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A novel injectable in situ cross-linked hydrogel has been designed via Michael type addition between thiol-
modified chitosan (CS–NAC) and PEG diacrylate (PEGDA). Hydrogel was rapidly formed in situ under
physiological conditions. The gelation time depended on the content of free thiols in CS–NAC, temperature,
and concentration of CS–NAC and PEGDA. Thermogravimetric analysis showed the thermal stabilities of
hydrogels. SEM observation results confirmed a porous 3D structure. Rheological studies showed that the
cross-linking density and elasticity of hydrogel had a correlation to the content of CS–NAC and PEGDA.
Swelling studies revealed that these hydrogels had a high initial swelling and were degradable under
physiological conditions. And swelling was highly temperature-dependent and was directly related to the
amount of cross-linking. Biological activities of the hydrogels were evaluated by in vitro cell compatibility
on HDFs and A549 cells and the results indicated that the hydrogel was biocompatible.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels are three-dimensional cross-linked polymer
networks, which may absorb from 10% to 20% up to thousands of
times their dry weight in water, giving them physical character-
istics similar to soft tissues. Due to their excellent biocompati-
bility, causing minimal inflammatory responses, thrombosis and
tissue damage, many hydrogels have been studied extensively for
biomedical applications [1,2], such as drug delivery [3] and tissue
engineering [4,5]. Hydrogels that are injectable and can be formed
in situ under physiological conditions have received much atten-
tion recently because of their many favorable characteristics. For
instance, injectable materials can conform to complex shapes at
the site of injury, and can strongly adhere to the tissue during
gelation. Furthermore, in situ gelation allows minimize the inva-
siveness of the surgical technique by permitting the use of injec-
tion or laparoscopic methods. During the last decade, many
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potential applications have been explored for ideal injectable in
situ crosslinkable hydrogels [6–10].

In situ gelation can be obtained after UV-polymerization [11],
introducing non-reversible covalent bonds, or via self-assembly by
either reversible interactions or non-reversible chemical reactions
[12–19]. Among these in situ gelling systems, self-assembling
hydrogels which can be formed in time or in response to a certain
stimulus are of great interest. Both physical interactions, such as
electrostatic [12–14] or hydrophobic interactions [15–17], as well as
end-group-specific chemical reactions, such as Michael addition
[18,19], can be exploited for the design of self-assembly polymeric
networks. However, physically cross-linked hydrogels are generally
mechanically weaker than chemically cross-linked hydrogels.
Therefore, in situ gelation hydrogels prepared via Michael addition
between thiols and acrylates have received much attention
recently. The reaction can be carried out under physiological
conditions and biomimetic scaffolds can be easily obtained by
incorporation of thiol-bearing molecules. Hubbell et al. reported
the hydrogels by Michael type addition between small molecules
bearing several thiol groups and multi-arm star PEG acrylates or
vinyl sulfones [20–22]. The experiments suggest that the cells can
secrete extracellular matrix that can adhere to the hydrogels,
although the PEG materials resist protein adsorption. Prestwich
et al. synthesized hydrogels by Michael type addition between
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thiol-modified hyaluronic acid (HA), a major nonsulfated glucosa-
minoglycan constituent of extracellular matrix (ECM), and PEG
diacrylate [23–25]. These injectable synthetic ECM (sECM) hydro-
gels had very high water content (>96%), biodegradability,
mechanical properties, and gelation times (w2–6 min) suitable for
potential clinical applications. In addition, Hiemstra et al. prepared
hydrogels via Michael type addition between thiol-modified
dextran and PEG tetra-acrylate or dextran vinyl sulfone conjugate
[26–28]. The results indicate that these hydrogels are very prom-
ising for use in biomedical applications, since they can be rapidly
formed in situ and are biodegradable with adjustable degradation
times to match a particular application.

