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Abstract Poly(vinyl alcohol) (PVA) is a hydrophilic and biocompatible polymer
that can be crosslinked to form a hydrogel. When physically crosslinked using a
freeze—thaw cycling process, the product hydrogel or cryogel (PVA-C) possesses
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unique mechanical properties that can be tuned to closely match those of soft
tissues, thus making it an attractive candidate for biomedical and especially medical
device applications. We review the freeze—thaw cycling process and processing
parameters that impact on the properties of PVA-C and its nanocomposite products.
Both the mechanical properties and diffusion properties relevant to biomedical
application are discussed. Applications to orthopedic and cardiovascular devices
are summarized and discussed. The concept of biomaterial-tissue hybrids that can
impart the necessary hemocompatibility to PVA-C for cardiovascular device is
introduced and demonstrated.

Keywords Poly(vinyl alcohol) * Physical crosslinking ¢ Cryogel » Medical device
* Controlled release

List of Abbreviations

BC Bacterial cellulose

BSA Bovine serum albumin
DMSO Dimethyl sulfoxide

DP Degree of polymerization
FE' Young’s modulus

FITC Fluorescein isothiocyanate
FT Freeze—thaw

FTC Freeze—thaw cycle

WIC Water insoluble chitosan
IVD Intervertebral disc
Nano-HA  Nanohydroxyapatite

NP Nucleus pulposus

PAAm Poly(acrylamide)

PEG Poly(ethylene glycol)
PVA Poly(vinyl alcohol)

PVA-C Poly(vinyl alcohol) cryogel
PVA-BC Poly(vinyl alcohol) bacterial cellulose composite

PVP Polyvinyl pyrrolidone

RGD Arginyl-glycyl-aspartic acid

SANS Small-angle neutron scattering

TEM Transmission electron microscopy
UHMWPE  Ultrahigh molecular weight polyethylene
ULMP Unfrozen liquid microphase

WSC Water-soluble chitosan



Poly(Vinyl Alcohol) Cryogels for Biomedical Applications 285
1 Introduction

Polyvinyl alcohol (PVA) is a hydrogel with desirable properties for biomedical
applications [1, 2]. Ivalon™, a highly porous PVA sponge crosslinked with form-
aldehyde, was probably one of the first medical products marketed [3]. It was used
extensively in duct replacement, articular cartilage replacement [4], as a pharma-
ceutical release agent [1], and in reconstructive (vocal cord) surgery [5]. In addition
to the use of chemical crosslinking agents such as formaldehyde and glutaralde-
hyde, PVA can also be crosslinked using several other methods, such as the use of
electron beam,y-irradiation, and physical crosslinking. For biomedical applications,
physical crosslinking has the advantage of not leaving residual amounts of toxic
crosslinking agents, as well as providing higher and more tunable mechanical
strength than the PVA gels crosslinked by either chemical or irradiative techniques
[6]. The physical crosslinking methods have generated the most interest because no
new chemicals are introduced that could complicate their use in the biomedical
environment.

Physical crosslinking can be accomplished using a freeze—thaw (FT) cycling
method in which a solution of PVA is allowed to undergo repeated freezing and
thawing cycles. For obvious reasons, the product hydrogel is popularly called a
PVA cryogel (PVA-C). Using this approach, and by carefully controlling the
process parameters used in the hydrogel preparation procedure, material properties,
including mechanical and diffusion properties, can be tailored. Moreover, with the
incorporation of nanomaterials into the PVA solution, nanocomposites of interest-
ing mechanical properties (tensile and compressive) relevant to a range of medical
device applications can be created. We will focus on the preparation and properties
of PVA-C and its composites by the freeze—thaw method. Biomedical applications
in the areas of medical device and drug delivery will be used to illustrate the range
of biomedical applications possible for this class of hydrogel material.

2 Processing Parameters for PVA-C Preparation

PVA-C is today one of the most commonly investigated cryogels for biomedical
applications. PVA, which is synthesized through hydrolysis of polyvinyl acetate
synthesized via free radical polymerization of vinyl acetate [6], consists of a
secondary alcohol group attached to a linear carbon chain. The alcohol group
allows for hydrogen bonding and, therefore, PVA dissolved in an aqueous solution
is able to produce a hydrogel with high water content. Subsequent thermal cycling
leads to physical crosslinking via formation of structured crystalline domains of the
polymer chains through phase separation. Several phases occur during the thermal
cycling process. First, the gel is brought down to a temperature of between —5 and
—20°C [7], during which time the water phase freezes. This creates regions of high
polymer concentration, where crystallites are formed, as well as regions of low



286 W. Wan et al.

polymer concentration resulting in pores [8—10]. The solution is then thawed back
to room temperature leading to the formation of a solid gel—PVA-C. The micro-/
nanostructure of PVA-C has been examined through several techniques including
transmission electron microscopy (TEM) [9], small angle X-ray scattering (SAX)
[9] and small angle and ultrasmall angle neutron scattering (SANS and USANS)
[10, 11]. Observations conclude that the first freeze—thaw cycle (FTC) produces
polymer-rich regions due to the formation of ice crystals in the amorphous regions
[10, 12]. Subsequent FTCs further modify the structure of the polymer matrix.

Formation of the PVA-C takes place during the thawing stages [13]. Crystalli-
zation and phase separation are two important mechanisms that contribute to the
structure of PVA-C, with crystallization occurring in the first three FTCs and phase
separation through at least six cycles. Phase separation has a very important impact
on the mechanical properties of PVA, even apart from crystallization [14].

A range of parameters in the processing procedures for PVA cryogels can be
modified to alter the structure and properties of PVA-C and therefore its applica-
tion. Polymer molecular weight and PVA solution concentration both have signif-
icant effects on structure [7, 12, 15-17]. The conditions of the FTCs, such as
freezing and thawing rate, number of FTCs, and upper and lower temperature
limits, all contribute to the determination of polymer matrix structure [7]. This
wide range of processing parameters provides alternatives for tuning the properties
of PVA cryogels. This is extremely beneficial because it makes the material useful
for a large number of applications, and precise adjustments can be made to tailor the
material for a specific application.

Significant work has been reported on how the Young’s modulus of PVA
cryogel is affected by processing parameters [7]. Work by Pazos et al. studied the
nonlinear elastic response of PVA cryogel under uniaxial tension. The authors
found that varying the number of cycles and the thawing rate could have similar
effects on the elastic modulus, but changing the thawing rate gave finer control.
Gels processed under specific conditions were found to mimic the uniaxial elastic
response of healthy porcine coronary arteries [18]. Studies by our group using
SANS were able to show that anisotropic mechanical properties can be achieved for
PVA cryogels through processing the gel under controlled applied stress. This is
extremely beneficial for biomedical devices such as coronary bypass grafts, where
the tissue being replaced possesses orientational-dependent mechanical
properties [10].

2.1 Molecular Weight

Molecular weight has a significant effect on PVA-C formation [19]. As molecular
weight increases, the number and size of the crystalline regions increases due to the
increase in length of the polymer chain. However, this effect is limited by the
decrease in free volume and mobility of the high molecular weight polymers.
Hassan and Peppas found that during swelling there was more instability in crystal
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uniformity and degree of crystallinity in the higher molecular weight PVA due to an
increase in chain length. This contributes to additional crystallization during swell-
ing and increased mobility because of less physical crosslinking, as indicated by
higher overall volume swelling ratio.

Lozinsky et al. found that gels produced with a lower molecular weight were
more rigid than those of a higher molecular weight, up to a maximum. The unfrozen
liquid microphase (ULMP), specific to cryotropic gelation, is important in
explaining this phenomenon. The viscosity of the ULMP is highest in the system
with the highest molecular weight polymer because the polymers have the longest
chain length. This decreased mobility reduces intermolecular interactions. There-
fore, although the rigidity normally increases as polymer molecular weight
increases, a build-up in ULMP viscosity limits this increase [20].

The ability to change the degree of crystallinity by adjusting molecular weight is
an important factor for biomedical applications. Degree of crystallinity has an
effect on the mechanical properties and diffusion properties. For example,
PVA-C can be tuned in this way to achieve mechanical properties that mimic tissue
ranging from cardiovascular tissue to skin [7].

2.2 Solution Concentration

Initial PVA solution concentration was studied as one of the first processing
parameters that can be altered to affect the structure and properties of PVA-C.
Trieu and Qutubuddin showed that many processing parameters have an effect on
the structure and mechanical properties of PVA cryogels, including initial PVA
concentration. They found that a higher initial PVA concentration produces a
structure with less porosity. This, in turn, lowers the equilibrium swelling, resulting
in an inverse relationship between equilibrium swelling and porosity [21].

