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Salecan is a novel water-soluble extracellular-glucan produced by a new kind of salt-tolerant strain
Agrobacterium sp. ZX09 and can be applied in food and medicine industries. In this work, Salecan (Sal)
was incorporated into poly(vinyl alcohol) (PVA) to prepare novel Sal/PVA hybrid hydrogels by repeated
freeze-thaw processing. Physicochemical and biological characteristics of the hydrogels were investi-
gated to evaluate their potential as cell adhesion materials. By increasing the Salecan content in the
hybrid hydrogels, their swelling capacity increased notably, while the compressive modulus decreased.
Observed by SEM, Sal/PVA hydrogels had a homogeneous porous structure. The degradation rate of the
hydrogels can be controlled by tailoring the composition ratio of Sal/PVA. Furthermore, cells could adhere
well on the surface of Sal/PVA hydrogels. In conclusion, these results make Sal/PVA hydrogels attractive
materials for biomedical applications.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels are hydrophilic three-dimensional polymeric
networks that can imbibe large quantities of water without
dissolution or loss of their structural integrity. Because of their
characteristic properties of high water content, together with
their inherent mechanical strength, hydrogels have attracted
considerable attention as promising materials for biomedical
applications involved in drug carriers (El-Sherbiny, 2010), tissue
engineering (El-Sherbiny & Yacoub, 2013), scaffolds for cell cul-
tures (Almany & Seliktar, 2005), wound dressings (Yang et al.,2010)
and filtration/separation processes (Dragan, 2014; El-Sherbiny,
Abdel-Hamid, Rashad, Ali, & Azab, 2013). Both synthetic (Almany
& Seliktar, 2005; Aouada, Pan, Orts, & Mattoso, 2009; Dinu, Pfadny,
Dragan, & Michalek, 2013a,b) and natural polymers (Bortolin
et al., 2012; Dragan & Apopei, 2013; Yang et al., 2010; Zhang &
Edgar, 2014) can be used for the production of hydrogels, achieved
by methods such as physical crosslinking, chemical gelation or
self-assembly. In the last few years, hydrogels based on natural
polymers, especially polysaccharides have been widely utilized
due to its prominent biocompatibility, bioactivity, biodegradabil-
ity, hydrophilicity and low toxicity (Aouada, Moura, Lopes da Silva,
Muniz, & Mattoso, 2011).
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Poly(vinyl alcohol) (PVA) is a water soluble synthetic polymer of
great interest because of its many desirable characteristics (Yang
et al.,, 2011). PVA hydrogels are non-toxic, noncarcinogenic, bio-
compatibility, good film forming ability and processability (Sahoo,
Panyam, Prabha, & Labhasetwar, 2002). Applications of PVA hydro-
gels in the biomedical area include wound dressing (Kim et al.,
2008), artificial articular cartilages (Kobayashi & Oka, 2004) and
drug delivery (Ossipov, Kootala, Yi, Yang, & Hilborn, 2013). PVA gels
can be prepared via chemical or physical crosslinking. Although the
chemical crosslinking methods could efficiently prevent the disso-
lution and enhance the mechanical properties of PVA hydrogels,
the potential toxic environments, which are created from chemical
crosslinking, may have harmful effects on cells. Thus, researchers
are attempting to stay away from this method (Slaughter, Khurshid,
Fisher, Khademhosseini, & Peppas, 2009).

In contrast, PVA physical hydrogels (prepared by freeze-
thawing process) have drawn a greater research attention. Cry-
otropic treatment (single or repeated cycles of freeze-thawing)
of concentrated PVA aqueous solution induces crystallization and
leads to the formation of a network structure in which PVA crys-
tallites acted as junction points (Hassan & Peppas, 2000a,b). This
method addresses toxicity issues because it does not result in
the reagent residuals and chemical toxicity, and consequently, no
toxicity agents are leaching out from the gel matrix (Kim et al.,
2008). Furthermore, these physically cross-linked hydrogels, which
are inter-connected by hydrogen bonding, exhibit more porous,
spongy, rubbery and higher elastic properties than PVA hydro-
gels prepared by other methods (Hassan & Peppas, 2000a; Plieva
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etal., 2006). Nowadays these gel matrices have been widely imple-
mented in biotechnology fields, specifically in molecules (protein,
peptides) (Hassan & Peppas, 2000a) and whole cell immobiliza-
tion (Lozinsky & Plieva, 1998). However, pertinent to certain
biomedical applications, being conducive to cell adhesion is an
essential requirement. Regretfully, PVA cryogels are intrinsically
bio-inert like most synthetic hydrogels and non-adhesive to cells
and proteins. An effective way to overcome this drawbackis to inte-
grate PVA hydrogel with natural polymers (such as proteins and
polysaccharides) to form blending hydrogels (Liu, Vrana, Cahill, &
McGuinness, 2009).

