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Abstract Physical parameters (such as crosslinking
density, crystallinity and mechanical properties) have been
found to largely affect cellular behavior on polymer scaf-
folds. This study demonstrated that transparent pure Poly
(vinyl alcohol) hydrogels prepared via a freeze—thaw
method can be made to support cell adhesion by controlling
physical parameters such as concentration and the number
of freeze—thaw cycles. For a given number of freeze—thaw
cycles, (specifically 45), polymer concentration dependent
structural and mechanical properties (such as tensile
strength and stiffness) were correlated with cell adhesion.
The maximum cell attachment occurred on the hydrogels
with the greatest mechanical properties, crystallinity and
crosslinking density. The hydrogel surfaces were more
favorable to human dermal fibroblasts than human lens
epithelial cells and retained their transparency as well as
dimensional stability with only a small degree of swelling.
Fibroblast laden hydrogels showed extensive alkaline
phosphatase activity which confirmed their healthy prolif-
eration and function. In this manner, this study suggests
that transparent Poly (vinyl alcohol) hydrogels prepared by
the freeze thaw method described here should be further
studied for numerous tissue engineering applications.
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1 Introduction

Hydrogels are increasingly becoming important materials
amongst tissue engineers and material scientists for numer-
ous biomedical applications [1-4]. The choice of polymer is
crucial in this regard as it should possess a high degree of
tailorability for the specific application of interest. Poly
(vinyl alcohol) (PVA) is an excellent choice for tissue
engineering applications as it can produce non-toxic and
mechanically strong hydrogels by hydrogen bond induced
crosslinking [5, 6]. PVA is a unique material as even in its
atactic form and lack of stereo regularity, it is semi crystal-
line in nature. In aqueous solutions, entangled aggregates of
hydrogen bonded PV A molecules are formed. Upon freezing
the solutions, ice forms in the amorphous region and polymer
crystallites grow until they meet the facets of other crystal-
lites which assist in the formation of a porous network upon
thawing. This is why these hydrogels possess better strength
and stiffness than their chemically crosslinked counterparts
as the mechanical load is distributed along the crystallites in
the network [7-10]. PVA hydrogels prepared using freeze/
thaw cycles are an obvious choice in this regard, as they
exhibit a high degree of toughness, a rubbery elastic nature,
are non-toxic, and can be readily accepted in the body [11,
12]. All this makes PVA preferable over other synthetic
polymers from a biomimetic perspective, to be applied as
matrices for tissue engineering applications and as a vehicle
for the controlled release of drugs [13—-16].

For tissue engineering applications, it is a general
requirement that cells adhere to the surface of scaffolds and
proliferate to eventually form a specific extracellular
matrix (ECM). The suitability of PVA as a tissue engi-
neering scaffold has been a debatable topic as many groups
claim that the hydrophilic nature of PVA makes its surface
subpar for cell attachment [17-19]. In the past, this
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problem has been tackled either by surface functionaliza-
tion using ECM proteins (such as collagen, fibronectin,
vitronectin, laminin, etc.) or synthetic ECM mimetic trip-
eptides (Arg-Gly-Asp/RGD). Other strategies include the
incorporation of chitosan, blending with starch, gelatin,
etc., interpenetration of acrylate polymers (specifically,
polyhydroxyethylacrylate) into PVA, the creation of pho-
tolithographic patterns, etc. [20, 21]. All of these methods
increase the complexity of the system and involve the use
of chemicals to achieve suitable mechanical strength which
ultimately produces toxic residues.

Thus, it is essential to design a scaffold with suitable
properties without using toxic chemicals. Also, the process
should be economically suitable in order to be commer-
cially viable in the future. We have attempted to address
this issue here by simply modifying the mechanical prop-
erties and wettability of PVA hydrogels maintaining their
mechanical properties and transparency.

In the past, our group has already established the fabri-
cation of freeze—thawed transparent PVA hydrogels syn-
thesized without the aid of any crosslinkers and with a broad
range of mechanical properties [22, 23]. It has also been
observed by our research group that crystallinity and
mechanical behavior of the transparent PVA hydrogels
exhibit a systematic variation in properties as a function of
both concentration as well as number of freeze—thaw cycles
used. Further investigating the utility of these hydrogels as
tissue engineering scaffolds, hydrogels with different poly-
mer concentrations were fabricated here after 45 cycles of
freeze-thawing and were tested in vitro with human dermal
fibroblasts and human lens epithelial cells. The rationale
behind using 45 cycles was the hypothesis that this would
lead to the highest values in mechanical properties and
crosslinking in the hydrogels as compared to those harvested
after the initial 15 and 30 cycles. Due to their prolonged
stability in aqueous medium and lowest swelling ratio, they
were particularly chosen for cell culture experiments and so
only those hydrogels are discussed here. The cellular adhe-
sion and protein secretion results obtained during these
experiments disproved previous reports which declared that
the pure form of PVA is intrinsically non-adhesive to cells
[17-19]. Thus, the present study demonstrates how one can
tailor the composition, mechanical properties and surface
energy of PVA to influence cell attachment.

