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1
ANISOTROPIC NANOCOMPOSITE
HYDROGEL

RELATED U.S. APPLICATION DATA

This application is a continuation-in-part of application
Ser. No. 12/216,8009, filed, Jul. 10, 2008, currently pending,
which is a continuation of application Ser. No. 10/639,683,
filed Aug. 13, 2003, abandoned, both of which are incorpo-
rated herein by reference in their entirety.

FIELD OF THE INVENTION

This invention relates to nanocomposite anisotropic hydro-
gels, including methods of their preparation and uses thereof,
and more particularly this invention relates to nanocomposite
anisotropic hydrogels that are crosslinked in the presence of
bacterial cellulose.

BACKGROUND OF THE INVENTION

Heart disease and stroke, which are the principal compo-
nents of cardiovascular disease, remain the leading cause of
death in the western world. One of the most common treat-
ments for coronary artery disease is coronary bypass graft
surgery (CABG), where a suitable length of the patient’s
saphenous vein or the internal thoracic or mammary arteries
are used to supply blood to the heart tissue. The number of
CABG procedures in the US was more than 600,000 (1.2
million worldwide) in the year 2000, but these tissue grafts
tend to deteriorate due to further advancement of the patient’s
coronary artery disease and disruption of the normal vascu-
larity.[1-3] On the other hand, total peripheral artery bypass
grafting is performed to relieve the symptoms of vascular
deficiencies, where a common problem involves the supply of
autologous bypasses. The lack of nondiseased saphenous
veins as arterio-venous access fistulae for haemodialysis is a
major cause of morbidity for patients with renal failure.[4, 5]

From the composition point of view, it is important to note
that cardiovascular tissues are composite materials with elas-
tin and collagen as the main load bearing components. The
directional manner in which collagen fibers are arranged
within the tissue creates the anisotropic behavior, with higher
tensile strength in the circumferential than in the axial direc-
tion.[6-9]. Accordingly, the mechanical properties of soft tis-
sues, including aortic tissue, are anisotropic, with a higher
stiffness in the circumferential than in the axial direction.

For a biomaterial to be used as tissue replacement, it is
important to ensure a good match of the mechanical proper-
ties of the implanted device and the surrounding tissues [10].
Elastic polymers have been investigated to create compliant
grafts since the mismatch of the native aorta and the synthetic
grafts, such as Dacron and ePTFE, may contribute to intimal
hyperplasia (IH) and ultimate failure. A successtul replace-
ment has been reported as having adequate strength, kink
resistance, and must allow sutures to hold under circumfer-
ential and axial tension, as well as circumferential and axial
compliance. Difference in compliance results in haemody-
namic changes and increased shear stresses that may induce
the release of growth factors that stimulate TH.[10-12].

Even though there are several FDA approved materials for
replacement aorta, such as Dacron or e-PTFE, these materials
do not posses the same tensile properties as the tissue they are
replacing, which results in hemodynamic problems and mis-
match of mechanical properties and other problems at the
implant/tissue junction. Therefore, it would be very advanta-
geous to be able to produce a material that provides a suitable
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match with the mechanical and viscoelastic properties of
biological tissues. Two promising material systems for meet-
ing this need are anisotropic hyrdrogels and nanocomposite
hydrogels, as described below.

Hydrogels

Hydrogels have been shown to be promising candidates for
a wide range of biocompatible tissue replacement materials.
Hydrogels are hydrophilic polymer networks produced from
reactions of one or more monomers or by association bonds
between chains that can absorb from at least 20% to up to
thousands of times their dry weight in water [13, 14]. Hydro-
gels may be chemically stable or they may disintegrate and
dissolve with time. They are called either physical (revers-
ible) or chemical (permanent) hydrogels. Physical hydrogels
have networks held together by molecular entanglements
and/or secondary forces such as hydrogen bonding, van der
Waals interactions, ionic or hydrophobic forces. Physical
hydrogels are not homogeneous due to regions of high
crosslinking density and low water swelling, called clusters,
dispersed within low crosslinking density and high water
swelling, or hydrophobic or ionic domains that create inho-
mogeneities. Chemical hydrogels are covalently crosslinked
networks, but they may also be generated by crosslinking of
water-soluble polymers, or by converting hydrophobic poly-
mers to hydrophilic polymers. Chemical hydrogels are also
not homogeneous due to clusters of molecular entangle-
ments. Chain loops and free chain ends also produce network
defects in both physical and chemical hydrogels, and they do
not contribute to the permanent network elasticity [13, 15].

The main areas in which hydrogels are used as biomaterials
is in contact lenses, synthetic wound coverings, drug delivery
systems, organ and tissue replacements, and permselective
membranes [13, 16, 15, 17-24].

An important characteristic of hydrogels is their swelling
behaviour in water, since after preparation they have to be in
contact with water to yield the final solvated network struc-
ture. Highly swollen hydrogels are those of polyvinyl alcohol
(PVA), polyethylene glycol, and poly-N-vinyl 2-pyrrolidone,
among others. PVA is a hydrophilic polymer with various
characteristics desired for biomedical applications, such as
high degree of swelling, uncomplicated chemical structure,
rubbery/elastic nature, and non-toxic. PVA can be converted
into a solid hydrogel by crosslinking.

Crosslinking can be accomplished by using several meth-
ods. For biomedical applications, physical crosslinking has
the advantages of not leaving residual amounts of the toxic
crosslinking agent, and higher mechanical strength than the
PVA gels crosslinked by either chemical or irradiative tech-
niques.

The mechanical properties of the PVA hydrogels are simi-
lar to that of soft tissue, including elasticity and strength, and
can be controlled by changing the number of thermal cycles,
PVA concentration, thawing rate of the thermal cycling pro-
cess, and freezing holding time among other parameters [19,
25, 26]. A PVA based bioprosthetic heart valve stent has been
fabricated. However, the mechanical strength and stiffness of
these PVA materials were weak and did not fully match the
mechanical properties displayed by the cardiovascular tissues
such as arteries and heart valves.

PVA has a relatively simple chemical formula with a pen-
dant hydroxyl group and a crystalline nature, which allows it
to form a solid hydrogel by the crosslinking of the PVA
polymer chains. Vinyl alcohol (monomer) does not exist in a
stable form and rearranges to its tautomer, acetaldehyde. PVA
is produced by free radical polymerization of vinyl acetate to
polyvinyl acetate (PVAc), and subsequent hydrolysis of
PVAc gives PVA [25].
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PVA can be crosslinked using several methods, such as the
use of crosslinking chemical agents, using an electron beam
or y-irradiation, or the physical crosslinking due to crystallite
formation. For biomedical applications, physical crosslink-
ing has the advantages of not leaving residual amounts of the
toxic crosslinking agent, and higher mechanical strength than
the PVA gels crosslinked by either chemical or irradiative
techniques [27, 28]. In chemical cross-linking, the chemical
agents that react with the hydroxyl groups are glutaraldehyde,
ethylaldehyde, terephthalaldehyde, formaldehyde, hydro-
chloric, boric or maleic acid, among others [19, 29].