It is well known that chitosan (CS) is a natural polysaccharide
which has been widely used in pharmaceutical areas thanks to its
attractive biocompatibility, biodegradability, antimicrobial activity,
retention of growth factors, release of glucosamine and N-acetyl-
glucosamine monomers and oligomers, and stimulation of cellular
activities [29–31]. Modified CS has been administered to humans in
the form of dressings for wounded soft and bone tissues [32,33],
such as articular cartilage [34]. In particular, PEG-modifying CS with
thermo-sensitive properties improves blood compatibility of CS,
and also decreases the enzyme degradation, which is of great
interest in drug delivery and tissue engineering [35–38]. Insup et al.
synthesized a novel chitosan–PEO in situ hydrogel via grafting of 2-
carboxyethyl acrylate to CS and Michael addition reaction was
processed between acrylate modified CS and PEO hexa-thiols [39].
However, the thermo-sensitive properties of the hydrogel were not
presented. In this paper, a novel in situ cross-linked hydrogel that
was formed under physiological conditions by Michael type addi-
tion between thiol-modified CS and PEG diacrylate was prepared.
Moreover, gelation time, mechanical properties, thermally swelling
properties and in vitro cell compatibility of the hydrogels were
characterized.

2. Experimental

2.1. Materials

Chitosan (degree of deacetylation 86%, with molecular mass of
300 kDa) was purchased from the Zhejiang Yuhuan Ocean
Biochemical Co., Ltd. (Zhejiang, China) and used as received. N-acetyl-
L-cysteine (NAC), 1-ethy-3-(3-dimethyl- aminopropyl-carbodiimide)
hydrochloride (EDAC$HCl), 1-hydroxybenzotrizole (HOBt), 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and
Ellman’s reagent were obtained from the J&K China Chemical Ltd.
Poly(ethylene glycol) diacrylate (PEGDA, Mw 2 kDa, degree of
substitution 87%, as determined by 1H NMR) was synthesized by PEG
diol and Acryloyl chloride according to the literature [40]. All other
chemicals were of analytical grade and were used without further
purification.

2.2. Synthesis of chitosan–NAC

Chitosan–NAC (CS–NAC) conjugates were prepared as described
by Krauland et al. [41]. Typically, 500 mg of CS was dispersed in water
(46 mL), and added HOBt (348.6 mg, 2.58 mmol) to above suspension
under stirring until a clear solution obtained. Afterwards, NAC
(842.0 mg, 5.16 mmol) was added to the solution followed by the
addition of a solution of EDAC$HCl (1978.5 mg, 10.32 mmol, 4 mL).
The pH of the reaction mixture was adjusted to 5 by the addition of
1 M HCl. The reaction mixture was incubated for 3 h at room
temperature under stirring. The resultant mixture was dialyzed (Mw
10000 cut) first against 5 mM HCl containing 2 mM EDTA for 3 days at
4 �C in the dark, and then the same medium but additionally con-
taining 1% of NaCl and finally 1 mM HCl. The dialyzed fragments
were then lyophilized and stored at 4 �C until further use. Thiol group
content on thiolated chitosan was determined using the Ellman’s
reagent as described by Krauland et al. [41].

2.3. Gelation time and swelling tests

To determine the gelation time, solutions of CS–NAC and PEGDA
(molar ratios of thiol to acrylate group were 1:1, 1:2 and 1:5) in
NaH2PO4/Na2HPO4 buffer (PBS, pH 7.4, 0.1 M) were mixed and incu-
bated at 37 �C by vortexing. In comparison, CS–NAC was dissolved in
PBS (pH 7.4, 0.1 M) at 37 �C to induce hydrogel states. The gelation time
was determined by a flow test utilizing a glass test tube inverting
method reported by Jeong et al. [42]. As the solution lost fluidity in
1 min, the sample was regarded as a gel. For the swelling test, the
prepared hydrogels were allowed to swell and erode at 25 or 37 �C
after applying 10 mL PBS. The swollen and degraded hydrogels were
weighed at various time intervals after removal of PBS. After each
weighing, PBS was refreshed. The swelling ratio of the hydrogels was
calculated from the initial dry hydrogel weight (W0) and the swollen
hydrogel weight after exposure to PBS (Wt): Swelling ratio (%) ¼Wt/
W0.