2 Materials and methods
2.1 Hydrogel synthesis
For the preparation of hydrogels, PVA was purchased from

Acros Organics, USA with a 95,000 da molecular weight
and a 95% degree of hydrolysis. Sodium chloride,
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potassium chloride, di sodium hydrogen phosphate and di
hydrogen potassium phosphate (for preparation of phos-
phate buffer saline, PBS) were purchased from Sigma,
USA. Malachite green phosphatase assay kits were pur-
chased from Upstate Cell Signaling Solutions, USA.

PVA solutions (compositions: 10, 12, 14 and 16% wt/v)
were prepared by dissolving appropriate amounts of PVA in
distilled water with heating (at around 80°C) and constant
stirring. After synthesis, PVA solutions were kept at room
temperature so as to remove air bubbles. The solutions were
poured into molds and subjected to repeated freeze-thawing
cycles at temperatures of 0 = 2°C (freezing) and 37 £ 2°C
(thawing). After 15 cycles, a transparent hydrogel as shown
in Fig. 1 was obtained. Freeze—thawing continued and
specimens were cut from the bulk hydrogel sheet after 45
cycles and were used for characterization.

2.2 Structural characterization
2.2.1 X-ray diffraction

Wide angle X ray diffraction (XRD) profiles of PVA powder
and uniform hydrogel films were collected at room tempera-
ture with a X-ray diffractometer (D8 Discover, Bruker) using
CuKo radiation at 26 degree ranges of 10°-80°. The degree of
crystallinity was computed manually by calculating the area
under peaks from all XRD patterns of the hydrogels and was
plotted as a function of PVA concentration.

2.2.2 Mechanical testing

The tensile tests of the hydrogels were carried out on a table
top mechanical testing machine (Instron Electropuls E1000
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Fig. 1 A transparent PVA hydrogel synthesized by freeze—thawing
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K6301, UK) equipped with a dynamic capacity of 1000 N.
Rectangular gel strips of approximately 16 mm length and
3.5 mm width were cut from the PVA hydrogel sheets with
a thickness ranging between 0.19 and 0.22 mm. The ramp
rate was maintained at 10 mm/min for all the hydrogel
samples. During tests, the specimens were stretched to
failure. From the original load-position data, the ultimate
tensile strength and the Young’s modulus were calculated.
The values presented were averaged over 3 experiments and
plotted as a function of PVA concentration.

2.2.3 Swelling tests

2.2.3.1 Swelling ratio and crosslinking density Equilib-
rium swelling experiments of all the hydrogels were carried out
by immersing the hydrogels in distilled water at 37°C. The
swollen samples were periodically taken out from water,
excess water dried on a tissue paper, and weighed until no
increase in weight was observed. The experiments were carried
out three times for each sample, and the average values were
computed manually using the following equations to obtain the
swelling ratio and the crosslinking density, respectively:
Swelling ratio,

0 = W;/W; * 100

where, W; is the initial weight of the hydrogel and Wy the
final weight of the hydrogel.

Crosslinking density of the hydrogel was computed fol-
lowing the Flory Rehner equation which gave the value of M,
(average molecular weight between crosslinks). 1/M, is taken
as the crosslinking density. The equation is given below:

Me = Vy+ 2(Vy)? +In(1 = V) /Veds [(vp)l/3 - p/2}

where, y is the polymer solvent interaction parameter
(= 0.49), V, the volume fraction of polymer in the swollen
mass (calculated as V, = 1/14+Q), V; the molar volume of
solvent, and d, = density of polymer (1.2 g cm™>).

2.2.3.2 Optical contact angle and surface energy Optical
contact angle measurements were carried out on an optical
contact angle meter (Data Physics, OCAH 230, Germany).
The surface energy and contact angles were recorded
directly from the instrument software and plotted as a
function of polymer concentration.