Physical crosslinking forms a hydrogel with a network of
semi-crystallites of hydrogen bonds of polymer filled with
solvent [30]. It has been shown that the mechanical properties
of the hydrogels, including elasticity and strength, can be
altered by changing the PVA concentration, the number of
freeze/thaw cycles, the process thawing rate, the freezing
holding time, and the freezing temperature [19, 29, 30].
Increasing the PVA concentration results in hydrogels with
higher crystallinity and added stability upon swelling, which
increases its tensile strength and tear resistance. The lower the
initial concentration of PVA, the fewer the polymer chains in
solution, and there may be less number of crystalline regions
created in the cycled PVA. Increasing the number of freeze/
thaw cycles increases the strength and stiffness of the hydro-
gel by reinforcing existing crystals within the structure [19,
25, 26]. Decreasing the thawing rate of frozen PVA solutions
increases the tensile strength because the solutions are kept
for longer periods at temperatures below 0° C., allowing for
increasing movements of polymer chains which result in fur-
ther entanglements and increased crystallite size and num-
bers.

The freezing holding time also has a drastic effect, with
samples frozen up to 10 days giving the most mechanically
strong PVA hydrogels [19, 26, 28, 29]. The freezing tempera-
ture has an interesting effect. The freezing temperature con-
trols the phase equilibria and dynamics, where the lower the
temperature of the system the lower the amount of unfrozen
solvent in the liquid regions. Therefore, the lower the tem-
perature the less opportunity for chain mobility in the poly-
mer rich regions, giving less chances of crystallite growth and
formation. This explains why keeping the frozen PVA solu-
tions at —10° C. produces somewhat more rigid hydrogels
than those kept for the same period of time at -20 or -30° C.
The freezing rate was shown not to have drastic effects on the
properties of the hydrogel [19, 26, 30]. PVA hydrogels not
only have tensile strength and elongation, but also flexibility
and elasticity. Research has proven its ability to recover to its
original shape after being deformed to strains of 50%, show-
ing excellent persistence and repeatability of the recovery
[30].

Physical crosslinking allows the PVA hydrogels to retain
their original shape and be extended up to six times their size.
This behaviour shows its rubbery and elastic nature and the
high mechanical strength [24, 31]. There are various theories
proposed in the literature to explain why thermal cycling
increases the elastic modulus of PVA. The most accepted
theory describes the physical cross-linking process as an
entropic reordering phenomena. Water is likely to bind to the
polymer by hydrogen bonding. When the solution freezes, ice
crystals force the polymer chains close to each other forming
high local polymer concentration regions or nuclei. When the
material thaws, these nuclei act as crosslinking sites for poly-
mers molecules, which realign and form hydrogen bonds to
form crystallites and polymer chain entanglements. The crys-
talline regions are formed within the polymer rich regions,
with further cycling increasing both the size and number of
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the crystalline regions by repeating the process [19, 32, 27].
On a molecular level, the crystallites of PVA can be described
as layered structure, with a double layer of molecules held
together by hydroxyl bonds, while weaker van der Waals
forces operate between the double layers. This folded chain
structure leads to ordered regions (crystallites) within an
unordered, amorphous polymer matrix [25]. The mechanical
properties of PVA are very unique compared to other poly-
mers. The stress-strain curves for the polymeric materials are
initially linear and then curve towards the strain axis. On the
other hand, the PVA curve displays an exponential stress-
strain curve similar to the characteristics of soft biological
tissues, with the curve shifting towards the stress axis.

PVA materials have been reported to be ideal candidates as
biomaterials, due to their high degree of swelling, uncompli-
cated chemical structure, rubbery/elastic nature, non-toxic,
non-carcinogenic, and bioadhesive characteristics. Some of
the biomedical applications include tissue reconstruction and
replacements, cell entrapment and drug delivery, soft contact
lens material, wound covering bandage for burn victims,
quality control phantom for MR, among other medical appli-
cations [32, 25].

Anisotropic Hydrogels

Most research PVA hydrogels has focused on materials
exhibiting the normal characteristic of isotropic mechanical
behaviour, that is, the mechanical properties of the material
are the same regardless of orientation. This is expected due to
the random distribution of the polymer chains.

Most tissues, however, including cardiovascular tissues,
are composite viscoelastic biomaterials displaying mechani-
cal properties with varying degrees of orientation effects.
This orientation effect is due to the organization of the struc-
tural protein components such as collagen and elastin within
the tissue. This organization gives rise to the unique exponen-
tial stress-strain relationship exhibited by soft tissues.

Recently, an anisotropic PVA hydrogel was reported [33]
that was able to closely match the stress-strain behaviour of
porcine aorta. In this study, it was shown that an anisotropic
PVA hydrogel can be produced that displays the exponential
response of cardiovascular tissue and also displays the aniso-
tropic behavior of porcine aorta up to 65% strain.
Nanocomposite Hydrogels

A second material system for obtaining improved vis-
coelastic properties of synthetic and biocompatible replace-
ment tissue materials is that of nanocomposite hydrogels.

Bacterial cellulose has many characteristics that make
it valuable for biomedical applications, including its poly-
functionality, hydrophilicity, and biocompatibility [34]. Cel-
Iulose is a linear polymer made of glucose molecules linked
by p(14) glycosidic linkages. Its chemical formula is
(C¢H,(0s5),,- There are four principle sources of cellulose.
The majority of cellulose is isolated from plants. A second
source is the biosynthesis of cellulose by different microor-
ganisms, including bacteria (acetobacter, aerobacter,
pseudomonas), algae, and fungi among others. The other two
less common sources include the enzymatic in vitro synthesis
starting from cellobiosyl fluoride, and the chemosynthesis
from glucose by ring-opening polymerization of benzylated
and pivaloylated derivatives [35, 36]. Cellulose is not uni-
formly crystalline, but ordered regions are extensively dis-
tributed throughout the material, and these regions are called
crystallites. The long cellulose chains lie side by side held
together by hydrogen bonds between the hydroxyl groups.
These chains are twisted into structures called microfibrils,
which are twisted into fibers [34, 35].

Bacterial cellulose is produced by strains of the bacterium
Acetobacter xylinum, which is typically found on decaying
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fruits, vegetables, vinegar, fruit juices, and alcoholic bever-
ages. It is a Gram-negative, rod shaped and strictly aerobic
bacterium. Bacterial cellulose produced has very high purity
and contains no lignin, hemicelluloses, pectin, and waxes as
plant cellulose does. Therefore, production of bacterial cel-
Iulose has the advantage of not requiring the harsh chemical
treatment needed for plant cellulose production. This chemi-
cal treatment also has the disadvantage of altering the natural
structural characteristics of cellulose [34, 35, 36]. Bacterial
cellulose differs from plant cellulose with respect to its high
crystallinity, ultra-fine network structure, high water absorp-
tion capacity, high mechanical strength in the wet state, and
availability in an initial wet state [36].

Bacterial cellulose pellicles are formed in static culture.
The pellicle has an ultra-fine network structure of ribbons 500
nm wide and 10 nm thick. The ribbons consisted of smaller
microfibrils with a width of around 3 nm and a fiber diameter
of less than 130 nm compared to the over 14 mm found in
birch [35, 36]. Bacterial cellulose including the pellicle pos-
sesses a high water retention capacity. Water retention values
can reach up to 1000%, which are significantly higher than
that for plant cellulose. The water retention is drastically
decreased after air-drying the bacterial cellulose and reswell-
ing in water, with values comparable to those of plant cellu-
lose [35, 36].

Bacterial cellulose can also be prepared in shake culture in
flasks and in agitated culture in a bioreactor. These
approaches are more efficient methods for bacterial cellulose
production and are preferred for large scale production of
bacterial cellulose.