Hassan and Peppas varied the PVA solution concentration and noted that the
higher concentration solutions resulted in more stable gels that have higher degrees
of crystallinity and lower secondary crystallization. Lower degrees of swelling in
higher concentration solutions indicate that more crosslinking occurs in higher
concentration solutions [19].

Lozinsky et al. demonstrated that an increase in PVA concentration results in an
increase in cryogel rigidity. This is due to the increased concentration of hydroxyl
groups present, creating an increase in intermolecular hydrogen bonding. This
factor was also determined to be more effective in controlling the properties than
the effect of ULMP viscosity previously described. Furthermore, as polymer
concentration is increased, porosity decreases and a more ordered structure
results [20].

An increase in the concentration of PVA has been shown to produce more
crystalline structures with greater stability. This, in turn, causes an increase in the
tensile strength and tear resistance [22]. Wan et al. found that an increase in the
PVA concentration caused the stiffness of PVA-C to increase significantly. With an
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increase in PVA concentration from 10 % to either 15 or 20 %, the tangent elastic
modulus increased by 69 and 137 %, respectively, and the secant elastic modulus
increased by 83 and 180 %, respectively, at a strain of 0.25 [23].

2.3 Solvent

The use of different solvents in the processing of PVA can dramatically alter the
PVA-C properties. Hassan and Peppas have reviewed this area well [6]. Hyon and
Ikada showed that the use of organic solvents such as dimethyl sulfoxide (DMSO),
glycerin, ethylene glycol, propylene glycol, and ethyl alcohol provides excellent
light transmittance, along with good tensile strength and high water content,
making a gel material with good potential for contact lens applications [24]. The
addition of DMSO has been studied extensively because it imparts transparency to
the PVA-C. Ohkura et al. showed that DMSO/water solutions with PVA exhibit
transparency, high elasticity and higher gelation rates because gelation occurs
without phase separation at temperatures below —20 °C [25]. Murase et al. showed
that crystallinity increased over time due to the interaction between water and
DMSO in the PVA-C [6].

Additives are sometimes put into the PVA solution. Lozinsky et al. showed that
by adding triethylene glycols and its higher oligomers, the strength and thermal
stability of the PVA cryogels increased and the gelation process was altered [26,
27].

For biomedical applications, the presence of salts or other solutes in the envi-
ronment while producing PVA-C can be beneficial because the biomaterial will
eventually be used in an electrolyte-containing physiological environment. Due to
freezing point depression as a result of increased solute concentration, the freezing
point of PVA solution decreases with the addition of salts. Gordon showed that the
freezing point of PVA in water was —18.7 °C [28], whereas Shaheen
et al. demonstrated a decrease of freezing point to —30 °C when PVA, theophylline,
and 11 % NaCl was used [29]. The intermolecular and intramolecular hydrogen
bonds that are so important to the formation of crystallites in PVA-C are disrupted
by the presence of salts [30]. The crystallinity of PVA-C was shown to decrease and
the cryogel became weaker when prepared in the presence of NaCl (0.0125-
0.0625 M) compared to when distilled water was used [31].

2.4 Freeze-Thaw Cycling

As described above, the freeze—thaw cycling process allows the formation of
amorphous and crystalline regions to form a physically crosslinked matrix of
PVA. The number of FTCs, rate of freezing and thawing, and the time for which
the gel is held frozen (freezing holding time) all have direct impact on the structure
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of the resulting cryogel. For example, with an increase in the number of FTCs, there
is a decrease in pore size within the polymer matrix [8, 32], an increase in
mechanical properties [7] and a decrease in diffusion rates (see Sect. 3.2). An
increase in freezing rate has been shown to decrease the size and density of
crystallites. The freeze—thaw process is reviewed here in terms of its effect on
PVA-C for applications in biomedicine.

2.4.1 Rate of Freeze-Thaw Cycles

The rate of the thermal cycles has been shown to affect the mechanical properties of
the PVA hydrogel. A stiffer material is produced by using a slower thawing rate
because of the increased amount of time for the reorganization of polymer chains
and squeezing out of water molecules. Hatakeyama et al. showed that the rate of
freezing affects the size of the crystals and, therefore, the number of crystals formed
[33]. Slower thawing increases the period in which the specimen is at temperatures
optimal for gel network formation [13].

Lozinsky et al. found that the more time that the solution spends at temperatures
below 0 °C, the more time is available for movement of polymer chains. This
allows for more time for entanglements to occur and increases the crystallinity by
increasing both the number and size of crystallites [34]. This produces PVA-C with
increased tensile strength. The rate of freezing has less of an effect on the proper-
ties, but has been shown to affect the formation of ice crystals [33]. Thawing rates,
on the other hand, affect the formation of the PVA-C and its mechanical properties
[7, 18, 35, 36].

It is important to keep thawing rates below 10 °C/min, as higher rates are not
acceptable for producing hydrogels [35]. In many studies, precise control of
freezing and thawing rates are not maintained because samples are simply placed
in a freezer for freezing and then removed to room temperature for thawing [37—
39]. This will still result in cryogel formation, but the structure, and therefore the
properties, of the PVA-C will not be reproducible.

2.4.2 Number of Freeze-Thaw Cycles

In work by Hassan et al., the amount of dissolution of PVA cryogels was shown to
decrease as the number of FT'Cs was increased [40]. This is consistent with the
results that each FTC after the second causes a significant increase in the degree of
crystallinity [37, 41].

It has been shown that the number of FTCs has an effect on mechanical
properties. A maximum number of FTCs, after which the structure and properties
of the cryogel no longer changes, has been demonstrated [8], and several studies
have found this maximum number to be six [39, 42]. The increase in PVA-C
stiffness with increasing number of FTCs has been attributed to the crystallite
formation mechanism and liquid-liquid phase separation [7]. An alternative
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explanation is the reinforcement of additional existing crystals within the structure
with each additional FTC, up to a maximum level [19, 34].

2.4.3 Freeze Holding Time

The freezing holding time has a significant effect, with samples frozen up to 10 days
at —10 °C giving the most mechanically strong PVA hydrogels [34]. On the other
hand, holding the sample at a lower temperature for varying amounts of time did not
seem to have an effect on the mechanical properties. Wan et al. showed that holding
times of 1 or 6 h at —20 °C did not cause any change in the tensile properties of the
PVA hydrogel [7]. Nevertheless the lower temperature limit, at which the hydrogel
freezes, has an effect on the phase equilibrium of PVA, with storage of frozen
solutions at higher negative temperatures resulting in PVA-C that is to some extent
more rigid [21].

3 Properties of PVA and PVA Composites

3.1 Mechanical Properties

PVA cryogel (PVA-C) has caught the interest of researchers in the biomedical field
since its creation in the early 1980s [43]. Apart from its long-term biocompatibility
and nontoxicity [44], its mechanical properties, which can be tailored to mimic a
wide range of soft tissues [7, 45], are the main reason why PVA-C is an attractive
candidate material for many prosthetic devices such as heart valves, blood vessels,
and articular cartilages.

In terms of mechanical strength (compressive or tensile), PVA-C can be isotro-
pic or anisotropic [10]. Its Young’s modulus is nonlinear and dependent on strain,
strain rate, and temperature [46]. It is viscoelastic and strongly hydrophilic. Its
strength is a function of concentration of the PVA solution, the mean molecular
weight of the polymer material, the number of FTCs it has gone through during its
formation, post-hydration processing, the type of buffer solution, and the solution
temperature.

To understand the mechanical properties of PVA-C, one has to understand the
microstructure of the cryogel, which is a direct result of its formation process.
Although the gelation mechanism is still under discussion, it is thought to be a
combination of mechanisms involving hydrogen bonding [47], crystallite forma-
tion, and liquid-liquid phase separation through spinodal decomposition [48].

Willcox et al. proposed a gelation scheme in support of the above hypothesis.
When a PVA solution is subjected to a number of FTCs, during the first freezing
cycle, ice crystallizations cause the remaining polymer solution to concentrate,
bringing the molecular chains closer together. This promotes PVA crystallite
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formation between the ice crystals. Inter- and intramolecular hydrogen bonds are
also formed that connect the crystallites together and create an amorphous polymer
network. Thawing of the ice crystals leaves behind regions of low polymer con-
centration solutions. Subsequent FTCs will repeat the process, reinforcing the PVA
crystallites and tying up an increasing amount of the PVA molecules in the solution.
At the end of the process, the final thawing of the ice crystals leaves behind
micropores in the hydrogel body that are filled with the original solvent, typically
water [9].