Salecan is a new extracellular water-soluble microbial polysac-
charide (Cas. No. 1439905-58-4) produced by strain of Agrobac-
terium sp. ZX09. This novel strain was isolated from soil
samples collected from ocean coast of Shandong province, PR
China by our laboratory in 2009 and its 16S rDNA sequence
was deposited in the GenBank database with accession No.
GU*810841 (Xiu et al., 2010). Large scale production of Salecan
is low cost, convenient and easy processing. Salecan is a lin-
ear (1 — 3)-B-p-glucan comprising B-1-3-linked glucopyranosyls
with a small number of a-1-3-linked, and is composed of the fol-
lowing repeating unit: — 3)-3-p-Glcp-(1 — 3-[3-D-Glcp-(1 — 3)-
3-p-Glcp-(1 — 3)]3-a-p-Glep-(1 — 3)-a-D-Glep-(1 — (see Fig. S1
in Supporting information) (Xiu et al., 2010). This unique linkage
pattern, was reported by our laboratory in 2010, endows Salecan
with prominent biological activities including anti-oxidation and
non-toxicity (edible safety) (Chen et al., 2011; Xiu et al., 2011a;
Xiu, Zhou, Zhu, Wang, & Zhang, 2011b). Salecan can be utilized
in food fields as a new source of thickening additive (Chen et al.,
2012; Xiu et al., 2011a,b) and medical fields for preventing and
treating constipation CN Pat., 102058616A, 2011. Furthermore,
Salecan also has distinctive physicochemical properties: (i) Salecan
(My =2 x 108 Da) solutions are highly viscous even at low poly-
mer concentrations (Xiu et al., 2011a,b); (ii) Salecan possesses a
large amount of pendant hydroxyl functional groups making it
prone to chemical modification (Meng, Matson, & Edgar, 2014).
These features make it an excellent candidate for the preparation of
hydrogel. In the past, our group has already studied the properties
of Salecan-based hydrogels (Hu et al., 2014a,b). Hu et al. (2014b)
found that cells could not grow on the surface of the pure PAAm
(polyacrylamide) hydrogel, but it could adhere well on the surface
of the Salecan/PAAm semi-IPN hydrogels due to the addition of
Salecan (Hu et al., 2014b). These results remind us that the incor-
poration of Salecan into the PVA cryogels may enhance the cell
adhesion.

In this work, we report the synthesis of Sal/PVA blended cryogels
by the freeze-thaw technique. The novelty of the present study is to
evaluate the cell adhesion ability of bio-inert PVA cryogels with the
use of Salecan for the first time. Furthermore, their physicochemical
properties, such as gel fraction, swelling behavior, thermal stabil-
ity, morphology and mechanical strength were also investigated.
Due to its biomimetic composition and a green fabrication proce-
dure, the novel Sal/PVA hybrid hydrogels have great potential in
biomedical engineering.

2. Experimental
2.1. Materials

PVA (average M, =125,000g/mol, degree of polymerization
~2800, degree of hydrolysis 98.0-98.8 mol%) was obtained from
Sigma-Aldrich Chemie GmbH, Riedstr., Germany. Salecan (aver-
age M,, =2000,000 g/mol, Xiu et al., 2010) was made by Center for
Molecular Metabolism, Nanjing University of Science & Technol-
ogy. 3-(4,5-dimethylthiazol-2-yl1)-2-5-diphenyltetrazolium bro-
mide (MTT), dimethyl sulfoxide and penicillin/streptomycin, all

Table 1
The preparation and the compositions of Sal/PVA solutions.
Ingredient Designation
Pure PVA S10V90 S20V80 S30V70 S40V60 S50V50
Salecan (2%,w/[v) O 10 20 30 40 50
(mL)
PVA (10%,w/v) 100 90 80 70 60 50
(mL)

purchased from Nanjing KeyGen Biotech Co., Ltd (China), were used
as received.

2.2. Fabrication of Sal/PVA hybrid hydrogels

Sal/PVA hydrogels were obtained by freezing-thawing (F-T)
cycle (Peppas & Stauffer, 1991). The preparation scheme is pre-
sented in Fig. 1. First, 10.0g PVA was added to 100 mL deionized
water and stirred continuously at 90°C for 2 h to form a homo-
geneous solution of 10% (w/v). Salecan solution (2%, w/v) was
prepared by dispersing the required amount of Salecan in deionized
water under moderate stirring at 60 °C for 2 h. The PVA and Salecan
solutions were cooled to room temperature prior to assessment.
Then, a volume of Salecan solution was mixed with the PVA solu-
tion at five ratios, as listed in Table 1. When the volume of Salecan
solution was higher than 50% (v/v), the mixture was too diluted
that cannot form a hydrogel. The blends stirred vigorously with
mechanical stirrer at room temperature for 2 h. The homogeneous
Sal/PVA solution was sonicated in an ultrasonic bath at room tem-
perature for 0.5h to get rid of air bubbles. Finally, the mixtures
were poured in petri dishes, followed by freezing at —20°C for 18 h
and thawing at 25 °C for 6 h, for three consecutive cycles. All sam-
ples were left in de-ionized water for 72 h to extract leachable sol
fraction from polymer matrix for further characterizations and the
influence of Salecan concentration on the gel fraction is shown in
Fig. S2 (Supporting information).