2.4. Rheological experiments

A Stress Tech rheometer (Reologica Instruments Inc.) with stan-
dard steel parallel-plate geometry of 25 mm diameter was used for
the rheological characterization of all hydrogel samples (after gela-
tion). The test methods employed were oscillatory stress sweep and
frequency sweep. The stress sweep was performed on hydrogels to
determine the linear viscoelastic region (LVR) profiles of them and
compare the storage modulus (G0) under the same physical condition.
The stress sweep was set up by holding the temperature (25 �C) and
frequency (1 Hz) constant while increasing the stress level from 0.1 to
100 Pa. We also subjected the hydrogels to a frequency sweep at
a fixed shear stress (10 Pa) and temperature (25 �C), the oscillatory
frequency was increased from 0.01 to 20 Hz and the G0 was recorded.
The plots of G0 versus shear stress or frequency from the two sweep
tests were obtained directly from the software controlling the
rheometer.

2.5. Characterization of hydrogels

X-ray diffraction patterns were obtained by using a diffractom-
eter (XRD-6000, Shimadzu) equipped with a q–q goniometer. The
operating conditions during the experiment were 40 kV and 50 mA
with Cu Ka radiation. The diffraction patterns were acquired over
a diffraction angle of 2q ¼ 10–30�.

To examine thermal stability of hydrogels, the hydrogel samples
were measured using thermogravimetric analysis (TGA, Metzsh).
Decomposition profiles of TGA were recorded with a heating rate of
10 �C/min in nitrogen between 20 and 650 �C.

To observe the interior morphologies of hydrogels, the swollen
hydrogel samples were quickly frozen in liquid nitrogen and further
freeze-dried in a Freeze Drier (Christ alpha2-4 LD plus, Christ)
under vacuum at �90 �C for at least 2 d until all the solvent was
sublimed. The freeze-dried hydrogels were then fractured carefully,
and the interior morphologies of the hydrogels were visualized by
using a scanning electron microscope (SEM, SS-550, Shimadzu).
Before the SEM observation, the hydrogel samples were fixed on
aluminum stubs and coated with gold.

2.6. In vitro cell compatibility

The viability of HDFs and A549 cells cultured in a medium where
the hydrogel was previously suspended and swelled was evaluated.



Table 1
Thiolated chitosan characterization and composition of hydrogel.

Sample CS:NAC:HOBT:EDAC
(molar ratio)

–SH (mmol/g) –SH:–acrylate
(molar ratio)

CS–NAC1 1:2:1:4 361.4 � 15.0 1:1
CS–NAC2 1:2:1:8 221.0 � 12.4 1:1

1:2
1:5
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In particular, the hydrogel was incubated in Dulbecco’s modified
Eagles medium (DMEM) at 37 �C for 5 d under orbital stirring at
120 rpm. After incubation, the medium ‘‘conditioned’’ by the
hydrogel, was centrifuged at 11800 rpm, 4 �C for 30 min, and then
filtered to remove the hydrogel. The cells were seeded into 96-well
plates at 10,000 cells per well. The plates were then returned to the
incubator and the cells were allowed to grow to confluence for 24 h.
Subsequently, the culture medium was replaced with the ‘‘condi-
tioned’’ medium. After 3 d and 7 d of incubation (37 �C, 5% CO2),
20 mL of MTT solutions were used to replace the mixture in each
well. The plates were then returned to the incubator and incubated
for a further 4 h in 5% CO2 at 37 �C. Then, the culture medium and
MTT were removed. Isopropanol (150 mL) was then added to each
well to dissolve the formazane crystals. The plate was placed in 5%
CO2 at 37 �C for 10 min and for 15 min at 6 �C before measurement.
The optical density was read on a microplate reader at 570 nm. Cell
viability was determined as a percentage of the negative control
(untreated cells). Each experiment was performed in triplicate and
results are reported as mean standard deviation.

