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ABSTRACT: With the fast development of cell therapy, there
has been a shift toward the development of injectable
hydrogels as cell carriers that can overcome current limitations
in cell therapy. However, the hydrogels are prone to damage
during use, inducing cell apoptosis. Therefore, this study was
carried out to develop an injectable and self-healing hydrogel
based on chondroitin sulfate multiple aldehyde (CSMA) and
N-succinyl-chitosan (SC). By varying the CSMA to SC ratio,
the hydrogel stiffness, water content, and kinetics of gelation
could be controlled. Gelation readily occurred at physiological
conditions, predominantly due to a Schiff base reaction between the aldehyde groups on CSMA and amino groups on SC.
Meanwhile, because of the dynamic equilibrium of Schiff base linkage, the hydrogel was found to be self-healing. Cells
encapsulated in the hydrogel remained viable and metabolically active. In addition, the hydrogel produced minimal inflammatory
response when injected subcutaneously in a rat model and showed biodegradability in vivo. This work establishes an injectable
and self-healing hydrogel derived from carbohydrates with potential applications as a cell carrier and in tissue engineering.
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■ INTRODUCTION

Cell therapy is considered to be a very promising approach for
treating various diseases. The major challenge in cell therapy is to
design ideal carriers that are able to deliver therapeutic cells
efficiently and specifically to the target site, avoiding the
drawbacks of traditional cell therapy, such as limited cell
retention, inferior cell survival, and so forth.1,2 Over the past
few decades, injectable hydrogels have received much attention
as cell carriers.3−7 Injectable hydrogels are based on a polymer
solution. After administration into the body, the solution is able
to gel in situ. Therefore, cells can be readily integrated into the
hydrogel within the desired tissue to provide a local therapeutic
effect, and these injectable hydrogels have the potential to mimic
the extracellular matrix (ECM) and can serve to organize the cells
into a three-dimensional architecture.8,9 Most importantly, the
injectable characteristic of the hydrogels provides homogeneous
cell distribution within the desired tissue and strong adhesivity to
the tissue after gelation, which increases the hydrogel-tissue
interface, thereby improving the interaction of the hydrogel and
host tissue.10

To be used as cell carriers, the hydrogels should show good
biocompatibility, biodegradability, and nontoxicity. In light of
this, natural carbohydrates have been widely explored for
developing injectable hydrogels for cell delivery.11−15 For
example, a chitosan-Pluronic injectable hydrogel has been used
to deliver bovine chondrocyte cells, showing effective
chondrocyte proliferation and functional recovery for cartilage
regeneration.16 Chitosan-glycerol phosphate injectable hydro-

gels have been used for adipose-derived mesenchymal stem cell
delivery in acute kidney injury, enhancing cell survival and
improving their therapeutic effect.17 A collagen-based injectable
hydrogel was developed to provide facile delivery of retinal
pigment epithelial (RPE) cells into the eye to treat retinal
degenerative diseases.18 Recently, Lee et al. found that
incorporation of type-II collagen or chondroitin sulfate into
chitosan injectable hydrogels further increased proliferation and
cartilage matrix production by encapsulated chondrocytes and
mesenchymal stem cells (MSCs).19 These natural carbohydrates
have shown good biocompatibility and also promote cell survival
and proliferation. However, although great effort has been put
forth to prepare injectable hydrogels for cell encapsulation, the
development of real systems used in clinical applications is still in
its incipient stage. The reason for this lies in the possible toxicity
of the agents used, undesirable side effects from gel degradation,
the complex synthesis process, and the high cost of the systems.
Considering the parameters described above, we developed an

injectable hydrogel based on natural polymer chondroitin sulfate
and chitosan. Chondroitin sulfate is the major glycosaminogly-
can (GAG) that is abundant in the extracellular matrix of tissues.
It has many attractive properties, such as hydrophilicity,
biocompatibility, and biodegradability.20,21 In addition, chon-
droitin sulfate can influence cell biological responses, which are
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useful in tissue repair and regenerative medicine applications.22