2.3 Cell culture experiments

2.3.1 Human dermal fibroblasts/human lens epithelial
cells and optical microscopy

The human dermal fibroblasts and human lens epithelial
cells were purchased from the American Type Culture

Collection (ATCC PCS-201-011 and ATCC CRL-11421
respectively, USA). The former were cultured in Dul-
becco’s modified eagle medium (DMEM, high glucose)
supplemented with 10% fetal bovine serum (FBS) and a
1% Penicillin—Streptomycin (PS) solution. The DMEM
was prepared by dissolving appropriate amounts of DMEM
powder (Gibco) and Sodium bicarbonate, NaHCO;5 (Gibco)
and filtered using membrane filters into pre-sterilized
glassware. Cells lines were maintained at 37°C/5% CO,
and the media was changed every 24 h. Fibroblasts divided
rapidly with a doubling time of less than 48 h and attached
on the culture flask within 4 h. For the human lens epi-
thelial cells, the DMEM used was supplemented with 20%
FBS and 1% PS. For these cells, the population doubling
time was almost 7 days. Cell adhesion and multiplication
were monitored at different cultivation times (4 h, 24 h and
3 days) by light microscopy using an inverted microscope.

2.3.2 Adhesion experiment and DAPI staining

The cells were harvested with a Trypsin-EDTA solution
(with washing by Phosphate buffer saline to remove non
adherent cells) and counted using a hemocytometer. The
seeding density was 3500 cells/cm?. Prior to the experiment,
the hydrogels were kept in a 6 well culture plate and the
surface was sterilized by spraying ethanol and exposure to
UV light overnight (for 12 h). The wells with controls and
hydrogels were filled with approximately 5 ml of DMEM.
This was completed for 2 h before cell seeding so as to swell
the hydrogels upto equilibrium. The glass coverslips were
used as controls. The culture plates were kept in an incubator
post cell seeding. After 4 h, the cells attached on PVA
hydrogels were stained using the dye 4,6-diamidino-2-phe-
nylindole or DAPI [24, 25]. For the staining protocol, first the
cells were fixed using 10% formalin followed by a sub-
sequent washing with PBS before adding 10 pl of DAPI
(diluted with PBS at 1:30). After 20 min, the hydrogels were
again washed with PBS (3 times). Finally, the samples were
imaged using fluorescence microscopy (10x). For presen-
tation, the attached cell nuclei were pseudo-colored in blue
using Image Pro analyzer software. The cells were simply
counted from the micrographs and an average cell count
(from 5 pictures per sample) per substrate for each time point
was plotted as a function of PVA concentration.

2.3.3 Alkaline phosphatase activity tests (malachite green
phosphate assay)

Alkaline phosphatase (ALP) is an important enzyme syn-
thesized by fibroblasts. To test this, the scaffolds were
seeded with 1,000,000 cells/cm? and kept in an incubator
for 7 days (medium changed every 24 h) following the
procedure described above. After 7 days, the medium was
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removed and cells were washed with Tris Buffer Saline
(twice). After this, cell lysis was performed using repeated
freeze—thaw cycles. The freeze—thaw cycles were con-
ducted in a —80°C freezer for freezing and a 37°C incubator
for thawing with 5 min of shaking (before placing the
samples in the incubator) on a rotary shaker. After 5 cycles,
the lysates were collected in separate tubes. For measuring
the ALP activity, a specialized kit was used. Enzyme
reactions were performed in a final volume of 25-50 pl
(using the same volume as that used for the standard curve).

The assays were carried out in a 96 well microtiter plate.
In brief, 5 pl BSA solution, an aliquot containing 0.1—
0.5 pg of enzyme and 80 pl of pNPP Tyrosin assay buffer
were mixed in a well. The blank was prepared the same
way as the sample minus the enzyme. Pre-incubation was
done for 15 min at 37°C to speed up the reaction. 120 pl of
pNPP substrate solution was added to start the phosphatase
reaction and was again incubated for 15 min at 37°C. The
reaction was then stopped by adding 20 pl of stopping
solution. The assay was read against the blank at 405-—
410 nm in a plate reader. The following equation was used
to determine phosphatase activity:

(Sample volume in liters) X A4os

reflections at 20 = 19.88° and 20.18° (d = 4.46 and
4.39, respectively) are characteristic of PVA [26]. The
diffused peaks at higher angles confirm the semi-crys-
talline nature of the polymer. Figures 2b shows the XRD
patterns of the hydrogel specimens after 45 cycles of
freeze-thawing at PVA concentrations ranging from 10 to
16%. It can be visualized from the figure that the peaks
are around 20 = 19.8°, i.e., the (101) diffraction of the
PVA crystals are showing a clear difference in their
intensities due to the changes in their degree of crystal-
linity. The (101) diffraction is due to the intermolecular
interference between PVA chains in the direction of the
intermolecular hydrogen bonding [27].