3. Results and discussion

3.1. Synthesis and characterization of CS–NAC

CS–NAC was achieved by the covalent attachment of NAC to the
amine groups of CS. The coupling reaction was mediated by EDAC
and HOBt as we have previously reported [43]. And the amount of
immobilized thiol groups was strongly dependent on the molar
ratio of reagents (CS, NAC, HOBt and EDAC). Particularly, NAC/EDAC
molar ratio significantly influenced the amount of thiol group per
gram polymer. In the present research, we used two kinds of NAC/
EDAC molar ratios and Ellman’s tests showed the contents of free
thiol group were 361.4 and 221.0 mmol/g, respectively (Table 1).

3.2. In situ formation and characterization of hydrogel

Upon exposure to air, the thiols on CS–NAC are oxidized to form
a spontaneous, albeit slow, disulfide-crosslinked hydrogel (CN
hydrogel). Then, to enhance the rate of cross-linking, hydrogels were
formed in situ via Michael type addition between CS–NAC and
Fig. 1. Demonstration of the in
PEGDA in PBS at pH 7.4 and 37 �C (CNP hydrogel, Fig. 1). The
concentration is defined as the dry weight of CS–NAC per volume of
buffer.

Table 2 shows the gelation time of hydrogels with different
compositions and concentrations. As can be seen, the gelation time
of CNP hydrogel was much shorter than that of CN hydrogel. Indeed,
Michael type addition between thiol group and acrylate group has
a faster rate than the spontaneous oxidization of thiols [44]. For CNP
hydrogel, at the same concentration and molar ratio of thiol to
acrylate, the gelation time decreased from 45 to 30 min with
increasing the content of free thiols from 221.0 to 361.4 mmol/g, and
the tendency is the same as CN hydrogel. The results indicate that
Michael type addition or the spontaneous oxidization was easier to
process as the content of free thiols increased. Then, for CNP2
hydrogel at the same concentration, the gelation time decreased
from 45 to 25 min with decreasing the molar ratio of thiol to acrylate
from 1:1 to 1:5, indicating that the increasing amounts of PEGDA
enhanced the rate of cross-linking between thiol and acrylate group
and consequently shortened the gelation time [24]. For CNP2 (1:1)
hydrogel, the gelation time decreased from 55 to 27 min by
increasing the concentration from 5 to 15 mg/mL, which was in
agreement with the results described by Hiemstra et al. [26,27]. For
CNP2 (1:1) hydrogel at the same concentration, the gelation time
was prolonged from 45 to 130 min by decreasing the temperature
from 37 to 25 �C, indicating that Michael type addition preferred to
go under physiological temperature. In general, the gelation time of
hydrogels achieved by Michael type addition was short in compar-
ison with those by the spontaneous oxidization and can be modu-
lated by the concentration of CS–NAC and PEGDA, the content of free
thiols in CS–NAC, and the temperature.

Fig. 2 shows X-ray diffraction profiles of CS–NAC and CNP
hydrogel. For CS, at least seven polymorphs have been proposed
[45–47], including ‘‘tendon–CS’’, ‘‘annealed’’, ‘‘I-2’’, ‘‘L-2’’, ‘‘form I’’,
‘‘form II’’, and ‘‘noncrystalline’’. Pocker and Biswas have proposed
three forms: noncrystalline, hydrated (‘‘tendon’’) crystalline, and
anhydrous (‘‘annealed’’) crystalline [48]. The hydrated crystalline
structure gives a reflection at 2q ¼ 10� (or peaks at around 8� and
12�), and the anhydrous crystalline structure gives one at 2q ¼ 15�.
Fig. 2 illustrates CS shows characteristic peaks around 2q ¼ 12.6�,
19�, and 26� [49]. The former peak corresponded to the hydrated
crystalline structure, while the broaden peak around 2q ¼ 21� for
CS–NAC indicated the existence of an amorphous structure, sug-
gesting that the introduction of NAC changed the crystalline struc-
ture of CS. The crystalline PEG shows strong reflections at 18.74� and
22.86� and weak reflections at 26.77�, 30.5�, 35.9�, and 40�. In the
CNP hydrogel, the 12.6� reflection for CS is absent, and there is
a broad peak in the 18–26� region, which may have contributions
from both CS and PEG. This indicates that there was a decrease in CS
crystallization upon the introduction of PEG. As the PEG content in
CNP hydrogel increases, the intensity of characteristic reflections
situ hydrogel formation.