2.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the cryogels were recorded on an FTIR spectrom-
eter (Nicolet IS-10) working in attenuated total reflectance mode,
within a spectral range of 400-4000cm™1.

2.4. X-ray diffraction measurements (XRD)

Wide-angle XRD patterns of the dried hydrogels were measured
using an X-ray generator (PW 1720, Philips) operated at a voltage
of 30kV and current of 20 mA with CuKa radiation (A =0.154 nm)
in the 26 range of 5-60°. The relative degree of crystallinity was
calculated according to the method described in the literature
(Costa-Janior, Barbosa-Stancioli, Mansur, Vasconcelos, & Mansur,
2009).

2.5. Differential scanning calorimetry (DSC)

DSC experiments were performed with a differential scanning
calorimetry (DSC, Mettler Toledo 823/e) under nitrogen purge gas
and at a heating rate of 10°C/min in the temperature range of
25-300°C. The Tg was taken at the midpoint of the baseline shift
(Fathi, Atyabi, Imani, & Alinejad, 2011). The degree of crystallinity
(%) was calculated as:

AH
(—A Ho) x 100
where AH was determined by integrating the area under the melt-
ing peak of the PVA based hydrogel over the range 200-250°C,
AHy was the thermodynamic enthalpy required to melting a 100%
crystalline PVA (138.6]/g) (Peppas & Hansen, 1982).

degree of crystallinity (%) =
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Fig. 1. Schematic representation of the formation of Sal/PVA blending hydrogels.

2.6. Thermo gravimetric analysis (TGA)

The thermal behavior of the samples was performed with a TA
Model Q600 thermal gravimetric analyzer under a nitrogen atmo-
sphere and at a heating rate of 10 °C/min in the temperature range
of 25-600°C.

2.7. Swelling behavior

The dried hydrogels were immersed in an excess of deionized
water at room temperature. The swollen samples were weighed at
definite time intervals after wiping off the excessive surface water
with wet filter paper. The swelling ratio (SR) of the hydrogel was
determined using the following equations:

(W —Wy)

R =
S W,

where W; was the weight of the swollen hydrogel at time t and Wy
was initial weight of the hydrogel. The swelling kinetics in 0.9 wt%
NaCl solution was tested in the same way. The equilibrium water
content (EWC) was calculated as follows:

(We - WO)

EWC (%) = [ WL

} x 100
where W, was weight of the swollen hydrogel at equilibrium.
2.8. Water retention studies

Prior to the water retention studies, the hydrogel samples were
allowed to swell till equilibrium in distilled water at room temper-
ature, and then the equilibrium swollen hydrogels were quickly
transferred into an oven at a temperature of 37°C to record the
weight during collapsing at predetermined time intervals. Water
retention (WR) of the hydrogels was defined as follows:

WR (%) = (&;) x 100

where W; was the weight of hydrogel at different intervals dur-
ing the shrinking process and Weq was the weight of the swollen
hydrogel at equilibrium.

2.9. Microstructural morphology

The surface morphology of the hydrogels after being freeze dried
was investigated by scanning electron microscope (JSM-6360LV,
JEOL, Japan) using 30kV voltage. Prior to observation, the freeze
dried fracture sections were coated with a thin layer of gold to
enhance conductivity.

2.10. Rheological characterization

The rheological measurements were conducted on an Anton
Paar MCR101 rheometer, using a parallel plate geometry with a

diameter of 50 mm and a gap value of 1 mm. Dynamic viscoelas-
tic measurements were carried out at a small strain (0.01%) which
ensured that the deformation imposed on the hydrogels were per-
formed in the linear viscoelastic region. Viscoelastic properties
were measured in 0.1-10Hz frequency range. The storage mod-
ulus (G') and loss modulus (G”) of the cryogels were plotted as a
function of frequency.

2.11. Mechanical properties test

The Compressive mechanical properties of the cylindrical
Sal/PVA hydrogels were tested using an Instron 4464 mechanical
tester equipped with a 500N load cell at room temperature. The
hydrogel samples (column, diameter 20 mm and height 10 mm)
were compressed at a rate of 2 mm/min. The compressive mod-
ulus was obtained by the initial (straight line) linear slope of the
stress versus strain curve.

2.12. Invitro degradation

Degradation of the samples (2 x 1cm and known weight) was
evaluated by incubating hydrogels in a pH 7.4 phosphate buffered
saline solution (PBS) containing 0.02 wt% sodium azide at 37 °C. The
PBS solution was changed weekly. At pre-selected time points, the
remaining hydrogels were removed from the buffer solution and
dried in a vacuum drier at 60°C to constant weight. The percent
weight remaining (WR) of each sample was determined by using
the following equation:

0

WR (%) x 100
where Wy and W; were the sample weights before and after the
degradation, respectively.