Chitosan is another attractive base material for medical and
pharmaceutical applications due to its biocompatibility, bio-
degradability, and stimulation of cellular activities.23 Despite a
few examples of injectable hydrogels based on chondroitin
sulfate and/or chitosan, the complicated synthetic procedures
(e.g., photo-cross-linking,19,24 enzymatic cross-linking,25 grafting
reactions,15,26,27 and click chemistry28) and the potential
cytotoxicity of the agents used (e.g., photoinitiator, a local high
concentration of H2O2 in the peroxidase-catalyzed cross-linking
systems) impede their applications. Herein, we develop an
injectable hydrogel using N-succinyl-chitosan and chondroitin
sulfate through an inexpensive, facile, and fast method.
Chondroitin sulfate was oxidized with sodium periodate by
cleaving the vicinal glycols to obtain multiple aldehyde groups,
enabling chondroitin sulfate to serve as a macromolecular cross-
linker for N-succinyl-chitosan to formulate hydrogels. Hydrogels
were formed by self-cross-linking without using any cross-linking
agents. In addition, the hydrogels were found to be self-healing
under physiological conditions without any external stimulus. As
far as we know, there are few carbohydrate-based self-healing
injectable hydrogels reported.
Self-healing injectable hydrogels can be obtained through

selective metal−phosphate interactions,29 supramolecular inter-
actions,30 or dynamic covalent linkage.31 Among these, Schiff-
base-formed hydrogels are of great interest because gelation and
healing readily occurred at physiological conditions without
requiring other stimuli.32 Additionally, Schiff-base-based hydro-
gels are promising because carbohydrates can be modified using
facile approaches to obtain aldehydes and amine groups. In this
work, we focused on the ability of carbohydrates of chondroitin
sulfate and chitosan to form self-healing injectable hydrogels.
The self-healing property of the injectable hydrogels allows the
autonomic healing to repair damage that occurs during use. For
hydrogels used in cell therapy, the damage would induce
undesirable diffusion of cells to the surrounding tissues andmake
cells undergo apoptosis in the harsh ischemic environment. In
addition, the damage could cause migration and/or degradation
of in situ forming hydrogels.33 From these perspectives,
carbohydrate-based injectable hydrogels capable of repairing
damage autonomically have become an area of particular
scientific and commercial interest.

■ EXPERIMENTAL SECTION
Materials. Chondroitin sulfate (molecular weight of 72,000) was

obtained from Shanghai Sangon Biological Engineering Technology &
Services Co., Ltd. (Shanghai, China). Chitosan (molecular weight of
270,000, deacetylation degree of 90.8%) was supplied by Golden-Shell
Biochemical Co., Ltd. (Zhejiang, China). Other chemicals were
analytical grade and used without further purification.
Synthesis of Chondroitin Sulfate Multiple Aldehyde (CSMA).

Chondroitin sulfate (1 g) was dissolved in 100 mL of water, and then
0.27 g of sodium periodate (in 5 mL of water) was added. The mixture
was stirred in the dark at room temperature for 2 h to obtain CSMA.
Then, 1 mL of diethylene glycol was added to inactivate the unreacted
periodate. Then, the product was dialyzed against water for 3 days and
freeze-dried using a Labconco freeze-dryer. The oxidation degree of
CSMA is the oxidized glucuronic acid residue number per 100
glucuronic acid units and quantified by TNBS assay.34

Synthesis ofN-Succinyl-Chitosan (SC). A 2% solution of chitosan
in lactic acid (5%) was prepared, and then 60 mL of methanol was
added. Into this chitosan-methanol solution was dissolved 3 g of succinic
anhydride, and the mixture was stirred constantly for 1 day at room
temperature. Thereafter, the product was isolated by precipitation into a
KOH-ethanol solution and then redissolved in water. The solution was

dialyzed extensively against water for 3 days and freeze-dried. The
substitution degree of SC was measured by ninhydrin.35

