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ARTICLE INFO ABSTRACT
Article history: A new class of injectable, biocompatible and biodegradable hydrogel is reported. This hydrogel
Received 19 January 2015 is derived from N-succinyl chitosan (SCS) mixed with water-soluble dialdehyde starch (DAS)
Received in revised form 16 February without using a conventional chemical crosslinker. The hybrid hydrogel is formed owing to
2015 the Schiff’s base reaction between amine groups of SCS and dialdehyde groups of DAS to form
Accepted 17 February 2015 —CH=N— group. SCS, DAS, and SCS-DAS hybrid hydrogels were synthesized and then char-
Available online 25 February 2015 acterized by FTIR analysis spectroscopy. The influence of SCS:DAS ratio in hybrid polymers
solution on physicochemical properties of resultant hydrogels (e.g. gelation time, gel fraction
Keywords: (%) and equilibrium swelling ratio), surface morphology, in vitro weight loss (%), and mechan-
Dialdehyde starch ical stability was examined. The results demonstrated that SCS content has a profound role for
N-succinyl chitosan forming tighter crosslinked hybrid hydrogels, where the increase of SCS content reduces the
Schiff-base reaction time for hydrogel forming. Also, the water uptake and hydrolytic weight loss decrease. Mean-
Hybrid hydrogel while, the DAS content increases, and mechanical properties of SCS-DAS hybrid hydrogels
Physiochemical properties decrease. Curcumin release profile and adhered HGF cells on hydrogel surface sharply influ-

enced the SCS portion in hybrid hydrogel composition. The SCS-DAS hybrid hydrogel prop-
erties afforded a possible opportunity to be used as a covalent in situ forming hybrid hydrogels
in biomedical applications such as, tissue engineering and cartilage repair.

© 2015 Production and hosting by Elsevier B.V. on behalf of Cairo University.

Introduction

Many biodegradable hydrogels have been employed as in situ
forming scaffolds for a range of biomedical applications for
example, drug delivery, cell encapsulation, or scaffolds for tis-
sue engineering, which facilitate to incorporate cells or drugs
without change in the size or shape of formed hydrogels [1-
3]. Recently, a lot of attempts have been exerted for fabrication
of injectable and in situ forming hydrogels, including pho-
topolymerization [4,5], chemical crosslinker such as, carbodi-
imide, glutaraldehyde and genipin [6]. However, special
photo-sensitizers and prolonged irradiation were required for
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the photopolymerization which limits somewhat its use in cri-
tical applications. Also, chemical crosslinking agents are com-
pletely restricted and banned for the use as injectable in situ
forming polymer scaffolds, due to their incompatibility and
their toxicity for living cells [7]. Presently, limited attempts
have utilized the Schiff-base reaction for crosslinking the func-
tional amine and aldehyde groups, suggesting biomaterials
with non-cytotoxicity effects compared to performed studies
used traditional harmful chemical crosslinkers [8,9]. Several
polysaccharides such as dextran [4,10], hydroxyethyl starch
[5,11], gum Arabic [12], sodium alginate [13], and hyaluronic
acid [9], have been previously employed for biomedical appli-
cation such as drug delivery and wound dressing polymeric
materials. Nevertheless, few studies have used dialdehyde
starch for the preparation of cell carrier hydrogels in tissue
engineering [14]. Here, we show a new in situ self-forming
biodegradable hydrogel is derived from water-soluble chitosan
derivative and dialdehyde starch, without using any additional
chemical crosslinker.

