as well as the
linking agent for the microspheres, thus disrupting the gel Curdlan.
structure. Phosphate is a common component of human
serum involved in homeostatic processes. As expected, theConclusion
fB-glucan total release time increased with the reduction of Given the established potential ¢f-glucan and the
phosphate concentration at 3¢ and pH 7.5 (Figure 8B).  emulsan family of polymers in a wide range of biomedical
Under physiological conditions, approximately 50 mM applications, the results presented in Chapter 3 lend support
phosphate, thg-glucan total time release estimated by linear to the hypothesis that these molecules can function in
regression was approximately 3 h. combinatorial delivery formulations. The synthesis of mi-
The total release g8-glucan from the microspheres was crospheres containing-glucan for drug delivery is per-
also studied in the presence of NaCl. Total microsphere formed in a simple procedure and biologically compatible
dissolution was found following hyperbolic decay between aqueous media using biopolymers without requiring further
500 and 50 mM NacCl, with release times ranging from 20 purification. The release gfglucan from emulsanalginate
to 190 min (Figure 8C). At 154 mM NaCl, the human microspheres showed stimulus sensitivity to factors such as
physiological concentration in serum, the total release time pH and temperature, suggesting possibilities for tuning
was approximately 2 h. Only at pH7.0 was the release of j-glucan release profiles under specified physiological
theS-glucan observed from the microspheres at@7Faster conditions by tailoring emulsan fatty acid composition. In
release was found with an increase in solution alkalinity addition, the decrease in microbjahydrolase activities in
(Figure 8D). In the pH range of 7-68.0, thef-glucan total the presence of emulsan is another beneficial property that
release time increased exponentially from 50 to 170 min, preserves the biological activity gfglucan for longer times
respectively. This effect is relevant in oral delivery, since with a reduced concentration inside the body. It should be
the first barrier to overcome and avoid chemical hydrolysis noted that Curdlan did not adsorb significantly to the alginate
of glucan is the stomach, where the pH ranges from 1.0 to microspheres; thus, the interaction between the glucan and
3.5. In the intestine, the pH is arourwl7.0 (Figure 2). the beads was dependent on the emulsan chemistry which
Additionally, the intestine has more available adsorption is dominated by the fatty acid side chains. Since we have
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previously reported methods for altering the composition of of human diseases where the immune system is compro-
these fatty acid$® new options for matching chemistry with  mised, such as HIV and cancer.

release profiles would be an interesting area to explore. A
change in the hydrophobicity of emulsan is one strategy for
increasing or reducing the adsorption capability of the carrier
biopolymer” While individual pharmaceuticals will need
to be examined for compatibility within this system, the
efficacy of emulsan as a biological adjuvant, combined with
the properties gf-glucan as a biological response modifier,
suggests synergy in delivery gfglucans for the treatment  MP060100X
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