The structure of PVA hydrogels by repeated freezing and thawing cycles has
been studied by several groups and the consensus is that they consists of a polymer-
rich region and a polymer-poor region, which is consistent with Willcox’s model [8,
10, 12, 15, 49, 50].

Based on micro-/nanodimension characterization, several structural models
have been proposed [8, 9, 32]. One of the most recent and up-to-date studies used
SANS. It was determined that the PVA-C structure consists of polymer crystallites
of ~3 nm in size dispersed in the polymer-rich region with a spacing of ~19 nm
between them [10]. During thawing, melting ice crystals create water-filled
micrometer-sized macropores that make up the polymer-poor regions. The struc-
tural evolution during the FT process is illustrated in Fig. 1a.

Interestingly, the FT process can be altered by adding one additional step to the
freeze—thaw procedure to create anisotropic PVA-C with orientation-dependent
mechanical properties. Since most natural tissues are anisotropic in structure and
properties, it is beneficial to be able to achieve this with polymer materials for tissue
replacement applications. Millon et al. produced the first PVA-C flat sheet and
conduit displaying anisotropic mechanical behavior similar to that of the porcine
aorta. Structural anisotropy was created by applying an orientational-specific strain
to the PVA sample after the initial FTC, and performing further thermal cycling on
it. It was suggested that the applied strain forces the polymer mesh and polymer-
poor phase to elongate in the direction of the strain. Subsequent FTCs then produce
ice crystals that freeze and thaw in the strained pores that are already present,
reinforcing the structure in the direction the strain is applied. The pores semi-
oriented in the direction of strain can increase in size with the additional cycling.
Additional crosslinking can also occur [10]. Figure 1b shows a model constructed
on the basis of the SANS data.

The unique poro-viscoelastic mechanical property of PVA-C when subjected to
external forces has been modeled using the finite element method. It has been
shown to be a direct result of the part-solid and part-liquid biphasic structure
[51]. This result is consistent with the model shown in Fig. 1b.

As the number of FTCs increases, the network mesh becomes denser and, hence,
the strength of the PVA-C increases with the number of FTCs. However, after seven
cycles, all available PV A materials in the initial solution are tied up in the mesh and
the mechanical strength of PVA-C levels off [45].

As the initial concentration of the PVA solution increases, more polymers are
available for network formation. The crystallinity increases and the polymer mesh
becomes denser, but the pore size becomes smaller [23]. The denser polymer mesh
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Fig. 1 (a) Effect of freeze—thaw cycles on the microstructure of PVA. (b) Effect of initial strain
and freeze—thaw cycles in production of anisotropic PVA-C. Reprinted from [10] with permission.
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Fig. 2 SEM images of fractured cross-sections of critical point dried PVA-C of different initial
concentrations: (a) 10 %, (b) 15 %, and (c) 20 %. Reprinted from [23]

increases the strength of the PVA-C. Figure 2 shows the effect of increasing initial
PVA concentrations on the pore size of the PVA-C [23]. Willcox et al. used cryo-
TEM to measure the pore size of 19 wt% PVA-C after 12 FTCs to be ~30 nm
[9]. Nakaoki and Yamashita used thermodynamic equations to derive the pore size
of 10 wt% PVA-C to be 30.2 nm [52].

Medical devices, depending on the physiological environment surrounding
them, can be subjected to either compressive or tensile stress. Typical character-
izations of the mechanical properties of a polymer material involve the measure-
ments of its stress—strain curves, stress relaxation curves, and creep curves.

3.1.1 Compressive

The muscloskeletal system is a compressive stress environment. Any medical
device in this system will operate under a state of compression. Compressive
mechanical properties can be experimentally measured in either confined or
unconfined conditions. Due to the porous nature of tissue, most experiments are
carried out under unconfined conditions, in which the sample is compressed using
nonporous platens and is allowed to expand at the circumferential direction without
restrictions.
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Fig. 3 Effect of strain rate on 10 % PVA of (a) one and (b) six FTCs. Reprinted from [45] with
permission. Copyright © 2009 Wiley Periodicals

Stammen et al. performed unconfined compression on samples made from two
formulations of Salubria, which is a commercial cryogel of PVA and 0.9% saline
(but the number of FTCs were not specified in the paper), containing 80 wt% water
(~20 wt% PVA) and 75 wt% water (~25 wt% PVA). They measured the Young’s
modulus and the compressive failure of the samples in 37 °C deionized water using
a compressive ramp to 65 % at a strain rate of 100 %/min (1.67 %/s) and 1,000 %/
min (16.67 %/s). Their objective was to mimic the physiological conditions of
articular cartilage. The authors found that the compressive mechanical properties of
Salubria were significantly affected by strain and strain rate, exhibiting nonlinear
viscoelastic behavior [53]. At strains less than 40 %, the Young’s modulus of the
25 wt% was consistently higher than the 20 wt% samples, irrespective of material
strain rate; however, the trend reversed above 60 % strain. At 30 % strain, a strain
rate increase from 100 to 1,000 %/min had a strong effect on the 25 % samples but
not on the 20 % samples. The compressive Young’s modulus for the 20 % and 25 %
samples were 0.7-6.8 MPa (at a strain rate of 100 %/min) and 1.1-18.4 MPa
(at strain rate of 1,000 %/min), respectively. The compressive failure for the
20 % and the 25 % samples were found to be around 45 % strain at 1.4 MPa stress
and 60 % strain at 2.1 MPa stress, respectively [53].

Millon et al. performed unconfined compressive tests on 10 wt% PVA-C sam-
ples through 1, 3, and 6 FTCs. The samples were tested using strain-rates of 1, 10,
and 100 %/s at 0—45 % strain at 37 °C to mimic the physiological conditions of
cartilage. Figure 3 shows the strain-rate dependency of 10 % PVA at 1 and 6 FTCs.
The authors concluded that PVA-C exhibits the same exponential characteristic in
stress—strain behavior as cartilage. However, it has weak strain-rate dependency.
Only the six-cycle samples showed a statistically significant difference between the
strain rates tested. The elastic modulus measured was 1.18 MPa at 45 % strain and
at 100 %/s strain rate [45].

Wang and Campbell performed unconfined compressive tests on 3, 5, 15, 25,
35, and 40 % (all wt%) PVA-C samples through 1, 3, and 6 FTCs using a strain rate
of 2 mm/min (~0.28 %/s) with strain up to 25 % and temperature of 37 °C to mimic
the physiological conditions of intervertebral discs in the lumbar section. The
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Young’s moduli were measured at 5 and 20 % strain. They found that the Young’s
modulus increased with an increase in strain, PVA-C concentration, and number of
FTCs. The Young’s modulus measured was between 0.001 and 2.117 MPa at all
combinations of concentration, FTCs, and strain level [54].

Duboeuf et al. reported unconfined compression tests on 10 % PVA-C samples
through 2—5 FTCs using a strain rate of 5 mm/min (~0.45 %/s) with strain up to 8 %
at room temperature (22 £ 2 °C). They found that the stress—strain curves were
linear and that the Young’s modulus increased with the number of FTCs. The
Young’s modulus, measured between 3 and 8 % strain, was found to range from
0.065 to 0.167 MPa from two to five cycles. The authors also measured the stability
of the Young’s modulus over a 7-month period. For cycles 2 and 4, the authors
found that the Young’s modulus did not change significantly. However for cycles
3 and 35, there was a slight increase [55].

Nishinari, Watase, and coworkers studied the effect of degree of polymerization
(DP) on the strength of PVA-C. They performed dynamic mechanical analysis on
PVA-C samples of seven DPs (ranging from 470 to 17,900 of cycle 1) and of
different PVA concentrations. The storage Young’s modulus E’ and the mechanical
loss of the samples were measured using a 2-Hz excitation strain and at a temper-
ature range of 2—85 °C at a rate of 2 °C/min. The authors found that the storage
Young’s modulus £’ increased with concentration, and the same E’ value could be
obtained at lower concentration by increasing the DP [56]. In addition to the results
outlined above, there were several other related studies that reported similar results
[20, 57].

Based on the findings of the above papers, all concluded that the unconfined
compressive Young’s modulus of PVA-C is dependent on the strain, strain rate, DP
of PVA, concentration of PVA solution, and the number of FTCs. The Young’s
modulus reported falls in the range 2-20 MPa, depending on the chosen composi-
tion, processing parameters, and the testing conditions used.

