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In this work, a new approach was introduced to prepare interpenetrating polymer network PVA/GE hydrogels by cross-linking
of various concentration gelatin in the presence of transglutaminase enzyme by using the freezing-thawing cycles technique. The
effects of freezing-thawing cycles on the properties of morphological characterization, gel fraction, swelling, mechanical, and MTT
assay were investigated. The IPN PVA/GE hydrogels showed excellent physical and mechanical Properties. MTT assay data and the
fibroblasts culture also showed excellent biocompatibility and good proliferation. This indicates that the IPN hydrogels are stable

enough for various biomedical applications.

1. Introduction

Polyvinyl alcohol (PVA) hydrogels are a gel polymer known
for the quality of biocompatibility that have been used in
many biomedical applications, for example, as implants [1],
artificial devices [2], contact lenses [3], drug delivery devices
[4], and also wound dressings [5-7]. The following methods
were used on a large scale: chemical cross-linking [8]; glutar-
aldehyde as the cross-linking agent [9]; cross-linking through
y radiation [10, 11], ultraviolet radiation [12], and by using
cycles of freezing-thawing of successive [13, 14]. The last one
is very convenient and biocompatible, while the molecular
bonds (hydrogen bonds), which form through the freezing-
thawing process of aqueous solutions of PVA, act as an
efficient crosslinks [15].

The extent of poly(vinyl alcohol) (PVA) hydrogels for
various biomedical applications has been realized because of
their excellent biocompatibility and chemical stability. The
freezing-thawing techniques used in the preparation of the
PVA hydrogels showed good mechanical strength and have
been examined for use as intervertebrate disk intended [16],
artificial meniscus [17], and a contact lens [18, 19]. How-
ever, manufactured polymers, due to the lack of bioactive

moieties, have no biological activity compared with natural
polymers. The concept of integrating artificial materials with
cell locations approved sites of naturally derived materials is
very attractive. To achieve this result, efforts were made to
incorporate cell adhesion of synthetic biomaterials [20].
Gelatin (GE) is a protein produced by partial denatu-
ralization of collagen extracted from the bones, connective
tissues, organs, and some intestines of animals such as domes-
ticated cattle, porcine, and horses. Gelatin presents biological
activities because of the natural origin, which makes it suit-
able for use of an ingredient of wound dressing, scaffolds for
tissue engineering, and drug delivery carriers. Gelatin hydro-
gels are common for the applications in medical areas [21].
Hydrogels are insoluble hydrophilic polymers having a high-
water content and tissue like mechanical properties that make
them highly attractive scaffolds for implantation in empty
tubular nerve prosthesis or for direct injection at the lesion
site to enhance cell attachment and growth. Gelatin hydro-
gels have often crossed-linked by chemical approach using
crosslinks, such as glutaraldehyde, to improve elasticity, con-
sistency, and stability. However, the chemical cross-linker
may lead to toxic effect on physiological environment, due
to the presence of residual crosslinks. Therefore, it is highly



demanded to develop biocompatible mild cross-linking
methods to prepare hydrogels [20].

Transglutaminases are widely distributed in various or-
ganisms, including vertebrates, invertebrates, plants, and mi-
croorganism, and are reportedly responsible for certain bio-
logical events such as epidermal keratinization, blood coagu-
lation, and regulation of erythrocyte membranes. A microbial
transglutaminase isolated from the culture medium of Strep-
toverticillium mobaraense has become commercially available
[22]. Unlike TGases from many sources, the mTG possesses
many features, including Ca** independence, a broader sub-
strate specificity for acyl donors, a smaller molecule size, and
a higher reaction rate, which makes them suitable for indus-
trial applications. Currently, this mTG has been successfully
applied in the food industry for improving the physical prop-
erties and texture of protein-related foods [23]. More recently,
the use of mT'G to modify gelatin has also been reported [24,
25]. The enzymatic cross-linking is a biocompatible approach
to enhance the mechanical properties of gelatin hydro-
gels. An interpenetrating polymer network (IPN) is a com-
posite of polymers, exhibiting varied characteristics, which
is obtained when one polymer network is synthesized or
cross-linked independently in the instantaneous presence on
the other [26]. The IPN is a combination of at least two
polymer chains each in network form, which is synthesized
and/or cross-linked in the immediate presence on the other
without any covalent bonds between them [27] or the two or
more networks can be envisioned to be entangled in such a
way that they are concatenated and cannot be pulled apart
but not bonded to each other by any chemical bond [28].
Many researchers have been focusing on the development of
polymer blends with IPN structure. Recently, hydrogels with
IPN structure have attracted much attention because of their
potential application in the biomedical area. Kurokawa et al.
invented double network hydrogels with superior toughness
[29].