Table 2
Gelation time as function of composition and concentration of hydrogel.

CN1a CN2a CNP1 (1:1)b CNP2 (1:1)b CNP2 (1:1) 25�Cb,c CNP2 (1:2)b CNP2 (1:5)b

Concentration (mg/mL) 10 10 10 5 10 15 10 10 10
Gelation time (min)d 145 � 15 180 � 16 30 � 4 55 � 5 45 � 4 27 � 4 130 � 13 39 � 4 25 � 2

a CN corresponds to the hydrogel achieved by CS–NAC.
b CNP corresponds to the hydrogel achieved by CS–NAC and PEGDA.
c CNP2 (1:1) 25 �C corresponds to the CNP2 (1:1) hydrogel which was formed at 25 �C. And all the other hydrogels showed in table were formed at 37 �C.
d The gelation time was determined by a flow test utilizing a test tube inverting method.
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from the resulting hydrogel increased. It is natural that the high
content of PEG can lead to larger amounts of crystalline structures in
the hydrogel [50].

Thermal stabilities of CS, CS–NAC and CNP hydrogel were
measured using TGA analysis. Fig. 3 shows the weight loss and
weight loss rate curves recorded with a heating rate of 10 �C/min in
nitrogen between 20 and 650 �C. CS and CS–NAC showed single
stage thermal decomposition at about 250 �C, indicating that thiol-
modified did not affect the thermal stability of CS. However, all the
CNP hydrogels showed a two-stage thermal decomposition. The
first-stage decomposition temperature was also about 250 �C,
suggesting the introduction of PEG via Michael type addition did
not decrease thermal stability of CS, compared with the incorpo-
ration of PEG via a traditional epoxy–amine reaction [50].
Furthermore, the second-stage decomposition temperature was
approximately 380 �C and the weight loss for CNP2 (1:1), CNP2
(1:2) and CNP2 (1:5) was 10%, 23% and 50%, respectively. The
weight loss results were similar to the contents of PEG in CNP
hydrogel and indicate that the decomposition stage was caused by
PEG. In particular, as the molar ratio of thiol to acrylate decreasing
from 1:1 to 1:5, the degradation temperature increased from 357.5
to 388.6 �C, this is probably due to the high content of PEG
promoting the crystal growth of the hydrogel [51], which had been
demonstrated by X-ray diffraction.

The morphologies of the swollen CN and CNP hydrogel in PBS at
37 �C for different time periods were observed by SEM. As shown in
Fig. 4A–D, the SEM images of hydrogels exhibited a highly macro-
porous spongelike structure and the average mesh size is about
10 mm. With the increasing of cross-linking density, the decrease of
the pore size was attributed to the decreasing distance between CS
chains with increasing PEGDA concentration. After being dipped in
PBS for 24 h and 7 d, the chains in the network degraded and the
Fig. 2. X-Ray diffraction patterns for chitosan (A), chitosan–NAC (B), PEGDA (C), CNP2
(1:1) hydrogel (D), and CNP2 (1:5) hydrogel (E).
pores of the hydrogel increased (Fig. 4E–H). The porous structure of
the hydrogel shows potential as scaffolds for cell infiltration and
growth.

3.3. Rheology

Oscillatory stress sweep allows determination of the linear
viscoelastic region (LVR) profiles and storage modulus (G0) of the
hydrogels as a function of the content of free thiols, concentration
and the ratio of thiol to acrylate (Fig. 5A). As can be seen, with
increasing cross-linking density of the hydrogel, the structure
breakdown occurred at higher shear stress levels. On the basis of
these data, a stress 10 Pa was chosen for comparison of various
hydrogel samples. Indeed, numerous published reports have
Fig. 3. Thermogravimetric analysis of chitosan, chitosan–NAC, and CNP hydrogels.
(A) the weight loss curves, (B) the weight loss rate curves.