2.13. Cell experiment

2.13.1. Cell culture

The COS-7 fibroblast cell line was used in the assay. Cells were
incubated in Dulbecco’s modified eagle medium (DMEM) contain-
ing 10 vol% fetal bovine serum (FBS), 200 mM L-glutamine, 2 mg/mL
sodium bicarbonate and 100 p.g/mL penicillin/streptomycin. Cells
were cultured at 37°C in a humidified air incubator, and the
medium was changed every 3 days.

2.13.2. Cell viability assay

The cytotoxicity of hydrogels was tested based on the guide-
line of international standard ISO 10993-5. Freeze-dried samples
were sterilized by immersing in 70% (v/v) ethanol for 1 h, followed
by washing extensively with sterile PBS (pH 7.4) for five times to
remove alcohol components. The sterile hydrogels were then incu-
bated with 5 mL of DMEM (containing 10% bovine serum albumin,
1% penicillin/streptomycin) at 37 °C. After incubation for 4 and 7
days, all hydrogels were gently removed and the extracts retained
and evaluated for cytotoxicity. Cytotoxicity of the hydrogels to



X. Qi et al. / Carbohydrate Polymers 118 (2015) 60-69 63

COS-7 cells was examined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) cell viability assay. In addition,
fresh DMEM medium (without the extract of hydrogels) was used
as a negative control.

2.13.3. Cell seeding

Gels were sterilized by immersing in 70% (v/v) ethanol for 1h,
and then washed by sterilized PBS (pH 7.4) and cell-free culturing
medium three times, respectively. Prior to seeding cells, the sterile
samples were transferred to 24-well plates. After that, COS-7 cells
were then seeded on the surface of the hydrogels at an initial den-
sity of 1 x 10* cells/well and were incubated at 37°C in a 5% CO,
incubator. The medium was changed every 2 days.

2.13.4. Cell observations

After 5 days of culture on the pure PVA hydrogel and Sal/PVA
hydrogels, cells were rinsed gently with PBS (37°C, pH 7.4) to
remove non-adherent cells. Each sample was then fixed with 4%
paraformaldehyde in PBS for 30 min and subsequently permeabil-
ized with 0.1% (v/v) Triton X-100 for 10 min. After that, all the
samples were washed thoroughly with PBS three times, prior to
observation under a fluorescence microscope (Olympus, Japan).

2.14. Statistical analysis

All data were presented as means + standard deviations. Com-
parisons among the three groups were made with one-way analysis
of variance.

3. Results and discussion
3.1. FTIR analysis

The consecutive F-T cycles led to the formation of entangled
Sal/PVA hydrogels. These hydrogels were a matrix of physically
cross-linked polymeric chains, non-cross-linked polymers and
water (Sung et al., 2010). In order to clarify the formation mecha-
nism for Sal/PVA blending hydrogels, FTIR spectra of Salecan, pure
PVA and Sal/PVA hydrogels were quantitatively studied, as pre-
sented in Fig. 2(a). The FTIR spectra of Salecan showed a broad band
appeared at 3291 cm™!, indicating stretching of hydroxyl groups.
Peaks at the 1100-800cm~! region were assigned to polysac-
charide structure. Specifically, the peak at 1040 cm~! represented
C—OH stretching in glucopyranose ring, peak at 893 cm~! con-
firmed that D-glucopyranose had a (3-configuration and peak at
814 cm~! was attributed to the presence of a little a-glucopyranose
(Xiu et al., 2010). In case of pure PVA hydrogel, a broad peak at
3300cm~! was due to the O—H stretching vibration of hydroxyl
group of PVA. The peak at 2940cm~! was associated with the
stretching vibration of —CH,. The sharp peak at 1735 cm~! assigned
to the C=0 stretching of the acetate group of PVA (Costa-Janior
etal., 2009; Mansur,Costa, Mansur, & Barbosa-Stancioli, 2009). The
peak observed at 1335 cm! has been ascribed to combination fre-
quencies of (CH—OH). A characteristic peak verified at 1141 cm™!
was related to the C—O stretching vibration, which was mostly
attributed to the crystallinity of the PVA (Hassan & Peppas, 2000a).
Compared to the IR spectrum of pure PVA, there was no significant
different between the peaks of pure PVA and the Sal/PVA hydro-
gel (S50P50). Salecan did not influence essentially the intensities
of the groups from PVA. However, it can be clearly observed that
bands corresponding to O—H stretching vibration showed a blue
shift, from 3280 cm~! (pure PVA) to 3312 cm~! (S50P50), meaning
disruption of hydrogen bonds between the polymer chains (Fathi
et al,, 2011). In addition, the intensity of peak at 1140cm~! (C—0
stretching) corresponding to crystallinity of the PVA was signif-
icantly decreased as the Salecan concentration increased (Huang

Table 2
DSC data of hydrogel samples.