Figure 2c shows the variation of degree of crystallinity
of the hydrogels as a function of PVA concentration. As
the number of regularly arranged polymer chains is
increasing with increasing polymer concentration in a
given volume, the total volume fraction of crystalline
regions also increases. This is accounted for in the
increasing trend of the degree of crystallinity observed
here.

(&) x (Pathlength of light in cm™) x (Assay time in minutes) x (units or ug of enzyme)

where (¢) is the extinction coefficient for pNPP at
Ayps = 1.78 % 10°M~ ! em™!, Ayos is the phosphatase
activity, and one unit of activity is equivalent to 1 mmol
pNPP hydrolyzed per minute.

2.3.4 Statistical analysis

Experiments were conducted in triplicate and were aver-
aged at which point a student z-test (paired) was performed
to determined differences between means. Probability
(P) values <0.5, 0.05 and 0.005 were considered to indicate
statistical differences. Error bars in the results of cell
adhesion and ALP activity were expressed as mean =+
standard deviation (n = 3). Values were plotted as a
function of hydrogel composition.

3 Results
3.1 Structural characterization

Figure 2a shows the powder X-ray diffraction (XRD)
pattern of the parent material. The strong crystalline
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3.1.1 Mechanical tests

The non-linear stress—strain curves for the as prepared PVA
hydrogels obtained after 45 cycles of freeze—thawing were
plotted from the data generated from the load-position
diagram obtained by the instrument (Fig. 3a). Ultimate
tensile strength could directly be recorded from the stress—
strain curves; however, an estimate of the elastic modulus
was made by drawing tangent lines within the elastic
region of the curve. The variation in the Ultimate Tensile
Strength (MPa) of the hydrogels as a function of PVA
concentration is shown in Fig. 3b. The increasing trend
confirms the fact that the degree of crystallinity and the
mechanical strength of the hydrogels go hand in hand, i.e.,
the higher the crystallinity, the higher the ultimate strength
of the polymeric network owing to the increased number of
polymer crystallites and vice versa [10, 28, 29]. The point
to be noted here is the significant contribution of the
hydrogen bonded PVA crystallites in the network over
which the mechanical load is distributed. This is the reason
why physically crosslinked hydrogels exhibit much more
strength and stability than the hydrogels prepared by other
means [30, 31]. The highest value of the ultimate tensile
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Fig. 2 a X ray diffraction
pattern of pure PVA. b X ray
diffraction pattern of the
hydrogel samples showing an
increase in the intensity of the
peak corresponding to
PVA(101). ¢ Degree of
crystallinity as calculated from
the XRD curves of the hydrogel
samples as a function of PVA
concentration

Fig. 3 a Stress—strain curves of
the hydrogel samples as a
function of PVA concentration.
b Ultimate tensile strength
(MPa) of PVA hydrogels as
computed from the stress—strain
curves. ¢ Youngs modulus
(MPa) of PVA hydrogels as
computed by the stress strain
curves

strength of 33.52 MPa was observed in the 16% PVA
hydrogel which also had the highest degree of crystallinity.
It is worth mentioning here that to date such a high strength
could only be achieved either by the addition of a
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crosslinking agent (either DMSO or HMDI) and at freezing
temperatures —20°C or less [32]. Attainment of such a high
strength coupled with transparency without invoking any
chemical crosslinker at such low freezing temperatures
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definitely provides an advantage of the presently fabricated
material over other chemically crosslinked PVA scaffolds
using such toxic entities.

Figure 3c presents the variation of the Young’s modulus
of the hydrogels as a function of PVA concentration. The
highest value of modulus is around 90 MPa corresponding
to the 16% PV A hydrogel. Hydrogel stiffness results from
the available OH groups of PVA that participate in the
hydrogen bonding. The intra-as well as inter-molecular
hydrogen bonding between the pendant OH groups of PVA
and water governs the crystallinity as well as the elasticity
of the bulk PVA material and, thus, increases with
increasing hydrogen bond interactions [33-35].