Preparation of CSMA/SC Injectable Hydrogels. CSMA and SC
were dissolved in phosphate buffered saline (PBS, pH 7.4, 0.1 M)
separately at a concentration of 30mg/mL. Then, each polymer solution
was mixed and loaded into a syringe. Then, the CSMA/SC hydrogel
precursor was injected into a round Teflon mold to form the gel. The
mole ratio of aldehyde to amine was controlled at 2:4, 3:3, and 4:2. The
final hydrogels were marked as CSMA2/SC4, CSMA3/SC3, and
CSMA4/SC2, respectively. The gelation time of the hydrogels was
determined using a previously reported method.36

Characterization. Fourier transform infrared (FTIR) spectroscopy
of chondroitin sulfate, CSMA, chitosan, SC, and CSMA/SC hydrogels
was performed on a Nicolet NEXUS 670 FTIR spectrometer using the
KBr pellet method. The morphology of the hydrogels was determined
using scanning electron microscopy (SEM). The prepared hydrogels
were quickly frozen in liquid nitrogen and then lyophilized using a
Labconco freeze-dryer for 12 h. Then, the samples were sputtered with
gold and examined using a JSM-5600LV SEM (Japan).

Determination of Cross-Linking Density and Molecular
Weight between Cross-Links of CSMA/SC Injectable Hydrogels.
Cross-linking density (ν, mol/cm3) of the hydrogels was calculated from
the Flory−Rehner equation37
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where χ1 is the interaction parameter of water and the polymer (CSMA/
SC), which was assumed to be 0.35,38 ν1 is the molar volume of water
(18.062 cm3/mol), and ν2 is the polymer (CSMA/SC) volume fraction
in the equilibrium-swollen hydrogel.
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where νp and νg,s are the volume of the unswollen and swollen hydrogel,
respectively,Wa,r is the weight of dry hydrogel in air,Wa,s andWn,s are the
weight of the swollen hydrogel in air and in n-heptane (nonsolvent for
CSMA/SC), respectively, and ρp and ρn are the density of the polymer
(CSMA/SC, 1.164 g/cm3) and n-heptane (0.659 g/cm3), respectively.

The molecular weight between cross-links in polymer Mc was
calculated by dividing the polymer density ρp by ν.

Water Content of CSMA/SC Injectable Hydrogels. For the
water content measurements, the hydrogels were vacuum-dried to
obtain a constant weight and then immersed in distilled water at 37 °C.
Swollen gels were removed from water at determined intervals and
weighed until equilibrium was reached. The water content of the
hydrogels was calculated using the equation

= ×
W
W

Water Content 100%e

d (5)

where We and Wd are the weights of the equilibrium-swollen and dry
gels, respectively.

Mechanical Properties of CSMA/SC Injectable Hydrogels.The
storage modulus G′ and the loss modulus G″ of the hydrogels were
determined by dynamic mechanical analysis (DMA). The hydrogels
were cut into cylinders with a height of 1 mm and diameter of 10 mm,
and then measured at 25 °C using a dynamic mechanical analyzer
(DMA/SDTA861e, Mettler Toledo, Switzerland). The frequency
sweep was performed over a frequency range of 0.01−100 Hz at a
strain of 1%.
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Self-Healing Behavior of CSMA/SC Injectable Hydrogels.
CSMA3/SC3 hydrogels were prepared in a round Teflonmold and then
aged in the mold at room temperature for 3 h. As a comparison, one of
the hydrogels was stained with curcumin. Then, two hydrogels were
spliced and placed in a container with moisture at room temperature
without any other intervention for 2 h to heal completely. Then, the
hydrogels were drawn by tweezers, and pictures were taken. The
morphology of the healed hydrogel was determined using SEM after
lyophilization.
Cell Encapsulation of CSMA/SC Injectable Hydrogels. Before

encapsulation, HeLa cells were mixed with 20 μMDio and incubated at
37 °C for 30 min. After the dye was removed, the cells were cultured in
DMEM with 10% of fetal bovine serum (FBS) containing 100 units/ml
of penicillin/streptomycin. CSMA and SC were sterilized under UV
irradiation for 1 h and then dissolved in sterilized PBS. Then, Hela cells
were mixed with sterilized SC solutions. The Hela/SC solution was

pipetted into a Petri-dish, and the CSMA solution in DMEMmedia was
then pipetted into the same dish and gently mixed to form the hydrogel,
organizing the cells into a three-dimensional architecture. All
encapsulation studies were performed with 1 × 105 cells/200 μL of
culture medium in each 60 μL hydrogel precursor. Varying
concentrations of CSMA/SC hydrogels were determined. For reference
purposes, cells where no CSMA/SC hydrogels were added to the
medium were taken as a control. At regular intervals, cell viability was
determined byMTT assay, and fluorescent images were taken. Confocal
microscopy (FluoView FV1000MPE, OLYMPUS) was used to
determine the distribution of cells within the hydrogels.