Bacterial cellulose, being a hydrophilic, highly water swol-
len and biocompatible natural polymer which is ideally suited
to be the reinforcing fibers in the preparation of a nanocom-
posite material for soft tissue replacement devices. Such
nanocomposite material can be created when it is used in
combination with PVA.

Uryu [37] reported the formation of a biodegradable poly-
meric material that can be decomposed in soil. The bacterial
cellulose (with ribbon shaped micro-fibrils) that can be bio-
logically decomposed by microbes was mixed with a biode-
gradable polymeric material to produce an improved com-
posite with higher tensile strength. The bacterial cellulose
was produced in a liquid culture medium using different types
of, microbes, including Acerobacter xylinum, collected and
dried into a powdery state and mixed with the polymer to
produce the composite. Various polymers were used, includ-
ing PVA. The nanocomposites ranged from bacterial cellu-
lose concentrations as low as 1% to 99%. The final composite
was dried and used for high-strength cabinets for audio/video
apparatus. After the lifetime of the device is reached, the
composite material can be buried in the ground for waste
disposal and it is eventually decomposed to protect the envi-
ronment.

U.S. Pat. No. 5,558,861 discloses a hydrogel formed by
microbially-produced cellulose that may be complexed with
an appropriate auxiliary material (including PVA) for the
purposes of reinforcement, change of the specific gravity,
immobilization, modification of the affinity, prevention of
exudation of the liquid component and the like. This invention
teaches a hydrogel that is formed based on the crosslinking of
bacterially cellulose, whereby a concentration of PVA can be
added for a number of purposes, including reinforcing the
crosslinked bacterial cellulose hydrogel.

In contrast to the hydrogel disclosed in U.S. Pat. No. 5,558,
861, U.S. patent application Ser. No. 12/216,809 teaches a
nanocomposite hydrogel comprising PVA and bacterial cel-
Iulose, where the hydrogel is formed by physically crosslink-
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ing a PVA solution with a small concentration of bacterial
cellulose. This composite hydrogel, in which PVA forms the
primary structure of the hydrogel rather than a reinforcing
structure, uniquely provides a biocompatible composite
hydrogel that exhibits the exponential stress-strain behaviour
that is characteristic of many biological tissues.

The nanocomposite hydrogel of U.S. patent application
Ser. No. 12/216,809 can be further understood by considering
the development of the hydrogel during crosslinking, and the
role of the bacterial cellulose in this process. The bacterial
cellulose, which forms extensive hydrogen bonds with PVA,
is believed to act as a nucleation site for the formation of
additional PVA crystallites during crosslinking. Accordingly,
the composite hydrogel can be understood to be formed by
crosslinking PVA in the presence of bacterial cellulose
nanofibers, where the bacterial cellulose promotes additional
PVA crystal growth and also contributes to the over strength
and compliance properties of the composite [38].

The Need for Additional Stiffness and Anisotropy

For cardiovascular applications, it is important to consider
the full strain range that is required in clinical applications.
The physiological average strain between diastole and systole
for porcine aorta is around 30% strain [33,38,40]. The physi-
ological strain range has also been reported to be between 17
and 49% strain [40, 41]. However, in designing cardiovascu-
lar devices, it is necessary to make allowance for higher strain
conditions (corresponding to higher systole values) to ensure
the material remains elastic at higher strains to ensure dura-
bility. Furthermore, a successful replacement must have
adequate strength, kink resistance, and must allow sutures to
hold under circumferential and axial tension, as well as cir-
cumferential and axial compliance [39].

Accordingly, a need remains for a tissue replacement mate-
rial that can match the highly anisotropic viscoelastic prop-
erties of many different types of soft tissues and can also
provide improved stiffness beyond typical physiological
strain conditions.

SUMMARY OF THE INVENTION

The present invention addresses this need by providing a
process for the production of an anisotropic composite hydro-
gel that exhibits high anisotropy and increased stiffness at
high strain. The novel anisotropic composite hydrogel is suit-
able for soft tissue replacement, the controlled release of
bioagents and in the design and fabrication of medical
devices.

In one aspect of the invention there is provided a process of
producing a nanocomposite hydrogel with an anisotropic
stress-strain curve, comprising the steps of preparing a solu-
tion containing a solvent, a first concentration of a hydrogel-
forming material and a second concentration of cellulose,
wherein said cellulose comprises fibers having nanometer
scale cross sectional dimensions, crosslinking the hydrogel-
forming material to obtain a nanocomposite hydrogel, apply-
ing a tensile force to said nanocomposite hydrogel, and ther-
mal cycling said nanocomposite hydrogel over a
predetermined temperature range at least once while main-
taining the tensile force.

In a particular aspect of the invention, the hydrogel-form-
ing material is polyvinyl alcohol (PVA) and the cellulose is
bacterial cellulose, the concentrations of PVA and bacterial
cellulose are about 5% to 25% and 0.05% to 1%, respectively,
and the nanocomposite hydrogel is formed by physically
crosslinking using the low temperature thermal cycling
method.
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The present invention also provides an anisotropic nano-
composite hydrogel produced according to the aforemen-
tioned processes. The anisotropic nanocomposite hydrogel
preferably comprises a composite hydrogel formed by physi-
cally crosslinking PVA in the presence of bacterial cellulose,
where the concentrations of PVA and bacterial cellulose are
about 5% to 25% and 0.05% to 1%, respectively, and the
nanocomposite hydrogel is formed by physically crosslink-
ing using the low temperature thermal cycling method.

Also included in the scope of the invention is the use of an
anisotropic nanocomposite hydrogel produced according to
the process of the invention for tissue replacement, tissue
reconstruction, bioagent entrapment, bioagent delivery, pre-
paring ultrasound or radiofrequency thermal therapy trans-
mission pads, preparing substitutes for ice bags, as a denture
base, in soft contact lens material, wound covering bandages,
neurological dressings, dental implants, catheter covering
dressing, dialysis membranes, coatings for cardiovascular
stents, coatings for cranial stents, and membranes for tissue
guided regeneration and phantoms for medical-related uses.

A further understanding of the functional and advanta-
geous aspects of the invention can be realized by reference to
the following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention will now be
described, by way of example only, with reference to the
drawings, in which:

FIG. 1 shows the effect of 25% initial strain on the stress-
strain curves of anisotropic 10% PVA with 0.3% bacterial
cellulose, following 6 thermal cycles;

FIG. 2 shows the effect of 100% initial strain on the stress-
strain curves of anisotropic 10% PVA with 0.3% bacterial
cellulose, following 6 thermal cycles;

FIG. 3 shows the effect of initial strain (0, 25, 50, 75, and
100%) on the longitudinal stress-strain curves of anisotropic
10% PVA with 0.3% bacterial cellulose, following 6 thermal
cycles;

FIG. 4 shows a comparison of the effect of initial strain on
the ratio of longitudinal to perpendicular stress at 65% strain
(following 6 thermal cycles) between anisotropic 10% PVA
and anisotropic 10% PVA with 0.3% bacterial cellulose nano-
composite;

FIG. 5 plots the ratios of longitudinal to isotropic and
perpendicular to isotropic stress (at 65% strain) as a function
of initial strain (from 0 to 100%);

FIG. 6 shows the effect of 75% initial strain anisotropic
10% PVA with 0.3% bacterial cellulose, following 2 thermal
cycles;

FIG. 7 shows the effect of 75% initial strain anisotropic
10% PVA with 0.3% bacterial cellulose, following 6 thermal
cycles;