As per the present results, the stiffness range favorable
for cells was found to be between 68 and 90 MPa for the
transparent freeze—thawed PVA hydrogels. Material stiff-
ness, as a property dependent upon polymer concentration,
is a significant structural parameter that can be easily uti-
lized and modified to achieve control over cell attachment
[36, 37].

3.1.2 Swelling tests

The curve in Fig. 4a indicates a variation in the swelling
ratio of the hydrogels as a function of PVA concentration
and shows that the ratio of swelling decreases as the con-
centration increases. Swelling is directly dependent on the
porosity of the hydrogel networks. The key factors which
control pore volume fraction, pore sizes and their inter-
connection are the composition of the network polymer
chains and the crosslinking density. The increasing con-
centration of the polymer in a given volume happens to
lead to an increase in the number of ordered polymer
chains thereby decreasing the porosity in the network,
which is most likely the reason for the decreased water
holding capacity of the hydrogels [22].

As presented in the curves in Fig. 4b, the calculated
crosslinking densities have been shown to increase as the
PVA concentration increased. A higher degree of cross-
linking results in smaller water uptake [38]. Therefore, this
supports the crystallinity and tensile strength data given

Fig. 4 a Swelling ratios of the
PVA hydrogels as a function of
PVA concentration.

b Crosslinking density variation
of PVA hydrogels as computed
from the Flory-Rehner equation

PVA (%)
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above. Also, it was observed during the course of experi-
ments that the presence of water (as well as culture medium
during the in vitro tests) did not affect the transparency of
the hydrogels. Swelling is an important property of the
hydrogels and on the basis of our results, it is believed that
it can be controlled to a certain extent by optimizing the
polymer concentration and the number of freeze-thaw
cycles.

3.1.3 Wettability

The wettability measurements plotted as a function of PVA
concentration (Fig. 5a, b) demonstrate that contact angle
and free surface energy are variable with the composition
of the hydrogels. Specifically, the contact angle (or
hydrophilicity) and surface energy shows a parabolic trend
where up to 14% of hydrophilicity increased and dropped
for the 16% hydrogel, which was the most crystalline
hydrogel. Such a trend has been reported elsewhere
showing a parabolic dependence of contact angle on the
composition of the hydrogels [39]. A recent study claimed
that polymer wettability governs cell attachment more
significantly than elastic stiffness [40].

Researchers have also demonstrated maximal cell
adhesion to polymers on surfaces of moderate water wet-
tability than on surfaces of high or low water wettabilities.
The optimum wettability of a substrate for the culturing of
fibroblasts has been estimated to be in the range between
55 and 75°. For epithelial cells, respective values have been
reported to be in the range of 45-75° [41-43]. The wet-
tability of PVA hydrogels lie well within these ranges and,
thus, exhibit moderate hydrophilicity suitable for cell
attachment. Here, the 14% PVA hydrogel had the highest
contact angle, i.e., 65°, and the lowest surface energy value
of 45 J/m? whilst maximum cell attachment was observed
on the 16% PVA hydrogels which had a smaller contact
angle but higher stiffness. These results signify the fact that
it is a combination of suitable wettability and stiffness
(along with chemistry) that altogether affects cell attach-
ment on a hydrogel surfaces [44, 45]. The increased
number of —OH groups present on the surface increase the
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Fig. 5 Variation of a optical
contact angle (°) and b surface
energy (J/m?) of the hydrogel
samples as a function of PVA
concentration
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freedom of polymer chain rearrangement for minimizing
the total surface energy of the system and thus increasing
the contact angle [46].

3.1.4 Cell adhesion studies

The fluorescent microscope pictures of human dermal
fibroblasts and lens epithelial cells attached on the control
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Fig. 6 a Fluorescence microscope images of fibroblasts and lens
epithelial cells attached on controls; DAPI staining, 10x; increased
fibroblast attachment was observed than epithelial cells under the
same conditions (3500 cells/cmzseeded). b A curve showing the
fibroblast cells attached(%) on the PVA hydrogels after 4 h, 24 h and

50 1 - - i
: ] I I
0 4 : : .
10 12 14 16

PVA (%)