The compressive strength of PVA-C can be greatly enhanced by pre- and post-
gelation processes such as solvent dehydration and thermal annealing; however,
these treatments will significantly reduce the water content of the PVA-C and its
lubricating properties, which is undesirable for cartilage and other orthopedic
applications. Bodugoz-Senturk et al. introduced a method to counteract this effect
by adding poly(ethylene glycol) (PEG) and poly(acrylamide) (PAAm) to PVA,
creating PVA-PEG theta gels and PVA-AAm hydrogels [58]. Unfortunately,
instead of reporting improvements in compressive strength, they reported improve-
ments in creep resistance.

3.1.2 Stress Relaxation and Creep

Stress relaxation characterizes how viscoelastic materials relieve stresses over time
under a constant strain. Creep characterizes how viscoelastic materials deform
slowly over time under constant stress. Both stress relaxation and creep are typi-
cally measured using the normalized value (stress or strain) versus time curve after
stress or strain is applied at time zero.
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Stammen et al. measured the stress relaxation curves for 20 and 25 % PVA-C by
applying a 20 % constant strain and monitoring the stress relaxation for 24 h. They
did not report the normalized stress-relaxation curves, instead they plotted the stress
(in MPa) variation over time [53].

Millon et al. studied the stress relaxation properties of 10 % PVA-C after 6 FTCs
by applying a 45 % constant strain and measuring the normalized stress relaxation
for 1 h. They observed that the stress remaining after 1 h did not completely level
off [45].

Wang and Campbell studied the stress relaxation curves for their samples by
applying a 25 % constant strain and measuring the normalized stress relaxation for
30 s. They also performed creep measurement. The initial load was applied by
compressing the samples at 4 mm/s (~33 %/s) up to 25 % strain or when it reached
223 N and holding the force for 30 s [54].

Wong performed creep measurements on 10, 15, and 20 % PVA-C of cycle 6 by
applying a constant stress of 0.05 MPa over 1 h The test was done in phosphate-
buffered saline. She found that the samples did not relax completely after 1 h and
that increasing the PVA concentration decreased the amount of creep [23].

Due to the biphasic nature and microporous structure of PVA-C, when it is under
compression, fluid will flow out of the PVA-C structure gradually until the hydro-
static pressure reaches equilibrium with the external load. This explains the
observed results that, as the concentration of PVA increases, the available water
content decreases and the stress relaxation and creep effect decrease [23, 51,
53]. For the rate of stress relaxation, both Millon et al. [45] and Wong [23] found
that after 1 h the PVA-C had relaxed to 45 % of its initial value but the relaxation
still continued. Stammen et al. reported that the relaxation had attained equilibrium
after 24 h [53].

3.1.3 Tensile

In many biomedical applications in the soft tissue environment or as soft tissue
replacement, such as the cardiovascular system, the material will experience stress
in tension. Knowledge of the tensile properties of PVA-C is therefore essential for
its consideration for use in such physiological environments. The tensile properties
of PVA-C have been measured by numerous research groups in the past. Typically,
the properties are measured using a material testing system. The test is performed in
deionized water or a buffer solution at room temperature or 37 °C. Tensile prop-
erties are found to be affected by the average molecular weight or degree of
polymerization and concentration of the PVA used, the number of FTCs the
samples have undergone, the strain and strain rate employed, the post-hydration
period, and the temperature and solution the samples are tested in. The resulting
stress—strain curves have a typical “J” shape, are nonlinear, and very similar to
those of soft-tissues.

Wan et al. researched into using PVA-C to mimic the tensile properties of the
porcine aortic root and evaluated the feasibility of fabricating a stent prototype for
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Fig. 4 (a) Tensile stress—strain curves of 15 % PVA-C through 1-6 FTCs (series A) in comparison
with porcine aortic root. (b) Comparison of stress-relaxation properties of 15 % PVA-C of cycles
2 (A2) and 6 (A6) with porcine aortic root. Processing conditions of PVA-C: freezing rate 0.2 °C/
min; thawing rate 0.2 °C/min; holding time at +20 °C 6 h; holding time at —20 °C 6 h. Reprinted
from [7] with permission. Copyright © 2002 Wiley Periodicals

the bioprosthetic heart valve [7]. They subjected PVA solution with 15 wt% to 1-6
FTCs with a hold time of 6 h at —20 °C and thawing rate of 0.2 °C/min. The
samples were tested under a constant strain rate of 40 mm/s (~200 %/s) to a
maximum of 80 % strain at 37 °C. In addition, the samples were also subjected to
stress-relaxation tests at 80 % strain held constant for 100 s. Figure 4a shows one of
the results obtained from their tensile test experiments. It shows the typical
J-shaped curves of the stress—strain characteristics of PVA-C in comparison with
those of porcine aortic roots. Figure 4b shows the stress-relaxation results. The
authors concluded that the variations in holding time at —20 °C had no significant
effect on the tensile properties of PVA-C and that the slower thawing rate improved
the tensile properties but did not affect the relaxation properties. The authors also
determined that the stress—strain curves of 15 wt% PVA-C at cycle 4 best matched
those of the porcine aortic root at 1749 % strain. The typical Young’s modulus was
about 350 kPa at 120 mmHg pressure.

Millon et al. developed techniques to fabricate anisotropic PVA-C by applying
an initial strain to the PVA samples in a given direction after they had undergone
one FTC. The strain was held during subsequent FT'Cs. This resulted in an increase
in the stiffness (Young’s modulus) of the sample in the direction (longitudinal) of
the applied strain. In the orthogonal (perpendicular) direction, stiffness remained
comparable to the isotropic control sample. The direction in which an initial strain
was applied resulted in a higher tensile strength than in the perpendicular direction.
As soft tissues are typically anisotropic, the PVA-C fabricated using this technique
provides a better matching of soft tissue properties than typical isotropic PVA-C.
Figure 5a shows the effects on the stress—strain curves in the longitudinal and
perpendicular directions of such PVA-C fabricated with an initial 25 % strain
applied in the longitudinal direction, in comparison with a sample with no initial
strain applied during the FTC. Figure 5b shows the effects on the Young’s modulus
of the resulting PVA-C with different initial strains applied during the FTCs [59].
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Fig. 5 (a) Stress—strain curves at the longitudinal and perpendicular direction of an anisotropic
10 % PVA-C of cycle 6 with an initial 25 % strain applied in the longitudinal direction during the
FTCs. (b) Effects of variation of initial strains applied to PVA-C during the FTCs. Reprinted from
[59] with permission. Copyright © 2006 Wiley Periodicals

Typically, tensile properties are measured using material testing machines, but
Fromageau et al. developed a method to measure the tensile properties of PVA-C
using four ultrasound elastography techniques. The authors measured the Young’s
moduli of 10 wt% PVA-C samples that had gone through 1-10 FTCs using this
technique and compared the results with those obtained from tensile testing
machines. Good correlations were obtained for samples from cycle 1 to cycle
6 [60].

3.2 Diffusion Characteristics

The porous structure of PVA-C, comprised of crystalline regions (~3 nm) and
amorphous regions (~19 nm) [10], allows for diffusion of molecules from the
cryogel matrix. Work reported by Stauffer and Peppas showed that the water
diffusion coefficient decreased as the number of FTCs increased [37], with a
diffusion coefficient decrease of 62 % occurring between the second and fifth FTC.

Hickey and Peppas showed that diffusion of solutes from a PVA cryogel
membrane is related to the mesh size, which is roughly related to the percentage
crystallinity. Also, there is a size exclusion phenomenon present as a result of the
presence of the crystallite network. The solute diffusion coefficient for theophylline
and FITC-dextran was determined to be dependent on the mesh size [61].

Release of protein (bovine serum albumin, BSA) molecules from PVA cryogel
nanoparticles was studied by Li et al. [62]. The authors found that the release was
diffusion controlled and that approximately 95 % of the total incorporated protein
was released within 30 h. Furthermore, BSA remained stable during the preparation
process. It was shown that diffusion increased as temperature increased, and
decreased as the number of FTCs increased from one to three. These observations
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Fig. 6 Release profiles of BSA from PVA hydrogels subjected to 1 (filled circle), 2 (open circle),
3 (filled triangle), and 6 (open triangle) FTCs. These hydrogels were composed of 10 % (w/w)
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Fig. 7 Effect of thawing rate on the release of BSA from the PVA hydrogels subjected to two
FTCs. These hydrogels were prepared using a fixed freezing rate of 0.10 °C/min and varying
thawing rate of 1.00 (open circle), 0.25 ( filled circle), and 0.10 °C/min ( filled triangle). These
hydrogels contained 10 % (w/w) PVA and 0.10 % (w/w) BSA

are consistent with what is known about the PVA matrix structure and the effects of
changing the processing parameters [62]. Building on these results, a comprehen-
sive and systematic study was undertaken by our group to provide a global view of
the effect of processing (number of FTCs, freezing rate, thawing rate) and compo-
sition (PV A concentration) parameters on protein release. PVA-C films prepared by
freeze—thaw cycling were used as model drug delivery vehicles with BSA as the
model protein. The results are summarized in Figs. 6, 7, and 8. Consistent with the
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earlier study, it was found that BSA release was mainly by means of a diffusion
mechanism. The diffusion coefficients of BSA could be controlled over a 20-fold
range by adjusting the processing parameters, including the number of FTCs, PVA
concentration, and freezing and thawing rates.

