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Dose-Response Curve: Effects of Cranberry Tannins and Cranherry Tannin-
Chitosan Composite Nano-particles on Bacterial Invasion of Caco-2 Cells
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Effect of Chitosan Nano-particles, Cranberry Tannins & Cranberry Tannin-Chitosan
Composite Nano-particles on Bacterial invasion of Caco-2 Cells
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TANNIN-CHITOSAN COMPOSITES

RELATED APPLICATIONS

This application 1s a continuation of U.S. application Ser.
No. 14/139,081, filed Dec. 23, 2013, which 1s a continuation

of U.S. patent application Ser. No. 12/873,820, filed Sep. 3,
2010, now 1ssued as U.S. Pat. No. 8,642,088, which claims

priority under 35 U.S.C. § 119(e) to U.S. Provisional Patent
Application No. 61/240,033, filed Sep. 4, 2009, all of which

are 1ncorporated herein by reference.

GOVERNMENT SUPPORT

This 1nvention was made with government support under
AT003846 awarded by the National Institutes of Health. The
government has certain rights in the mvention.

BACKGROUND OF THE INVENTION

Natural polymers have been used in many pharmaceutical
applications and medical device technologies. One natural
polymer, chitosan, has been used for the preparation of
nanoparticles, microspheres, hydrogels, films, fibers, and
tablets. Chitosan has been used to prepare potential drug
delivery systems such as oral, nasal, parenteral, transdermal
and ophthalmic formulations. Chitosan has also been used to
prepare wound dressings and tissue scaflolds (Kumar et al.,
Chem. Rev. 2004, 104, 6017-6084). However, chitosan for-
mulations and materials sufler from numerous drawbacks
including limited stability, biodegradability and tensile
strength. Materials such as modified chitosan and synthetic
composite materials have tested for many of the same uses
for which chitosan has been evaluated but many of these
materials sufler from similar drawbacks, including nsufli-
cient biocompatibility.

Accordingly, there 1s a need for new materials that are
biocompatible and biodegradable, and that have suitable
stability and mechanical properties for use 1n human and
other mammalian treatments and therapies. These new mate-
rials and compositions would preferably have advantages
over chitosan alone, such as additional and/or improved
antimicrobial and antifungal properties, and 1mproved
physical properties. The ability to use these materials as
tissue scatlolds and/or systems for the delivery of therapeu-
tic agents would further aid researchers in the areas of
biomaterials and drug delivery.

SUMMARY

The mvention provides biodegradable and biocompatible
tannin-chitosan composites. The new composites can be
formed 1nto a variety of maternials such as hydrogel films,
three-dimensional foams, nanoparticles, and liposome coat-
ings. The tannin-chitosan composite materials are stronger
and have better mechanical properties than known chitosan
maternals. The tannin component of the composite adds
antifungal, antibacterial, and antioxidant properties to the
antimicrobial property of the chitosan component, thereby
significantly increasing the effectiveness of the composite 1n
therapeutic applications.

The mvention therefore provides a composition compris-
ing a matrix of chitosan and one or more tannins wherein the
chitosan 1s electrostatically bonded to the tannins to form a
chitosan-tannin composite material. The tannins can be at
least dimeric in composition. For example, the tannins can
be oligomeric proanthocyanidins or oligomeric hydrolysable
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tanmins. The compositions, or the tannins used to form the
composition, can be substantially free or completely free of
monomeric tannin components. The chitosan can have a
deacetylation degree of about 80% to about 99%. The mean
molecular weight of the chitosan can be about 170 kDa to
about 400 kDa. In some embodiments, the mass of the
tanmins in the composite material can be about 1% to about
50% of the mass of the chitosan in the composite material.
In some embodiments, the mass of the tannins 1s about 5%
to about 30% of the mass of the chitosan.

By the selection of appropriate starting material (e.g.,
fruits, juice, presscake) and 1solation procedures, the amount
and proportion of tannins obtained with higher degrees of
polymerization (DP) can be controlled. For example, tannins
with DPs of greater than 2, 3,4, 5,6,7,8,9,10, 11, 12, or
13 can be 1solated and used in the compositions described
herein. Additionally, the tannins 1solated can be biased or
controlled 1n terms of the nature of intertlavan linkages
(A-type vs. B-type), as well as their structural heterogeneity.

In one embodiment, the tannin can be a proanthocyanidin
(PA). The proanthocyanidin can have a degree of polymer-
ization of at least, for example, 4, 35, 6, or 7. The proantho-
cyanidin can have at least one A-type intertlavan bond. By
the 1solation processes described herein, proanthocyanidins
with DPs of 2 to about 13, about 14 to about 20, about 2 to
about 20, or about 8 to about 20, can be selectively 1solated.

In another embodiment, the tannin can be a hydrolysable
tanmin (HT). In some embodiments, the hydrolysable tannin
can include 2-5, 2-8, 2-10, or 2-12 glucose units 1n its core
structure. The hydrolysable tanmin can include punicalagin.
In some embodiments, the hydrolysable tanmin can include
at least about 80%, at least about 85%, at least about 90%,
or at least about 95% punicalagin or another specific tannin
described herein.

The chitosan-tannin composition can be a nanoparticle, a
hydrogel film, a bio-foam, or a biogel. Nanoparticles can be
formulated 1nto various therapeutic agent delivery systems,
such as oral solutions, IV solutions, or aerosols. Films can be
formed into wound healing or packaging materials. Foams
can be used as scaflolds, such as for tissue engineering. The
chitosan-tannin composition can also be used as a surface
coating, for example, on the surface of a liposome.

The diameter of a chitosan-tannin composite material-
coated liposome can be about 300 nm to about 800 nm. The
chitosan-tannin composite material can form a nanoparticle
that has a diameter of about 75 nm to about 450 nm, or about
100 nm to about 350 nm. In such embodiments, the nano-
particle can protect an encapsulated material 1n various
environments, such as in the acidic conditions of the stom-
ach. In some embodiments, the chitosan-tannin composite
material can be crystalline.

The ratio of chitosan to tannins can be varied, 1n certain
embodiments, from about 5:1 to about 1:5. The composite
material can be optionally crosslinked. The amount of
crosslinking agent used in preparing nanoparticles, with
respect to the mass of chitosan, can be about 1:4 to about
1:25. Crosslinking agents that can be used include tripoly-
phosphate (TPP) anions, glutaraldehyde, glyoxal, sucrose,
and the like.

The mvention also provides a method for delivering a
bioactive agent to a mammal comprising administering to a
mammal a chitosan-tannin composite material described
herein. The chitosan-tannin composite material can form a
nanoparticle that encapsulates the bioactive agent, for
example, a drug or nutrient. Examples of drugs and nutrients
include lipids such as fatty acids, including omega-3 and
omega-6 fatty acids, fat soluble vitamins (e.g., vitamin A, D,
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E, and/or K), antibiotics, probiotics, micronutrients such as
3-carotene and/or ascorbic acid, proteins, and peptides. In

some embodiments, monomeric tannins and other nutri-
tional supplements can also be included 1n a chitosan-tannin
composite matrix, or 1 a composition that includes a
chitosan-tannin composite matrix.

The 1invention further provides methods to mhibit bacte-
rial growth or fungi growth 1n an animal, a plant, food, or in
vitro. The methods can include treatment of the animal,
plant, or food, prophylactically or after colonization by
bacteria or fungi, by administering an effective amount of a
chitosan-tannin composite material described herein,
wherein the composite material inhibits the bacterial growth
or fung1 growth. The bacteria or fungus can be any genera
or species known to infect animals, plants, or food. The
bacteria can be gram positive or gram negative bactena.
Examples of bacteria that can be killed or whose growth can
be mnhibited include bacteria of the genera Escherichia,
Erwinia, or Xanthomonas, for example, Escherichia coli,
Erwinia carotovora or Xanthomonas spp. Examples of Tungi
that can be killed or whose growth can be inhibited include
tungus of the genera Bothytis, Fusarium, or Colletotrichum,
for example, Bothytis cinera or Fusarium oxysporum, Or
Colletotrichum acutatum.

The 1invention additionally provides an adjuvant for oral
vaccination that includes a chitosan-tannin composite mate-
rial as described herein, such as a nanoparticle, and an
antigen. The adjuvant can be a protein, a peptide, a nucleic
acid, or DNA. The antigen can be encapsulated 1n the
nanoparticle or adsorbed to the surface of the nanoparticle.
For example, the composite material can encapsulate the
antigen and gradually release 1t under physiological condi-
tions. The composite material can therefore protect an
encapsulated antigen to allow for oral delivery. The com-
posite material can also facilitate uptake by M cells 1n the
nasal-associated lymphoid tissue (NALT) when adminis-
tered nasally or by the M cells of the gut-associated lym-
phoid tissue (GALT) when administered orally, thus provid-
ing a vehicle for mucosal immunization.

The chitosan-tannin composite materials can be tailored
to degrade over a range of rates under various conditions by
varying the amounts of the components and methods for
preparing the composite materials. Thus, the mvention also
provides a method of preparing a chitosan-tannin composite
material. The mvention further provides for the use of a
composition described herein for the manufacture of medi-
caments useful for the treatment of conditions such as
bacterial infection and/or fungal infection 1 a mammal,
such as a human.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the specification and
are included to further demonstrate certain embodiments or
various aspects of the mvention. In some 1nstances, embodi-
ments of the mvention can be best understood by referring
to the accompanying drawings in combination with the
detailed description presented herein. The description and
accompanying drawings may highlight a certain specific
example, or a certain aspect of the mvention, however, one
skilled 1n the art will understand that portions of the example
or aspect may be used in combination with other examples
or aspects of the invention.

FIG. 1 illustrates a Matrix Assisted Laser Desorption/
Ionization Time-oi-Flight Mass Spectrometry (MALDI-
TOF MS) spectrum 1n positive reflectron mode for the
cranberry PA fraction. The section between m/z 1000 and
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2500 has been amplified to identify the degree of polymer-
ization, the nature of intertlavan linkage and structural
composition of subunits of oligomeric PA.

FIG. 2 illustrates a MALDI-TOF MS spectrum, 1n nega-
tive retlectron mode, of a pomegranate hydrolysable tannin.

FIG. 3 illustrates dissolving and degassing a chitosan
solution, according to an embodiment.

FIG. 4 1llustrates the preparation of the chitosan-tannin
bioconjugates, according to an embodiment.

FIG. 5 illustrates the casting of the chitosan-tannin hydro-
gels, according to an embodiment.

FIG. 6 1llustrates the preparation of chitosan-tannin com-
posite nanoparticles, according to an embodiment.

FIG. 7 illustrates the preparation of chitosan-tannin bio-
foams, according to an embodiment.

FIG. 8 illustrates the preparation of chitosan-tannin bio-
gels, according to an embodiment.

FIG. 9 illustrates X-ray diffraction patterns of chitosan
and tannin-chitosan composites. Arrows indicate the most
appreciable changes generated by the tannin component on

the crystal arrangement of the biopolymer.