FIG. 8 shows the effect of number of thermal cycles (2, 4,
and 6) on the longitudinal stress-strain curves of anisotropic
10% PVA with 0.3% bacterial cellulose (75% initial strain);

FIG. 9 shows a comparison of the effect of number of
thermal cycles on the ratio of longitudinal to perpendicular
stress at 65% strain (75% initial strain) between anisotropic
10% PVA and anisotropic 10% PVA with 0.3% bacterial
cellulose nanocomposite;

FIG. 10reveals a close match within physiological range of
the stress-strain curves of aorta (both directions) and aniso-
tropic 10% PVA with 0.3% bacterial cellulose (75% initial
strain and following 2 thermal cycles); and
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FIG. 11 shows the stress relaxation response for circum-
ferential and axial directions of aorta and the anisotropic 10%
PVA with 0.3% bacterial cellulose (75% initial strain, follow-
ing 2 thermal cycles)

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a biocompatible anisotro-
pic nanocomposite hydrogel material for soft tissue replace-
ment that provides viscoelastic properties that can be tailored
to be highly anisotropic and highly resilient. Unlike prior
hydrogel materials, this nanocomposite hydrogel can match
the highly anisotropic viscoelastic properties of many differ-
ent types of soft tissues and can also provide improved stift-
ness beyond typical physiological strain conditions. The
invention is the result of experimentation involving nanocom-
posite hydrogels comprising PVA and bacterial cellulose,
where it was discovered that applying a tensile force while
thermal cycling the nanocomposite generated a nanocompos-
ite material with much higher anisotropy and stiffness at large
strains than a non-composite material with PVA alone.

The figures are not to scale and some features may be
exaggerated or minimized to show details of particular ele-
ments while related elements may have been eliminated to
prevent obscuring novel aspects. Therefore, specific struc-
tural and functional details disclosed herein are not to be
interpreted as limiting but merely as a basis for the claims and
as a representative basis for teaching one skilled in the art to
variously employ the present invention.

As used herein, the terms “about”, and “approximately”
when used in conjunction with ranges of concentrations, tem-
peratures or other physical or chemical properties or charac-
teristics is meant to cover slight variations that may exist in
the upper and lower limits of the ranges of properties/charac-
teristics.

As used herein, the phrase “cellulose of microbial origin”
means “microbial cellulose” in addition to other microbes
(yeasts, fungi) besides bacteria.

The anisotropic nanocomposite hydrogel of the present
invention is produced by crosslinking a nanocomposite
hydrogel and subsequently imparting anisotropy to the
hydrogel nanocomposite by applying and maintaining a ten-
sile force during one or more thermal cycles. The nanocom-
posite hydrogel is comprised of a hydrogel-forming material
and cellulose, where the cellulose has cross-sectional dimen-
sions on the nanometer scale.

In a preferred embodiment, the hydrogel-forming material
is Polyvinyl alcohol (PVA), which is known to produce
hydrogels with exponential stress-strain curves that are desir-
able for soft tissue replacement materials. Alternatively, the
hydrogel-forming material can be chosen from the list includ-
ing polyvinyl alcohol (PVA), poly(vinyl pyrrolidone) (PVP),
poly(ethylene glycol) (PEG), poly(hydroxyethyl methacry-
late) (PHEMA) and polyacrylamide.

The cellulose is preferably bacterial cellulose, which is
known to comprise fibers with typical diameters on the
nanometer scale. The bacterial cellulose may be produced in
its original as-produced state and not dried but used directly to
produce the nanocomposite. The preferred bacterial cellulose
is produced using a microbial fermentation process using the
bacteria Acetobactor xylinum in either a static, shaken or
agitated culture as disclosed in U.S. Pat. No. 5,846,213
(which is incorporated herein by reference).

The nanocomposite hydrogel is initially obtained by dis-
solving the hydrogel-forming material and the nanoscale cel-
Iulose in a solvent, followed by crosslinking the hydrogel-
forming material to obtain a nanocomposite hydrogel. In a
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preferred embodiment, the concentration of the hydrogel-
forming material may be in the range of about 5% to 25%, and
the concentration of nanoscale cellulose may be in the range
of'about 0.05% to 1%. In embodiments including PVA as the
hydrogel-forming material, the PVA solution (suitably with a
MW of 146,000 to 186,000, 99+% hydrolyzed) may be pre-
pared by heating, for example at a temperature of about 80° C.
to about 100° C., suitably at about 90° C., for an amount of
time to achieve the desired solution, for example for about 2
to about 4 hours, suitably about 3 hours.

The solvent used to produce the hydrogel is preferably
water, and more preferably distilled water. In embodiments
including PVA as the hydrogel-forming material, the solvent
may also be chosen from the list of hydroxylic solvents
including alcohol, ketone and aldehyde or carboxylic acid, or
any other aprotic solvent capable of forming eftective hydro-
gen bonding to dissolve PVA. Examples of dipolar aprotic
solvents which may be used include dimtheyl sulfoxide
(DMSO), dimethyl formamide (DMF), dimethyl acetamide
(DMAc) and N-methyl pyrrolidone (NMP).

If the solvent is not water, the solvent would have to be
removed by solvent exchange with water by immersion in
water before use. As described above, the nanocomposite
material can either be prepared using water as the solvent or
solvent systems consisting of combinations of water and
other solvents. The final product consists of microbial cellu-
lose, hydrogel and the solvent used. In the case when either
water is used in combination with other solvents or when
solvent systems not containing water are used in the fabrica-
tion process, an additional step of solvent exchange with
water will be necessary to replace the non-water solvent
before the resulting product can be used for biomedical appli-
cations

The hydrogel is preferably physically crosslinked,
although the hydrogel may also be obtained by chemical
crosslinking. In embodiments including PVA as the hydrogel-
forming material, the hydrogel nanocomposite is preferably
produced by physically crosslinking the solution containing
PVA and nanoscale cellulose by the low temperature thermal
cycling method.

As described above, anisotropy is imparted to the nano-
composite hydrogel, following crosslinking of the nanocom-
posite hydrogel, by the application of a tensile force during
one or more thermal cycles. In one embodiment, the tensile
stress is applied after transferring the crosslinked nanocom-
posite hydrogel into a vessel capable of applying a tensile
force.

The thermal cycling preferably includes a freeze-thaw
cycle, whereby the temperature is maintained for a predeter-
mined holding time prior the thawing. In a preferred embodi-
ment, the thermal cycle temperature range lies within the
range of approximately +30° C. to -30° C. In another pre-
ferred embodiment, the step of thermal cycling the nanocom-
posite hydrogel involves cooling the nanocomposite hydrogel
from a first temperature of about 15° C. to 30° C. to a second
temperature of about -15° C. to -30° C., maintaining said
second temperature for a holding time, and heating said nano-
composite hydrogel back to a temperature approximately
equal to said first temperature. The rate of change of tempera-
ture during thermal cycling includes the range of approxi-
mately 0.5° C./min to 0.05° C./min, and is preferably about
0.1° C./min. The holding is preferably about 1 hour.

The applied tensile force preferably generates a strain in
the nanocomposite hydrogel of up to 100% of the initial
length, where the length is measured along the axis of applied
force. Preferable, the applied force produces a strain within

20

25

30

35

40

45

50

55

60

65

10

the range of 60% to 90%, and is chosen to tailor the resulting
anisotropic stress-strain curve to the specific application.