Increasing the number of thermal cycles decreases the release rate (Fig. 6).
Every thermal cycle after the first FTC resulted in an increase in the local PVA
concentration in the polymer-rich regions concomitant with an increase in the
volume fraction of the crystalline regions [61]. This leads to an increase in the
time required for the movement of BSA through the amorphous zones of the
polymer-rich region, resulting in the observed decrease in the release rate.

Decreasing the freezing rate also decreases the release rate at constant thawing
rate. The effect of changing thawing rate is similar to that of changing freezing rate
(Fig. 7). A decrease in the freezing or thawing rate allows more time for the
polymer chains to reorganize themselves into ordered domains, resulting in an
increase in the volume fraction of crystalline PVA and/or increase in the size of
the crystalline domains. This leads to a decrease in BSA mobility in the PV A matrix
and thus to a decrease in its release rate.

Increasing the PVA concentration in the PVA-C preparation solution decreases
the rate of BSA release (Fig. 8). An increase in PVA solution concentration results
in a higher polymer concentration in the polymer-rich region after a fixed number of
thermal cycles. This decreases the mobility of BSA, leading to an inverse relation-
ship between PVA solution concentration and release rate.

The BSA release rate can be contrasted to that reported for the mechanical
properties of PVA-C prepared under similar conditions. The trend in the BSA release
rate as a function of PVA solution concentration and number of thermal cycles is
analogous to that reported for the mechanical properties of PVA-C. It is interesting to
note that, although freezing and thawing rates have an effect on BSA release rate, the
thawing rate has a greater effect than that of the freezing rate. In addition, the effects
of these two parameters on the PVA-C mechanical properties are quite different.
Decreasing the thawing rate leads to significant increases in the mechanical proper-
ties, whereas changing the freezing rate had little or no effect [7, 63, 64].
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Fig. 9 (a) Release profile of Serp-1 from PVA-C in a buffer medium. PVA-C samples were
prepared using 10 % PVA solution, 0.1 °C/min freezing and thawing rate, two FTCs, and 200 pg
Serp-1. (b) Release profile of Serp-1 from PVA-C in human whole blood medium. PVA-C samples
were prepared using 10 % PVA solution, 0.1 °C/min freezing and thawing rate, two FTCs, and
200 pg Serp-1. Reprinted from [65] with permission

Although the close parallel between the effects of processing parameters on
diffusion and the mechanical properties of PVA-C can be clearly seen, the struc-
tural characteristics leading to these observations are quite different. For mechan-
ical properties, the changing stiffness as a function of processing condition is a
result of the changing volume fraction of crystalline regions of the material. On the
other hand, the diffusion properties are more a function of the properties of the
amorphous zone of the polymer-rich regions, largely affected by PVA concentra-
tion. Indirectly, the crystalline regions affect the amorphous zone by dictating how
tightly the polymer chains are packed, thus making the number of FTCs, freezing
rate, and thawing rate contributing parameters to the diffusive properties.
Irrespective of the origin of these two observed properties, they could be used to
create medical devices with integrated controlled release function, such as the drug-
eluting coronary stent, by tuning the mechanical and diffusion properties of the
PVA hydrogel simultaneously.

A recent study reports the release profile of the Serp-1 proteinase from PVA-C
[65]. Serp-1 is a serine proteinase inhibitor (serpin) secreted by the myxoma virus
and is a potential new therapeutic for cardiovascular diseases. It has exhibited anti-
inflammatory activity through the modulation of immune cell responses [66]. The
release profile of this protein in a buffer medium is typical of that of a diffusion
controlled process. However, it is interesting to know that the release rate of Serp-1
and its final release level attained differ in human blood and in buffer. The release
rate is twice as fast and in half of the time in blood than in buffer. The final release
level is complete in blood and appears to level off at around 50% in buffer. It was
suggested that there may be a difference in behavior between the two release media,
which is important to consider because human whole blood represents a more
realistic setting of the physiological environment in arteries. It is also possible
that interaction between PVA-C and blood components play a role in determining
the ultimate release rate (Fig. 9a, b) [65].
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4 PVA Composite Cryogels

PVA-C composites are prepared by the addition of fillers into the PVA solution
before the freeze—thaw process. The main purposes of filler addition are for
improving mechanical properties and for controlled release and delivery. A wide
variety of filler materials that vary in dimensions from micro- to nanometers have
been reported, but here we focus on two widely studied filler materials for their
relevance in biomedical applications: bacterial cellulose and chitosan.

4.1 Cellulose-PVA Composites

Bacterial cellulose (BC), a biocompatible natural polymer, has been studied signif-
icantly for the production of composite materials for biomedical applications. Its
polyfunctionality, hydrophilicity, and biocompatibility [67] make it a desirable
material for many different biomedical applications. It is a nanomaterial of roughly
50 nm diameter [68]. Cellulose produced by bacteria has high crystallinity,
mechanical strength, the capacity to absorb water, and a large aspect ratio [69,
70]. The use of BC as a composite material for PVA that has been crosslinked using
freeze—thaw cycling has so far been limited. The fabrication and use of this
composite material with its advantageous properties for biomedical applications
will be discussed here.

Wan et al. found that the addition of BC nanofibers to a PVA solution that was
then thermally cycled resulted in a PVA-BC composite cryogel that could be tuned
to possess the mechanical properties of cardiovascular tissue. BC and PVA-C
mimic the role of collagen and elastin, respectively, in soft tissues, making
PVA-BC a good candidate material for possible use as a cardiovascular tissue
replacement [42]. With the addition of 0.6 wt% BC, the nanocomposite material
had higher strength (for FTCs 1-3) and also possessed a broader range of mechan-
ical property control. Because the BC has a very large surface area per unit mass,
there is opportunity for significant hydrogen bonding with the PV A matrix, both BC
and PVA being hydrophilic polymers. This bonding results in the high strength of
the nanocomposite material. The material can be tuned easily by changing
processing parameters. Particular compositions of this material were able to show
excellent matching with the stress—strain properties of porcine aorta as well as
porcine heart valve. Additionally, the material showed faster relaxation and a lower
residual stress, which are desirable characteristics for cardiovascular soft tissue
replacement applications [42].

The PVA-BC nanocomposite is able to provide a wide range of mechanical
properties, depending on the processing parameters chosen for the material’s
application. As discussed in Sect. 3.1.2, the addition of an initial strain following
the first FTC can produce a cryogel with anisotropic mechanical properties. Car-
diovascular tissue is composed of the structural proteins collagen and elastin, and is
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anisotropic with a higher stiffness in the circumferential direction compared to the
axial direction [71-73]. For replacement of tissue such as this, or other soft tissue, a
composite material that possesses anisotropic properties could be extremely bene-
ficial. Millon et al. prepared PVA-BC samples and found that, compared to the plain
PVA system [59], the addition of BC resulted in an almost doubled anisotropic
effect, with the overall mechanical properties of the composite material dominated
by changes in the longitudinal direction. This is probably due to the fact that the BC
crystallites act as nucleation sites during freeze—thaw cycling and therefore promote
formation of PVA crystallites around the BC fibers when strain is applied. Stiffness
in both directions was found to increase with an increase in the number of FTCs.
The anisotropic PVA-BC demonstrated stiffness and relaxation properties very
similar to those of the porcine aorta, proving to be an excellent material for
potential applications [59].

Following this work, Wan et al. conducted studies on the PVA-BC composite
cryogel material for potential use in total joint replacement. In this application, the
mechanical properties must be tuned to replicate the properties of the articular
cartilage, with its composition of collagen fibrils and proteoglycans. Through
compression testing, it was determined that as the number of FTCs increases, the
stiffness of the composite material increases. This was consistent with previous
results and knowledge. Additionally, stiffness increases with increasing amounts of
BC in the PVA matrix. A small increase in weight percent of BC (from 0 to 0.3 %)
results in a significant increase in the composite material’s compressive properties.
This is shown in Fig. 10. Stress relaxation tests show that the remaining relative
stress decreases with an increase in BC concentration. These results are accounted
for by the fact that addition of a highly crystalline, hydrophilic BC as a reinforcing
biomaterial causes a strong interfacial interaction with the PVA matrix, resulting in
significant hydrogen bonding and, thus, creating a stronger material. This could
have potential for several biomedical applications [45].