FIGS. 10A-10B illustrate DSC thermograms of chitosan
(dashed line) and tannin-chitosan composites (solid line).
FIG. 10A illustrates HT-derived composites and FIG. 10B
illustrates PA-derived composites. Arrows indicate signifi-
cant changes on the thermal behavior of the composite
material.

FIG. 11 1llustrates the results of mechanical behavior tests
of chitosan-tannin hydrogels compared to a chitosan hydro-
gel. Chito-PAC 1s a chitosan-proanthocyanidin composite;
Chito-Pun 1s a chitosan-punicalagin composite. Data 1s
shown as [mean+SD; n=5].

FIG. 12 1illustrates the degree of swelling 1n water for a
chitosan hydrogen (Chto) and chitosan-tannin hydrogels
(Ch-PAC and Ch-Pun) as a function of time.

FIG. 13 illustrates scanming electron microscopy (SEM)
micrographs for chitosan and chitosan-tannin nanoparticles:
13A: Chitosan Nanoparticles (ChNp); 13B: Chitosan Proan-
thocyanidin Nanoparticles (ChPANp); and 13C: Chitosan
Hydrolysable Tannin Nanoparticles (ChHTNp). Scale bar
indicates 200 nm.

FIG. 14 1llustrates the antimicrobial susceptibility test of
tanmin-chitosan composites against common Costa Rican
agricultural pathogens, according to certain embodiments.
Data 1s shown as mean+SD; n=3. CNp (left bar for each bar
group) relfers to chitosan nanoparticles; CPACNp 10%
(middle bar) refers to chitosan-proanthocyanidin nanopar-
ticles (90 wt. % chitosan, 10 wt. % cranberry tannin; and
CHTNp 10% (night bar) refers to chitosan-hydrolysable
tanmin nanoparticles (90 wt. % chitosan, 10 wt. % hydroly-
sable tannin.

FIG. 15 1llustrates the influence of addition of chitosan-
tanmn (0 to 0.5, w/v %) to liposomes (lecithin 0.4% w/v, 200
nm) on the C-Potential values of the vesicles.

FIG. 16 1llustrates the influence of the addition of chito-
san-tannin (0 to 0.5, w/v %) to liposomes (lecithin 0.4% w/v,
200 nm) on the mean particle diameter of the vesicles.

FIG. 17 illustrates the proposed mechanism of action for
the addition of chitosan-tannin complexes to liposomes
leading to coacervation, stable secondary liposomal disper-
s1ons, and bridging flocculation.

FIG. 18 1llustrates differential scanning calorimetry ther-
mograms for CNp and CTNp.

FIG. 19 illustrates bovine serum albumin release profiles
from CNp and CTNp. Results are shown as meanzstandard
error, n=23.
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FIG. 20 illustrates positive mode MALDI-TOF MS

[M+Na]™ of cranberry proanthocyanidins (PAC) from juice
(top spectrum) and presscake (bottom spectrum). The juice
PAC are oligomers from 2 to 7 degrees of polymerization

(DP), whereas the presscake PAC are oligomers from 2 to 13
DP 1n the main spectra and from 14 to 20 DP (m/z=5788) 1n
the 1nsert.

FI1G. 21 1llustrates the reduction 1n Colony Forming Units
(CFU) of Caco-2 E. coli alter treatments with chitosan,
cranberry presscake (CPC) tannins, and a chitosan-CPC
composite, compared to a control experiment.

FI1G. 22 illustrates the change 1n nanoparticle particle size
as a Tunction of tripolyphosphate (TPP) concentration, for
certain ratios of specific tanmin-chitosan composites (see
Table 7-2).

FI1G. 23 1llustrates the change 1n nanoparticle particle size
as a function of TPP concentration, for certain ratios of
specific tannin-chitosan composites (see Table 7-3).

FI1G. 24 illustrates the change 1n nanoparticle particle size
as a function of TPP concentration, for certain ratios of
specific tannin-chitosan composites (see Table 7-4).

FIG. 25 1llustrates the grape seed extract (GSE)/chitosan
nanoparticle size distribution, as determined by the proce-
dures of Example 8.

FIG. 26 illustrates a dose-response curve, as determined

in Example 8, for the eflects of grape seed extract (GSE) and
chitosan-GSE composites on bacterial invasion of Caco-2
cells.

FIG. 27 illustrates relative invasion of gastrointestinal
(GI) epithelial cells (Caco-2) by uropathogenic Escherichia
coli (UPEC), according to the methods of Example 8. Thirty

strains of UPEC 1solated from women with chronic UTI.
The most invasive strain was UPEC 5011 (black bar), which

was selected for evaluation in invasion experiments.

FIG. 28 illustrates the efiects (mean+SD) of cranberry
tannins, and cranberry tannin-chitosan composite nanopar-

ticles on the 1nvasion of Caco-2 cells by E. coli strain 5011.

An asterisk imndicates an eflect that 1s statistically significant
compared to the corresponding control.

FIG. 29 illustrates the ef

nanoparticles, cranberry tannins, and cranberry tannin-chi-

ects (mean+SD) of chitosan

tosan composite nanoparticles on the invasion of Caco-2

[

cells by L. coli strain 5011. An asterisk indicates an eflect

that 1s statistically significant compared to the corresponding,

control. Dose was 0.75 ug gallic acid equivalent (GAE).

FI1G. 30 1llustrates Scanming Electron Microscopy (SEM)
exploring the interactions of cranberry proanthocyanidin-

chitosan composite nanoparticles with UPEC 5011 and 1ts
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ellect on cell mmvasion. A) UPEC 35011 alone (arrow 1ndicates

flagella); B) UPEC 5011 +chitosan nanoparticle (arrow indi-

cates no change to flagella); C) UPEC 5011 +tannin-chitosan

composite nanoparticle (arrow indicates coating and cross-

linking of UPEC flagella); and D) tannin-chitosan composite
nanoparticles alone (for comparison to material coating

flagella).

DETAILED DESCRIPTION

The 1mvention provides new biodegradable, biocompat-
ible composite materials comprising a combination of chi-
tosan and tannins. The chitosan-tannin composites are
extremely versatile and can be formulated 1into various kinds
of biomaterials, such as dermal patches, three-dimensional

sponges for drug delivery and wound healing, biodegradable

sutures, and scatlolds for cell proliferation 1n tissue engi-
neering, as well as nanoparticles and liposomes for sustained
drug delivery.

The chitosan-tannin composites can also be used 1n the
formulation of vaccine antigens, including proteins, pep-
tides, DNA, and the like. In these formulations, the antigen

can be eirther entrapped or adsorbed onto the surface of the

particles. The particles can also be tailored to degrade over
a range ol times, at various rates. They can therefore act as
a depot from which the encapsulated antigen i1s gradually

released. Additionally, chitosan-tannin nanoparticles can

offer protection to encapsulated antigens delivered orally, as
well as facilitate uptake by M cells 1n the nasal-associated

lymphoid tissue (NALT) when administered nasally and M

cells 1n the gut-associated lymphoid tissue (GALT) when
administered orally, thus serving as a vehicle for mucosal
immunization. Accordingly, chitosan-tannin complexes can
be used 1n various important fields, such as environmental,
drug delivery, tissue engineering, and other biomedical
application.
Definitions

As used herein, certain terms have the following mean-
ings. All other terms and phrases used 1n this specification
have their ordinary meanings as one of skill in the art would

understand. Such ordinary meanings may be obtained by

reference to technical dictionaries, such as Hawley’s Con-
densed Chemical Dictionary 14” Edition, by R. J. Lewis,
John Wiley & Sons, New York, N.Y., 2001.

References in the specification to “one embodiment”,

dn

b B 4

embodiment”, “an example embodiment”, etc., indicate that
the embodiment described may include a particular aspect,

feature, structure, moiety, or characteristic, but not every
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embodiment necessarily includes that aspect, feature, struc-
ture, moiety, or characteristic. Moreover, such phrases may,
but do not necessarily, refer to the same embodiment
referred to 1n other portions of the specification. Further,
when a particular aspect, feature, structure, moiety, or char-
acteristic 1s described 1n connection with an embodiment, it

l

1s within the knowledge of one skilled in the art to aflect

such aspect, feature, structure, moiety, or characteristic in
connection with other embodiments, whether or not explic-
itly described.

The term “and/or” means any one of the items, any
combination of the items, or all of the items with which this
term 1S associated.

& - B Y

The singular forms “a,” “an,” and “the” include plural
reference unless the context clearly dictates otherwise. Thus,
for example, a reference to “a compound™ includes a plu-
rality of such compounds, so that a compound X includes a
plurality of compounds X.

The term “about™ can refer to a variation of 5%, +10%,
+20%, or £25% of the value specified. For example, “about
507 percent can 1n some embodiments carry a variation from
45 to 55 percent. For integer ranges, the term “about™ can
include one or two integers greater than and/or less than a
recited integer. Unless indicated otherwise herein, the term
“about” 1s mntended to include values, e.g., weight percents,
proximate to the recited range that are equivalent in terms of
the functionality of the individual ingredient, the composi-
tion, or the embodiment. In addition, a recited range (e.g.,
weilght percents, carbon groups, and the like) includes each
specific value, integer, decimal, or 1dentity within the range.
Specific values listed herein for ranges and the like are for

illustration only; they do not exclude other defined values or

other values within defined ranges.

The phrase “one or more” 1s readily understood by one of
skill in the art, particularly when read in context of its usage.
For example, one or more substituents on a phenyl ring
refers to one to five, or one to up to four, for example 11 the
phenyl ring 1s disubstituted.

The term “contacting” refers to the act of touching,
making contact, or of bringing to immediate or close prox-
imity, including at the molecular level, for example, to bring
about a chemical reaction or physical change, e¢.g., 1n a
solution or other reaction mixture.

An “effective amount” generally means an amount which

provides the desired eflect. An eflective amount therefore

means a dosage suilicient to enhance the eflicacy of treat-

ment for a disease state or condition being treated. Thus the
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cellective amount can vary depending on the patient, the

disease, and the treatment being eflected.

The term “patient” or “subject” refers to any animal, such
as a mammal, including mice, rats, other rodents, rabbits,
dogs, cats, swine, cattle, sheep, horses, or primates, and
humans.

In reference to tannins, the phrase “substantially free of
monomeric components” means that the tannins are at least
dimeric 1in composition and few or no monomeric tannin
species are present 1n the sample. For example, a tannin that
1s substantially free of monomeric components can include
less than about 5 wt. % monomeric tannins, less than about
3 wt. % monomeric tannins, less than about 1 wt. %
monomeric tannins, less than about 0.5 wt. % monomeric
tannins, less than about 0.1 wt. % monomeric tannins, or no

monomeric tannins. An example ol a monomeric tannin 1s

the
(C,H;,0,, mw=1701.18)). Other compounds that can be

specifically included or excluded from the composites

compound tannic acid (pentagalloyl-D-glucose

described herein include catechin (mw=290.26), quercetin
(mw=302.24), cyanidin (mw=287.24), gelatin, epchlorohy-
drin moieties, or combinations thereof.

Tannins.