In this paper, a new approach was introduced to prepare
interpenetrating polymer network PVA/GE hydrogels by a
combination of enzymatic and physical methods, used freez-
ing-thawing process, and in situ with synthesis of gelatin/
mTG in PVA solution. The influence on the contents and
dispersed condition of gelatin in PVA matrixes on the hydro-
gels mechanical strength was investigated in order to obtain
applicable hydrogels. The morphology and crystalline struc-
tures of interpenetrating polymer network PVA/GE were also
observed by some experimental analysis techniques, such as
scanning electronic microscope (SEM). Moreover, in order
to understand the initial behavior of fibroblasts cells, prolif-
eration was assessed in vitro using fibroblast like L 929 cell
culture.

2. Experimental

2.1. Materials. PVA with a degree of polymerization of 1750+
50 and hydrolysis degree values of greater than 99% was
purchased from Beijing Organic Chemical Plant, China. Gel-
atin (GE) (type A, 300 bloom from porcine) was obtained
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TaBLE 1: Composition of IPN PVA/GE hydrogels.

Hydrogels IPN-1 IPN-2 IPN-3 IPN-4
Gelatin %w/v 0 2 5 7
PVA %w/v 15 15 15 15

The concentration of mTG at a range of 5-20 U/mL.

(Sigma-Aldrich, St. Louis, MO, USA). The source of transglu-
taminase was the commercial product obtained from Yiming
Biological Products Co., Ltd. (Jiangsu, China). As determined
by a colorimetric hydroxamate method [30], the enzyme ac-
tivity of mTG was 102 (U/g) of powder. All other regents used
in the paper were of analytical grade.

2.2. Moisture Determination of Gelatin. In order to know the
accurate concentration of the gelatin solution prepared sub-
sequently, it is necessary to know the moisture content of the
gelatin. The moisture of gelatin was determined according to
Chinese standards GB/T 5009.3-2003 [31].

2.3. Preparation of Gelatin and mTG Blends. A concentrated
gelatin solution was prepared by adding 50 gm of gelatin to
100 mL of warm deionized water and mixing at 50°C until
the protein was dissolved. Aliquots from this concentrated
gelatin solution were then mixed with deionized water to pre-
pare solutions with differing gelatin concentrations (0%, 2%,
5%, and 7% w/v). The gelatin solutions were stored at 4°C. A
concentrated enzyme solution was prepared for each experi-
ment by mixing 0.5 gm of mTG per 5mL of deionized water
at room temperature. This enzyme solution was stored at 4°C
until it was ready for use.

2.4. Preparation of IPN PVA/Gelatin Hydrogels. IPN PVA/GE
hydrogels were prepared by cyclic freezing-thawing method.
For this purpose, aqueous solutions containing 15% by weight
PVA with different amounts of gelatin, (i.e., 0%, 2%, 5%, and
7%) by weight, were used. The (15% w/v) of PVA solution was
prepared at 95°C. A varying amount of solutions gelatin
and mTG was mixed slowly to the PVA solution at room
temperature to induce cross-linking. The mixture was cast
between glass slides with 3 mm thick spacers then incubated
at 45°C for 4h to achieve complete cross-linking. Then,
they were physically cross-linked by three freeze-thaw cycles,
which consisted of freezing at —20°C for 24 h and thawing at
room temperature 21°C for 24 h, respectively, to produce IPN
hydrogels. The IPN hydrogels films had a thickness of 3 mm.
Table 1 shows the composition of IPN PVA/GE hydrogels.