The nanocomposite hydrogel can be thermally cycled one
or more times while applying the tensile force producing
anisotropy. In a preferred embodiment, the nanocomposite
hydrogel is thermally cycled 1 to 6 times. In another embodi-
ment, the nanocomposite hydrogel is thermally cycled a pre-
determined number of times whereby the magnitude of the
resulting anisotropy is similar to the anisotropy of a biological
tissue or material.

In another embodiment of the invention, the nanocompos-
ite hydrogel is formed into a pre-selected shape for use in
medical or therapeutic applications, including planar sheets
for wound dressing, dental implants, vascular grafts, syn-
thetic replacement vessels such as aorta (large diameter) and
coronary arteries (small diameter), synthetic heart valve leat-
lets, synthetic cartilage, ligaments and skin catheter covering
dressing, dialysis membranes, coatings for cardiovascular
stents, coatings for cranial stents, and membranes for tissue
guided regeneration.

The amount of anisotropy and ultimate mechanical prop-
erties parameters of the anisotropic nanocomposite hydrogel
can be controlled by altering several processing parameters.
These processing parameters include, but are not limited to,
the list including the concentrations of hydrogel-forming
material and nanoscale cellulose, the temperature range and
rate of thermal cycling, the holding time during thermal
cycling, the magnitude of applied tensile force, the number of
thermal cycles, and the choice of solvent.

As described above, the anisotropic nanocomposite hydro-
gel produced according to the process of the present invention
provided the unexpected results of significantly higher
anisotropy and higher stiffness at large strains when com-
pared to non-composite anisotropic hydrogels. Insight into
these novel properties of the nanocomposite hydrogel can be
gained by considering the role of bacterial cellulose in the
formation of the nanocomposite material.

Bacterial cellulose nanofibers are biocompatible, very
hydrophilic, have high strength, and because of the large
surface area, are expected to interact strongly by hydrogen
bonding with the PVA polymer matrix [34, 36, 38, 42]. As
discussed in previous studies for PVA, during the freeze/thaw
cycles, ice crystals in the amorphous regions force the poly-
mer chains into regions of high local polymer concentration
(polymer mesh), forming crystallites [26, 30, 31, 32]. Several
studies reported that after the initial cycle a few percent of the
chain segment crystallize into 3-8 nm junctions (primary
crystallites) separated by amorphous regions of around 20-30
nm in size within the polymer rich regions. These polymer
rich regions are surrounded by polymer poor regions
(macropores) with dimensions of >100 nm [4347]. Further
cycling augments the level of crystallinity by increasing the
size of primary crystallites, as well as forming smaller sec-
ondary crystallites in-between, transforming the microstruc-
ture to a fibrillar network within larger pores (polymer poor
region). Bacterial cellulose is a highly crystalline and hydro-
philic nanofiber with high mechanical strength [34, 36, 42]. It
is also considered to be biocompatible and has been investi-
gated for applications such as blood-contacting scaffolds [36,
48, 49].

The already-formed bacterial cellulose crystallites during
thermal cycling could serve as nucleation sites for further
organization of the PVA chains, thus favoring the interaction
and formation of PVA crystallites around the bacterial cellu-
lose nanofibers during the initial cycle [38]. When the cycle 1
PVA-bacterial cellulose nanocomposite is stretched, the
stress would elongate the PVA polymer mesh as well as the
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polymer poor macropores [42], along with the bacterial cel-
lulose nanofibers which will tend to orient in the direction of
the applied stress. This can be contrasted to the re-orientation
of the bacterial cellulose fibrils within cellulose pellicles
(sheets) embedded in a polymer matrix, in the direction of an
applied stress, as reported in the literature [50, 51]. The
degree of orientation of the PVA polymer mesh and bacterial
cellulose fibers is expected to be proportional to the amount of
initial strain. After the hydrogel is held under stress and
further cycled, the increase in volume fraction of crystallinity
is due mainly to the growth of the primary crystallites around
the bacterial cellulose fibers, as well as the formation ran-
domly oriented secondary crystallites, all within the polymer
rich phase [42, 45-47]. Since most of the primary crystallites
and bacterial cellulose fibers are oriented along the direction
of stretch, this explains why the ratio of longitudinal to per-
pendicular stress increases as the initial strain is increased
(see examples below). On the other hand, increasing the num-
ber of thermal cycles at a fixed initial strain increases the
volume fraction of crystallites (primary and secondary) in the
sample’s polymer rich phase, regardless of orientation. This
explains why the ratio of longitudinal and the perpendicular
stress stays constant as the number of thermal cycles is
increased if the initial strain is kept constant (see examples
below).

The present invention further relates to a medical material,
device or apparatus comprising the anisotropic nanocompos-
ite hydrogel obtained by the following the processes
described above.

The anisotropic nanocomposite hydrogel of the present
invention is particularly useful in surgical and other medical
applications as an artificial material for replacing and recon-
structing soft tissues in humans and other animals. Soft tissue
that may be replaced or reconstructed using the hydrogel of
the present invention include, but are not limited to, vascular
vessels, such as aorta (large diameter) and coronary arteries
(small diameter), heart valve leaflets, heart valve stent, carti-
lage, ligaments and skin. Accordingly, the present invention
further includes an artificial material for replacing and recon-
structing soft tissues comprising the anisotropic hydrogel of
the present invention. It is an embodiment of the invention
that the anisotropic nanocomposite hydrogel is prepared
using a method of the present invention.

The anisotropic nanocomposite hydrogel of the present
invention can also comprise a bioactive agent to provide the
hydrogel with suitable physiological properties for it to be
used as a soft tissue replacement. The bioactive agent can be
chosen based upon the particular application planned for the
replacement, and the particular physiological properties
required ofthe replacement in the application involved. Many
such bioactive agents would be released gradually from the
hydrogel after implantation, and thereby delivered in vivo at
a controlled, gradual rate. The hydrogel can thus act as a
bioactive agent delivery vehicle, for example, a drug delivery
vehicle. Other bioactive agents can be incorporated in to the
hydrogel in order to support cellular growth and proliferation
on the surface of the material. Bioactive agents which can be
included in the material include, for example, one or more of
cell lines, antibodies, cytokines, thrombins, thrombin inhibi-
tors, proteases, anticoagulants, heparin, growth factors, col-
lagen crosslinking inhibitors, matrix inhibitors, glycosami-
noglycans and antimicrobial agents. Heparins are particularly
suitable agents for incorporating into vascular grafts, because
of their anticoagulant properties, and thus their ability to
inhibit thrombosis on the surface of the hydrogel.

In order to embed bioactive agents into the hydrogel of the
present invention any of a pre-sterilized powder, aqueous

—

0

20

25

30

35

40

45

50

55

60

65

12

solution or aqueous suspension can be mixed into the starting
solution containing the hydrogel-forming material. After the
bioactive agent is incorporated into solution, it is processed
according to the method described herein. Bioactive agents
can also be introduced into the hydrogel by placing the hydro-
gel into a bath containing an aqueous solution of the agent and
allowing the agent to diffuse into the hydrogel. Alternatively,
one or more bioactive agents may be incorporated into the
anisotropic nanocomposite hydrogel after the final thermal
cycle is completed.

The concentration of the one or more bioactive agents in
the mixture may be selected for the particular application
involved. For heparin incorporation into a vascular graft,
concentrations will typically range from 1 unit/ml to 1,000,
000 units/ml. Lower concentrations may be employed to
inhibit coagulation on the graft surface, and higher concen-
trations will be used where local infusion of heparin into the
blood is desired to inhibit thrombosis downstream of the graft
[52].