Tannins 1nclude oligomeric polyphenols that occur natu-
rally 1n a variety of plants. Isolated tannins typically form a
heterogenecous mixture of tannin compounds. Tannin com-
pounds can be subdivided into two groups: condensed

tannins, also known as proanthocyanidins (“PA” or “PAC™),

and hydrolysable tannins (HT). Tanmin oligomers typically

occur as dimers, trimers, tetramers, pentamers, hexamers,
heptamers, octamers, nonamers, or decamers. Oligomers
with greater than ten monomeric segments can also be
1solated, such as oligomers that include up to 50 units, as
described herein. For a review of tannin nomenclature, see
Beecher (J. Nutrition 2003, 32485-3254S), which 1s incor-
porated herein by reference. In some embodiments, certain
monomeric tannins or low DP tannins can be excluded from
a particular composition. For example, a composition may
exclude catechin, tannic acid, or other monomeric tannins,
dimeric tannins, trimers, or tetramers, PA tannins, or alter-
natively, HT tannins, a certain molecular weight range of
tanmins, or a type, class, or specific tannin cited in Beecher.

Proanthocyanidins are polymers of flavan-3-ols and tla-
vans linked through an 1nterflavan bond between carbon 4 of
the C ring and carbon 8 of the A ring, as shown 1n Scheme
1. Scheme 1 1llustrates a cranberry polytlavan-3-ol showing

structural variation in the nature of interflavan linkage and

substitution to an anthocyanin terminal unit through a
CH,—CH bndge.
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Scheme 1. Representative structures of a proanthocyanidin (PA).

B-Type (4p-%) Interflavan bond
Ol
1O 0 Ol
(O
0 0
AType (48-8, 2b-0-7) Interflavan bond
O. HO

HO 110

Terminal unit
_h.

(Anthocyanin)

Scheme 2 illustrates two other types of condensed tannins
(PAs): procyanidins and prodelphinidins (for the trimer x=1;
for the tetramer, x=2; for the pentamer, x=3; for the hexamer,
x=4; for the heptamer, x=5; for the octamer, x=6; for the
nonamer, Xx=/; and for the decamer, x=8). Procyanidins
(R—H) contain catechin and/or epicatechun (CE) subunits;
prodelphimidins (R—OH) contain gallocatechin and/or epi-
gallocatchin (GE) subunits.

Scheme 2. Representative structures of a proanthocyanidin (PA). R=H

and/or OH.
OH
OH
HO\ \ O\ N
7 \OH OH ]
OH
OH /
HO\/\‘/O \ o
= x. x =1-50
OH
N OH
OH
i OH /
HO O
™~ / ‘ AN R
\ OH
OH

In various proanthocyanidins, the R groups of Scheme 2
can each independently be H or OH. In some embodiments,
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one or more hydroxyl groups may be glycosylated. In some
embodiments, x 1s 1 to about 50, 1 to about 25, 1 to about
20, 1 to about 12, 1 to about 10, or a range of between any
to integers from 1 to 50. The condensed tannins (PAs) can
have various interflavanoid linkages (such as A-type 4—8 or
4—6 1tertlavan bonds, or B-type 4—8, 2—0-7 mtertlavan
bonds, each a or p), cis- or trans-stereochemistry, and one
or more hydroxyl groups can optionally be absent on the
A-ring, B-ring, C-ring, or a combination thereof.

Other PA tannins 1include glycosylated heteropolyflavans,
such as those illustrated in Scheme 3. Representative com-
pounds shown 1n Scheme 3 include proluteolinidin
(R'=—=0H); proapigininidin (R'=H); eriodictyol (R*=—H);
and eriodictyol 5-O-f glucoside (R*=glucose).

Krueger et al. have described a variety of known het-

eropolytlavans-3-ols and glycosylated heteropolytlavans

(see J. Agric. Food Chem. 2003, 31, 538-543, which 1s
incorporated herein by reference).

Scheme 3. Representative structures of proanthocyanidins (PAs).

Rl

é/OH
NG §
oong
Oglu AN
_HO\ > NP ‘ .
g ‘ - OH o
b AN
HO AN O\ ‘
U

where R' is H or OH; R” is H or glucose; and glu is glucose
(e.g., a B-glucoside).

In some embodiments, x of Scheme 3 1s 1 to about 50, 1
to about 25, 1 to about 20, 1 to about 12, 1 to about 10, or
a range ol between any to integers from 1 to 50. Several
examples of condensed tannins are described in U.S. Pat.
No. 7,122,574 (Romanczyk et al.), which 1s incorporated
herein by reference.

A review by Reed et al. (Phytochem. 66(18): 2248-2263
(2003)) describes the structural heterogeneity of tannin
polyphenols from cranberries, grape seed extracts, sorghum,
and pomegranates as characterized by MALDI-TOF MS.
Examples of plants that produce proanthocyanidins include
cranberries, blueberries, grapes, sorghum, and pine.

Hydrolysable tannins include gallic acid and ellagic acid
esters of polyol core moieties, such as sugars. Scheme 4
illustrates a pomegranate ellagitannin showing structural
variation in nature of esterification of the glucose core
molecule.
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Scheme 4. Representative structure of a hydrolysable tannin.

12

Gallagic acid moiety

OH
HO OH

HO
HO

HO
HO

OH

HO

Ellagic acid moiety

Hydrolysable tanmins, such as the compound shown 1in
Scheme 4, can be 1solated 1n oligomeric forms that include
2 to about 12 hydrolysable tannin moieties, for example,
linked by oxidative C—O coupling between galloyl and
hexahydroxydiphenoyl moieties of the monomeric precur-
sors. Common coupling also occurs between two ellagic
acid moieties, or by addition of gallic acid moieties to the
saccharide core of an oligomer. See Quideau and Feldman,
Chem. Rev. 1996, 96, 475-503, which 1s incorporated herein
in its entirety.

Accordingly, 1 some embodiments of compositions

described herein, the hydrolysable tannins employed will be
oligomeric hydrolysable tannins. Thus 1 some embodi-
ments, oligomeric hydrolysable tannins include at least two
saccharide core moieties. Other embodiments can include
monomeric proanthocyamdins or hydrolysable tannins, and
yet other embodiments can exclude monomeric tannins. In
some embodiments, a hydrolysable tannin will include one
ormore (e.g., 1, 2,3, 4, 5, or more) ellagic acid moieties, and

in some embodiments, a hydrolysable tannin will include
one or more (e.g., 1, 2, 3, 4, 5, or more) gallagic acid
moieties.

Examples of plants that produce hydrolysable tannins
include pomegranates, strawberries, raspberries, blackber-
ries, and sumac. Significant quantities ol hydrolysable tan-

nins can be 1solated from, for example, pomegranate husks.
Specific hydrolysable tannins include punicalin and puni-
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calagin (the alpha or beta 1somer of 2,3-(S)-hexahydroxy-
diphenoyl-4,6-(S,S)-gallagyl-D-glucose, with a molecular
weight of 1084) and stereochemical 1somers thereotf, as well
as the hydrolysable tannins described by Quideau and Feld-
man (Chem. Rev. 1996, 96, 475-503).

Consumption of foods, beverages and nutritional supple-
ments that contain tannins 1s associated with decreased risk

ot diseases that have an oxidative and microbial adherence

ctiology. Numerous studies show that tannins have various
types of pharmacological properties mcluding anti-oxida-
tive, anti-mutagenic, anti-carcinogenic, anti-angiogenic,
apoptotic, anti-obesity, hypocholesterolemic, anti-arterio-

sclerotic, anti-diabetic, anti-bacterial, anti-viral, and anti-

aging ellects, as well as wound healing properties.

Chitosan.

Chitin 1s a biopolymer composed of poly N-acetyl glu-
cosamine. Chitin 1s the second most abundant biopolymer
on earth, after only cellulose. It 1s commonly found in the

exoskeleton or cuticles of many invertebrates, such as the
shells of marine arthropods, and 1n the cell wall of most
fungi and some algae. Chitin 1s generally insoluble 1n water
but can be deacetylated by treatment with a caustic, such as
sodium hydroxide, to form the soluble cationic polysaccha-
ride, chitosan. The chemical name of chitosan 1s poly([3-
(1—=4)-2-amino-2-deoxy-D-glucopyranose). Chitosan has
two types of reactive groups that can be grafted: the free
amine groups on deacetylated units, and the hydroxyl groups
on the C3 and C6 carbons on either acetylated or deacety-
lated units (Scheme 3).
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Scheme 5. GGeneral Chitosan Structure.

CH,OH

CH,OH

OH

NH,

Chitosan 1s commonly used 1n water processing and in
agriculture. Chitosan can also form a polycationic, biode-
gradable, and biocompatible matrix with blood clotting and
antimicrobial properties. Kumar et al. (Chemical Reviews

(2004) 104:6017-6084) and Rinaudo (Progress in Polymer
Science (2006) 31:603-632) have reviewed the properties
and applications of chitosan. Due to its unmique polycationic
nature, chitosan and its derivatives have been used for
various applications 1n many different fields, including bio-
medicine, food, agriculture, biotechnology and pharmaceu-
tics. Chitosan has been developed for a variety of biomedical
applications including wound dressings and drug delivery
systems. In the context of drug delivery, chitosan has been
used as a stabilizing constituent of liposomes; as an excipi-
ent controlling drug release 1n oral formulations; as a nasal
delivery system; to prepare microspheres for encapsulation
ol enzymes, proteins and cells, and also to deliver DNA.

Research has shown that the water solubility, antibacte-
rial, and antioxidant properties of chitosan can be improved
by primary derivation followed by grait modification. Grafit-
ing chitosan 1s also a common way to improve other
properties such as increased chelating or complexation prop-
erties, bacteriostatic eflfects, or enhanced adsorption proper-
ties. Although the grafting of chitosan modifies 1ts proper-
ties, useful characteristics such as mucoadhesivity,
biocompatibility, and biodegradability can still be main-
tained.

Chitosan-based bandages and surgical dressings produced
by HemCon Medical Technologies were recently approved
by the U.S. FDA for use as hemostatic bandages with proven
antibacterial properties against a wide range of harmiul
organism, including MRSA and acinetobacter baumannii.
The bandages and dressings can be used to rapidly stop
bleeding, including extensive arterial bleeding. Both the
blood clotting and the antibacterial properties of the mate-
rials can be attributed to chitosan (see U.S. Pat. No. 7,482,
503 (Gregory, et al.), which 1s mcorporated herein by
reference). The tannin-chitosan composite material can be
used 1n place of the chitosan in the compositions described
therein.

Chitosan 1s commercially available from many chemical
suppliers, such as Sigma Aldrich Co., St. Louis, Mo. Chi-
tosan 1s oflered in various grades, average molecular
weights, and degrees of deacetylation.