Chitosan, a copolymer of glucosamine and N-acetyl glu-
cosamine units linked by 1-4 glucosidic bonds, is derived par-
tially by de-acetylated of chitin. Chitosan is one of the most
abundant natural amino polysaccharides which has a reported
pH-sensitive property. Chitosan derivatives have a variety of
applications in industrial pharmacy, and biotechnology, and
it is commonly used as wound dressing materials [15,16]. It
has a huge biocompatibility, biodegradability, hemostatic,
and brilliant antibacterial activity. High molecular weight’s
chitosan is insoluble in water and has low solubility in physio-
logical fluids too, caused by its strong-intermolecular hydrogen
bonding. However, it can be dissolved in the water—acetic acid
solution. The problem is revolving around hydrogels that can
be fabricated from chitosan water—acetic solution, often need a
consecutive washing cycles to neutralize and remove the excess
of acid, which greatly restricts somewhat its use in the medical
applications [16].

N-succinyl chitosan (SCS) is a fully water-soluble chitosan
derivative in the mild conditions. SCS is obtained by inclusion
of succinyl groups onto the N-terminal of the glucosamine
units of chitosan. The demand on SCS will attract much atten-
tion as polymeric drug delivery compared to a pristine chi-
tosan. This is owing to its appealing and intrinsic properties
such as, simple solubility in different pHs without specific acid-
ified medium need, high hydrophilicity, biocompatibility, and
its antibacterial activity as existing in the pristine chitosan.
SCS was previously synthesized and crosslinked with other
polymers such as, hyaluronic acid, alginate [17-19], lac-
tosaminate [20], and low-density lipoprotein for biomedical
applications. Similarly, SCS was incorporated previously and
covalently crosslinked with hyaluronic acid as scaffolds for
soft and cartilage tissue engineering and repair [17,19].
Dialdehyde starch (DAS) is a starch derivative, which is
derived from the oxidation of raw starch using periodic acid
or sodium periodate as oxidants to oxidize 2,3-o-dihydroxy
starch into dialdehyde starch. DAS has a good biological
degradation, and intrinsic biochemical characteristics such
as, semi-alkali solubility, containing many aldehyde function
groups, strong bonding, naturally abundant, low cost as com-
pared with other biodegradable polymers, and easy crosslink-
ing branches [21,22]. Thus, for the aforementioned features of
DAS, it has been chosen for crosslinking with SCS.

Herein, this work aimed to prepare and assess nontoxic
in situ-forming biodegradable SCS-DAS hybrid hydrogels
via advantageous Schiff-base covalent bonding without using
any extraneous chemical crosslinkers. The influence of
SCS:DAS ratio variations on the physicochemical properties
of obtained hybrid hydrogels e.g. gelation time, gel fraction
(%), equilibrium swelling, morphological microstructure, in vit-
ro weight loss (%), mechanical stability, in vitro release profile
of curcumin and cell adhesion behavior was examined and
evaluated for biomedical purposes.

Material and methods

Materials

Chitosan (de-acetylating degree: <86%, M,, ~4.5x 10°) was
obtained from Ruji Biotech Development Co., Ltd.
(Shanghai, China). Succinic anhydride, sodium periodate, ace-
tone, L-lactic acid (>98%), and curcumin (from curcuma longa
powder, 99%) were purchased from Sigma—Aldrich Chemie
GmbH, Steinheim, Germany. Soluble starch was obtained
from Shanghai Reagent Co., China. Distilled and deionized
water were used throughout this research. DMEM was pur-
chased from Biochrom GmbH, Germany (10% FBS,
120 pg mL ™" penicillin streptomycin, 5% CO»). All other che-
micals were used without any further purification.

Preparation of dialdehyde starch (DAS) polymer

DAS polymer was synthesized according to the procedure of
Lu et al. [23]. Typically, sodium periodate solution (0.7 M,
pH 1.5) was added to the solution of soluble starch (1.0 g in
100 mL deionized water) with proportion of sodium periodate
to starch that is 1:1, under continuous stirring at 40 °C for 6 h.
DAS polymer was then precipitated by addition of dry-ace-
tone. DAS precipitate was further purified by washing three
times with mixture of deionized water—acetone (1:1).
Thereafter, DAS was vacuum-dried (vacuum oven model no.
3618P, Thermo Scientific Co., Germany) at 40 °C for 24 h
and kept under desiccators till use, Scheme 1.