The anisotropic nanocomposite hydrogel of the present
invention can be also be used to support the proliferation of
eukaryotic cell cultures. Vascular cells such as endothelial
cells, smooth muscle cells, and fibroblasts and other connec-
tive tissue cells, can thus be incorporated into the hydrogel.
Human aortic endothelial cells and human dermal fibroblasts
are also compatible with the hydrogels of the present inven-
tion. Hydrogels modified by such cell lines are, in turn, espe-
cially well adapted for implantation into the human body, and
for use as soft tissue replacement parts in the human body.
Indeed, replacement parts modified by such cell lines are
better able to adapt and adjust to changing physical and physi-
ological conditions in the body, and thereby to prevent any
failure of the hydrogel which might otherwise occur. These
cellular lines can be incorporated into the hydrogel for
example, after it has been produced, via standard cell culture
protocol generally known in the art. It is especially effective
to culture human aortic endothelial cells and human dermal
fibroblasts using direct topical seeding and incubation in cell
culture medium.

Also included within the scope of the present invention is a
use of an anisotropic nanocomposite hydrogel of the present
invention for tissue replacement, tissue reconstruction, bio-
agent entrapment, bioagent delivery, preparing ultrasound or
radiofrequency thermal therapy transmission pads, preparing
substitutes for ice bags, as a denture base, in soft contact lens
material, wound covering bandages, neurological dressings
(to replace for example Duramater™ during brain surgery)
and phantoms for medical-related uses.

The invention is further illustrated by the following non-
limiting examples.

EXAMPLES
Example 1
Sample Preparation

PVA (Sigma-Aldrich Canada) with a molecular weight
(Mw) ot 146,000-186,000, 99+% hydrolyzed, was used in all
solution preparations. A suspension of 0.625 wt % bacterial
cellulose in distilled water was produced in shake flasks by
fermentation using the bacteria Acetobacter xylinum, as
described by Guhados et al.[42]. PVA was added to the bac-
terial cellulose suspension with additional distilled water to
obtain a mixture of 10 wt % PVA with 0.3 wt % bacterial
cellulose.
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The PVA-bacterial cellulose solution was transferred into
seven aluminum molds and placed in the heated/refrigerated
circulator, where they were cycled once between 20° C. and
-20° C. to give cycle 1 samples. For a study of the effect of
initial strain, one of the samples was used as control while the
four other samples were transferred into the four custom
design molds where they were initially strained by 25, 50, 75,
or 100% of the original length. The four stretched samples
and the control were cycled 5 more times to obtain cycle 6.

For a study of the effect of number of thermal cycles,
samples were prepared for cycles 2, 4 and 6 at a pre-defined
initial strain of 75%. The two extra cycle 1 samples were
transferred and stretched at a strain of 75%, with extra
samples of non-stretched hydrogel (cycle 1) used as controls
in each mold. The molds were then cycled and a mold was
removed at the end of cycles 2 and 4.

All samples, including the controls, were cut (25x5 mm?2)
in either longitudinal or perpendicular direction relative to the
applied stress (n=5) for tensile testing.

Example 2
Tensile Testing and Analysis

Testing equipment used in the studies consisted of a servo-
hydraulic material testing system (INSTRON 8872)
equipped with a 1 Kg load cell. Sample thickness was mea-
sured using a Mitutoyo thickness tester, and testing was car-
ried out inside a Plexiglas tank filled with distilled water (at
37° C.). All the specimens were secured onto custom
designed tissue grips (10 mm grip-to-grip distance), and ten-
sile tests were performed at a crosshead speed of 40 mm/s to
a maximum of 65% strain. Prior to the tensile tests, all speci-
mens were preconditioned with 10 loading and unloading
cycles. All data obtained was in the form of load-extension,
which was then converted into engineering stress-engineer-
ing strain, using the sample thickness and the initial gauge
length after preconditioning, as reported previously.

The stress-strain data for PVA-bacterial cellulose nano-
composites is nonlinear and takes on the general shape of
curving up towards the stress axis. Therefore, the stress-strain
data was fitted by Eq. (1):

O=yo+deP+CePe 1)

Where o is stress, € is strain, and y,, A, B, C, and D are curve
fitting parameters. The elastic modulus as a function of strain
was calculated as the first derivative with respect to strain of
Eq. (1).

After preconditioning and tensile testing, some samples
(n=3) were strained to the same 65% strain used for tensile
testing and held at constant strain for 1 h, while monitoring
the load. The raw data in the form of load-time was converted
to relative stress remaining-time, relative to the initial stress at
time zero. The time dependent properties of all samples were
assessed by stress relaxation test. The stress relaxation data
was fitted to Eq. (2):

@

ot) oR
ao -

+Ae Py ce
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where o(t) is the stress at time t, 0, is the initial stress, R is the
final stress (t=3600 s), t is time, and A, B, C, and D are curve
fitting parameters.

To facilitate data presentation, the following convention
was adopted. Samples cut in the direction of applied stress are
denoted as (LONG) for longitudinal, and samples cut perpen-
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dicular to the applied stress are denoted (PERP). For the
porcine aorta data, the circumferential samples are denoted
(CIRC) and the axial samples are denoted (AXIAL). Isotropic
(nonstrained) samples are denoted (ISO).

Example 3
Effect of Initial Strain

FIGS. 1 and 2 show the effect of 25 and 100% initial
strains, respectively, on anisotropy relative to the isotropic
control. Samples in the longitudinal direction showed higher
stiffness than in the perpendicular direction, with the results
for isotropic control falling in between or close to the perpen-
dicular direction. Comparing FIGS. 1 and 2, the longitudinal
direction displays higher stiffhess at the 100% initial strain
compared to 25%, as well as a larger difference between the
longitudinal and the perpendicular directions. The data in
FIG. 1 does not show a statistically significant difference at
65% strain between the perpendicular and isotropic control
(p>0.05), but both of them were statistically different from
the longitudinal samples (p<0.05). In FIG. 2, a statistically
significant difference in stress at 65% strain (p<0.05) among
all three samples was observed. Samples using initial strains
of'50, 75% were also prepared and tested, with results falling
between those of the 25 and 100% initial strains.

FIGS. 1 and 2 show the effect of initial strain ata level of 25
and 100% on PVA-bacterial cellulose (6 cycles). Anisotropy
is observed at the low initial strain of 25%. The difference
between longitudinal and perpendicular directions increases
with increasing initial strain. The increase is mainly due to the
increase in stiffness in the longitudinal direction, although in
the perpendicular direction, stiffness also decreases, but to a
much lesser degree. FIG. 3 shows the results in the longitu-
dinal direction as a function of initial strain, at increments of
25% between 0 and 100%. A gradual increase in strength in
the longitudinal direction can be observed up to 75% initial
strain, with no further increase to 100% strain. This results
contrast that of PVA alone, where the increase in stiffness of
the longitudinal direction was observed up to 100% initial
strain.

The degree of anisotropy can be more clearly quantified by
calculating the ratio of stress of longitudinal to perpendicular
directions as a function of initial strain at a strain of 65%, as
seen in FIG. 4. The ratio increases monotonically from 1
(isotropic) to around 3.7 at an initial strain of 100%. The
effect of initial strain on strength in the longitudinal and
perpendicular directions (shown as ratios) is shown in FIG. 5.
It can be seen that up to 75%, the initial strain has a much
larger effect in the longitudinal direction. Hence, the overall
mechanical properties are dominated by changes in the lon-
gitudinal direction leading to the observed leveling off of the
longitudinal to perpendicular ratio at strains higher than 75%
initial strain (statistically the same at 100% initial strain).