In some embodiments, the chitosan can be a “high
molecular weight” chitosan. High molecular weight chitosan
refers to chitosan that has a number average molecular
weilght of at least about 100 kDa, and typically about 170
kDa to about 400 kDa. In some embodiments, high molecu-
lar weight chitosan can have a molecular weight of at least
about 100 kDa, at least about 110 kDa, at least about 150
kDa, or at least about 200 kDa. In other embodiments, high
molecular weight chitosan can have a molecular weight of
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CH,OH

OH

NH,

about 100 kDa to about 400 kDa, about 120 kDa to about
400 kDa, about 150 kDa to about 400 kDa, about 170 kDa
to about 400 kDa, 100 kDa to about 300 kDa, about 120 kDa
to about 300 kDa, about 150 kDa to about 300 kDa, about
170 kDa to about 300 kDa. The value of n in Scheme 5 can

be any number or range that results in approximately the
values for the molecular weights of chitosan described
herein. As would be readily recognized by one of skill 1n the
art, chitosan as illustrated 1n Scheme 5 may also be partially
acetylated.

Other embodiments may include low molecular weight
chitosan. Low molecular weight chitosan refers to chitosan
molecules with less than 100 monomeric units (less than

about 18 kDa or less than about 20 kDa). Molecular weights

of chitosan can be determined, for example, by gel perme-
ation chromatography.

The chitosan can have a degree of deacetylation that 1s
typically at least about 70%, at least about 73%, at least
about 80%, at least about 85%, at least about 90%, at least
about 95%, at least about 99%, or the chitosan can be
substantially fully deacetylated.

Tanmin-chitosan composite materials.

Chitosan binds to negatively charged tannins by electro-
static interactions, driven by its positively charged amino
groups. This interaction allows for developing stable bio-
materials, such as nanoparticles that can serve as therapeutic
agents, as a targeted carrier compositions, and controlled
release system. The tannin-chitosan composite biomaterial
can also form biofilms, biofoams, and tissue scaflolds.
Tannin-chitosan composite materials can be used to prepare
dermal patches, for example, for wound healing applica-
tions. The tannin-chitosan composite materials can also be
used as scatlolding for skin and cartilage tissue cultures, for
matrices for tissue engineering, for coatings for biomedical
devices, or as packaging materials, for example, to prevent
oxidation of organic materials such as meats and/or lipids,
and/or for drug delivery.

The tannin-chitosan composite materials provide higher
biocompatibility and superior biodegradability relative to
known synthetic composites. In addition to direct biological
cllects from the tannin-chitosan composites (antimicrobial
and antioxidant properties), the biomaterials can be used for
targeting or controlled release systems to encapsulate thera-
peutic agents for oral, dermal, or respiratory delivery.

With respect to oral delivery, some studies have shown
that the antioxidant activity of catechin, a component of
tanmns, decreases dramatically when 1t 1s exposed to an
alkaline pH, such as in the human intestine. Considering the
function of tannins 1 metabolic processes, as well as the
properties of tannins manifested in vitro, complexation to
chitosan can protect tannins from interactions with the food
matrix, and can also provide for delayed or controlled
release in the gastrointestinal tract.




US 10,104,388 B2

15

Nanoparticles and biofilms can be prepared from chitosan
and tannins, as described herein. High molecular weight
tannins are particularly usetful for preparing nanoparticles.
Low molecular weight tannins are well suited for preparing
chitosan-tannin composite foams, whereas tannins ol nter-
mediate molecular weight provide superior biofilms com-
pared to known chitosan biofilms. According to the speci-
fications provided by Sigma-Aldrich, a chitosan with low
molecular weight refers to chitosan polymer that has about
50 to about 250 monomeric units (5,000-10,000 Da), a
medium molecular weight chitosan sample has a molecular
weight 1n the approximate range of about 10,000 to about
100,000 Da. A high molecular weight chitosan typically
refers to a chitosan with a molecular weight of about
100,000 to about 500,000 Da.

Two classes of tannin-chitosan composite nanoparticles
are the proanthocyanidin-chitosan composites and the
hydrolysable tanmin-chitosan composites. The proanthocya-
nidin-chitosan composites can be prepared from, for
example, cranberry tannins and chitosan. The proanthocya-
nidins can also be obtained from, for example, grapes (e.g.,
from fruit, wine, juice, or presscake), cinnamon, apples, or
grain sorghum. The hydrolysable tannin-chitosan compos-
ites can be prepared from, for example, pomegranate tannins
and chitosan. Other hydrolysable tannins can be obtained
from, for example, strawberries, raspberries, or sumac.

The chitosan-tannin composite can be crosslinked during
its preparation. Nanoparticles can be crosslinked, for
example, with tripolyphosphate (TPP) anions. Biofilms can
be crosslinked, for example, with glutaraldehyde. Swelling
of a biopolymeric matrix can produce faster degradation/
active compound release from the matrix. In both the
nanoparticles and the biofilms, crosslinking reduces or pre-
vents spontancous swelling of the biopolymeric matrix. In
nanoparticles, TPP strengthens the polymeric networks to
maintain a spherical nanoparticle shape. In biofilms, cross-
linking can reduce or prevent fast release/degradation of the
biofilm. By controlling the concentration of the crosslinker
added during preparation, it 1s possible to control the release
rate of active compounds from the matrix. Additionally,
increasing degree of polymerization of tannin component
increases crosslinking efliciency, thereby reducing amount
of TPP needed for a similarly stable particle, as well as
influencing particle size. The DP can be controlled by choice
of starting material and chromatographic separation, all of
which can be monitored by MALDI MS.

In some embodiments, the chitosan-tannin composite
material can include or exclude polymers other than chitosan
or tannins. For example, some embodiments include cellu-
lose or collagen-derived materials such as gelatin; other
embodiments exclude them. Some embodiments include
synthetic polymers such as polyethylene or polyethylene
oxide, while other embodiments exclude them.
Antimicrobial Applications and Drug Delivery.

Chitosan itself has valuable biopharmaceutical character-
1stics such as pH sensitivity, biocompatibility and low tox-
icity. Chitosan 1s also metabolized by certain human
enzymes, especially lysozyme, and 1s therefore biodegrad-
able. For drug delivery applications, 1t 1s important for the
chitosan formulation to be hydro-soluble and positively
charged. These properties enable it to interact with nega-
tively charged polymers, macromolecules and polyanions in
an aqueous environment.

The chitosan-tannin complexes described herein have
higher protein and drug loading eflicacy and capacity, as
well as better release properties, than chitosan 1tself. The
complexation of chitosan to tannins enhanced its stability at
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different pH environments compared to chitosan alone. The
chitosan-tannin complexes also showed an increase in the
rate ol uptake and activation of macrophage cells. Cell
culture experiments show the non-cytotoxicity and success-
ful internalization of these chitosan-tannin nanoparticles.
Accordingly, these novel composite nanoparticles can be
used as targeted drug-delivery carriers. The composites can
also be used for a wide range of applications that involve the
cilicient intracellular delivery of biological agents to modu-
late the behavior of cells.

Tannin-chitosan composite nanoparticles can also be used
as therapeutic biomaterials, for example, to control patho-
genic microbial colonization of human epithelial cells.
Because the nanoparticles themselves display antimicrobial
and antioxidant properties, contacting epithelial cells with
tanmin-chitosan composite nanoparticles can kill, inhibit, or
prevent the spread of a pathogenic microbes and microbial
infections. Administration of the nanoparticles to a mammal
can therefore treat and/or prevent human disease states such
as diarrhea, resulting from enterotoxigenic Escherichia coli
(ETEC) and other pathogenic microbe colonization of the
intestinal epithelial cells, and urinary tract infections (UTT)
resulting from adhesion of P-fimbriated uropathogenic bac-
teria to uroepithelial cells.

Additionally, tannin-chitosan composite nanoparticles
can be used m feed additives, for example, to reduce
shedding of E. coli O157:H7 1n cattle, and as a replacement
for antibiotics 1n animal feeds. The nanoparticles can also be
used to replace herbicides, fungicides, and/or pesticides to
control in-the-field and post harvest damage cause by plant
pathogens.

Tissue Engineering.

The present generation of tissue engineering (TE)
research 1s based on the seeding of cells onto porous
biodegradable polymer matrixes. A primary factor for suc-
cessiul seeding 1s the availability of good biomatenals to
serve as the temporary matrix. Recently, chitosan and its
derivatives have been reported as attractive candidates for
scallolding materials because they degrade as the new
tissues are formed, eventually without inflammatory reac-
tions or toxic degradation. In TE applications, the cationic
nature of chitosan is primarily responsible for electrostatic
interactions with anionic glycosylaminoglycans, proteogly-
cans, and other negatively charged molecules.

Tannin complexation to chitosan promotes a surface
modification on chitosan films that increases the porosity of
its 2D scaflolds, as shown by SEM micrographs. Tanmns
have also been found to improve the physical properties of
chitosan biofilms, such as tensile strength, swelling degree,
and thermal stability, as shown by mechanical analysis and
DSC calorimetry. The chitosan-tannin composite polymer
can be used to control the morphology and function of cells,
and therefore can be used in tissue engineering, dermal drug
delivery, and wound healing applications. The chitosan-
tanmin composites can also be chemically modified for TE
applications. For example, the composites can be modified
by grafting particular sugars to a tannin backbone. Certain
cells can distinctively recognize the specific sugars, thus
providing the specific recognition to antigen presenting cells
such as B-cells, dendritic cells, and macrophages.

Wound Healing.

Chitosan-tannin complexes (composites) also have valu-
able properties for wound healing applications because they
exhibit enhanced bacteriostatic activity with respect to pure
chitosan. An increase in chitosan antimicrobial activity is
observed 1n the chitosan-tannin complexes, which bind to
the negatively charged bacterial surtace to disturb the cell
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membrane. These properties can be applied to use of the
complexes for dermal patches, such as biofilms, for
example, to promote ulcer and burn healing. The chitosan-
tannin composites can also be used as hemostatic agents in
wound dressings.

The chitosan-tannin complexes can be used 1n a variety of
other biomedical applications. As a result of the biocompat-
ible properties, such as good blood compatibility and cell
growth efliciency, chitosan-tannin composites can be used 1n
cardio-vascular applications. The permeability of chitosan-
tannin composite membranes can be controlled through
plasma-treatment. Such composite membranes can therefore
be used 1n dialysis.

The preparation of wound dressings 1s described 1n U.S.
Pat. No. 7,482,503 (Gregory et al.). Wound dressings can be
prepared according to such methods using the chitosan-
tannin composite material described herein 1n place of the
chitosan biomaterial described therein. Additionally, the
chitosan-tannin composites can be used as coatings for
medical devices, such as stents or catheters, to prevent
detrimental biofilm formation or bacteremia in patients.
Liposomes.

The chitosan-tannin composite material can be used to
coat other compositions, for example, using electrostatic
deposition methods. Chitosan-tannin composite material can
be electrostatic deposited onto liposomes to increase their
stability and provide enhanced delivery to specific cells or
tissues. Coated liposomes can be used as targeted release-
on-demand carrier systems for both water- and oil-soluble
tfunctional compounds such as drugs, antimicrobials, flavors,
antioxidants, and other bioactive ingredients. The deposition
of chitosan-tannin composites improves the stability of
liposomes, provides a more biodegradable and biocompat-
ible coated liposome than current synthetic stabilization
techniques, and adds antioxidant and antimicrobial function-
ality to the liposomes.