In Vivo Degradation of CSMA/SC Injectable Hydrogels. Male
rats (∼200 g) were used for in vivo degradation studies. The rats were
acclimated for 1 week before experiments. All care and handling of the
animals were performed with the approval of the Institutional Authority
for Laboratory Animal Care. Anesthesia was induced with a 3% sodium

Scheme 1. Scheme of Molecular Modification of Chondroitin Sulfate and Chitosan and the Hydrogel Formation Mechanism via
the Schiff’s Base Linkage

Scheme 2. Scheme of the CSMA/SC Injectable and Self-Healing Hydrogel Used as Cell Carriers for Tissue Repaira

a(a) Lesion on soft tissue. (b) Pathological tissue is removed. (c) Cells are encapsulated in CSMA/SC gel precursors and injected subcutaneously by
a syringe. (d) CSMA/SC hydrogel is formed in situ and damaged under a variety of environmentally and therapeutically relevant stressors, such as
impressed forces, body fluids, and any chemical and bioactive species available. (e) CSMA/SC hydrogel heals itself automatically without additional
stimuli. Self-healing is achieved through dynamic imine bonds between amino groups on SC and aldehyde groups on CSMA. (f) Following delivery
of therapeutic cells to the target tissue, the CSMA/SC hydrogel is biodegraded and replaced by normal tissue.
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pentobarbital solution. The abdominal region of the rats was shaved, and
then 0.5 mL of the CSMA/SC mixture aqueous solution (3 wt %) was
injected subcutaneously by a syringe with a 21-gauge needle. The
diameter of the hydrogel formed was measured every week for 7 weeks.
At designated time intervals (1 day, 3 weeks, and 7 weeks), the rats were
sacrificed, and the injection site was carefully cut open and photo-
graphed. The surrounding tissues were surgically removed, and the
inflammatory responses in the rats were examined using hematoxylin
and eosin (H&E) stains.

■ RESULTS AND DISCUSSION
Preparation of CSMA/SC Injectable Hydrogels. Period-

ate breaks the vicinal glycols on the glucuronic acid unit of
chondroitin sulfate, forming multiple aldehyde groups (Scheme
1). The obtained CSMA has an oxidation degree of 54.6% as
determined by a TNBS assay. Its molecular weight is determined
to be 45,000, which is much lower than that of chondroitin
sulfate, indicating the polymer was cleaved during the oxidation.
SC was obtained by introducing succinyl groups to the N-
terminal of the glucosamine units on chitosan, rendering
chitosan soluble in water. Its substitution degree is determined
to be 48.1%. Hydrogels are rapidly formed by mixing CSMA and
SC aqueous solutions. Hydrogels are formedmainly due to Schiff
base reactions because of the existence of abundant aldehyde
groups along the CSMA molecular chains in conjunction with
the plentiful amino groups on SC (Schemes 1 and 2). In addition,
physical cross-linking (e.g., hydrogen bonding and chain
entanglements) also reinforces the network formed by chemical
cross-linking.
Gelation time is vital for injectable hydrogels because fast

gelation would induce hydrogel formation before injection,
whereas slow gelation would result in gel precursors diffusing
away from the injection site.39 In this study, the gelation time of
the CSMA/SC injectable hydrogels is 41± 6, 29± 4, and 34 ± 3
s for CSMA2/SC4, CSMA3/SC3, and CSMA4/SC2, respec-
tively. It is noted that CSMA3/SC3 has the fastest gelation rate. It
is calculated that the aldehyde concentrations of CSMA and the
amino groups of SC are 69 and 87 mM, respectively. Therefore,
the theoretical [CHO]/[NH2] ratio is approximately 1:1 for
equal volumes of CSMA and SC. The highest cross-linking
density is thus achieved for CSMA3/SC3, which facilitates the
fastest gel formation.
Characterization. Figure 1 shows the FTIR spectra of