T, (°C) T (°C) AHuy (J/g) Crystallinity (%)
Pure PVA 62.5 2249 73.1 52.8
S10P90 63.8 2241 60.5 43.6
S20P80 65.0 2239 57.2 413
S30P70 67.8 2235 55.5 40.0
S40P60 70.1 2229 514 37.1
S50P50 715 222.0 48.2 34.8

et al., 2012). Thus, from the FTIR results, it suggested the presence
of Salecan and PVA in the prepared cryogels.

3.2. X-ray diffraction studies

X-ray diffraction patterns of the hydrogels are depicted in
Fig. 2(b). The amorphous nature of the Salecan can be proven by
XRD characterization, since no sharp peaks can be seen in the XRD
pattern, only had a very broad hole around 20° (Hu et al., 2014a).
Dried pure PVA hydrogel exhibited a characteristic diffraction peak
(strong) at 260 =19.4°, corresponding toits (10 1) crystal planes (Bai,
Li, Wang, & Shi, 2010; Nishio & Manley, 1988). The XRD patterns
of Sal/PVA composites were different from those of pure PVA and
Salecan. With the increase of proportion of Salecan, the diffraction
peak corresponding to 260=19.4° of PVA became gradually low-
ered and the relative degree of crystallinity (%) of S10P90, S20P80,
S30P70, S40P60 and S50P50 were 60.0, 48.1, 41.2, 32.5 and 21.9,
respectively, thus indicating the change of PVA from its crystalline
to amorphous state. The amorphous region of PVA polymer matrix
augmented due to addition of Salecan. This result was mainly due to
the strong intermolecular hydrogen bonding interaction occurred
between these two components (Cascone, Maltinti, Barbani, & Laus,
1999).

3.3. DSC analysis

The DSC curves of Salecan, pure PVA and Sal/PVA hydrogels are
shown in Fig. 2(c) and the full set of thermal data in Table 2. As
can be seen from Fig. 2(c), the glass transition temperature (Tg) of
the Salecan could be at around 116°C and the Tg of pure PVA gel
was measured to be 62.5°C, which was very close to the reported
value (about 68 °C) (Cascone et al., 1999). The T value of Sal/PVA
blends was between the Salecan and pure PVA, and it increased
linearly with increasing Salecan content from 63.8°C (S10P90) to
about 71.5°C (S50P50), suggesting the miscibility of Salecan with
PVA. The notable increase in Ty values was mainly due to higher
T, of Salecan and its good miscibility with PVA matrix. Meanwhile,
the Sal/PVA blends exhibited a single Tg that was shifted to higher
temperature with increasing amount of Salecan, indicating strong
interactions between PVA and Salecan (Fathi et al., 2011).

In addition, according to the Salecan curve, there was an
endothermic peak at 283 °C, which could be attributed to the
dissociation process of interchain hydrogen bonding of Salecan.
Furthermore, with the increase of the Salecan content, the sharp
endothermic peak of hydrogels turned into broader and their melt-
ing points (Tr;) were slightly decreased, from 225.0°C (pure PVA)
to 220.0°C (S50P50). Since there was no chemical modification
between Salecan and PVA, it can be considered that the decrease of
melting temperature was possibly due to conformational changes
within the polymer chains. The conformational changes involve
the size of the crystallites and the degree of crystallinity (Hassan
& Peppas, 2000b). The degree of crystallinity (%) of the gels were
52.8 (pure PVA), 43.6 (S10P90), 41.3 (S20P80), 40.0 (S30P70), 37.1
(S40P60) and 34.8 (S50P50), respectively. The depressions in melt-
ing point and percent crystallinity indicated that the incorporation
of Salecan weakened the interaction between PVA chains and
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Fig. 2. FTIR (a), XRD (b), DSC (c) and TGA (d) curves of Salecan, pure PVA and Sal/PVA hydrogels.

hindered the crystallization of PVA. The trend excellently cor-
roborated net crystallinity data calculated from X-ray diffraction
analysis.