Liposomes coated with chitosan-tannin composite mate-
rials can provide contrast agents for use with diagnostic and
therapeutic ultrasound procedures. Contrast agents such as
Optison™ Perflutren Protein-Type A Microspheres Inject-
able Suspension and Defininty® perflutren encapsulated
lipid microspheres are currently 1njected into systemic blood
flow. Tannin-chitosan composites can be incorporated into
such liposomes to improve contrast features, assist 1n deliv-
ery of therapeutic agents such as drugs or genes, or they can
act alone as therapeutic agents.

Nutraceutical or Supplement Formulations.

The mvention also provides formulations that include a
tannin-chitosan composite matrix described herein for use as
a dietary supplement. Supplement compositions can be
tormulated as capsules, tablets, powders, solutions, gels, bar,
suspensions, creams, and the like. These dietary supple-
ments, for example, 1n powder or solution form, can be
added to nutraceuticals, foods and/or beverages to form
pharmaceutical, functional nutraceutical, food, and/or bev-
erage products. The chitosan-tannin composite material can
form a nanoparticle that encapsulates additives such as
vitamins or nutrients, or the composite material can be
combined with an additive in a capsule, tablet, powder,
solution, gel, bar, suspension, cream, or the like.

Dietary supplements may be formulated as powders, for
example, for mixing with consumable liquids such as milk,
juice, water or consumable gels or syrups for mixing into
other dietary liquids or foods. Dietary supplements can be
formulated with other foods or liquids to provide pre-
measured supplemental foods, such as single serving bars.
Typical food products that can incorporate a tannin-chitosan
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composite matrix include dairy foods such as yogurt, cere-
als, breads, snack food products, fruit juices, sports drinks
and soit drinks. Flavorings, binders, protein, complex car-
bohydrates, vitamins, minerals and the like can be added as
desired. Dietary supplements can be formulated by standard
techniques known to those of skill in the art, such as the
techniques described 1n U.S. Pat. No. 7,767,235 (Shrikhande
et al.), which 1s mcorporated herein by reference.

Examples of drugs, vitamins and nutrients that can be
incorporated into formulations include lipids such as fatty
acids, including omega-3 and omega-6 fatty acids, fat
soluble vitamins (e.g., vitamin A, D, E, and/or K), water
soluble vitamins (e.g., vitamin C, thiamine, riboflavin, nia-
cin, pantothenic acid, vitamin B6, folate, vitamin B12,),
antibiotics (e.g., amoxicillin, ampicillin, clindamycin, doxy-
cycline, erythromycin, metronidazole, penicillin, tetracy-
cline, vancomycin, and the like), probiotics (e.g., lactic acid
bacteria, bifidobacteria, and the like), micronutrients such as
B3-carotene and/or ascorbic acid, proteins, and peptides. In
some embodiments, monomeric tannins and/or other nutri-
tional supplements can be incorporated into a chitosan-
tanmn composite matrix, or they can be included in a
composition that includes a chitosan-tannin composite
matrix.

Analysis of Tannins, Chitosan, and Combination Products.

A variety of methods can be used to analyze and evaluate
tanmins, chitosans, and their composite products. These
techniques include Matrix Assisted Laser Desorption/Ion-
ization Time-of-Flight Mass Spectrometry (MALDI-TOF
MS), American Standards for Testing Materials (ASTM)
measurements of tensile strength and swelling properties,
scanning electron microscopy (SEM) to characterize surface
morphology, differential scanning calorimetry (DSC) for
thermal characterization of the composite biomaterial, and
United States Pharmacopeia (USP) methods to study drug
release.

MALDI-TOF MS 1s especially suited to analyze the
tanmin-chitosan composite materials because the technique
can detect mtact molecular 1ons with high molar masses
(e.g., >100,000 Da). MALDI-TOF MS 1s also usetul for
characterizing polydispersed oligomers that exhibit large
structural heterogeneity, including tannins, chitosans, and
their composites. Tensile strength and swelling properties of
the composite biomaterials were characterized ASTM mea-
surements.

Analysis of the tannin-chitosan composites described
herein 1indicates that the composite materials have improved
stability, higher drug loading capacity, improved drug
release properties, improved cell uptake, greater porosity,
improved tensile strength and thermal stability compared to
compositions that include only chitosan, and the materials
are non-cytotoxic in vitro.

Pharmaceutical Formulations.

The chitosan-tannin composite materials can be formu-
lated as pharmaceutical compositions and administered to a
mammalian host, such as a human patient, in a variety of
forms adapted to the chosen route of administration, e.g.,
orally or parenterally, by intravenous, intramuscular, topical
or subcutaneous routes.

The chitosan-tanmin composite materials may be systemi-
cally administered, e.g., orally, in combination with a phar-
maceutically acceptable vehicle such as an inert diluent or
an assimilable edible carrier. They may be enclosed in hard
or soft shell gelatin capsules, may be compressed into
tablets, or may be incorporated directly with the food of the
patient’s diet. For oral therapeutic admimstration, the chi-
tosan-tannin composite materials may be combined with one
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or more excipients and used 1n the form of ingestible tablets,
troches, capsules, elixirs, suspensions, syrups, waters, and
the like. Such compositions and preparations typically con-
tain at least 0.1% of the chitosan-tannin composite materials.
The percentage of the compositions and preparations may, of
course, be varied and may conveniently be between about
2% to about 60% of the weight of a given unit dosage form.
The amount of chitosan-tannin composite materials in such
therapeutically useful compositions 1s such that an effective
dosage level will be obtained.

Tablets, troches, pills, capsules, and the like may also
contain the following: binders such as gum tragacanth,
acacia, corn starch or gelatin; excipients such as dicalcium
phosphate; a disintegrating agent such as corn starch, potato
starch, alginic acid and the like; a lubricant such as magne-
sium stearate; and a sweetening agent such as sucrose,
fructose, lactose or aspartame or a flavoring agent such as
peppermint, o1l of wintergreen, or cherry tflavoring may be
added. When the unit dosage form 1s a capsule, it may
contain, in addition to maternials of the above type, a liqud
carrier, such as a vegetable o1l or a polyethylene glycol.
Various other materials may be present as coatings or to
otherwise modily the physical form of the solid unit dosage
form. For 1nstance, tablets, pills, or capsules may be coated
with gelatin, wax, shellac or sugar and the like. A syrup or
clixir may contain the active compound, sucrose or fructose
as a sweetemng agent, methyl and propylparabens as pre-
servatives, a dye and flavoring such as cherry or orange
flavor. Of course, any material used 1n preparing any unit
dosage form should be pharmaceutically acceptable and
substantially non-toxic in the amounts employed. In addi-
tion, the chitosan-tannin composite materials may be used as
a sustained-release preparation for the administration of
bioactive agents, such as drugs or other therapeutic agents.

The chitosan-tannin composite materials may also be
administered intravenously or intraperitoneally by infusion
or injection. Solutions of the active compound or its salts can
be prepared in water, optionally mixed with a nontoxic
surfactant. Dispersions can also be prepared in glycerol,
liquid polyethylene glycols, triacetin, and mixtures thereof
and 1n oils. Under ordinary conditions of storage and use,
these preparations may contain a preservative, for example,
to prevent the growth of certain microorganisms.

The pharmaceutical dosage forms suitable for injection or
infusion can include sterile aqueous solutions or dispersions
or sterile powders comprising the chitosan-tannin composite
materials which are adapted for the extemporaneous prepa-
ration of sterile mjectable or infusible solutions or disper-
sions. The chitosan-tanmin composite materials may also be
coatings for liposomes that encapsulate bioactive agents. In
all cases, the ultimate dosage form should be sterile, flmd
and stable under the conditions of manufacture and storage.
The liqumid carrier or vehicle can be a solvent or liquid
dispersion medium comprising, for example, water, ethanol,
a polyol (for example, glycerol, propylene glycol, liquid
polyethylene glycols, and the like), vegetable oils, nontoxic
glyceryl esters, and suitable mixtures thereof. The proper
fluidity can be maintained, for example, by the maintenance
of the required particle size in the case of dispersions or by
the use of surfactants. The prevention of the action of certain
microorganisms can be brought about by various additional
antibacterial and antifungal agents, for example, parabens,
chlorobutanol, phenol, sorbic acid, thiomersal, and the like.
In many cases, 1t will be preferable to include isotonic
agents, for example, sugars, bullers or sodium chloride.
Prolonged absorption of the mjectable compositions can be
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brought about by the use in the compositions of agents
delaying absorption, for example, aluminum monostearate
and gelatin.

Sterile 1njectable solutions are prepared by incorporating
the active compound 1n the required amount 1n the appro-
priate solvent with various of the other ingredients enumer-
ated above, as required, followed by filter sterilization. In the
case of sterile powders for the preparation of sterile nject-
able solutions, methods of preparation include vacuum
drying and freeze drying techniques, which yield a powder
of the chitosan-tannin composite materials plus any addi-
tional desired ingredient present in the previously sterile-
filtered solutions.

For topical administration, the chitosan-tannin composite
materials may be applied in pure form. However, 1t will
generally be desirable to administer them to the skin as
compositions or formulations, €.g., 1n combination with a
dermatologically acceptable carrier, which may be a solid or
a liqud.

Usetul solid carriers include finely divided solids such as
talc, clay, microcrystalline cellulose, silica, alumina and the
like. Usetul liquid carriers include water, dimethyl sulfoxide
(DMSQO), alcohols or glycols or water-alcohol/glycol
blends, 1n which the chitosan-tannin composite materials
can be dissolved or dispersed at eflective levels, optionally
with the aid of non-toxic surfactants. Adjuvants such as
fragrances and additional antimicrobial agents can be added
to optimize the properties for a given use. The resultant
liqguid compositions can be applied from absorbent pads,
used to impregnate bandages and other dressings, or sprayed
onto the aflected area using pump-type or aerosol sprayers.

Thickeners such as synthetic polymers, fatty acids, fatty
acid salts and esters, fatty alcohols, modified celluloses or
modified mineral materials can also be employed with liquid
carriers to form spreadable pastes, gels, ointments, soaps,
and the like, for application directly to the skin of the user.

Examples of useful dermatological compositions which
can be used to deliver the chitosan-tannin composite mate-

rials to the skin are known to the art; for example, see
Jacquet et al. (U.S. Pat. No. 4,608,392), Geria (U.S. Pat. No.

4,992.478), Smith et al. (U.S. Pat. No. 4,559,157), and
Wortzman (U.S. Pat. No. 4,820,508).

Usetul dosages of the chitosan-tannin composite materi-
als can be determined by comparing their in vitro activity,
and 1 vivo activity in ammal models. Methods for the
extrapolation of eflective dosages 1n mice, and other ani-
mals, to humans are known to the art; for example, see U.S.
Pat. No. 4,938,949 (Borch et al.). The amount of the
chitosan-tannin composite materials required for use 1n
treatment will vary not only with the particular composite
form used but also with the route of administration, the
nature of the condition being treated and the age and
condition of the patient and will be ultimately at the discre-
tion of the attendant physician or clinician. For example, the
chitosan-tannin composite materials may be conveniently
administered i unit dosage form; for example, containing 5
to 1000 mg/m”, 10 to 750 mg/m>, or 50 to 500 mg/m” of
active mgredient per unit dosage form.