Fig. 4. SEM photographs of (A) CN hydrogel, (B) CNP1 (1:1) hydrogel, (C) CNP2 (1:1) hydrogel, and (D) CNP2 (1:5) hydrogel dipped in water for 0.5 h at 37 �C; (E) CNP1 (1:1)
hydrogel and (F) CNP2 (1:1) hydrogel for 24 h at 37 �C; (G) CNP1 (1:1) hydrogel and (H) CNP2 (1:1) hydrogel for 7 days at 37 �C.
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Fig. 5. Rheological behaviors of various hydrogel samples. (A) Oscillatory shear stress
sweep, (B) oscillatory frequency sweep. HCNP2 (1:1): CNP2 (1:1) hydrogel at high
concentration (15 mg/mL); LCNP2 (1:1): CNP2 (1:1) hydrogel at low concentration
(5 mg/mL).
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suggested that the measured G0 has a strong relationship to the
number of effective intermolecular cross-links formed in the
hydrogel network [52–54]. Therefore, the evolution of G0 as a func-
tion of cross-linking density was monitored to assess the extent of
effective intermolecular cross-links formed in the hydrogel
networks. As we can see, all the CNP hydrogels have a higher G0 than
CN hydrogel, indicating that the introduction of PEG via Michael type
addition increased the cross-linking density. Then, for the CNP
hydrogel, the higher cross-linking density and elasticity of hydrogel
can be achieved by increasing the contents of free thiols in CS–NAC
and decreasing molar ratio of thiol to acrylate. For the CNP hydrogel
with different concentration, the higher concentration of CS–NAC
made the achieved hydrogel having a higher cross-linking density,
suggesting that increasing the concentration of CS–NAC can get
a higher content of free thiols under the same volume.

Frequency sweep tests are widely used to obtain information
about the stability of three-dimensional cross-linked networks
[52,55,56]. Fig. 5B shows the plot between G0 and oscillatory
frequency, the data obtained for all the hydrogels is characterized
by G0 exhibiting a plateau in the range of 0.01–2 Hz that is indicative
of a stable, cross-linked network. However, at higher frequencies
(2–20 Hz), all the hydrogels showed an increase in G0, and the
higher cross-linking density made higher rate of increase. The
magnitude of viscoelastic response elicited by a polymeric network
is governed primarily by the length of the flexible polymer chains
and the nature of the imposed mechanical motion [52,55]. Longer
chains have characteristic longer relaxation times and cause a low
cross-linking density in the hydrogel network. At higher frequen-
cies, long chains fail to rearrange themselves in the time scale of the
imposed motion and therefore stiffen up, which was characterized
by a sharp increase in G0.

3.4. Hydrogel swelling

To study the swelling and degradation of hydrogel, the prepared
hydrogel was dried under vacuum at room temperature to a constant
weight, and then the dried hydrogel was immerged into PBS and
allowed to swell at 25 or 37 �C. All the hydrogels swelled rapidly and
reached equilibrium within 0.5 h at 37 �C, but within 4 h at 25 �C
(Supporting Information). Fig. 6 shows the equilibrium swelling ratio
of CN and CNP hydrogels. For CNP2 (1:1) hydrogel at different
concentrations, the equilibrium swelling ratio decreased from 1336%
to 888% when increasing the concentration from 5 to 15 mg/mL
(Fig. 6A), indicating that the hydrogel prepared at a high concentra-
tion has a tighter structure and a lower water-holding capacity than
at a low concentration. For CNP2 hydrogel at different molar ratio of
thiol to acrylate, the equilibrium swelling ratio decreased from 1195%
to 568% by decreasing the molar ratio of thiol to acrylate from 1:1 to
1:5 (Fig. 6B), suggesting that the construction of the hydrogel with
a higher content of PEG was too tight to hold water. For CNP hydrogel
at same condition, the equilibrium swelling ratio decreased from
1195% to 907% when increasing the content of free thiols from 221.0
to 361.4 mmol/g (Fig. 6C), implying the high content of free thiols
caused a tight network structure of the hydrogel. For CN hydrogel
with different contents of free thiols, the equilibrium swelling ratios
were similar and lower than all the CNP hydrogels (Fig. 6C). The
results indicate that the thiol oxidation in the CN hydrogel was
similar, as well as the construction of hydrogel. Moreover, there was
a longer distance between the CS chains in CNP hydrogel than CN
hydrogel due to the introduction of PEG moieties, so CN hydrogel has
a tight network structure compared to CNP hydrogel.