Preparation of N-succinyl chitosan (SCS) polymer

SCS was synthesized according to reported procedure else-
where, with slight modification [24]. 0.5 g of chitosan was dis-
solved in 20 mL (5%, v/v) L-lactic acid solution, followed by
addition of 80 mL methanol to dilute the solution. 1.5 g of suc-
cinic anhydride was added to the last solution with a con-
tinuous stirring at room temperature for 24h. SCS was
isolated using precipitation process by adjusting the pH of chi-
tosan mixture solution ~6—7. The resultant SCS, white pre-
cipitate was further washed off in ethanol to remove any
unreacted lactic acid, followed by filtration, re-dissolved in dis-
tilled water, and then dialysis for 2 days to eliminate the
methanol traces and un-reacted lactic acid. The obtained pure
SCS polymer was then freeze-dried and the resultant fluffy
SCS polymer was stored at —4 °C till use (Scheme 1). The suc-
cinylation reaction was verified through the condensation
between the amino group of SCS and the electrophilic car-
bonyl groups of the succinic anhydride , forming an amidic
bond with opening of the anhydride ring [17].
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reaction.

Preparation of SCS—-DAS hybrid polymer hydrogels

DAS-SCS hybrid hydrogel was prepared by dissolving SCS
and DAS with different proportions in six ratios (9:1, 5:1,
3:1, 1:1, 1:3, and 1:5) with a total used polymer concentration
of 20 wt.%, respectively in phosphate buffer solution
(Scheme 2). The mixture solution was reacted in polyethylene
vials as molds.

Instrumental characterizations

Fourier transform infrared (FT-IR)

All samples were prepared for instrumental characterizations
according to our previous and reported preparation methods
[4,5,11,13]. Vacuum-dried samples of SCS, DAS and SCS-
DAS xerogels were analyzed by FT-IR on an EQUINOX 55
instrument (BRUKER, Germany). KBr transparent discs were
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prepared by grinding the dried sample with infrared grade
KBr, followed by pressing. The FTIR spectrums were obtained
by recording 64 scans between 4000 and 400 cm™' with a
resolution of 2 cm™'. All samples were pressed by applying a
force 105N into transparent disk (maximum disk
weight = 145 mg, with a diameter 13 mm). KBr sample discs
were measured in the transmittance mode (7 %).

Scanning electron microscope (SEM)

The surface and internal structure of the SCS-DAS xerogel
samples were investigated by SEM (JEOL, JSM-6360LA-
Japan) with 20 kV. The xerogel was first dehydrated by
freeze-dryer unit and coated with Au using an ion sputter
coater (model: 11430, USA), combined with vacuum base unit
or SPi module control (model: 11425, USA) [4,5].

Determination of physicochemical properties of SCS—-DAS
hydrogels

The physicochemical properties of obtained SCS-DAS hybrid
hydrogels e.g. gelation time, equilibrium swelling ratio and gel
fraction were determined. The gelation time is detected when
the polymer mixture solution loses its fluidity at room tem-
perature and transferred visually from viscous to elastic/rub-
bery or solid state. The gelation rate is determined under the
ambient conditions.

The obtained SCS-DAS hydrogels were first dried in a
laminar airflow chamber under sterile conditions for 24 h, then
dried again at 50 °C in a vacuum oven for 24 h and weighted
(Wy). The dried xerogel samples were soaked in 50 mL of dis-
tilled water for 24 h up to an equilibrium swelling weight (W)
for removing the leachable or soluble DAS parts from xerogel.
The xerogels are then dried directly at 50 °C in an oven and
weighted again (W,). The gel fraction (GF %) was calculated
by the following equation [16]:

Gel fraction (GF %) = (W,/W,) x 100. (1)