3.4. TGA measurements

TGA and DTG diagrams of Salecan, pure PVA and S50P50 are
shown in Fig. 2(d). Salecan started decomposing after 150°C and
massloss (11.77%)up to 180 °C can be ascribed to the loss of free and
bound water. Subsequently, mass loss (43.78%) occurred at 180°C
to 350°C, further a 23.67% of mass loss was observed between
350°C and 575°C and reached a value of 80.60% at 600°C. This
may be attributed to the cleavage of functional groups, followed by
decomposition of the main skeleton of Salecan (Hu et al., 2014a).
Both neat PVA and their composites exhibited a two-step degrada-
tion: a small mass loss (5.99%) starting below 150 °C, presumably
due to the elimination of the residual water trapped in the PVA
matrix; and a large loss (about 70%) took place in the temperature
range of 230-550°C, presumably due to degradation of Salecan,
de-polymerization of PVA chain and decomposition of hydrogel
networks. Comparing with S20P80, the curve of the pure PVA was
shifted toward a slightly higher temperature. From the TG curves, it
can be concluded that the presence of Salecan in the network neg-
atively affected thermal stability of PVA hydrogels. Furthermore,
it can be observed from the DTG curves that T, (the degradation
temperature corresponding to the maximum mass loss rate) was
present at 277 °C for Salecan, 348 °C for S20P80 and 371 °C for pure
PVA, respectively. This also indicated that the thermal stability of
Salecan was improved upon by forming Sal/PVA composite hydro-
gels, because the hydroxyl groups of PVA formed hydrogen bond
crosslinking with hydroxyl groups of Salecan, which limited the
chain movement during thermal treatment (Lin, Yu, & Yang, 2006).

3.5. Swelling behavior

The swelling of the hydrogels in deionized water over time
is presented in Fig. 3(a). As can be seen, the swelling ability of
the Sal/PVA hydrogels increased with raising the Salecan con-
tent. S50P50 showed a maximum swelling ratio of 13.7, compared
to 5.1 in case of the pure PVA. Generally speaking, lesser cross-
linked hydrogels tended to show higher water uptake ability,
because the highly cross-linked structure could not sustain much
water within gel structure (Balakrishnan, Mohanty, Umashankar, &
Jayakrishnan, 2005). For the Sal/PVA hydrogels, when the PVA con-
tent decreased, the physical cross-linked density of the hydrogels
network decreased and molecular entanglement between Salecan
and PVA was weakened, which led to the improvement of the
hydrogel swelling ability. In the same time, the swelling capability
was strongly influenced by the overall hydrophilicity of the result-
ing hydrogel (Kaity, Isaac, & Ghosh,2013). By enhancing the amount
of Salecan, the hydrogel networks became more hydrophilic and
consequently absorbed more water, resulting in an improvement
of swelling.

Fig. 3(b) shows the swelling ratio values of the hydrogels in
deionized water and in 0.9 wt% NacCl solution. It can be concluded
that the swelling ratios of the cryogels in 0.9 wt% NaCl solution were
much lower than in deionized water. This was because that the
increment of ionic strength decreased the osmotic pressure differ-
ence between gel network and external solution, which hindered
the water molecules to penetrate into the network.

Fig. 3(c) displays the equilibrium water content (EWC) of the
obtained hydrogels. With the increase of the Salecan content, EWC
values were observed to change slightly from about 84% to 92% in
deionized water and 70% to 80% in 0.9 wt% NaCl solution, respec-
tively. These results further confirmed that the ionic strength of a
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Fig. 3. Swelling ratio values in deionized water (a), Swelling kinetics in deionized water and in 0.9 wt% NaCl solution (b), equilibrium water content (c) and water retention

graphs (d) of pure PVA and Sal/PVA hydrogels.

medium had a vital influence on the swelling capabilities of hydro-
gels.

3.6. Water retention test

The water retention ability of the hydrogels is illustrated in
Fig. 3(d). It can be clearly seen that a cryogel containing greater
PVA and lesser Salecan showed greater water retention capacity.
In addition, the rate of water loss decreased with increasing PVA
content. For instance, within 1000 min, pure PVA, S10P90, S20P80,
S30P70, S40P60, S50P50 shrank and lost about 76.5%, 88.4%, 92.8%,
95.7%, 97.1% and 98.6% water, respectively. These results can be
explained by the fact that the presence of more PVA in the gels
enhanced the physically crosslinking density of the network, which
in turn restricted mobility and relaxation of the polymeric chains
and, therefore, the hydrogel became harder to lose water.

3.7. SEM results

Fig. 4 depicts the SEM image of cross-section morphologies of
the cryogels. According to Fig. 4, the pure PVA hydrogel (Fig. 4(a))
presented a smooth, continuous and no pore shape structure, which
may be attributed to the crystallization of PVA (Wu, Gong, Fan, &
Xia, 2011). However, the Sal/PVA samples (Fig. 4(b)-(f)) exhibited
an interconnected porous structure with regular pore distribu-
tion. The average pore size declined with increasing PVA content.
For example, S50P50 had the largest pore size of approximately
13.2 wm, while the pore size shifted to about 8.6 um, 7.3 wm,
49 pm and 2.8 pm in the case of S40P60, S30P70, S20P80 and
S10P90, respectively. This morphological trend gave a better expla-
nation to the swelling capacity and water evaporation behaviors

of the gels (see Sections 3.5 and 3.6). As the Sal/PVA volume
ratio increased, the physical crosslinking density of the hydrogel
decreased, leading to the water content of hydrogel increased. In
the freeze-dried process (hydrogels dehydrated by lyophilization),
the free water was frozen into larger ice crystals which were even-
tually represented by larger pores (Dinu et al., 2013a,b). These
results indicated that the composition ratio of Sal/PVA played a
significant role in the tuning of the size and shape of the pore in
the obtained freezing-thawing hydrogels. Furthermore, a porous
surface with different pore size distribution, which can facilitate
permeation of nutrients in and cellular products out of the gel, was
beneficial for cell growth (Autissier, Le Visage, Pouzet, Chaubet, &
Letourneur, 2010).