(glass coverslip) are shown in Fig. 6a. These are repre-
sentative of what is seen for all regions on the gels. Clearly
evident is the higher number of fibroblasts than epithelial
cells. Figure 6b shows the number (%) of adherent fibro-
blasts on hydrogels after 4 h, 24 h and 3 days. The time
points being compared are 4 h and 3 days. This image
clearly reveals the role that polymer concentration plays in
the adhesion of fibroblasts. Cells were readily attached to
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3 days. Error bars are mean + standard deviations (n = 3),
0 = P <0.005, *P < 0.5, *P < 0.05. ¢ A curve showing the phos-
phatase activity of PVA hydrogels (after 7 days) as a function of PVA
concentration, error bars are mean + standard deviation (n = 3),
*P < 0.05, **P < 0.1
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Fig. 7 Fluorescent microscope
images of human lens epithelial
cells attached on the PVA
hydrogels after 4 h

the hydrogels and their number increased with polymer
concentration which can be attributed to the different
topographies and wettabilities of all the compositions [47,
48]. It was evident here that the control had more fibro-
blasts attached than the hydrogels. The cells were found to
be more comfortable on such a flat surface and they
showed uniform spreading, while on the hydrogel surfaces,
their spreading was non-uniform, i.e., at some places
aggregates of cells were seen.

It has been established by certain groups that particu-
larly fibroblasts and epithelial cells prefer stiffer substrates
to attach [49, 50]. We found similar results here where the
number of adherent cells increased as a function of poly-
mer concentration following the degree of crystallinity,
crosslinking density and tensile strength. The significance
of the relationship between mechanical properties and
crosslinking density of the hydrogels towards cell attach-
ment thus needs explanation. Cells always experience
mutual tension in any given tissue in any ECM. Their
responses to these forces (or stresses) can vary from mor-
phological changes to changes in specific gene expression.

@ Springer

Because of this, the hydrogel scaffolds need to be designed
with tissue specific mechanical properties so that the fate of
cells entrapped on/within them can mimic that of the nat-
ural tissue [40]. Our study has established a systematic
structure-property correlation for cell attachment on
transparent PVA hydrogels with a range of tensile strength
and degree of crosslinking.

To check for the normal growth of cells in the polymer
matrix, fibroblasts entrapped within the hydrogel matrices
were studied for ALP [34, 51, 52]. Figure 6¢ clearly
demonstrates that the content of internal and membrane
bound ALP on fibroblasts cultured on all the PVA com-
positions increased with increasing PVA concentration. We
have typically used super confluent cells in order to mea-
sure appreciable amounts of ALP unlike the adhesion test
as prior experience indicates this seeding density and cell
culture time is appropriate for ALP assays. The increased
ALP activity seen with increasing PVA (%) could be due to
there being more cells present with increasing PVA (%) but
this cannot be concluded because the control which shows
the greatest number of cells shows the lowest ALP activity.
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However, one assumption could be made based on the fact
that the three-dimensional matrices may have a greater
number of cells infiltrated within them due to pores, which,
is not possible with the control substrate.

To evaluate the behavior of PVA towards other cell lines
than fibroblasts, human lens epithelial cells were also used
in the present study. Figure 7 shows the fluorescent
microscope images of the epithelial cells attached on the
PVA hydrogels. After 4 h, the number of these cells
attached was less as compared to fibroblasts. It is hereby
implied that PVA hydrogel surfaces were more favorable
towards fibroblasts than epithelial cells. However, like
fibroblasts, these cells also showed increased adhesion on
hydrogels with a higher concentration of PVA.

The above studies suggest the potential of these hydro-
gels to be used for two different applications which require
further study: skin as well as ophthalmic tissue regenera-
tion. From an ophthalmic point of view, these results are of
extreme importance as this seems to be the first report
where pure PVA could be transformed into a transparent,
strong and, most importantly, an epithelial cell adhesive
matrix. Practically, the only limitation in this regard seems
to be swelling of the gels which can be controlled by fur-
ther optimizing physical parameters of the hydrogels.

4 Conclusions

Transparent and mechanically tough PVA hydrogels were
obtained after 45 cycles of freeze-thawing in this study and
were tested in vitro for their adhesion with human dermal
fibroblasts and human lens epithelial cells. The large
number of both cell lines attaching onto the hydrogel sur-
face increased the possibility of using pure PVA (without
crosslinking agents) for tissue regeneration. The correlation
between cell attachment and optimum values of composi-
tion dependent structural properties could be understood as
both fibroblasts and epithelial cells prefer polymer sub-
strates with high stiffness and crosslinking density. We
have also shown that fibroblasts seeded on these hydrogels
produce positive and systematic results with ALP tests as
these functions need to be well addressed in future. Thus, it
can be postulated that pure PVA hydrogels prepared with
this method possess the desired features of tissue engi-
neering scaffolds, i.e., biocompatibility, cell attachment,
strength and elasticity with an additional advantage of
transparency.
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