In order to measure the swelling ratio of SCS-DAS hybrid
hydrogel, hydrogel disc samples (2.5 cm diameter and 0.8 cm
thickness) were dried at 50 °C in vacuum oven for 24 h, and
the weight of dried sample was determined (W,). The dried
samples were soaked in distilled water (50 mL), maintained
and incubated at 37 °C, then weighted (W) at specific interval
times that the sample reaches through to the equilibrium swel-
ling state. The water uptake of SCS-DAS hydrogels was deter-
mined using the following equation [16]:

Water uptake or equilibrium swelling ratio (SR) %
= [(W, — W)/ W.)] x 100. 2

Determination of weight loss (% ) of SCS—DAS hydrogels

The in vitro hydrolytic degradation of SCS-DAS hydrogels
was estimated with respect to the weight loss in gram. SCS—
DAS hybrid hydrogels have been dried under vacuum oven
at 50 °C for 24 h. Dried hydrogel samples with dimension
(1.8 cm diameter and ~0.5 cm thickness), were weighted and
immersed in 25 mL phosphate buffered saline (PBS) (0.1 M,
pH 7.4, at 37 °C). The samples were removed at specific timed
intervals and then wiped gently with soft paper to remove the
water at sample surface. The weight loss was determined in

PBS as a function of the incubation time. The weight loss ratio
is given as follows [17]:

Weight loss (%) = [(Wy — W,)/W,] x 100. (3)

where W, is initially weighed hydrogels and W, is hydrogel
which removed from PBS and weighed at function of specific
incubation time intervals of hydrolytic degradation for hydro-
gels. All experiments were done in duplicate.

Dynamic mechanical stability

The dynamic mechanical stability of SCS—-DAS hydrogel sam-
ples was performed with a dynamic mechanical rheostress
(model: RS-100-HAAKE Instrument, Karlsruhe, Germany).
The oscillation shear flow measurement was examined at
25 °C, using plate—plate geometry (PP20 Ti), and frequency
range from 0.1 to 10 Hz. Dynamic mechanical analysis was
used to analyze storage modulus of crosslinked SCS-DAS
hybrid hydrogels, which have been crosslinked in situ at Ti-
plate mold in dimension (22 mm diameter, and 4 mm thick-
ness) [5]. All curves were obtained in storage modulus values
as a function of oscillation frequency sweep (0-10 Hz) at
25°C, where the storage modulus values (elastic-state) were
used as indicator for high mechanical stability of crosslinked
hybrid hydrogels.

In vitro release study

The released curcumin from curcumin-loaded SCS-DAS hybrid
hydrogels was collected in 0.1 M phosphate buffer solution (pH
5.6 at 37 °C, containing 10% fetal calf serum to maintain the
curcumin stability during the release process) [25]. A 250 mg
of curcumin was added to the dissolved SCS in phosphate buffer
solution, and then DAS was mixed with the latter solution to
allow the crosslinking process occurring. After crosslinking,
the curcumin-loaded hybrid hydrogel disc was transferred into
50 mL of phosphate buffer solution (pH 5.6) in falcon tube for
measuring the release profile. The release medium was kept
under incubation with a gentle agitation ~150 rpm at 37 °C.
At calculated time intervals of (15 min, 30 min, 45 min, 1 h,
3h, 6h, 12h, 24h, 48h, 72h, 96 h, 120 h, and 132 h), the
released curcumin was determined. A 1.5 mL of release medium
was taken to measure the released curcumin, followed by the
same volume of phosphate buffer that was substituted in the
release medium. The released curcumin was determined at dif-
ferent times up to one week with the help of curcumin calibra-
tion standard curve using the ultraviolet spectrophotometer at
425 nm. The calibration curve of curcumin was plotted between
absorbance and concentration of standard solution. The
released curcumin was first extracted in methanol and quantified
spectrophotometrically [25,26]. The cumulative release (%) of
curcumin was given as follows:

Cumulative release (%) = (released curcumin)/
(initial curcumin loaded) x 100.  (4)