3.8. Rheological analysis

Fig. 5(a) and (b) presents the linear viscoelastic frequency
sweep response of the pure PVA and Sal/PVA hydrogels. As can be
observed, all hydrogels showed typical gel rheological behavior.
The storage modulus (G') of the hydrogel was larger than the loss
modulus (G”) over the entire tested angular frequencies in the
range between 0.1 and 10 Hz, indicating that the hydrogels were
highly elastic (Hernandez, Sarafian, Lopez, & Mijangos, 2004). For
all the prepared hydrogels, both the G’ and G” values increased
with the increasing of the PVA concentration, from S50P50 to pure
PVA. This suggested that the freezing-thawing gelation enhanced
the density of polymer network and decreased the flexibility of
chains via the development of hydrogen bonding by introduction
of more PVA chains (Holloway, Spiller, Lowman, & Palmese, 2011).
It also demonstrated that the PVA molecular chains played a
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Fig. 4. SEM photos of pure PVA and Sal/PVA hydrogels: (a) pure PVA, (b) ST0P90, (c) S20P80, (d) S30P70, (e) S40P60, (f) S50P50. Scale bars represent 10 pm.

predominant role on the improving of mechanical strength of the
composite hydrogels.

3.9. Mechanical properties

To investigate the influence of Salecan on the mechanical prop-
erties of the hydrogels, their stress-strain curves are displayed in
Fig. 5(c) and the results of fracture strain, compressive strength
and compressive modulus are summarized in Table S1 (Suppor-
ting information). Both compressive strength and modulus showed
a decreasing trend with an increase in polysaccharide amount.
Specifically, the pure PVA hydrogel yielded the highest compressive
strength and modulus, while these values of the hybrid hydrogels
decreased as the proportion of Sal/PVA increased. For example,
the compressive modulus of the hydrogels decreased considerably
with the increase of Salecan content from 145 kPa (pure PVA) to
23 kPa (S50P50). These results demonstrated that the blending of
Salecan caused the sample less stiff. In addition, Fig. 5(c) shows
that with the increase of Salecan, the compressive strength reduced
gradually from 164 kPa (pure PVA) to 134 kPa (S50P50) while the
fracture strain increased from 71% (pure PVA) to 84% (S50P50). This
phenomenon suggested that the incorporation of Salecan made the
sample to become more ductile (Sung et al., 2010).

In order to explain this, it should be considered that when
Salecan was blended with PVA, the cross-linking density of the
hydrogel was the major factor which affected the compressive

mechanical properties of the Sal/PVA hydrogels. This can be
attributed to the hydrogen bonding or intermolecular interactions
between the chains of PVA and Salecan. Our results indicated that
the crosslink between PVA and Salecan was not strong compared
to the crosslink between PVA itself. In other words, the orderliness
of the molecular arrangement was interfered by Salecan. Thus,
whereas PVA was hard and close to solid, the resulting Sal/PVA
hydrogels exhibited more flexibility and elasticity. Similar results
were observed for other polysaccharide/PVA blending hydrogels
(Huang & Yang, 2008; Sung et al., 2010).

3.10. In vitro degradation

The controlled degradation of hydrogels plays a crucial role in
regulating cell proliferation and tissue regeneration. Ideally, hydro-
gels as tissue engineering scaffolds should be degradable at a rate
proportional to formation of new tissue (Gnanaprakasam Thankam,
Muthu, Sankar, & Kozhiparambil Gopal, 2013; Hassan, Ward, &
Peppas, 2000). The degradation profiles of the Sal/PVA cryogels
after 60 days (expressed as a % weight remaining) are illustrated in
Fig. 6(a). As apparent from the figure, degree of degradation of pure
PVA cryogel was found to be 35% while S50P50 cryogel reached to
77% within 60 days. For S10P90, S20P80, S30P70 and S40P60, the
degree of degradation was 40%, 47%, 52% and 60%, respectively. This
phenomenon demonstrated that the stability of blend hydrogels
was dramatically increased with decreasing the ratio of Sal/PVA.
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Fig. 5. Frequency dependence of (a) dynamic storage modulus (G’) and (b) dynamic loss modulus (G”) of pure PVA and Sal/PVA hydrogels. (c) Representative stress—strain
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The reason for this consequence was mainly due to the cleavage of
entanglement polymer chains (Hassan et al., 2000). Compared to
the unfilled Salecan hydrogels, the pure PVA hydrogel with higher
physical cross-linking density, which can restrained the disinte-
gration of network, experienced surface erosion and degraded at
a slower rate. These results suggested that the degradation rate of
Sal/PVA gels can be manipulated by tailoring the composition ratio
of Sal/PVA, which contributed to meet specific tissue-engineering
requirements.