A study conducted by Wang et al. employed the use of PVA-BC produced by
freeze—thawing as a composite material for use as an artificial cornea replacement.
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The work showed that this composite material is able to achieve similar mechanical
properties as the natural cornea and better than pure PVA-C. The composite
containing 12 wt% BC had a tensile strength of 3.9 MPa, which is very close to
the human cornea tensile strength of about 3.8 MPa [74—76]. Furthermore, the water
content of the PVA-BC composites decreases as BC concentration increases.
However, composite water content was close to that of the human cornea (78 %
[77]) at 67-73 %. Of utmost importance for this application is light transmittance of
the material. PVA-BC composite was found to have a high visible light transmit-
tance. Some of the tested compositions actually had a higher transmittance of
visible light than pure PVA, due to the nano-effect of the BC nanofibrils. In
addition, PVA-BC has good UV absorbance, which is important in preventing
damage to internal eye tissue. Overall, this composite material is promising for
use as an artificial cornea material [78].

4.2 Chitosan-PVA Composites

Another material that has been added to PVA to produce a composite cryogel is
chitosan. Chitosan is obtained from chitin by alkaline deacetylation. It is a cationic
polysaccharide, and has been proposed as a good material for addition to the PVA
matrix for cryogel composite production in order to enhance protein absorption
[79]. Due to the hydrophilicity of PVA, cell adhesion proteins are not able to
absorb, preventing cell adhesion [79]. Because of this, work to create a more
favorable environment for cell growth while still maintaining the beneficial
mechanical properties of the PVA cryogel structure is important for certain
applications.

PVA cryogels used for vascular tissue engineering scaffolds were modified to
improve cell attachment [80]. In this work, chitosan was added to PVA because of
its ability to improve vascular smooth muscle and endothelial cell attachment. The
blend was subjected to FTCs, immersed in a KOH/Na,SO, coagulation bath, and
the surface modified with collagen type 1. The structures were then seeded with
bovine aortic vascular smooth muscle and endothelial cells. The presence of
chitosan resulted in cell attachment to the surface in patches, which suggests that
the regions of high cell density are chitosan-rich and that the other areas are
chitosan-poor. Cell attachment and proliferation were shown to increase with an
increase in FTCs. Since the coagulation bath treatment essentially eliminates the
mechanical difference between samples of different numbers of FTCs, the surface
topography is suspected to be responsible for this difference [80].

In another study that focused on the mechanical and morphological properties of
PV A-chitosan cryogels, water-soluble chitosan with a deacetylation degree of 85 %
(WSC), and water-insoluble chitosan (WIC) were added to PVA separately to
produce two different chitosan-PVA cryogel materials, as well as a control plain
PVA cryogel. After freeze—thaw cycling, the samples were submerged in a coag-
ulation bath to crosslink the chitosan, because it would not be crosslinked by
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thermal cycling, as well as to neutralize the low pH due to the presence of acetic
acid. It was found that, again, the number of FTCs has an impact on the mechanical
properties. Both WSC and WIC samples demonstrated similar elastic behavior, and
the PVA-chitosan samples provided a fairly good replication of the stress—strain
behavior of porcine aortic tissue. The macroporous structure was shown to change
with the addition of chitosan. For plain PVA, the structure changed visually as the
number of FTCs increased, but the change in pore size was not statistically
significant after one, two, and four FTCs. When either WSC or WIC was added,
the internal structure changed significantly as a function of the number of FTCs.
After the second FTC, the pore size increased, and it increased again after the fourth
FTC. This study was effective in showing that, although the addition of chitosan
may be beneficial for cell adhesion, we cannot ignore the effects that it has on the
PVA-C macrostructure and mechanical properties [81].

A system comprised of PVA and chitosan was produced for use as a drug
delivery vehicle for the antibiotic sparfloxacin, as well as for use in an antibacterial
wound healing device. The addition of chitosan for drug delivery systems can be
done to help sustain the release of water-soluble drugs or enhance the availability of
water-insoluble drugs. Chitosan also has an intrinsic antimicrobial activity. Differ-
ent compositions of PVA and chitosan were made and processed through freeze—
thaw cycling. Results showed that swelling percentage and gel fraction percentage
increased with an increase in chitosan concentration and decreased with an increase
in PVA concentration and the number of FTCs. The amount of polymer degraded
over a fixed time increased with an increase in chitosan content or a decrease in
FTC number. Antimicrobial activity for a variety of Gram-positive and Gram-
negative bacteria was tested and it was found that no antimicrobial activity was
present at low chitosan percentages but increased as chitosan content increased.
Sparfloxacin was added to the chitosan/PVA blend solution before freeze—thaw
cycling and its release was determined to be affected by the thickness of the
membrane, pH, and temperature of the medium. The total amount of drug released
was decreased with an increase in pH due to the presence of NH, within the
hydrogel structure that can be ionized at low pH to allow for release. The drug
release increased with an increase in thickness and media temperature. This system
shows how the addition of chitosan to the PVA cryogel can impart important
antimicrobial activity, as well as provide a temperature- and pH-responsive system
for drug release [82].

A comparison of composite materials using chitosan, gelatin, and starch added to
PVA was reported [79]. A sample for each different component added to PVA was
prepared and treated with freeze—thaw cycling and coagulation techniques for
application as artificial blood vessels. The resulting mechanical properties were
found to be controlled by the PVA rather than by the other components. Each PVA
composite sample was found to have similar stiffness behavior to arteries. Increas-
ing the number of FTCs as well as coagulation bath treatment (7.5 % KOH and 1 M
Na,S0,) increased the modulus of the hydrogels. Coagulation bath treatment was
also shown to increase the resistance of the hydrogel to degradation. Cell adhesion
and proliferation studies showed that the addition of a composite material was
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beneficial for both cell adhesion and proliferation relative to plain PVA-C. The
addition of gelatin was most effective in improving these factors compared to
addition of chitosan or starch [79].

5 Biomedical Applications

The properties of PVA-C summarized and reviewed thus far demonstrate many of
the desirable properties that make it the material of choice for a broad range of
biomedical applications. Using the freeze—thaw cycling procedure, PVA-C can be
prepared with both tunable mechanical properties and diffusion properties. With the
addition of biocompatible nanofillers such as bacterial cellulose and chitosan, the
range of these properties can be further broadened. The diffusion properties and
some applications of PVA-C for controlled release and delivery have already been
covered (see Sect. 3.2). The focus of this section will be on the use of PVA-C as a
material for medical devices.

5.1 Medical Devices

With tunable properties and the ability to create anisotropic orientation-dependent
mechanical properties, PVA-C and its composites are suitable candidate materials
for medical device application. In this section, we will focus on the use of PVA-C in
cardiovascular devices, including vascular grafts and heart valves, and in orthope-
dic devices, including cartilage and intervertebral discs.

5.1.1 Orthopedic Devices

Orthopedic devices are used for repair and/or replacement in the musculoskeletal
system, which is under varying amounts of compressive stress. In considering the
use of PVA-C in orthopedic applications, its compressive mechanical properties
(discussed in the section on mechanical properties, Sect. 3.1.1.) are the most
important parameters to be taken into account.

5.1.2 Intervertebral Discs

Intervertebral discs (IVD) maintain the space between vertebrae. This gap serves as
a passageway for spinal nerve bundles to pass through to various parts of the body
from the spinal cord. It also allows for motion in the spine, distributes and transfers
load to the vertebrae, and provides shock absorption [83]. As humans age, the [VDs
degenerate. As a result, some may lose their original thickness or mechanical
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integrity. Diseases of the IVD are among the causes of neck and back pain [84, 85]
that lead to work absenteeism [86], disability claims [87, 88], and a decrease in the
quality of life [89]. IVDs are cartilaginous, composed mainly of collagen and
proteoglycans, and have a high water content [84, 90, 91]. They also have low
cell numbers and little to no vascularity [84]. Therefore, IVDs have limited ability
to heal and regenerate to regain function. The main surgical treatment is to fuse
adjacent vertebrae together. However, this approach limits the movement of the
patient and effectively shifts the stress to the adjacent vertebrae, developing
problems down the road. In recent years, total disc replacement is gaining popu-
larity. The FDA had approved several IVD prosthetic devices. These are mainly
made from metal and are typically designed for supporting the bodily load and
movements, but with questionable shock-absorbing capabilities. PVA-C prosthesis
for IVD total replacement has potential because of its shock absorption capability
and biocompatibility.