chondroitin sulfate, CSMA, chitosan, SC, and CSMA/SC
hydrogels. In the spectrum of chondroitin sulfate (Figure 1a),
some characteristic peaks can be ascribed at 1655 cm−1 for amide
bands, 1257 cm−1 for SO stretching vibration, 1416 and 1379
cm−1 for the coupling of the C−O stretching vibration and O−H
variable-angle vibration of −COOH. In the CSMA spectrum
(Figure 1b), a peak appears at 1745 cm−1, which is due to
aldehyde symmetric vibrations. A previous study reported that
hemiacetals formed between aldehyde groups of hexuronic acid
and hydroxyl groups of unoxidized residues.40 This could explain
why the peak of aldehyde is inconspicuous. Other studies
reported similar results.41,42 In the chitosan spectrum (Figure
1c), the peak at 1599 cm−1 corresponds to the bending vibration
absorption of amino groups. The characteristic bands of the
chitosan saccharine structure are found at 1156 cm−1 (C−O−C
asymmetric stretching), 1087, and 1032 cm−1 (skeletal vibration
involving the C−O stretching). It is noted that three bands at
1567, 1654, and 1406 cm−1 become broader in the spectrum of
SC (Figure 1d), which are attributed to −NH− bending
vibration, amide I, and amide III, respectively, suggesting
substitution of the chitosan. In the spectrum of the CSMA/SC

hydrogel (Figure 1e), a band at 1646 cm−1 is detected, which is
the characteristic band of the imine structure (−CN−),
indicating that a Schiff base reaction has occurred.
The network architecture of the hydrogel is directly correlated

with water content, which affects the transportation of nutrients
and oxygen. The interior morphology of the hydrogels was
investigated by SEM, and the results are shown in Figure 2. The

morphology suggests that the interior structure of the hydrogel is
dependent on the hydrogel composition. CSMA3/SC3 (Figure
2b) shows the smallest pore diameters and tightest network
structure relative to CSMA2/SC4 (Figure 2a) and CSMA4/SC2
(Figure 2c), which may be due to comparatively sufficient cross-
linking. According to Figure 2, all of the hydrogels display a
continuous and porous three-dimensional structure. This
interconnected porous structure provides adequate void space
for cell proliferation as well as oxygen and nutrient trans-
portation. Themicrostructure and high water content (seeWater
Content section) are similar to that of the extracellular matrix of
natural tissue,43 allowing the hydrogel to support cell
encapsulation and survival.

Cross-Linking Density and Molecular Weight between
Cross-Links. The crucial structural parameters characterizing
the cross-linked hydrogels are the cross-linking density (ν) and
themolecular weight between cross-links (Mc). The cross-linking
density represents the fraction of units involved in the cross-
linking and provides the possibility of quantitatively determining
the random cross-linked structure of a network. The molecular
weight between cross-links is the average molecular weight of the
polymer chains between chemical and physical cross-linked
points. These parameters provide a measurement of the cross-
linking degree in the hydrogels. In the present study, ν andMc of

Figure 1. FTIR spectra of chondroitin sulfate (a), CSMA (b), chitosan
(c), SC (d), and the CSMA3/SC3 hydrogel (e).