Cell adhesion test

The adhesion of human gingival fibroblast cells (HGF,
obtained from Provitro, GmbH, Germany) on SCS-DAS
hybrid hydrogel surface was assessed. The separated solutions
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of both SCS and DAS in phosphate buffers were first sterilized
under UV for 30 min [27]. The last solutions were mixed
together according to the aforementioned studied ratios of
SCS and DAS into the 48-well culture plate, and then followed
with incubation at 37 °C for 2 h, to ensure formation of all
hybrid hydrogels. 1 mL of DMEM contains 20,000 HGF cells
that were added to each sample. After the incubation for 12 h,
the attached HFG cell numbers onto SCS-DAS hydrogels
were quantitatively assessed by CyQuant cell proliferation
assay kit. Briefly, the fluorescence measurements were done
using micro-plate wells-readers. The cultured media were
removed for freezing, and then it was allowed to thaw. The
kit dye was added in lysis buffer and measures the fluorescence
with an excitation at 485 nm, where the emission detection is at
530 nm. The linear range of the assay under these conditions is
from 50 to 50,000 cells per 200 puL. sample [28].

Results and discussion
Structure of SCS—-DAS hybrid hydrogels

FTIR

FTIR spectra of SCS, DAS, and SCS-DAS hybrid xerogels
are presented in Fig. 1. As seen, FTIR spectrum of N-succinyl
chitosan (SCS) exhibited stretching vibration peaks of —OH
and —NH, at 3416 cm ™!, the weak band of —CH, stretching
at 2918 cm™!, and the C—=O stretching of amide groups at
1585 cm ™. The peak at 1402 cm ™' belongs to —COOH sym-
metric stretching vibration, and the peak at 1057 cm™! for
—OH groups of characteristic peak of —CH,OH of alcohol
and C—O stretching [17-19]. FTIR spectrum of dialdehyde
starch (DAS) exhibited dialdehyde stretching peaks at
2924 cm™! and 1384 cm™!, while the peak at 3435cm™! is
due to —OH groups of unconverted soluble starch and the
peak at 1055cm™! belongs to —OH groups (characteristic
peak of —CH,OH in primary alcohol of glucose ring).
However, the peak at 1649 cm ™! might refer to periodate resi-
dues [23]. The gelation mechanism of hybrid hydrogel is
ascribed to the Schiff-base reaction between amine and dialde-
hyde groups of SCS and DAS respectively, as shown in
Scheme 2. FTIR spectrum of dried SCS-DAS xerogels was

— scs
40+ DAS

——— SCS-DAS

30 1

0 T T T
4000 3000 2000 1000
Wavenumber (1/cm)
Fig. 1 FTIR spectra of SCS, DAS, and SCS-DAS hybrid

hydrogel.

very similar with that of SCS with difficulties to notice the
vibration peak belongs to the aldehyde functionalities. This
perhaps is owing to the formation of hemiacetals, as were pre-
viously verified by Tan et al. [17] and Kato et al. [20]. The char-
acteristic peak of hemiacetal was detected at 842 cm ™,
suggesting that the coupling reaction between —CHO groups

of DAS and —NH, group of SCS was followed, Fig. 1.

SEM

SEM images are investigated to show the microstructure mor-
phologies of the freeze-dried SCS-DAS hybrid hydrogels due
to SCS:DAS distinction ratios, Fig. 2. The surface images of
SCS-DAS hybrid hydrogels are presented in the down rows
Fig. 2. A honeycomb-like structure of thin polymer layer
and loosely-like structured can be observed as DAS content
increases in SCS-DAS hybrid hydrogel composition. It can
imbibe a high water-sorption capacity as further confirmed
in swelling results in Fig. 3. Meanwhile, the uniformity, tighter
structure, and the homogeneity of the surface structure seem to
be better and tiny-pores density declines when the SCS content
increases in hybrid hydrogels. Hence, the ratio 1:5 of SCS:DAS
revealed a higher content of DAS results in the creation of
wider pore diameters, caves, and fluffy network structure in
hybrid hydrogels. As the cross-section images which displayed
in Fig. 2 (upper rows), the internal morphology structure of
SCS-DAS hybrid hydrogels was fully depended on the SCS
content, indicating the high volume ratio of SCS in hydrogel
composition resulted in small and tiny pore sizes in the hydro-
gel structure. These results are completely consistent with dis-
played SEM images of chitosan-hyaluronic acid hydrogels by
Tan et al. [17].