3.11. Invitro cell studies

3.11.1. Cytotoxicity of hydrogel extract

Fig. 6(b) shows the viability of COS-7 cells after an incubation
period of 4 and 7 days. As seen in Fig. 6(b), the cell viability of all
the samples was higher than 90% (compared with negative control
group), indicating that Sal/PVA hydrogels were nontoxic to COS-7
cells. The excellent cell viability of the composite hydrogels was
attributed to the good biocompatibility of the Salecan and the PVA,
as well as a green fabrication process of the hydrogels.

3.11.2. Cell adhesion

The adhesion of COS-7 cells on the composite hydrogels was
investigated by culturing the cells on thin hydrogel films (approx-
imately 2 mm thickness). TCPS and pure PVA hydrogel served as
positive and negative controls, respectively. After incubating for 5
days, cells did not spread on pure PVA hydrogel, as shown by their
rounded shape (Fig. 6(c)). In contrast, cells cultured on Sal/PVA
blending hydrogel films displayed spindle morphology similar to
that observed on TCPS control, indicating favorable adhesion and
spreading. These results clearly suggested that Sal/PVA hydrogels
had better surface for the culture of COS-7 cells, which was related
to the presence of Salecan in the pure PVA hydrogel. Analogous
effects were noted by Liu et al. (2009), who demonstrated that
the addition of nature polymers (starch, chitosan, collagen) to PVA
stimulated cell adhesion.

Cell adhesion on 2D substrates is often dictated and controlled
by the ability of proteins (either resident in serum or secreted by
cells) to adsorb onto the material surface (Carbonetto, Gruver, &
Turner, 1982; Nuttelman, Mortisen, Henry, & Anseth, 2001). Thus,
an alternative possible explanation for the better adhesion and
spreading of cells on the Sal/PVA membrane was that mediating
proteins were richly adsorbed, retained, and the adhesion pro-
teins took a configuration beneficial for cell spreading. In contrast,
pure PVA hydrogels were non-cell adhesive (Alves, Jensen, Smith,
& Zelikin, 2011; Chuang, Young, Yao, & Chiu, 1999). This may be
due to that protein-binding sits on the PVA were not present or
adsorbed proteins were distorted by the pure PVA surface (Chuang
etal., 1999).Inaddition, compared with pure PVA hydrogel, Sal/PVA
blending hydrogels possessed interconnecting porous structure
due to the incorporation of Salecan (Hu et al., 2014b). Such porous
network might allow effective nutrient supply, oxygen diffusion
and metabolic waste removal, which was necessary for cell adhe-
sion (Gnanaprakasam Thankam & Muthu, 2014).

4. Conclusion

In this paper, a novel Sal/PVA composite hydrogels were synthe-
sized by a freeze/thaw method. The obtained cryogels are freedom
from potential toxic species like bi-functional cross-linkers or ini-
tiators. The characteristics of Sal/PVA hydrogels were subjected to
detailed analysis by FTIR, XRD, DSC, TGA and SEM. The SEM investi-
gations showed that the morphology of the cryogels can be tailored
by the Salecan content. In comparison to the pure PVA hydro-
gel, hybrid hydrogels exhibited a porous structure with internal
diameter ranging from 2.8 to 13.2 wm. Results from XRD and DSC

revealed that crystalline regions of the cryogels were depended
on the content of the Salecan. With the increase of the Sal/PVA
ratio, the percent crystallinity of the samples decreased dramati-
cally. This may be indicative of improved interaction between the
Salecan and PVA. FTIR spectra further confirmed the presence of the
interactions, such as hydrogen bonds, between the two polymers
of the cryogels. Rheological measurements indicated that storage
modulus G of the material can be enhanced by increasing the PVA
content. The swelling capacities of the hybrid cryogels were ele-
vated by the addition of Salecan in the network. In vitro degradation
study demonstrated that introduction of certain amount Salecan
into PVA hydrogels significantly accelerated the degradation rate.
Indirect cytotoxicity assessment of the hydrogel revealed that the
hydrogel was non-toxic to COS-7 cells. Furthermore, these hybrid
Sal/PVA hydrogels can support cell adhesion. Compared to pure
PVA hydrogels, the cell adhesion improved markedly when Salecan
was incorporated into the PVA. Due to high water absorption abil-
ity, controllable modulus, tunable biodegradation and prominent
biocompatibility, the Sal/PVA hybrid cryogels may be a promising
material for biomedical applications especially in cell adhesion and
tissue engineering.
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