The desired dose may conveniently be presented 1n a
single dose or as divided doses administered at appropriate
intervals, for example, as two, three, four or more sub-doses
per day. The sub-dose 1tself may be further divided, e.g., mto
a number of discrete loosely spaced administrations.

The present mvention provides therapeutic methods of
treating various conditions 1n a mammal, which mvolve
administering to a mammal having such a condition an
cellective amount of a chitosan-tannin composite of the
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invention. A mammal includes a primate, human, rodent,
canine, feline, bovine, ovine, equine, swine, caprine, bovine
and the like. In other embodiments, the chitosan-tannin
composite materials can be used to treat various conditions
in plants, such as bacterial or fungal infections.

The following Examples are intended to illustrate the
above mvention and should not be construed as to narrow 1ts
scope. One skilled 1n the art will readily recognize that the
Examples suggest other ways 1n which the invention could
be practiced. It should be understood that numerous varia-
tions and modifications may be made while remaining
within the scope of the mvention.

EXAMPLES
Example 1

Tannin-Chitosan Composites: Preparation, Data,
and Applications

Pharmaceutical grade chitosan (deacetylation degree of
02% calculated by "H NMR; mean molecular weight of 185
kDa calculated by specific viscosimetry) derived from
shrimp shells was provided by the Polymers Research
Laboratory (POLIUNA) of Costa Rica. The degree of
deacetylation and mean molecular weight distribution can be
controlled 1n the production of tannin-chitosan composites
to provide chitosan with higher or lower degrees of deacety-
lation, and/or higher or lower mean molecular weights.
Chitosan-tannin composites that included hydrolyzable tan-
nins (HT) and proanthocyanidins (PA) were separately pre-
pared and analyzed.

Proanthocyanidins (PA). Polyphenolics were 1solated by
liquid chromatography and subjected to MALDI-TOF MS
using trans-3-indoleacrylic acid as the matrix. Spectral
analysis provided the degree of polymerization, monomeric
substitution, and the nature of intermolecular bonds (Reed et
al. 2005).

The cranberry polytlavan-3-ols had vanation 1n interfla-
van bonds (A-type and B-type) and contained polyilavan-
3-ols linked to anthocyanins through a CH,—CH bridge
(see Scheme 1 above) (Krueger et al. 2004). Polygalloyl-
polyilavan-3-ols 1n grape seed extract had large variation in
the degree of galloyl substitution (Krueger et al. 2000).
Sorghum polytlavans had structural heterogeneity 1n glyco-
sylation and hydroxylation (Krueger et al. 2003).

Cranberry polyphenols were chosen as a representative
for the class of ‘proanthocyanidins’ in formulations of
Tanmin (PA)-Chitosan bioconjugates. Spray dried cranberry
juice powder was reconstituted in H,O and applied to a
preparative LH-20 column equilibrated 1n water. Water, 50%
aqueous ethanol (v/v), and ethanol were sequentially eluted
through the column to remove non-phenolic cranberry con-
stituents as well as monomeric phenolic constituents (hy-
droxycinnamic acids, anthocyanins and flavonols). Aqueous
acetone (4:1; acetone: H,O, v:v) was then passed through
the column until 1t was white, to elute a mixture of cranberry
PA. The aqueous acetone fraction was concentrated by
vacuum to remove the acetone and the water was removed
by freeze drying.

Other solid phase chromatographic resins (C18, C8,
Waters Oasis resins, Amerlite resins, and the like) can also
be used to enhance extraction of particular tanmn fractions.
Likewise, liqmd/liquid (partition) chromatography can be
used for extractions, as well as supercritical flumd extraction
techniques. Additional techniques that can be used for the
1solation and purification of various tanmins are described 1n
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U.S. Pat. No. 7,122,574 (Romanczyk et al.), which 1s
incorporated herein by reference.

The cranberry proanthocyanidin composition was char-
acterized by MALDI-TOF MS, showing a degree of polym-
erization (DP) ranging from 4 to 7, with at least one A-type
intertflavan bond present at for each degree of polymeriza-
tion. FIG. 1 illustrates a MALDI-TOF MS spectrum, in
positive reflectron mode, of the cranberry PA fraction. The
section between m/z 1000 and 2500 has been amplified to
identify the degree of polymerization, the nature of inter-
flavan linkage and structural composition of subunits of
oligomeric PA. The degree of polymerization, monomeric
substitution, and nature of intermolecular bonds are ‘proan-
thocyanidin variables’ that can be controlled by choice of
raw starting material (plants, fruits, juices), extraction pro-
cesses, and enrichments by liquid and solid phase chroma-
tography.

Hydrolysable Tannins (HT). Hydrolysable tannins were
1solated from pomegranate peels. The hydrolysable tanmins
identified included gallic acid and ellagic acid esters of core
polyol moieties, such as sugars (see Scheme 4 above).
Pomegranate hydrolysable tannins that correspond to pre-
viously described structures, such as punicalagin, were
identified. Others found were hydrolysable tannins that
correspond to oligomeric ellgitanmins 1n which two to five
core glucose units are cross linked by dehydrodigalloyl and
or valoneoyl units (Afaq et al. 2005 and Seeram et al. 2006).
These results demonstrate the degree of polymerization,
intermolecular bonds, pattern of hydroxylation, and substi-
tution with monosaccharides and gallic acid, occur with an
identifiable amount of heterogeneity.

HT Isolation. Pomegranate polyphenols were chosen as t
representative for the class of ‘Hydrolyzable Tannins’ for
formulations of Tannin (HT)-Chitosan bioconjugates. Pome-
granate peels (-5 g) were added to liquid nitrogen 1 a
blender and ground to a powder. The powder was extracted
with aqueous acetone 80% v/v, filtered, and concentrated by
vacuum. Concentrated pomegranate extract was applied to a
C18 preparative column equilibrated with water. Water was
passed through the column to elute non-phenolic constitu-
ents. To elute a pomegranate HT fraction enriched in puni-
calagin, an aqueous methanol 50% (v/v) solution was then
passed through the column until the resin became white.

MALDI-TOF MS and RP-HPLC analysis showed that the
pomegranate HT fraction was composed mainly of puni-
calagin (~95%). F1G. 2 1llustrates a MALDI-TOF MS spec-
trum, 1n negative reflectron mode, of the pomegranate
hydrolyzable tannin. The degree of polymerization, mono-
meric substitution, and nature of intermolecular bonds are
‘hydrolyzable tanmin variables” that can be controlled by
choice of raw starting material (plants, fruits, juices), extrac-
tion processes and enrichments by liquid and solid phase
chromatography.

Preparation of Tanmng-Chitosan Composites (Bioconju-
gates). A chitosan solution was prepared by dissolving
chitosan powder 1n an acetic acid aqueous solution (0.5%
v/v) at room temperature (~23° C.). After the chitosan
powder was fully dissolved, the solution was filtered and
degassed by vacuum filtration (Step 1). FIG. 3 schematically
illustrates the dissolving and degassing the chitosan solu-
tion. The chitosan solution (0.5% w/v) was then mixed with
either proanthocyamdins or hydrolyzable tannins (0.5-2.0%
v/v), at different molar ratios. The solution was leit to react,
with stirring, for 1 hour at room temperature (Step 2). FIG.
4 further illustrates the preparation of the chitosan-tannin
bioconjugates, according to an embodiment. The concentra-
tion of chitosan and tanmns (PA and/or HT) were controlled
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in the process of forming composite materials by adding
different ratios of the respective components to provide the
desired composition.

Preparation of Tannin-Chitosan Composite 2D Hydrogels
(Films). The tannin-chitosan composite solutions were cast
onto glass plates and slowly spread to form even liquid
films. The liqud films were then evaporated at room tem-
perature for 24 hours to form 2D biomembranes (hydrogels).
The hydrogel films were subsequently washed repeatedly
with deionized water and were dried at room temperature for
24 hours (Step 3a) to provide the composite films. FIG. 5
illustrates the casting of the chitosan-tannin hydrogels,
according to an embodiment.

Preparation of Tannin-Chitosan Composite Nanopar-
ticles. Chitosan-tannin nanoparticles were prepared by 1oni-
tropic gelation of chitosan with tripolyphosphate (TPP)
anions. TPP was dissolved 1n water to a concentration of 1
mg/mlL. Under magnetic stirring at room temperature, 2 mL
of TPP solution were added to 5 mL of the tannin-chitosan
composite solutions, as illustrated 1in FIG. 6. The mixture
was stirred for 30 minutes followed by sonication (Step 3b).
Composite nanoparticles were filtered and freeze-dried to
provide Ifree-flowing nanoparticles.

Preparation of Tannin-Chitosan Composite 3-D Bio-
foams. Composite foams (diameter=12 mm, thickness=6
mm) were prepared by casting/freeze-drying techniques
(Step 3¢). One gram of a 2% w/w chitosan solution 1n water
or 0.5% v/v 1n acetic acid was mixed with tannins aqueous
solutions (0.5-2.5% v/v), as illustrated in FIG. 7. The
resulting mixture was poured into a cylindrical mold of
adequate size, frozen at -20° C., and freeze-dried to elimi-
nate the solvent, to provide the tannin-chitosan composite
porous (3D) foam. The tannin-chitosan composite bio-foams
are physically similar to known chitosan foams, however the
composite bio-foams possess significant additional proper-
ties. The tannin-chitosan composite bio-foams can be used,
for example, to provide improved wound and hemostatic
(blood coagulation) dressings because the hemostatic effect
of chitosan i1s increased by the immunostatic properties of
tannin component.

Preparation of Tannin-Chitosan Composite Biogels. A
chitosan (1% w/v)-tannin (2% v/v) bioconjugate solution
was frozen at -20° C. and freeze-dried to eliminate the
solvent, leaving a pigmented powder material. One to two
grams of the lyophilized chitosan-tannin bioconjugate was
dissolved 1n 100 mL of distilled or deionmized water and
stirred vigorously while the pH was increased dropwise with
a concentrated solution of NaOH 6N, as illustrated in FIG.
8. Once the solution reached an adequate pH value (~7.2),
a bio-gel spontaneously formed and the viscosity of the
dispersion significantly increased (Step 3d).

Physical and Chemical Characterization of Tanmn-Chi-
tosan Composites. A Panasonic Hi-Star II X-ray diflracto-
meter (XRD) was used to investigate the crystal structure of
the synthesized tannin-chitosan composites. The X-ray
source was Ni-filtered Cu-Ka. radiation (40 kV, 30 mA). A
Perkin-Elmer DSC 7 differential scanning calorimeter
(DSC) was used to evaluate the thermal properties of the
chitosan and the chitosan-tannin bioconjugates (about 3 mg)
under N, atmosphere at a heating rate of 20 K/minute from
50° C. to 400° C.