Physicochemical properties of SCS—DAS hybrid hydrogels

Gelation time

The gelation rate of SCS-DAS hybrid hydrogel was detected
at room temperature, where 50 mgmL ™' SCS-DAS was
mixed in different six ratios of SCS:DAS, where the gelation
occurred within 10-80 min, Table 1. It was found that the
gelation time sharply influenced ratios of two component
polymers of hydrogel (i.e. SCS and DAS). Interestingly,
increasing the ratios of SCS in the hybrid hydrogels, the gela-
tion time comes faster. In addition, the gelation rate of
SCS:DAS = 9:1 was the fastest, which exhibited significant
faster gelation rate and tighter crosslinked density hydrogel
network, than SCS-DAS hydrogel with high DAS e.g.
(SCS:DAS 1:5). The result can be attributed to the high mole-
cular weight of SCS compared to DAS; in addition the high
crosslinking degree occurred accompanied by compacted
hydrogel structure formation, Table 1. However, the gelation
time was prolonged when the content of DAS in hydrogels
was between 1:1 and 1:5.

Equilibrium swelling ratio and gel fraction of SCS-DAS hybrid
hydrogels

Fig. 3 shows the equilibrium swelling ratio and gel fraction
(%) of obtained crosslinked SCS-DAS hybrid hydrogels.
The gel fraction (GF %) increased significantly along with
increasing SCS portions in hybrid hydrogel. GF % reached
to 89% for SCS:DAS = 9:1, while it decreased to 30%, when
SCS portion decreased to 1:5 in SCS:DAS hybrid hydrogels,
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Table 1 Effect of hybrid hydrogel composition (SCS:DAS) on
gelation time and cell adhesion (%) on hydrogel surface.

SCS:DAS Time of gelation Adhered HGF cells (%)
(min) on hydrogel surface
9:1 10 93
5:1 22 84
3:1 28 72
1:1 45 58
1:3 65 48
1:5 80 36

Fig. 3. Likewise, the equilibrium swelling ratio values rapidly
increased with the increase of DAS content in SCS-DAS
hybrid hydrogels, where swelling ratios increased dramatically
from 52% to 215%, when DAS ratio contents increased in
hybrid hydrogel from one to five parts. This behavior was
attributed to the incorporation of high hydrophilic polymer
in hydrogel composition; i.e. the soluble starch derivative com-
pared to SCS polymer in hydrogel composition [11,13].
Moreover, both SCS and DAS polymers possess abundant
hydrophilic groups, such as —OH and —NH, groups in DAS
and SCS polymers respectively, which can easily form hydra-
tion with the water molecules. Thus, included amounts
between SCS and DAS in hybrid hydrogel synthesis apparent-
ly affect the swelling behavior of obtained hybrid hydrogels.
This implies that crosslinking density influences the most of
hydrogel properties; that is an increase in the crosslinking den-
sity with increasing SCS contents leads to a significant water
content reduction, and an increase in the gel fraction %.
Thus, the ratio 9:1 of SCS:DAS hydrogels revealed the highest
crosslinking density and the highest gel fraction %, conse-
quently decreasing the hydrophilicity and direct sorption of
polymer chains to water molecules resulting in polymer net-
works collapsing.