For PVA alone, the ratio leveled off at around 2 after
reaching 75% initial strain. Therefore, the addition of a small
amount of bacterial cellulose provided the unexpected result
of almost doubling the anisotropic effect relative to that of
anisotropic PVA alone.

FIG. 3 shows the stress-strain curves for the longitudinal
samples as a function of initial strain. There is a clear trend of
increase in stiffness in the longitudinal direction as the initial
strain is increased from O to 75%, with the 100% samples
being statistically the same as the 75%. The initial strain has
a larger effect on the longitudinal direction than on the per-
pendicular direction. Results in the perpendicular direction
(not shown) fell somewhat below the isotropic samples,
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except the samples initially strained to 25% which were found
to be statistically the same as the isotropic control at 65%
strain. In the longitudinal direction, a statistically significant
difference of stress at 65% strain (p<0.05) was observed
among all samples except the 75 and the 100% initial strain.

An alternate way to quantifying anisotropy is to calculate
the ratio of stress in the longitudinal and perpendicular direc-
tions as a function of initial strain. FIG. 4 compares the effect
of initial strain on the ratio of longitudinal to perpendicular
stress at 65% strain (Cycle 6) between anisotropic 10% PVA
and anisotropic 10% PVA with 0.3% bacterial cellulose, with
0% representing the isotropic controls. It can be seen that the
stress ratio of the PVA-bacterial cellulose nanocomposite
increases monotonically from 1 (0% isotropic control) to
around 3.7+0.4 at 100% initial strain. This is a significant
increase from the anisotropic PVA results, where the ratio of
longitudinal to perpendicular stress increases to up to 2.1+0.2
at an initial strain of 75% and leveled off thereafter. When
ANOVA was applied to the stress ratios of the PVA-bacterial
cellulose samples, all samples were found to be statistically
different, except the ratios at 75 and 100% initial strains
(p<0.05).

The trend of the ratio of longitudinal to perpendicular
stress can be better understood by examining the changes in
stress in both the longitudinal and perpendicular directions as
a function of initial strain. The ratios of longitudinal to iso-
tropic and perpendicular to isotropic stress (at 65% strain) as
afunction of initial strain (from 0 to 100%) are shown in FIG.
5. It can be seen that increasing the initial strain has a much
larger effect in the longitudinal direction for initial strains up
to 75%. Initial strains larger than 100% were not investigated
since straining marks on the surface of the hydrogel were
noted for samples of PVA alone, as described elsewhere.

Example 4
Effect of Number of Thermal Cycles

FIGS. 6 and 7 show the effect of 75% initial strain on 10%
PVA with 0.3% bacterial cellulose at cycles 2 and 6, respec-
tively, together with the isotropic control for the same cycle.
Anisotropy was seen for all cycles, including cycle 4 (not
shown). As seen before, data for the perpendicular samples
falls lower than that for the isotropic control. In both FIGS. 6
and 7, a statistically significant difference of stress at 65%
strain (p<0.05) was observed among all three samples.

FIG. 8 compares the stress-strain curves of longitudinal
samples as a function of number of thermal cycles (2, 4, and
6). The stress-strain curves of the perpendicular and isotropic
samples were removed for clarity. The increase in stiffness
with the number of cycles is clearly seen. A statistically
significant difference of stress at 65% strain (p<0.05) was
observed among all three samples.

Following the analysis approach used in a previous study,
FIG. 9 compares the effect of number of thermal cycles on the
ratio of longitudinal to perpendicular stress at 65% strain
(75% initial strain) between anisotropic 10% PVA and aniso-
tropic 10% PVA containing 0.3% bacterial cellulose. It is seen
that the ratio of longitudinal to perpendicular stress for the
PVA-bacterial cellulose nanocomposite is constant (3.3)
regardless of number of cycles. Thus, the stiffness in both
directions increases proportionally as the number of thermal
cycles increases. As clearly seen, the anisotropic PVA ratio
showed a similar trend, with a ratio of about 1.9 under similar
conditions. When ANOVA was applied to the ratio for PVA-
bacterial cellulose, all groups were found to be statistically
the same (p>0.05). However, for each number of thermal
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cycle, the ratio for PVA and PVA-bacterial cellulose were
found statistically different (p<0.05).

Example 5
Relationship to Porcine Aorta

The mechanical response of porcine aorta in both circum-
ferential and axial directions was compared with the aniso-
tropic PVA-bacterial cellulose samples in order to assess a
possible match of the mechanical properties for tissue
replacement applications. The stress-strain curves for porcine
aorta in both circumferential and axial directions had been
previously shown to be similar to a 75% initial strain aniso-
tropic PVA (cycle 3). As seen in FIG. 10, both the circumfer-
ential and axial curves are closely matched, within physi-
ological range, by the anisotropic PVA-bacterial cellulose
sample (75% initial strain and cycle 2). It is seen that this
hydrogel displays the same tensile behavior as the aorta in
both directions up to 45% strain. At higher strains, stiffness in
the longitudinal direction increases to beyond that of the
porcine aorta. ANOVA was applied to the stress at the average
strain of 30% between systolic and diastolic cycles. The cir-
cumferential direction of aorta and the longitudinal direction
of the PVA-bacterial cellulose samples showed no statistical
difference. Similar statistical significance was also observed
in the axial direction of aorta and the longitudinal direction of
the PVA-bacterial cellulose samples.

To illustrate the use of this new anisotropic nanocomposite
material in soft tissue replacement applications, the proper-
ties of porcine aorta were compared to the anisotropic PVA-
bacterial cellulose nanocomposite. Aortic tissue is anisotro-
pic, with a ratio of circumferential to axial stress of around
1.54 at a physiological strain of 30%. FIG. 10 shows that the
tensile properties of porcine aorta within physiological range
01'20-40% strain were closely matched in both directions by
the 10% PVA containing 0.3% bacterial cellulose (cycle 2)
processed at an initial strain of 75%.

Notably, the increase in stiffness at strains higher than 45%
in the longitudinal direction is an improvement, since at larger
than normal strains, as in the case of aneurisms and hyper-
tension, the anisotropic conduit would have larger resistance
to be further stretched. The anisotropic PVA-bacterial cellu-
lose nanocomposite, along with the previously reported
anisotropic PVA hydrogel are the only synthetic materials
known to the inventors to be able to closely match the aniso-
tropic response and mechanical properties displayed by por-
cine aorta within the physiological range.

Example 6
Stress Relaxation

The time-dependent relaxation response of the aortic tissue
and that of 10% PVA with 0.3% bacterial cellulose (75%
initial strain-cycle 2) were compared to assess the ability of
the hydrogel to relax under tension as compared to the relax-
ation response of the tissue it might replace. The stress relax-
ation behavior was fitted using Eq. 2.