2.5. Morphological Characterization. For morphological
characterization, hydrogels after swelling (equilibrium) in
water were freeze-dried using a freeze drier (Christ, Germany,
Alpha 1-2) at —52°C for 12h. Transverse sections were cut
from freeze-dried film samples using a cold knife. Samples
were then examined by a scanning electron microscope (SEM
JSM-6360LYV, a voltage of 20 KV, China). The working face of
the samples was sprayed with gold in advance. The observed
morphologies for each SEM fractograph were analyzed using
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Sigma Scan Pro software. Quantitative analysis of the pore
size was obtained from structural indices measured from
scaffold samples. The density of the solid material (film)
was calculated according to the mass fractions (M, where
x refers to the constituent material) and densities of the
constituent materials (p,), by assuming that the total mass
and volume remain the same before and after reaction [32],
using (1)

(Mpya + Mgg + M) ] L)
[(Mpya/poya) + (Mge/pae) + (Mt / Purrc)]

ps =

2.6. Gel Fraction. The weight ratio of the dried hydrangeas
in rinsed and unrinsed conditions or gel fraction can be
assumed as an index of the degree of cross-linking. Therefore,
the gel fraction of samples can be calculated as follows (2):

Wy
Gel fraction (%) = <W) x 100, (2)

1

where W, and W, are the weights of the dried hydrogel
after and before rinsing and extraction. To perform gel
fraction measurement, preweighed slice of each sample was
dried under vacuum at room temperature until observing
no change in its mass. Nearly identical weight of another
slice of the same sample was immersed into excess of dis-
tilled water for 4 days to rinse away amorphous or soluble
part. Subsequently, the immersed sample was removed from
distilled water and dried at room temperature under vacuum

until the dried mass showed constant weight.

2.7. Equilibrium Degree of Swelling and Equilibrium Water
Content. For swelling experiments, the vacuum-dried films
were immersed in excess distilled water at room temperature
(~30°C) until reaching to an equilibrium state. Then, the
swelled samples were withdrawn from distilled water and
weighed after gentle surface wiping using absorbent paper.
The equilibrium degree of swelling (EDS) and equilibrium
water contents (EWC) were calculated, respectively, as fol-
lows [33]:
EDS (%) = [M] x 100,
Wa

W) 3)
EWC (%) = [(%] x 100,

where W, is the swollen weight of the sample of the equi-
librium state and W, is the final dry weight of the extracted
sample.

2.8. Mechanical Properties. The samples were cut into a slice
shape with a thickness of 3 mm and their mechanical prop-
erties, including tensile strength at break, were determined.
The mechanical properties were measured at a temperature
0f 17°C and humidity of 60%, at a crosshead speed of 50.000
(mm/min) using Instron tester—4466, type: 42/43/4400.
The elastic moduli of the IPN PVA/GE hydrogels were
determined by performing constant strain-rate compression
measurements on an Instron 4466 mechanical tester at room

temperature. The hydrogel sample, 15mm in diameter and
10 mm in height, was tested at a rate of 5.000 (pts/secs) and
humidity of 40%, at a crosshead speed 0f1.5000 mm/min. The
results are expressed as mean value + standard deviation with
the confidence level of 95%.

2.9. Cell Viability Assay. Cellular survivability evaluation
against cross-linked PVA, GE, and IPN PVA/GE blend has
been evaluated by MTT (3-[4,[5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) assay [34]. This standard test
method is based on exposing 1929 cells to the fluid extract
of the test materials and control materials. The extract
solution of the PVA, GE, or cross-linked IPN PVA/GE blend
was prepared according to the protocol as outlined in ISO
10993 [35]. In brief, to determine the cytotoxicity of oste-
oblast-like 1929 cells on the IPN hydrogels samples, samples
were incubated with DMEM media at 37°C for 72h in an
incubator. The extract solutions were diluted serially with the
media (0%, 12.5%, 25%, 50%, and 100%). For the control,
100% media were used to compare among the dilution, and
then, 200 mL of extracting and diluted solution was added
in a 96-well plate. The 96-well plate was previously (24 h
before adding the extract solutions) incubated and coated
with fibroblasts cells (1 x 10* cells/well). The plate was then
incubated in a CO, incubator at 37°C for 1 day, 3 days, and 5
days. In MTT, assay cell survivability is measured through the
production of purple colors by the reaction of dehydrogenase
enzymes of living cells and MTT. Metabolically active and
viable cells produce mitochondrial dehydrogenase enzymes
during incubation in media, which can be read out through
the change of color intensity by a spectrophotometer. The
optical density (OD) corresponds to the viable cell numbers.
Therefore, cell survival and proliferation at the different dilu-
tions and time points were quantified by adding 100 uL of the
MTT solution (20 ug/100 mL) to each of the wells. After 4h
of incubation, the OD values of the solution were measured
using an BIORAD reader (Model 680, Microplate reader) at
a wavelength of 595 nm.