Weight loss (%) of SCS—-DAS hybrid hydrogels

The hydrogels that are targeted for biomedical applications
particularly for tissue engineering should be biodegradable.
The degradation behavior or weight loss rate of in situ hybrid
hydrogel scaffold has a critical influence on the biological long-
term performance e.g. cell-adhesion construct of the injected
polymer [4,19]. This interest stems from the importance of
understanding the in vitro weight loss profile of the synthesized
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hybrid hydrogels. The hydrolytic degradation or weight loss
(%) of SCS-DAS hybrid hydrogel was conducted in vitro with
respect to the incubation time in PBS at 37 °C and different
SCS:DAS ratios, as displayed in Fig. 4. The ratio of
SCS:DAS showed a considerable influence on the weight loss
profile. SCS-DAS hybrid hydrogels with the ratio of 1:1-1:5
showed notable weight losing rate owing to weak crosslinking
density and dissociated polymer chains in PBS, where 50%
weights loss was monitored between 2 and 5 days. However,
hybrid hydrogels with high SCS contents such as, 3:1-9:1 lost
their weight ranged 20-45% steadily on more than 10 days,
due to high crosslinked hydrogel networks and compacted
structure. It is worth mentioned that, the SCS-DAS hybrid
hydrogels were stable in PBS during the first two weeks of
incubation referring that the hydrolysis speed of SCS-DAS
via Schiff’s base is very low under the physiological conditions,
particularly hydrogels with high SCS contents. The degrada-
tion results of high DAS content in hybrid hydrogel were
ascribed thoroughly to the starch chains that were enzymat-
ic-degraded quickly caused by a-amylase which is mostly pre-
sent in physiological conditions [4].

Dynamic mechanical stability of SCS—-DAS hybrid hydrogels

The mechanical properties of SCS—-DAS hybrid hydrogels were
carried out by a dynamic oscillation rheometer as a function of
different ratios between SCS and DAS, Fig. 5. This charac-
terization allows the evaluation of the elastic (G’ storage mod-
ulus) of the hybrid hydrogel. Theoretically, the increase of
crosslinking density improves the mechanical properties of
hybrid hydrogels, as has been already obtained. It can be seen
that, the storage modulus values for hybrid hydrogels having
high SCS content are much higher compared to that measured
samples with high DAS contents. For example, with increasing
SCS ratios (SCS:DAS) from 1:3 to 9:1 (v/v), G’ values of
hybrid hydrogels were improved correspondingly, from 2 kPa
to 12 kPa. However, the high DAS content in hybrid hydrogels
e.g. ratio of 1:5, exhibited deteriorated mechanical properties
of hybrid hydrogels (~1 kPa). Similarly, these results are fully
dependable with reports of Tan et al. [17] and Sun et al. [19].
They demonstrated that increasing SCS contents increased

100
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Fig. 4  In vitro hydrolytic degradation (weight loss %) of SCS—
DAS hydrogels depending on the time of degradation as function
of different volume ratios between SCS and DAS polymers.

the compressive modulus values of SCS-hyaluronic acid
hybrid hydrogels.

In vitro release study

The in vitro release profile study which is an essential test for
being the resultant materials will be used in the biomedical
application. The release profiles of curcumin-loaded SCS—
DAS hybrid hydrogels are presented in Fig. 6. All release
behaviors showed a big burst release particularly with the high
DAS content in hydrogel compositions. However, the burst
release significantly was reduced with increasing the SCS con-
tent in hybrid hydrogel composition. The big burst release for
most hydrogels at the beginning of release time is owing to the
presence of the soluble and stuck curcumin on hydrogel sur-
faces and the structural permeability of hydrogels as well.
Apparently, the moderate SCS contents (i.e. SCS:DAS ratios
of 3:1, 5:1) revealed gradual and sustainable release behavior
after 5 days, which is a proper behavior for scaffolds medical
materials. As expected, the highest released curcumin (83%)
was detected by the highest DAS content in hydrogels, which
can be interpreted by the hydrogel wettability and pores on
surface structure, (Figs. 2 and 3). Conversely, the lowest
released curcumin (33%) was obtained by the highest SCS con-
tent hydrogel, which tends to release plateau (zero-order
release) after 2 days. The presented release results showed that
the hydrogel structure affected directly the release profile of
curcumin. This implies that the weak hydrogel structure due
to the high DAS content showed high burst release of curcum-
in. However, the high crosslinked or compressed hydrogel
structure due to high SCS content showed very limited and
sustainable released curcumin.