X-ray diffraction patterns of tannin-chitosan composites
were compared with chitosan. FIG. 9 illustrates X-ray
diffraction patterns ol chitosan and tannin-chitosan compos-
ites. Arrows indicate significant changes generated by the
tannin component on the crystal arrangement of the biopo-
lymer. Results showed an increase on the crystalline struc-
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ture of both HT and PA——chitosan composites, as indicated
by the increase of the intensity of the crystalline segments at
20=8° and 20=12° , respectively. Each peak represents a
modification of the chemical structure of the main chitosan
polymeric backbone that 1s related to either strong hydrogen
bonding interaction or covalent bonding with the HT and PA
Tanmn.

Thermal analysis of the tannin-chitosan composites by
DSC showed new thermic transitions appearing for both PA
tanmin-chitosan and HT tannin-chitosan composites. FIGS.
10A-10B 1illustrate DSC thermograms of chitosan (top
dashed line) and tannin-chitosan composites (bottom solid
line). FIG. 10A 1illustrates HI-derived composites and FIG.
10B 1illustrates PAC-denived composites. Arrows indicate
significant changes on the thermal behavior of the composite
maternal. HT-chitosan composite showed an increase on the
enthalpy associated with an endothermaic transition at 50° C.
and also a new endothermic transition appears at 130° C.
Meanwhile, the PAC-chitosan composite showed a higher
structural complexity that increases the nigidity of the
biomolecule as shown by the disappearance of previously
observed endothermic transitions of chitosan at 50° C. and
320° C. Both DSC thermograms for chitosan-tannin biocon-
jugates indicated a change 1n the main polymeric network
due to the addition of the tannins, directly aflecting the
thermal stability of the macromolecule.

X-ray diffraction and DSC thermograms provided clear
evidence of the formation of a new stable composite bio-
maternial. These analytic tools can be used to aid further
optimization of processing and formulation of the new
tanmin-chitosan composites to meet desired physical chemi-
cal properties.

Characterization of Chitosan-Tannin Hydrogels (Films).
The mechanical properties of the tannin-chitosan composite
hydrogels were evaluated by comparing tensile strength and
swelling behavior. Swelling 1s the first step 1n the physical
degradation of hydrogels. Rapid swelling promotes a rapid
and uncontrolled release of active compounds (e.g., drugs
and/or pesticides) from a hydrogel matrix. Glutaraldehyde 1s
commonly added as a cross linking agent in the production
of chitosan hydrogels to slow the rate of swelling. A
disadvantage of using glutaraldehyde 1n a hydrogel formu-
lation 1s a reduction 1n the tensile strength of the hydrogel.

Chitosan and PA- and HT-chitosan composite hydrogels
were cast according to the previous described methodolo-
gies. In addition, ‘crosslinked hydrogels” were formulated
by first immersing pre-cast chitosan or tanmn-chitosan com-
posite hydrogels in a glutaraldehyde solution (0.10% v/v)
for 30 minutes, followed by exhaustive washing with deion-
1zed water, followed by drying at 80° C. for 2 hours.

Mechanical Properties of Chitosan-Tannin Composite
Hydrogels. Tensile strength measurements were performed
on a tensile testing machine (model TEST 108 from GT Test,
France, equipped with Test Winner 920 software), with a
crosshead speed of 10 mm/minute and a 2 kN static load cell.
The hydrogels were cut into standard tensile samples from
a dumbbell-shaped knife (H3 type) with a dimension 17
mmx4 mmx0.08 mm (lengthxwidthxthickness). At least five
samples of each type of hydrogel were tested after a suitable
storage period (3 and 20 weeks) at 50+3% RH and 23+2° C.
in a humidity chamber (CIAT, France). The maximal tensile
stress (1'S) was calculated by dividing the maximum load for
breaking film by cross-sectional area.

Both the PA-Chitosan composite hydrogel (no glutaral-
dehyde) and the HT-Chitosan composite hydrogel (no glu-
taraldehyde) showed higher tensile strength than the chito-
san hydrogel alone (no glutaraldehyde). FIG. 11 1illustrates
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the mechanical behavior of chitosan-tannin hydrogels com-
pared to a chitosan hydrogel. Data 1s shown as [mean+SD;
n=3]. The addition of a crosslinking agent (glutaraldehyde)
reduced tensile strength of all hydrogels relative to the
non-crosslinked hydrogels. There was no observed differ-
ence 1n tensile strength between crosslinked chitosan hydro-
gels and crosslinked tannin-chitosan composite hydrogels.

Evaluation of Swelling Behavior. The degree of swelling
of chitosan and tannin-chitosan hydrogels was evaluated by
gravimetric methods. Each dry hydrogel was first weighed
on an analytic balance (Wd). After weighing, hydrogels

were submerged 1 distilled water for 60 minutes at room
temperature. Hydrogels were then removed from the water
and weighed (Ws) at 5, 10, 20, 30, 40, 50, and 60 minutes.
Prior to being weighed on a high precision balance, each
film sample was quickly taken out from the water bath and
blotted with tissue paper to remove excess water. After
weighing, the hydrogels were returned to the water. The
degree of swelling (%) of each film sample was then
calculated according to the following equation:

&

7
4« 100. (2)

Degree of swelling(%) =
d

The results indicate that both PA and HT Tannin-Chitosan
composite hydrogels, with no glutaraldehyde crosslinking
agent, showed lower rates of swelling and lower total
degrees of swelling compared to chitosan hydrogels with no
crosslinking. FIG. 12 illustrates the degree of swelling for
the chitosan-tannin hydrogels as a function of time.

These results indicate that tannins act as a strong cross-
linking agent or the equivalent thereof, reducing the swell-
ing of the composite materials while improving the tensile
strength of the hydrogel. The properties provided by tannins
were superior to those of a glutaraldehyde crosslinking agent
in chitosan hydrogels. Tannins are therefore suitable, reli-
able, and biocompatible ‘green alternatives’ to glutaralde-
hyde for formulating hydrogels for packaging, patching, and
surgical biomaternials.

Characterization of Chitosan-Tannin Nanoparticles.

Si1ze and Zeta Potential. Size determinations and electro-
phoretic mobility measurements were carried out with a
7Z-Meter Zetasizer 2000 from Malvern Instruments and also
with a Z-Meter System 3.0 from Z-Meter USA equipped
with microscope model DR from Carl Zeiss and an electro-
phoresis cell GT2 type. For size and electrophoretic mobility
measurements, the samples were obtained as stated above
and afterwards diluted to 1:10 with deionized water. Five
samples were prepared for each tannin-chitosan composite
rat10. The error was the highest standard deviation for the
five samples. For illustrative purposes, approximate C-po-
tential values were calculated starting from the Smolu-
chowski’s equation, and using the following values: € =8.9x
107" Fm™" and ¢ =79.

The results shown 1n Table 1-1 indicate that both particle
size and C-potential of the chitosan nanoparticles (ChNp)
increased as a function of the biopolymer concentration,
showing a critical concentration around 0.153% w/v. After
this value ChNp appears to suller coalescence and aggre-
gate, as indicated by the drastic increase on particle size after
0.10% w/v. According to this observation, chitosan-PA
tannin nanoparticles (ChPANp) and chitosan-HT tannin
nanoparticles (ChHTNp) where formulated holding the con-
centration of chitosan solutions (0.10% w/v) constant and
varying the amount of tannin (5%, 10%, and 20%).
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TABLE

1-1

Variation in size and C-potential for different
chitosan and chitosan-tannin nanoparticle formulations.
Results are shown as [mean + SD, n = 35].

Size C-Potential  Size
Sample ID Study (nm) (mV) (nm)*
ChNp 0.05% Effect of chitosan 1301 19.6 £0.9 152 +£3
ChNp 0.10% concentration 149 £1 209 +1.9
ChNp 0.20% 426 £ 28 32.2 = 1.6
ChHTNp 5% Effect of HT 165+4 244 +0.5 165 =2
ChHTNp 10% concentration 167 £3 228 = 1.5
ChHTNp 20% (chitosan 0.1% w/v) 165 £4 22.6 = 2.5
ChPANp 5% Effect of PA 298 +7 232 +£3.1 298 3
ChPANp 10% concentration 296 £ 2 215+ 1.0
ChPANp 20% (chitosan 0.1% w/v) 292 +4 20.6 £ 0.9

*S1ze of nanoparticles after being reconstituted in water followmg lyophilization.

ChPANp and ChHTNp size and C-potential were not

allected by the tannin concentration. This observation indi-
cates an mtermolecular iteraction between the components
and not simply a physical adsorption on the surface structure
of the biopolymer that increased the size and changed the
C-potential of the nanoparticles. Nanoparticle size after
lyophilization and reconstitution in water were not signifi-
cantly different from original particle size, indicating that
these biomaternials can be stored and marketed in powder
form.

C-Potential 1s an important parameter for stability in
aqueous nanosuspensions. For a physically stable nanosus-
pension, solely stabilized by electrostatic repulsion, a C-po-
tential of 30 mV 1s required as a mimimum. All data
indicated that tannin-chitosan composite nanoparticles are
stable and can be dried by lyophilization without changing

the average particle size.

Surface and Morphology Analysis. The nanostructure of
CNp, CPANp and CHTNp were examined on a JEOL
JISM-5200 transmission electron microscope (ITEM) with a
t1lt angle of 30° and by atomic force microscopy (AFM) on
an Asylum Research AIM equipped with 3D 1maging sofit-
ware.

Results of the surface and morphology analysis confirmed
the presence of nanometric particles for both chitosan and
tanmin-chitosan composite systems. FIG. 13 illustrates scan-
ning electron microscopy (SEM) micrographs for chitosan
and chitosan-tannin nanoparticles: 13A: ChNp; 13B:
ChPANp; and 13C: ChHTNp. The scale bar indicates 200
nm. These SEM micrographs clearly show the appreciable
increase 1n the crystalline structure of the tannin-chitosan
composites (FIGS. 13B and 13C) compared to the amor-
phous chitosan nanoparticles (FIG. 13A).

Chitosan nanoparticles are significantly smaller than the
tanmin-chitosan nanoparticles. Additionally, TEM micro-
graphs show agglomeration of chitosan nanoparticles, 1ndi-
cated by white, cloudy areas on the TEM micrographs (data
not shown), indicating instability of the chitosan nanopar-
ticles. Tannin-chitosan nanoparticles showed consistent
shapes and homogeneous size distributions that confirm
their superior physical performance and stability.

Analysis of atomic force microscopy (AFM) micrographs
confirmed that the particle size and surface characteristics of
the tannin-chitosan composites are similar when compared
with the standard chitosan nanoparticles. AFM micrographs
show that when chitosan 1s complexed to tannins, there 1s a
change in both shape and surface/distribution behavior com-
pared to chitosan nanoparticles. Chitosan-TPP nanoparticles
are typically spherical and lack agglomeration (due to sur-
face charge repulsions), whereas chitosan-tannin-TPP nano-
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particles showed crystalline forms that trend to agglomerate
via hydrogen bonding, indicating an increase in surface
polarity due to the presence of the tannins. The increase in
crystalline structure of the tannin-chitosan composites pro-
vides several advantages, including improved performance
of the tannin-chitosan composites as carriers for therapeutic
agent or pesticide applications.