2.10. Optical Microscope Study. In order to observe directly
whether the viable cell numbers increases after treating the
osteoblast like L929 cells with sample extracts after three
freezing-thawing cycles and day 5, an inverted light micro-
scope (Olympus, 1 x 71) attached with LCD monitor was
used. After 70-80% confluent growth in the subculture flask,
cells were trypsinized (0.25% Trypsin-EDTA), detached, and
counted. Approximately, 1 x 10° cells/mL media was pipette
into the wells of a Microtiter plate containing 24 wells. The
plate was then incubated in a CO, incubator (5% CO,, 37°C)
for 24 h. after seeding cells into the wells of Microtiter plates,
media were removed carefully and replaced with the extract
solution of the samples, and the Microtiter plate was kept back
into the CO, incubator either for 5 days. After finishing each
of the incubation periods, cell growth in the Microtiter plate
was observed using an inverted light microscope.

2.11. Statistical Analysis. All experiments were done in trip-
licate, and the results were expressed as mean + SD, and the
means were analyzed by one-way ANOVA ata P value of 0.05.



3. Results and Discussion

3.1. Moisture of Gelatin. 'The result of moisture in gelatin used
in the study is 11.51%. As the gelatin solutions were prepared,
the moisture content of the gelatin was taken into account.

3.2. Morphological Characterization. In applied freezing-
thawing process, the structure of the PVA and PVA/GE IPN
hydrogels was determined by SEM. The densities of the cross-
linked IPN hydrogels containing gelatin contents from 0 wt.%
to 7wt.% were investigated by density measurement, SEM.
Tables 2 and 3 show the densities of IPN PVA/gelatin-mTG
films (p,) calculated by (1). The density of the IPN PVA/
gelatin-mTG hydrogels was found to increase monotonously
with increasing the gelatin content, namely, from 1.45 Mg m
to 1.49 Mgm . Figure 1 shows the scanning electron micro-
graphs of transversal sections of the films after 1 (Figures
1(al), 1(a2), 1(a3), and 1(a4))) and 3 (Figures 1(bl), 1(b2),
1(b3), and 1(b4)) freezing-thawing cycles. These micrographs
show that increasing the concentration of gelatin blends and
number of freezing-thawing cycles results in higher network
arrangement, which leads to porous structure on the surface
of IPN hydrogels. The internal porosity of samples shows
significant correlation between number of freezing-thawing
cycles, the chemical structure of additive and the pore size,
and arrangement. Before adding the gelatin/mTG blends as
modifying agent to PVA blend, the PVA hydrogel produced
smooth structured films and exhibits a few irregular pores,
and the morphology is not significantly changed as com-
pared to the IPN PVA hydrogel Figures 1(al) and 1(b1). As
illustrated in Figures 1(b2), 1(b3), and 1(b4), IPN hydrogels
after 3 freezing-thawing cycles shows highly irregular porous
structure with the large pores size in the range of 50-100 ym.
Figures 1(al) and 1(bl) after 1 and 3 cycles showed a fewer and
smaller pore size in the range of 5-10 ym, as a consequence
of the preparation technique. In the freeze-thaw process, pore
size is in fact controlled by the size of the ice crystals, which
could be adjusted by varying the rate of freezing. In Figures
1(a2), 1(a3), and 1(a4), IPN hydrogels after 1 cycle showed
lower and smaller irregular porous size structure in the range
of 20-40 ym than those obtained with Figures 1(b2), 1(b3),
and 1(b4). More significant change in sample morphology is
observed after introducing the gelatin/mTG and increased
the cycles as cross-linking agent. Therefore, it might be an
optimum candidate for biomedical applications. In the films
produced with PVA/GE mixtures, the presence of cracks and
empty spaces increased with an increasing proportion of
gelatin in the mixture.