Wang and Campbell measured the characteristics of PVA-Cs made with varying
PVA solution concentrations (3—40 %) and FTCs (1-06) in an attempt to match the
mechanical behavior of IVDs based on the Young’s modulus, stress relaxation, and
creep characteristics under simulated physiological conditions. The authors were
only able to match the stress-relaxation and creep characteristic of the IVDs [54].

Instead of total disc replacement, another approach is the replacement or rein-
forcement of the nucleus pulposus (NP) at the center of the disc with a material that
can re-inflate the disc to restore disc height and function. Materials tested include
stainless steel ball bearings, polymethylmethacrylate, and silicon, all without much
success. More recently, NP implants have been made from cycle-6 cryogels fabri-
cated from a mixture of PVA and polyvinyl pyrrolidone (PVP) with a ratio varying
from 1 to 5 % by weight. The implants have been tested and found to better match
the physical properties of the NP [92].

Future research efforts in IVD arthroplasty should focus on either partial or full
disc functional restoration. This may include NP implants and/or reinforcement or
total disc replacement. PVA-C, as a hydrogel, has many interesting properties, such
as its long-term biocompatibility and nontoxicity. It is also strongly hydrophilic and
viscoelastic with nonlinear stress—strain characteristics similar to the IVD. It has a
very low coefficient of friction and has good wear resistance [23]. However, its
strength is still too low to serve as a practical functional replacement of the annulus
fibrosus. PVA-BC may further increase the strength of the PVA-C to make it a
viable candidate material for IVD fabrication.

5.1.3 Cartilage

Damaged cartilage can occur from sports or accident-related injuries, as well being
a result of degenerative joint disease, which is very common. Total joint replace-
ment is one of the main approaches for treating cartilage degeneration. There is
need for a synthetic biomaterial that can mimic the natural cartilage tissue for this
purpose. Commonly, ultrahigh molecular weight polyethylene (UHMWPE) is used
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as the articular cartilage component, but is not a good match for the mechanical
properties. The shock absorption, lubrication, and deformation are inadequate and
cause high levels of wear [45]. PVA-C has been studied as a candidate for use as
artificial cartilage tissue due to its high water content, viscoelastic properties, and
porous structure, all contributing to the resemblance to natural articular cartilage
tissue. Furthermore, the natural articular cartilage has been described as possessing
biphasic lubrication qualities, which allow movement of fluid away from the
contact site over a period of loading. This lubrication, which is intrinsic to natural
join tissue, should be mimicked by artificial replacements [93]. According to Oka
et al., the requirements for a good artificial articular cartilage material include good
lubrication, sufficient shock-absorbing ability, good biocompatibility, firm attach-
ment to the bones underneath, and high resistance to wear [94].

It was been shown that under both tension and compression, PVA-C displays
nonlinear mechanical properties and viscoelastic behavior [95]. Additionally,
PVA-C has been observed to have better wear resistance and friction coefficient
than UHMWEPE [96, 97].

Oka et al. used PVA dissolved in a mixture of water and DMSO to prepare
PVA-C and study its properties as artificial articular cartilage. They found that the
PVA-C sample allowed a fluid-filled gap, very similar in thickness to the joint space
present in natural articular cartilage, to be maintained between the sample and the
counter-surface under loading. This is beneficial in maintaining proper fluid film
lubrication and weight bearing. In addition, PVA-C displayed a good damping
effect by having a lower peak stress value and maintained it for a longer period of
time under loading [94].

Articular joints are exposed to compressive forces that are applied very quickly,
as well as to very large shear forces. Stammen et al. [53] recognized PVA-C as a
viable option for total joint replacement but only if the load-bearing properties
could be matched with those of natural tissue. Studies of the compressive tangent
modulus and shear tangent modulus were undertaken for the PVA-C product, and a
limited strain-rate dependence under unconfined compression was displayed.

Kobayashi et al. were able to use PVA cryogels as an artificial meniscus in
animal models. The mechanical properties and viscoelastic characteristics as well
as biocompatibility of the material are beneficial for this application. PVA was
processed in a DMSO/water solvent, vacuum dried, and heated for annealing. It was
then left in water, cut and processed into meniscus form, and used as a prosthesis in
rabbits. The samples remained intact for up to 2 years and no fracture or degrada-
tion of its mechanical properties occurred. Biocompatibility was also found to be
satisfactory [98].

Swieszkowski et al. studied the use of PVA-C as cartilage replacement for the
shoulder joint. PVA-C was used as the articular layer of the glenoid component.
The mechanical effects of using this material in the glenoid component were
evaluated and a model of the cryogel as a hyperelastic material was developed to
allow design modifications to limit contact stress [96].

To overcome the issues of limited durability and poor adhesion to tissue, Pan
et al. incorporated nano-hydroxyapatite (nano-HA) into the PVA-C matrix
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[99]. Nano-HA has been used as a biomaterial for bone repair because it provides
bioactive properties and increases adhesion between the natural tissue and com-
posite biomaterial. The nano-HA improves osteoblast adhesion to the biomaterial
surface, providing a bioactive bonding interface. The composite material displayed
typical viscoelastic properties, with the elastic properties being contributed by the
crystalline regions of the PVA and the nano-HA particles, and the viscous charac-
teristics coming from the amorphous PV A regions and incorporated free water. The
addition of nano-HA changed the tensile properties of the material by increasing the
strength with an increase in HA weight percent, until 4.5 wt%, at which point the
strength begins to decrease with an increase in HA content. These trends were
accounted for by the increase in interfacial bonding strength between nano-HA
particles and polymer matrix, until a certain point at which agglomeration of nano-
HA particles reduces the composite strength. The tensile modulus was shown to
increase initially with an increase in nano-HA content and then decrease and
stabilize due to improved rigidity and decreased degree of crystallinity occurring
simultaneously as nano-HA content increased. The effect of elongation and freeze—
thaw cycle times on the tensile modulus was studied and it was found that the
tensile modulus increased linearly as elongation ratio increased and also increased
as FTC time increased. The relationship of tensile modulus and elongation is
similar in the composite material and in natural articular cartilage because good
deformation ability occurs under low stress conditions. The biomaterial can better
withstand high stress conditions due to its higher tensile modulus. These properties
are beneficial for a material that must withstand both low and high stress activities,
uniformly distribute stress across the tissue, and resist large compressive forces to
prevent tissue damage [99].

Another composite material, PVA-BC (described in Sect. 4.1), was studied by
Millon et al. as a potential material for cartilage tissue replacement. Bacterial
cellulose added to PVA to form a nanocomposite cryogel showed improved
strain-rate dependence and good viscoelastic properties for mimicking natural
cartilage tissue [45].

Research efforts so far indicate that PVA-C and its composites are promising
artificial cartilage replacement materials. Future research efforts should focus on
increasing the strength and stiffness of PVA-C. This could be achieved by better-
designed nanocomposites. Another challenge is the incorporation of strain-rate
dependence properties into the PVA-C material, which are essential for it to
withstand high rates of stress changes and function like natural cartilage tissue.

5.1.4 Cardiovascular Devices

Due to the necessity of maintaining blood flow in the cardiovascular system, a
positive pressure is always maintained within the system. As a result, tissues
making up the system are always under pulsatile tensile stress. In considering the
use of PVA-C in cardiovascular applications, its response to pulsatile tensile stress
must be taken into consideration. Mechanical property parameters of relevance
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Fig. 11 (a) PVA-C heart valve stent in natural state and deformed state. (b) Four-part injection
mold for the PVA-C heart valve stent. Reprinted from [7] with permission. Copyright © 2002
Wiley Periodicals

include Young’s modulus and stress relaxation properties. These parameters have
been discussed in the section on mechanical properties (Sect. 3.1).

The aortic heart valve, which controls the flow of oxygenated blood from the left
ventricle into the ascending aorta for distribution to the whole body, is prone to
failure. The most common types of artificial replacement are the mechanical and
the bioprosthetic heart valves, but they both have shortcomings. One of the early
attempts to use PVA-C to alleviate the mechanical problems that can lead to tissue
tearing, calcification, and eventual failure of the bioprosthetic heart valve addressed
the lack of expansibility of the mounting stent [7]. The PVA solution composition
and freeze—thaw cycling processing conditions for the preparation of PVA-C that
best mimics the mechanical properties of the porcine aortic root were determined. A
prototype heart valve stent was designed and produced using selected PVA-C
processing conditions. This study showed that PVA-C can be prepared with tensile
and relaxation properties that span a fairly broad range, thus opening the possibility
of their use in soft tissue replacement applications (see Fig. 11a, b).