FIG. 11 shows the stress relaxation response for the 10%
PVA with 0.3% bacterial cellulose (75% initial strain-cycle 2)
and circumferential and axial directions of aorta. It is seen
that the anisotropic PVA-bacterial cellulose nanocomposite
relaxes to either the same or lower residual stress than aorta
and at a similar rate to aortic tissue. It is interesting to note that
both the circumferential samples of aorta and the longitudinal
samples of the PVA-bacterial cellulose displayed a lower
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residual stress than the axial samples of aorta and the perpen-
dicular samples of the PVA-bacterial cellulose samples,
respectively. The fact that the PVA-bacterial cellulose nano-
composite relaxes as fast as and to either the same or lower
relaxed stress than the aortic tissue indicate the ability of these
PVA-bacterial cellulose nanocomposites to recover as fast as
the native tissue in a cardiac cycle.

As used herein, the terms “comprises”, “comprising”,
“including” and “includes” are to be construed as being inclu-
sive and open ended, and not exclusive. Specifically, when
used in this specification including claims, the terms “com-
prises”, “comprising”, “including” and “includes” and varia-
tions thereof mean the specified features, steps or components
are included. These terms are not to be interpreted to exclude
the presence of other features, steps or components.

While the present invention has been described with refer-
ence to what are presently considered to be the preferred
examples, it is to be understood that the invention is not
limited to the disclosed examples. To the contrary, the inven-
tion is intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims. All publications, patents and patent appli-
cations are herein incorporated by reference in their entirety
to the same extent as if each individual publication, patent or
patent application was specifically and individually indicated
to be incorporated by reference in its entirety. Where a term in
the present application is found to be defined differently in a
document incorporated herein by reference, the definition
provided herein is to serve as the definition for the term.
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Therefore what is claimed is:

1. A process of producing a nanocomposite hydrogel with
an anisotropic stress-strain curve, comprising the steps of:

forming a suspension of microbially-produced cellulose

fibers in a solvent wherein said cellulose comprises
fibers having nanometer scale cross sectional dimen-
sions, the cellulose fibers having been formed via agi-
tated culture or shaken culture, thereby preventing the
formation of a pellicle;

adding a hydrogel-forming material to the cellulose sus-

pension, such that the hydrogel-forming material is dis-
solved in the suspension;

crosslinking said hydrogel-forming material to obtain a

nanocomposite hydrogel;

applying a longitudinal strain to said nanocomposite

hydrogel; and

thermal cycling said nanocomposite hydrogel over a pre-

determined temperature range at least once while main-
taining said longitudinal strain;

such that said nanocomposite hydrogel has an increased

ratio of longitudinal to perpendicular stress under appli-
cation of strain, compared to an anisotropic hydrogel
formed in the absence of said cellulose;
wherein the hydrogel-forming material is present in an
amount from 5% by weight to 15% by weight and the
microbially-produced cellulose fibers are present in a
range from 0.05% by weight to 0.5% by weight;

wherein the hydrogel-forming material is selected from the
group consisting of polyvinyl alcohol (PVA), poly(vinyl
pyrrolidone) (PVP), poly(ethylene glycol) (PEG), poly
(hydroxyethyl methacrylate) (PHEMA) and polyacryla-
mide; and

wherein the solvent is a hydroxylic solvent or an aprotic

solvent capable of forming eftective hydrogen bonding
to dissolve the hydrogel material.

2. The process according to claim 1 wherein said crosslink-
ing of said hydrogel-forming material includes physical
crosslinking.

3. The process according to claim 2 wherein said physical
crosslinking includes low temperature thermal cycling.

4. The process according to claim 1 wherein said solvent is
distilled water.

5. The process according to claim 1 where said longitudinal
strain strains said nanocomposite hydrogel over a range
including 25% to 100% of an unstrained length of said nano-
composite hydrogel.

6. The process according to claim 5 where said longitudinal
strain strains said nanocomposite hydrogel to a strain of 75%
of an unstrained length of nanocomposite hydrogel.

7. The process according to claim 1 wherein said solvent is
prepared by heating at a temperature of about 80° C. to about
100° C. for about 2 to 4 hours.
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8. The process according to claim 1 wherein said step of
thermal cycling said nanocomposite hydrogel over a prede-
termined temperature range at least once involves freezing
and thawing said nanocomposite hydrogel, maintaining said
hydrogel in a frozen state for a predetermined holding period,
and thawing said nanocomposite hydrogel.

9. The process according to claim 1 wherein thermal
cycling said nanocomposite hydrogel over a predetermined
temperature range is performed a number of times ranging
from 1 to 6.

10. The process according to claim 9 wherein the concen-
tration of the hydrogel-forming material in said solvent is
about 10%.

11. The process according to claim 1 wherein said cellulose
of microbial origin is bacterial cellulose produced by the
species Acetobacter xylinum.

12. The process according to claim 1, wherein said nano-
composite hydrogel is transferred into one or more molds of
the shape of a final material, device or apparatus following
said step of crosslinking said hydrogel-forming material.

13. The process according to claim 12 wherein the final
material, device or apparatus is selected from replacement
soft tissue, an ultrasound or radio frequency thermal therapy
transmission pad, a substitute for an ice bag, a denture base,
dental implants, soft contact lens material, wound covering
bandage, neurological dressings, catheter covering dressing,
dialysis membranes, coatings for cardiovascular stents, coat-
ings for cranial stents, and membranes for tissue guided
regeneration and phantoms for medical-related use.

14. The process according to claim 13, wherein the soft
tissue is selected from vascular vessels, coronary arteries,
heart valve leaflets, heart valve stent, cartilage, ligaments and
skin.

15. The process according to claim 14, wherein the vascu-
lar vessels are selected from aorta and coronary arteries.

16. The process according to claim 1 wherein said concen-
tration of cellulose in said solvent is about 0.3%.

17. The process according to claim 1 wherein said step of
thermal cycling said nanocomposite hydrogel over a prede-
termined temperature range at least once involves cooling the
nanocomposite hydrogel from a first temperature of about 15°
C.1030° C. to a second temperature of about -15° C. to -30°
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C., maintaining said second temperature for a holding time,
and heating said nanocomposite hydrogel back to a tempera-
ture approximately equal to said first temperature.

18. The process according to claim 17 wherein said step of
thermal cycling said nanocomposite hydrogel over a prede-
termined temperature range at least once involves cooling the
nanocomposite hydrogel from a first temperature of about 20°
C. to a second temperature of about -20° C., maintaining said
second temperature for a holding time, and heating said nano-
composite hydrogel back to a temperature approximately
equal to said first temperature.

19. The process according to claim 17 wherein the rate of
change of temperature during thermal cycling is in the range
of'about 0.05° C. to 0.5° C. per minute.

20. The process according to claim 19 wherein the rate of
change of temperature during thermal cycling is about 0.1° C.
per minute.

21. The process according to claim 17 wherein said holding
time is about 1 hour.

22. The process according to claim 1, further comprising
incorporating one or more bioagents into said nanocomposite
hydrogel.

23. The process according to claim 22, wherein said one or
more bioagents are incorporated into said solvent prior to said
step of crosslinking.

24. The process according to claim 22, wherein the one or
more bioagents are selected from cells, antibodies, cytokines,
thrombins, thrombin inhibitors, proteases, anticoagulants,
heparin, growth factors, collagen crosslinking inhibitors,
matrix inhibitors, glycosaminoglycans and antimicrobial
agents.

25. The process according to claim 24, wherein the cells are
eukaryotic cells.

26. The process according to claim 25, wherein the eukary-
otic cells are vascular cells or connective tissue cells.

27. The process according to claim 26, wherein the vascu-
lar cells are endothelial cells, smooth muscle cells or fibro-
blasts.

28. The process according to claim 22, wherein the bioag-
ent is heparin.