3.3. Gel Fraction. Enzymatic cross-linking of gelatin and
cyclic freezing-thawing of pure PVA leads to the formation
of insoluble and entangled polymeric network in the IPN
PVA/GE hydrogels. A typical dependency of the gel fractions
to the quantity of gelatin incorporated into hydrogels is given
in Tables 2 and 3 using (2). As seen, the gel fraction of sam-
ples is increased by increasing the number of freezing-thaw-
ing cycles and amounts of gelatin up to 7 (%) by weight after
(1and 3) cycles. For example, the gel fraction of IPN hydrogel
increases to 74 (%) by adding 7% weight of gelatin after three
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cycles compared with the other IPN hydrogels after one cycle.
On the other hand, Tables 2 and 3 exhibit a semilinear rela-
tionship between gel fraction, number of freezing-thawing
cycles, and gelatin weight fraction in mixture hydrogels. The
increase of the gel fraction may be attributed to the enzy-
matic cross-linked gelatin and the additional interactions
between PVA and gelatin; besides, the bonds existed between
PVA long neighboring chains induced crystallization, which
caused an increase in gel fraction.

3.4. Degrees of Swelling and Water Content. In this work,
the equilibrium degree of swelling (EDS) and equilibrium
water content (EWC), as important swelling characteristics
of hydrogels, were calculated using (3). These characteristics
indicated the ability of absorption of fluids and exudates.
Tables 2 and 3 demonstrate EDS and EWC of IPN PVA/GE
hydrogels as a function of the amount of gelatin and the
number of freezing-thawing cycles. Both parameters showed
nearly similar decreasing trends by increasing the quantity
of the gelatin content and the number of freezing-thawing
cycles. The samples treated for three freeze-thaw cycles
showed a much more swollen structure than others treated
with one freeze-thaw cycle. The highly swollen hydrogel rep-
resents a high tight structure and a higher degree of cross-
linking when compared with the hydrogels with lower swell-
ing ratio. The comparison of the EDS and EWC data for the
gel fraction values indicates that there is a logic relationship
between these swelling characteristics and gel fraction, that
is, more gel fractions lead to less EDS or EWC. Although the
swelling characteristics of IPN PVA/GE hydrogels decrease
due to presence of gelatin in comparison with pure PVA
hydrogel, it seems that there have been high enough swelling
capacity to be used as a suitable dressing even for healing
exudative wounds.

3.5. Mechanical Properties. As mentioned before, the main
interest in the production of IPN PVA/gelatin hydrogels is to
achieve the materials with better mechanical properties. The
investigated mechanical properties, that is, tensile strength,
as well as strain at break were found to depend on the
amount of gelatin and number of freezing-thawing cycles. As
expected, cross-linking led to an improvement in the tensile
strength. Based on these analyses, the composition of IPN
hydrogels and three freezing-thawing cycles was considered
the optimum conditions for the preparation of IPN hydrogels.
The irregular arrangement within PVA hydrogel modified
with gelatin/mTG after 3 freezing-thawing process (Table 3)
has strong influence on mechanical properties. Independent
of the enzymatic modification, the values for tensile strength
of the films produced from IPN PVA/GE mixtures was sig-
nificantly different varied as a function of the gelatin con-
centrations and number of freezing-thawing cycles in the
mixture Tables 2 and 3. Table 3 shows that the highest values
of compressive stress and tensile strength increases with
increasing the concentration of gelatin and number of freez-
ing-thawing cycles. It is observed that the tensile strength
for pure PVA is (0.41 + 0.07 MPa) and the elastic modulus
is (0.45 + 0.60 MPa). By addition of 2% w/v gelatin into
PVA blend, the tensile strength increases to (0.66+0.12 MPa)
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TaBLE 2: The properties of IPN PVA/GE hydrogels after one freezing-thawing cycle.

Samples IPN-1 IPN-2 IPN-3 IPN-4
Gel fraction (%) 25 +1.20 36 +1.35 49 +1.50 58 + 1.65
EDS (%) 135 + 4.50 132 + 3.75 130 + 3.45 130 + 3.50
EWC (%) 45+ 2.00 44.5+2.25 42.5 +2.50 42 +2.75
Stress (MPa) 0.11+0.14 0.15+0.18 0.25+0.24 0.28 £0.22
Strain (%) 18.23 + 4.60 25.67 + 7.80 34.56 +£12.90 4778 +14.65
Elastic modulus (MPa) 0.35+0.45 0.41 + 0.49 0.56 + 0.62 0.65 + 0.64
Tensile strength (MPa) 0.30 +0.05 0.42 +0.09 0.52 +0.15 0.58 £ 0.19
Solid density (p,) (Mgm™) 113 1.20 1.29 1.34

TABLE 3: The properties of IPN PVA/GE hydrogels after three freezing-thawing cycles.