A subsequent study explored the use of PVA-C to produce a one-piece trileaflet
heart valve. In this case, a separate heart valve stent is not necessary [100]. A
prototype valve was designed and produced using PVA-C (shown in Fig. 12). Using
a cyclic flow tester, opening and closing of the PVA-C heart valve prototype was
successfully demonstrated. A beneficial property of this design and the choice of
PVA-C as the valve material is that the heart valve can be compressed temporarily
into a small size so that it can be inserted into the chest cavity through a keyhole
incision, thus alleviating the need for open heart surgery [100].

Because natural tissues have anisotropic mechanical properties, in order to better
replicate the properties of soft tissue, specifically cardiovascular tissues such as
heart valve leaflet and vascular conduits, these anisotropic mechanical properties
should be incorporated into the design of PVA-C. PVA-C prepared by the standard
freeze—thaw cycling process is isotropic, with mechanical properties independent of
sample orientation. Millon et al. [59] produced anisotropic PVA-C by subjecting
the hydrogel to an initial controlled unidirectional strain after the PVA solution
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Fig. 12 PVA-C heart valve
prototype constructed using
the arc subtending two
straight lines geometry that
integrates into a single part
the three leaflets, stent, and
sewing ring. Reprinted from
[100] with permission.
Copyright (2004) Elsevier

underwent the first thermal cycle of the freeze—thaw cycling process [59]. This
changed the microstructure of the PVA-C, causing the crystallites to orient in the
direction of the stress. Details of the nanostructure of the anisotropic PVA-C have
been studied using SANS and USANS [11]. Differences for tensile properties
between the longitudinal and perpendicular directions increased as the initial strain
applied after the first cycle was increased. The porcine aorta has a higher strength in
the circumferential direction than in the axial direction by a factor of 1.75 at a strain
of 65 % [42]. These properties are closely matched by the anisotropic PVA-C
prepared using three FTCs at an initial strain of 75 %. Finally, stress relaxation tests
show that the anisotropic PVA relaxes as fast as porcine aortic tissue and to a lower
residual stress, making it a promising material for aortic tissue replacement appli-
cations, including heart valves and vascular grafts. Preparation of prototype vascu-
lar grafts using the anisotropic PVA-C has been demonstrated [10].

In the process of expanding the mechanical properties range of PVA-C by the
creation of the PVA-BC nanocomposite [42], an anisotropic PVA-BC
nanocomposite was also prepared using a procedure similar to that for the aniso-
tropic PVA-C [59]. This anisotropic PVA-BC nanocomposite proved to be a
material that possesses mechanical properties that closely match those of the
porcine aorta, thus making it an attractive material for replacement vascular graft
preparation and other cardiovascular applications. The material properties of the
anisotropic PVA-BC have been incorporated into the design of a one-piece trileaflet
heart valve using a nonlinear finite element modeling method [101].

5.2 PVA-C Tissue Hybrid

For medical device application of PVA-C, it is certainly important that its mechan-
ical properties closely match the tissue it is replacing and are compatible with the
tissue environment it is implanted into. However, for cardiovascular devices, which
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Fig. 13 Schematic of PVA hydrogels functionalized via fibronectin by two pathways: a simpler
route (path 1) works well for PVA-C (1 + 2 — 3 — 5). For chemically crosslinked PVA
hydrogels, the route necessary (path 2) requires an additional step involving the reagent carbonyl
diimidazole (CDI) (1 +2 — 3 — 4 — 5). Reprinted from [110] with permission. Copyright
(2011) Elsevier

have direct blood contact, PVA-C would also have to be hemocompatible. Unfor-
tunately, as with most synthetic materials, PVA is not hemocompatible [102]. One
way to overcome this is to create a hemocompatible surface for PVA-C. In vascular
tissue, hemocompatability is provided by a monolayer of vascular endothelial cell
on the tissue surface. PVA, being a very hydrophilic polymer, is not conducive to
cell adhesion [103]. Many approaches have been tried to promote cell adhesion to
the PVA surface with varying degrees of success [79, 104—109]. We have recently
reported two approaches that successfully functionalized the PVA-C surface for
cell adhesion, including the vascular endothelial cells that are required for
hemocompatibility. The resulting material consists of mechanically tuned PVA-C
and a living interface of vascular endothelial cells. It can be regarded as belonging
to a novel class of “biomaterial-tissue” hybrid materials and, in the present
combination of materials, we called it a “PVA-C tissue hybrid”.

In one study [110, 111], the cell adhesion peptide RGD was chemically attached
to the PVA-C surface using a more simplified functionalization reaction route than
that reported for glutaraldehyde-crosslinked PVA (Fig. 13) and endothelization was
demonstrated on the functionalized surface (Fig. 14). It is interesting that the
chemical reactions required for RGD bonding are simpler than those used for
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Fig. 14 Confocal micrographs of radial artery cells seeded onto samples of PVA-C control,
PVA-C soaked in fibronectin (FN), PVA-C-FN (FN-functionalized PVA-C) prepared without
CDI, and PVA-C-FN prepared with CDI. Cytoskeleton (red) was labeled with anti-smooth muscle
a-actin—Cy3-conjugated IgG2a primary. Cell nuclei (blue) were labeled with Hoechst 33342.
Scale bars: 50 pm. For further experimental details, refer to [110]. Reprinted from [110] with
permission. Copyright (2011) Elsevier

glutaraldehyde-crosslinked PVA hydrogel. The difference clearly shows the advan-
tage of PVA-C and is attributed to the availability of all the —OH groups for
functionalization in PVA-C. In the case of glutaraldehyde-crosslinked PVA, an
appreciable fraction of these —OH groups are used for crosslinking and are thus not
available for functionalization [110].

Another study aiming to impart cell adhesion properties to PVA-C made use of a
recently synthesized novel poly(amic acid) (PAA) polymer that has been shown to
be cell compatible to form a PAA-grafted/crosslinked-PVA hydrogel (PAA-g/c-
PVA). Functionalization of the PVA-C surface was accomplished by grafting of the
PAA onto it to provide sites for cell attachment (Fig. 15). Successful
endothelization with vascular endothelial cells was demonstrated (Fig. 16) [111].

Both of these approaches are important steps towards the creation of PVA-C
tissue hybrids for cardiovascular applications and specifically for heart valves and
vascular grafts.
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Fig. 15 PAA-g/c-PVA cryogel synthesis. The reaction requires the use of equimolar amounts of
PAA, PVA, and 4-dimethyl aminopyridine (DMAP) and an excess of 1,3-dicyclohexyl
carbodiimide (DCC). Reprinted from [111] with permission. Copyright © 2011 Wiley Periodicals

6 Future Perspectives

PVA is a well-known biocompatible material that can be chemically crosslinked
into a hydrogel with many demonstrated biomedical applications. When it is
physically crosslinked into PVA-C using the freeze—thaw cycling process, the
resulting hydrogel (cryogel) possesses additional characteristics such as nontoxicity
and tunable mechanical properties. The anisotropic PVA-C has mechanical prop-
erties that closely match those of the natural soft tissue, including orientation. These
additional characteristics make it an especially attractive candidate material for
medical device applications.

For orthopedic devices such as the IVD, the key is to be able to increase the
stiffness and strength of the PVA-C. This could be accomplished via PVA-C
nanocomposites. In both IVD and cartilage applications, a strain-rate dependent
mechanical response is essential. This again may be possible by formulating
PVA-C composites with a specially designed filler that can mimic the properties
of elastin and protoglycans in the tissue.
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Fig. 16 (a) Confocal images of endothelial cells at 4, 24 and 48 h on PVA-C hydrogel, on an
uncoated (control) coverslip, and on PAA-g/c-PVA. (b) Confocal images of endothelial cells at
48 h on glass coverslips and on PAA-g/c-PVA, focusing on the boxed areas in (a). Cell nuclei
(blue) are labeled with Hoechst 33342. Cytoplasmic protein is stained green with the anti-von
Willebrand factor. For further experimental details, refer to [111]. Reprinted from [111] with
permission. Copyright © 2011 Wiley Periodicals

In cardiovascular devices, it is essential to impart hemocompatibility to PVA-C.
The concept of a biomaterial-tissue hybrid in the form of endothelized PVA-C has
been demonstrated. Much work still needs to be done to firmly established this
approach and translate the results into the geometry of a vascular conduit.
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Moving ahead, there are certainly challenges facing the use of PVA-C in
biomedical applications, but the future looks promising.
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