Cell adhesion on SCS-DAS hydrogels

Cell adhesion results on the surface of SCS-DAS hydrogels as
function of different hydrogels composition were provided in
Table 1. After 12 h of incubation, the percentage number of
adhered HGF cells on hydrogel surface was significantly
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Fig.5 Plot of the dynamic storage modulus of SCS-DAS hybrid
hydrogels versus the applied oscillation frequency at room
temperature as a function of different volume ratios between
SCS and DAS polymers.
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Fig. 6 Representative cumulative release profile of curcumin-
loaded SCS-DAS hydrogels with respect to different hybrid
hydrogel compositions (SCS:DAS).

enhanced with increasing SCS moiety in hydrogel composi-
tion. However, the number of adhered cells on hydrogel sur-
face was clearly reduced with increasing the DAS portion in
hydrogel composition. This study indicates that the hydrogel
composition influences sharply the behavior of surface cell
adhesion, which is predominantly owing to the wettability
and hydrophilicity of the host hydrogel surface. Thus, the sur-
face of SCS-DAS hydrogels was more convenient for HGF
cell adhesion, particularly with high SCS hydrogel composi-
tion due to its higher bioactivity and biocompatibility than
the hydrogel surface with high DAS composition. This adhe-
sion behavior is depending on the fact that, the cell adhesion
on hydrophilic hydrogel surfaces can be improved by either
reducing the degree of wettability of surface, or functionalizing
the hydrogel surface with RGD peptides [29]. As a result, this
assumption is coincided with the swelling degree results in
Fig. 3, which summarize that presence of SCS portion in
hybrid hydrogel could limit the swelling ability due to its high
viscosity and molecular weight; however it enhanced drastical-
ly the cell adhesion behavior.

Conclusions

The in situ forming SCS-DAS hybrid hydrogels were success-
fully synthesized via Schiff’s base crosslinking reaction. The
ratio between two main polymers composition of hybrid
hydrogel (i.e. SCS and DAS) has pointedly influenced the phy-
sicochemical properties of resultant hybrid hydrogels. High
SCS content of hybrid hydrogels showed a slightly shorter
gelation time, limited water uptake, little weight loss (%),
and considerable tighter hydrogel structure than those of the
hydrogel possessing a high DAS content. Furthermore, the
hybrid hydrogels with a high SCS content showed slower
degradation rate and steady limited weight loss (%) than
hydrogels with a low SCS composition. This implies that
SCS-DAS hybrid hydrogels are relatively stable and have lim-
ited hydrolysis rate with a high SCS hydrogel composition in
physiological conditions without any unwanted by-products,
which make them good candidate hydrogel scaffolds for tissue
engineering. These preliminary results indicate that, Schiff’s
base crosslinking reaction has been employed to form

SCS-DAS hybrid hydrogels under mild conditions without
using any extraneous toxic chemical crosslinker or reagent.
In addition, the increase of SCS in hybrid hydrogel composi-
tion reduced drastically the curcumin burst release and the cur-
cumin sustained releases were monitored. In the same context,
the adhered HGF cells number on hydrogel surface was great-
ly improved by SCS content in hybrid hydrogel composition.
Thus, SCS-DAS hybrid hydrogels will have potential attrac-
tion to be used as injectable and biodegradable scaffold hydro-
gels for clinical purposes e.g. tissue engineering and cartilage
repair.
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