Samples IPN-1 IPN-2 IPN-3 IPN-4
Gel fraction (%) 44 +1.30 58 +1.60 67 +1.70 74 +£1.90
EDS (%) 165 + 3.50 158 + 3.10 149 + 2.80 142 + 2.40
EWC (%) 62 +1.98 61 +1.92 60 +1.87 59 +1.82
Stress (MPa) 0.25+0.12 0.43 +£0.20 0.64 + 0.34 0.67 +£0.38
Strain (%) 25.50 + 6.40 31.85 +10.50 48.64 +£14.00 68.70 +£17.50
Elastic modulus (MPa) 0.45 + 0.60 0.45 + 0.60 0.87 £1.75 0.98 +2.45
Tensile strength (MPa) 0.41+0.07 0.66 + 0.12 0.74 + 0.16 0.75 + 0.18
Solid density (p,) (Mgm>) 1.27 1.45 1.47 1.49

x500 50 um x500 50 um

(b3) (b4)

FIGURE 1: SEM micrographs of the surface sections of PVA hydrogel and PVA with additives: ((al), (bl)) IPN-1 with 15% w/v PVA; ((a2), (b2))
IPN-2 with 2% w/v gelatin; ((a3), (b3)) IPN-3 with 5% w/v gelatin; ((a4), (b4)) IPN-4 with 7% w/v gelatin; after 1 and 3 of freezing-thawing
cycles, respectively. Scale bar (al)-(a4): 100 (um); (b1)-(b4): 50 (um).



with an elastic modulus of (0.80 + 1.50 MPa). The IPN hy-
drogels containing 7% w/v gelatin display the highest tensile
strength compared to the other samples. Table 2 shows a
tensile strength of (0.75 + 0.18 MPa) and the elastic modulus
is (0.98 + 2.45 MPa). The increment of elastic modulus and
tensile strength is attributed to an increase in rigidity, because
the IPN hydrogels a hard inorganic component. The extraor-
dinary asset value of strength at break for IPN hydrogels
is undoubtedly due to the presence of gelatin, which shows
higher gel fraction and more entangled structure in com-
parison with pure gel. To examine the correlation between
mechanical property changes and IPN hydrogels, constant
strain-rate compression tests were performed on the IPN
hydrogel in order to determine their elastic moduli. Rep-
resentative stress-strain curves of the IPN hydrogels are
presented in Tables 2 and 3. These results displayed the ability
of gelatin concentration and number of cycles to individually
affect the compressive modulus of hydrogels. Based on the
mechanical property results for our biocomposite IPN hydro-
gels which are able to attain high tensile strength, it is con-
cluded that there is an opportunity for applications as poten-
tial candidate for scaffolds tissue engineering.

3.6. Cytotoxicity of Photocrosslinked IPN PVA/GE Hydrogels.
The MTT assay, which is a rapid, standardized, sensitive, and
inexpensive method to determine cell viability and prolifer-
ation or whether a material contains significant quantities of
biologically harmful extracts, is the first step used to screen
the biocompatibility of a biomaterials. The effect of PVA, GE,
uncross PVA/GE, and cross-linked PVA/GE IPN hydrogels
on viability (cytotoxicity) and proliferation of 1929 cells was
examined using the MTT assay, which is a colorimetric assay
that measures the metabolic activity of viable cells. The cyto-
toxicities of L929 cells on the PVA, GE, uncross PVA/GE,
and cross-linked PVA/GE are shown in Figure 2. Based on
cytotoxicity results, a fairly acceptable viability of the cells was
observed on PVA (>88% at 100% extract solution), uncross
PVA/GE (>94% at 100% extract solution), and cross-linked
PVA/GE (>98% at 100% extract solution), while GE mem-
brane showed a slightly higher viability (109% at 100% extract
solution). Although the biocompatibility of GE was high,
the general survival rate of the cells for photocrosslinked
PVA/GE scaffold was satisfactory; therefore, the IPN pho-
tocrosslinked PVA/GE scaffolds were not toxic to the L929
cells and could be used for tissue engineering scaffolds.