Bacteriostatic and Fungistatic Action of Tannin-Chitosan
Composite Nanoparticles. Botrytis cinerea, also referred to
as grey mold or botrytis bunch rot, has an economic impact
on soft fruits such as strawberries and grapes. Fusarium
oxysporum causes Fusarium wilt disease in more than a
hundred species of plants, resulting 1n leat wilting, yvellow-
ing, and eventually plant death. Erwinia carotovora 1s a
bacteria that infects a variety of vegetables, such as carrots,
potatoes, cucumbers, onions, tomatoes, and lettuce, 1n fields
or in storage, causing plant tissues to become soit and
watery, which eventually deteriorate and become foul-smell-
ing. Xanthomonas 1s a bacteria that affects many types of
commercial plants, such as citrus, beans, grapes, cotton, and
rice, causing lesions on the leaves, fruit, and stems, as well
as twig dieback.

Chitosan-tanmin composite nanoparticles were tested for
their ability to prevent growth of agricultural pathogenic
stains of fung1 (Bothytis cinera and Fusarium oxysporum)
and bacteria (Erwinia carotovora and Xanthomonas spp.).
Results indicate that both proanthocyanidin-chitosan nano-
particles (CPACNp) and hydrolysable tannin-chitosan nano-
particles (CHTNp) increase inhibition of all pathogens 2-3
fold compared to chitosan nanoparticles (CNp) alone. FIG.
14 1llustrates the antimicrobial susceptibility test of these
tannin-chitosan conjugate against common Costa Rican
agricultural pathogens. Data 1s shown as [meantSD; n=3].

Characterization of Chitosan-Tannin Composite 3-D Bio-
Foams: Surface and morphology analysis. Scanning electron
microscopy (SEM) micrographs at 7 Kv showed excellent
3-D structures of the tannin-chitosan composites 3-D bio-
foams, confirming stability of composite material.

Advantages of Tannin-Chitosan Composite Biomatenals
Compared to Chitosan Biomaterials. The tannin-chitosan
composite biomaterials provide significantly improved
properties for a variety of applications, compared to chitosan
biomatenials. The tannin-chitosan composite biomaterials
can be prepared as nanoparticles, hydrogels such as bio-
films, 3D-biofoams, or biogels. Each of these forms of
biomaternials can be used for various target applications, and
cach the composite biomaterial has significant advantages
over chitosan biomaterials, as summarized in Table 1-2
below.

TABLE 1-2

Improvements of Tannin-Chitosan Composite Biomaterials
Compared to Chitosan Biomaterials.

Bio- Improvement using
material Target application chitosan-tannin composites
Nano- Controlled Tannin’s crosslinking effect increases
particles  drug release controlled released
Antimicrobial Tannins impart bacteriostatic and
properties fungistatic activity to nanoparticles
Biodegradability  Tannins decrease the rate of
biodegradation of the nanoparticles, an
important property to promote sustained
delivery
Hydrogels Controlled Tannin’s crosslinking effect increases
(bio-films) drug release controlled released; can be a replacement
Mechanical for glutaraldehyde
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TABLE 1-2-continued

Improvements of Tannin-Chitosan Composite Biomaterials
Compared to Chitosan Biomaterials.

Bio- Improvement using
material  Target application chitosan-tannin composites
properties Chitosan-tannin hydrogels showed an
Antimicrobial increase in tensile strength compared to
properties chitosan; the composites are therefore
Biodegradability  suitable for dressing, patch, and
Wound healing packaging biomaterial applications
Tannin’s increase the nanoparticles’
interaction with bacteria and fungi
Tannins decrease the rate of
biodegradation of the biofilms, an
important property to promote sustained
delivery
Tannin’s immunostatic properties can
increase a biofilm’s performance as
wound healing promoters
3D- Antimicrobial Tannins can increase bio-foam interaction
Biofoams properties with bacteria and fungi, thereby becoming
Biocompatibility more active and suitable as dermal
Wound healing patches or bandages
and coagulation  Tannin’s immunostatic properties can
agent increase biofoam performance as wound
Cell growth healing and coagulation promoters
and tissue Chitosan-tannin bioconjugate
engineering biocompatibility, antimicrobial properties,
and porosity made them an advantageous
scaffolding material for tissue engineering
Biogels Biocompatibility  Tannins are non-immunogenic and are
Additive suitable dietary supplements
biomaterial Chitosan-tannin biogels can be readily

used as additive biomaterials 1n various

formulations (e.g., food, adhesives,
pharmaceuticals, biomedical applications)
due to their improved mucoadhesion and
viscosity, as well as their antimicrobial
and immunostatic properties
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Example 2

Tannin-Chitosan Composites: Secondary Liposomes
Stabilized by Electrostatic Deposition of
Tannin-Chitosan Composites

Liposomes are spherical bilayer vesicles formed by dis-
persions of certain polar lipids 1n aqueous solvents. Lipo-
somes have attracted attention in the food and agricultural
industries because of their ability to act as targeted release-
on-demand carrier systems for both water- and oil-soluble
functional compounds, such as antimicrobials, flavors, anti-
oxidants, and bioactive ingredients (Benech et al. 2002;
Were et al. 2003). Encapsulation of functional components
in liposomes has been shown to increase their stability and
maintain their activity 1in environments that typically lead to
rapid degradation.

One major limitations of liposomes 1s that they have a
tendency to leak and lose encapsulated components over
time (Taylor et al. 2005). Gradual coalescence of liposomes
may also occur. Coalescence becomes more pronounced in
low pH environments where surface charges are reduced
(Gregoriadis 1973; Gregornadis 1993). Adsorption of a sec-
ond layer onto the liposome, such as a tannin chitosan
composite material as described herein, can improve the
stability of liposomes and provide an inexpensive means to
tailor the surface properties of liposomes. Additional layers
(e.g., a third, fourth, and/or fifth layer) can be added to
modity controlled release properties. These layers may alter
between chitosan and tannin (PAC or HT) or they may be
tannin-chitosan composites themselves, to provide different
composition properties.

The electrostatic deposition of tannin-chitosan compos-
ites onto liposomes 1s an improvement over current coms-
positions because tannin-chitosan composites are more bio-
degradable and biocompatible than currently used synthetic
agents, such as polyethylene glycol and other polymers, 1n
stabilization of liposomes. Tannin-chitosan composites also
provide improved compositions because they impart valu-
able properties, such as anti-microbial and antioxidant prop-
erties, to the liposome 1n addition to improving the liposome
stability. Tanmin-chitosan composite coated liposomes can
be used, for example, as diagnostic or therapeutic agents in
contrast enhanced ultrasound.

Preparation of Secondary Liposomes Coated by Tannin-
chitosan Composites.

Secondary liposomes were prepared from concentrated
soy lecithin dispersions according to procedures previously
described (Madrigal-Carballo et al. 2007). Brietly, soy leci-
thin dispersions (250 g/I.) were prepared by the slow-
swelling-under-shear method in an aqueous medium (107>
M NaCl). Chitosan-tannin solutions ranging 0 to 10% v/v
were produced from an aqueous solution of chitosan (0.10%
w/v 1n acetic acid 0.5% v/v) complexed with cranberry
proanthocyanidins (PAC) or pomegranate hydrolysable tan-
nins (HT). Liposome/chitosan-tannin dispersions were pre-
pared by diluting the previously prepared concentrated soy

5

10

15

20

25

30

35

40

45

50

55

60

65

30

lecithin dispersions with the chitosan-tannin complexes
solutions until a final concentration of 3 g/LL was reached.

Si1ze determinations and electrophoretic mobility mea-
surements were carried out with a Z-Meter Zetasizer 2000
from Malvern Instruments and also with a Z-Meter System
3.0 from Z-Meter USA equipped with microscope model
DR from Carl Zeiss and an electrophoresis cell GT2 type.
All the C-potential values were approximated by the Smo-
luchowski’s equation.

Intluence of Chitosan-tannin Concentration on Properties of
Coated Liposomes.

The interaction between chitosan-tannin complexes and
liposomes (d approximately 200 nm) was monitored by
measuring the electrical charge and mean diameter of the
particles 1n mixed liposome suspensions at pH 6 (FIGS. 15
and 16). FIG. 15 illustrates the influence of addition of
chitosan-tannin (0 to 0.5, w/v %) to liposomes (lecithin 0.4%
w/v, 200 nm) on the C-potential values of the wvesicles.
C-Potential measurements indicated that the uncoated lipo-
somes were highly anmionic (=38 mV), whereas the chitosan-
tanmin molecules were highly cationic (+82 mV). The sur-
face charge of the particles in liposome suspensions (lecithin
0.4% w/v) increased from -38 mV to +30 mV with addition
of chitosan-tannins (0% to 10% v/v).

The net charge on the particles was zero after addition of
approximately 3% v/v chitosan-tannin complexes, indicat-
ing that charge neutralization occurred at this liposome-to-
complex composition. The observed changes i1n surface
charge suggest that chitosan-tannin complexes adsorbed to
the surfaces of liposomes until the liposomal membrane was
tully covered with the complex molecules thereby prevent-
ing further adsorption.

The mean diameter of the particles 1n the suspensions was
highly dependent on the concentration of chitosan-tannin
added to the system (FIG. 16). The particle diameter
increased from around 200 nm 1n the absence of the complex
to well above 4000 nm 1n the presence of low amounts of
added chitosan-tanmin complex (3% v/v), indicating the
formation of large aggregated structures. These aggregates
eventually phase separated and formed a precipitate at the
bottom of the test tube. The range of chitosan-tannin con-
centrations where large aggregates was formed corre-
sponded to the surface charge of the particles changing from
approximately —20 mV to +20 mV, which suggested that this
type of aggregation was caused by charge neutralization or
possibly bridging (FIG. 15). At chitosan-tannin concentra-
tions above 3% v/v, the particle diameter decreased to below
about 500 nm to reach a minimum value at a chitosan-tannin
concentration ol 5% v/v. Further addition of chitosan led to
steady 1ncreases 1n particle diameter. For example, the
particle diameter was approximately 700 nm after addition
of complex at 10% v/v.

Adsorption of Chitosan-tannin onto Liposome Surfaces.

Electrostatic interactions between charged particles and
charged biopolymers have been extensively studied, but
there are few detailed investigations of the interaction of
shell-structured liposomes with oppositely charged biopo-
lymers. To this purpose, chitosan-tanmins were added to
liposomes under controlled conditions (rate of stirring, solu-
tion composition, temperature). The limitation of using
charged biopolymers with too low or too high a molecular
weilght to form a stable biopolymer coating around liquid or
solid particles has been previously explained 1n terms of the
charge-mosaic theory, and a detailed explanation of the
theory 1s described by Henriksen et al. 1997.

The results of the studies described herein indicate that
liposomes interacted strongly with chitosan-tannins via elec-
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