Furthermore, the equilibrium swelling ratios of CNP hydrogels
were higher at 37 �C than at 25 �C compared to CN hydrogel. The
phenomenon was in good agreement with the results described by
El-Sherbiny et al. [57] and Khurma et al. [58], indicating the
temperature-responsive behavior of CNP hydrogel. This behavior is
due to the dissociation of the hydrogen bond in chitosan within the
hydrogel matrices at higher temperature and thus allowing more
water to move into the matrix of hydrogel [59].

The CN and CNP hydrogels were degradable under physiological
conditions. There are two kinds of degradation in CNP hydrogels.
One is the degradation through hydrolysis of the ester bond
between the thioether and PEG, as the hydrogels via Michael type
addition [23–28]; the other is the biodegradation of CS. Indeed, CS
can be easily depolymerized by a variety of hydrolases including
lysozyme, pectinase, cellulases, hemicellulases, lipases, and
amylases [29]. After reaching swelling equilibrium, all the hydro-
gels were rapidly degraded in the first 24 h, and then the degra-
dation became slow and the persistence of hydrogel remnants was
also observed within six weeks (Supporting Information).

3.5. In vitro cell compatibility

The biocompatibility of CN and CNP hydrogels was evaluated in
vitro on HDFs and A549 cells by ‘‘indirect’’ methods. In this method,
the growth medium was first ‘‘conditioned’’ for 5 d with the



Fig. 6. Equilibrium swelling ratio of CN and CNP hydrogels under different conditions.
(A) CNP2 (1:1) hydrogels under different concentration, (B) CNP2 hydrogels under
different temperature and molar ratio of acrylate to thiol, (C) CN and CNP hydrogel
under different temperatures.

Fig. 7. Cell viability (MTT assays) for HDFs (A) and A549 (B) cells grown on CN2 and
CNP2 (1:1) hydrogels.
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hydrogel and then used to incubate the cells. After 3 and 7 d of
incubation, cell viability was determined by the MTT assay and
expressed as a percentage ratio between viable cell number incu-
bated in the growth medium ‘‘conditioned’’ and not ‘‘conditioned’’
by the hydrogel.

Fig. 7 shows cell viability (MTT assay) of CN2 and CNP2 hydro-
gels with different cells and incubated time. As can be seen, for two
different cell types, the cell viability of CNP hydrogel was a little
lower than that of CN hydrogel after 3 d incubated, which may be
due to the rapider degradation of CNP hydrogel, and the degraded
segment of hydrogel may contain some substances that interfere
with the cell viability. And the cells appeared to be recovered by 7 d,
all the cell viabilities were maintained over 80%. These properties
suggest that the CNP hydrogel has many potential clinical appli-
cations in drug delivery and tissue engineering.

4. Conclusion

Thiol-modified chitosan with the contents of free thiol groups
361.4 and 221.0 mmol/g was conveniently prepared by a one-pot
synthesis procedure at room temperature. Hydrogels were rapidly
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formed in situ under physiological conditions by Michael type
addition upon mixing aqueous solutions of CS–NAC and (PEGDA) at
different concentrations and ratios of thiol to acrylate. Their
mechanical and swelling properties are readily controlled by the
content of free thiols in CS–NAC, temperature, and concentration of
CS–NAC and PEGDA. The hydrogels were degradable under physio-
logical conditions. In vitro cell compatibility study on HDFs and A549
cells indicates CNP hydrogel has good compatibility. These hydrogels
present great potential in biomedical applications including drug
delivery, as well as injectable tissue engineered scaffolds.
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