3.7 Proliferation of Fibroblast Cells L 929 on IPN PVA/GE
Blend. The proliferation of fibroblasts on PVA, GE, uncross
PVA/GE, and cross-linked IPN PVA/GE blend was evaluated
using MTT assay after 1, 3, and 5 days of incubation as shown
in Figure 3. A significantly higher cell proliferation (day 5)
in GE and PVA/GE blend compared to PVA was exhibited
in Figure 3. After 1 day, the number of cells had exceeded
the number of cells initially seeded (10* cells/well). As clearly
shown in Figure 3, the number of fibroblasts that grew was
greater than the number of cells initially seeded even after
only 3 days in culture. From 1 day to 5 days in culture, the
L 929 cells continually proliferated on including the cross-
linked IPN PVA/GE.
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FIGURE 2: Cell viability of PVA, GE, uncross PVA/GE, and cross-
linked PVA/GE IPN blend. The MTT assay was used to measure the
viability of L1929 cells at various dilute extract solution concentra-
tions. Media at 100% were used as a control. Standard errors were
expressed as bar diagram.

OD absorbance

Cell incubation time (days)

M Control Uncross PVA/GE
M PVA B Cross-linked PVA/GE
M GE

FIGURE 3: Fibroblast cellular proliferation of PVA, GE, uncross
PVA/GE, and cross-linked IPN PVA/GE blend after 3 cycles and 1,
3, and 5 days using the MTT assay. Standard errors were expressed
in the bar diagram. Media at 100% were used as a control and optical
density (OD) corresponded to the cell survivability after 1, 3, and 5
days.

Cellular viability assay by MTT was used to find out
the percentage of viable cell numbers per extract dilutions
after certain periods. However, to observe the increased cell
numbers and their real time morphologies, light microscopic
studies were conducted. Observation of the morphological
changes of cells is a very important means for predicting post-
cellular responses: spreading, proliferation, and survival.
An ideal scaffold must provide the contact guidance for
controlling cell adhesion and directing cell migration that
influences cell proliferation [36, 37]. Figure 4 shows the light
microscopic images of cells treated with extract solutions
for day 5. For the morphologies’ fibroblasts at day 1, only a
little amount of cells was observed. However, the amount of
cell numbers was found to increase gradually at day 5 for
all samples. Especially, at day 5, cellular growth was almost
confluent. However, in case of cross-linked PVA/GE com-
posed of cells, growth pattern was better than that of the
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(d)

()

FIGURE 4: Fibroblast cellular proliferation of uncross PVA/GE and cross-linked IPN PVA/GE blend after 1 ((a), (d)), 3 ((b), (e)), and 5 ((c),

(f)) days using the optical microscope observation.

uncrossing PVA/GE. In fact, this result corresponds with the
cell viability and proliferation results very well.

4. Conclusion

PVA/GE hydrogels with IPN structure were prepared suc-
cessfully by enzymatic and cyclic freezing-thawing method.
The size and arrangement of these pores are the result of
number of freezing-thawing cycles and the presence of cross-
linking agents. The IPN PVA/GE hydrogels have the highest
values of mechanical properties as evaluated from compres-
sion tests, also the cross-linking density showed the highest
values. The SEM micrographs of these hydrogels show that
the majority of the pores is opened and irregular. These inter-
actions become stronger with increasing number of freezing-
thawing cycles and results in more regular internal struc-
ture. The quantity of gelatin was the key factor to obtain
IPN PVA/GE hydrogels with desirable properties. The IPN
PVA/GE hydrogels showed excellent physical and mechanical
properties, which met the essential requirements for ideal
medical applications. Based on swelling measurements, they
exhibited high capability in absorbing fluid, so recommended
for exudative wounds. In addition, fibroblasts that grew over
the cells treated with extract solutions exhibited the appro-
priate morphology and displayed good proliferation; this
indicates that the cross-linked network structure of obtained
gels is stable enough, suggesting that developer scaffolds
might be used for tissue engineering applications.
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