Figure 2. SEM images of CSMA/SC hydrogels (a) CSMA2/SC4, (b)
CSMA3/SC3, and (c) CSMA4/SC2. Scale bar = 50 μm.
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the CSMA/SC hydrogels were estimated and shown in Table 1.
As expected, CSMA3/SC3 shows the highest cross-linking

density and lowest molecular weight between cross-links relative
to those of CSMA2/SC4 and CSMA4/SC2. In this study, the
CSMA/SC hydrogel network is formed by the cross-linking of
−CHO of CSMA and −NH2 of SC; therefore, chemical cross-
linking density is closely related to the concentrations of the
aldehyde of CSMA and the amino groups of SC. For CSMA3/
SC3, the theoretical [CHO]/[NH2] ratio is approximately 1:1;
therefore, the highest cross-linking density is achieved among the
three CSMA/SC ratios. In the other two formulations, either
aldehyde groups or amino groups are in relative excess. It is noted
that the content of aldehyde groups of CSMA is slightly lower
than that of amino groups of SC. Therefore, it is understandable
that CSMA4/SC2 with more CSMA will yield a higher cross-
linking density than that of CSMA2/SC4.
Water Content. The water content of CSMA/SC hydrogels

at 37 °C was examined and shown in Table 1. From the table, we
can see that all of the hydrogels have high water content because
both CSMA and SC have many hydrophilic groups, such as
hydroxyl, carboxyl, and amino groups, which contribute to the
great hydration capacity and lead to a high water content. The
high water content will promote the exchange of ions, nutrients,
and metabolites with the fluids of the surrounding tissue,
maintaining the viability and proliferation of the encapsulated
cells.1

Table 1 illustrates the effect of network composition on the
water content of the hydrogel. As mentioned before, CSMA3/
SC3 has the highest cross-linking density. Therefore, one would
expect the lowest water content to be obtained for CSMA3/SC3.
However, this was not evident in the water content studies. The

data in Table 1 show that a higher cross-linking density is not
associated with lower water content. A similar phenomenon was
observed by other researchers.21,34 The reason for the present
case is that chondroitin sulfate plays an important role in water
content of the hydrogels. As we know, there are many carboxylate
and sulfate groups in the chondroitin sulfate chains, which have
better hydrophilic ability than hydroxyl and amino groups in SC.
In addition, electrostatic repulsion between the negatively
charged carboxylate and sulfate groups further expands the
network. This results in increased water content with an increase
in CSMA content in the hydrogels.

Mechanical Properties. The mechanical properties of
CSMA/SC hydrogels were determined by a DMA in shear
mode. The storage modulus G′ and loss storage G″ were
presented as functions of frequency at a fixed strain (γ) of 1%, as
shown in Figure 3. G′ represents the elastic part of the hydrogel,
whereas G″ corresponds to the viscous part. From the figure, it
can be seen that all of the hydrogels display an elastic
characteristic with G′ higher than G″ at a high frequency region.
At low frequencies, however, G″ dominates G′ for CSMA2/SC4
at angular frequencies below 0.015 rad/s, at which point G′
crosses over G″. Typically, hydrogels formed by covalent bonds
display frequency-independent dynamic rheology behavior (i.e.,
G′ and G″ are frequency-independent with G′ > G″). However,
for hydrogels containing reversible bonds, frequency-dependent
moduli are observed, which is because there is enough time for
the kinetically labile cross-links to regenerate at low frequencies.
At high frequencies, the time scale is not sufficiently long for the
labile cross-links to dissociate, and elastic-like behavior
dominates, showing frequency-independent behavior with G′ >
G″.44 However, for CSMA3/SC3, G′ displays a frequency
independent plateau, and G′ is much higher than G″ during the
entire frequency range of 0.01−100 Hz. This demonstrates that
the hydrogels with the highest cross-linking density behave like a
permanently cross-linked hydrogel network. Furthermore, it is
noted that G′ of CSMA3/SC3 is significantly greater than that of
the other hydrogels, demonstrating that CSMA3/SC3 could
store more energy than its counterparts formulated using the
other two ratios. As stated previously, the theoretical [CHO]/
[NH2] ratio is approximately 1:1 for CSMA3/SC3. Therefore,
more imine bonds are formed, resulting in a stiffer network as

Table 1. Water Content, Cross-Linking Density (ν), and
Molecular Weight between Cross-Links (Mc) of CSMA/SC
Hydrogels

sample water content (g/g) ν (× 103, mol/cm3) Mc (g/mol)

CSMA2/SC4 14.1 0.12 9511.54
CSMA3/SC3 22.8 1.13 1026.67
CSMA4/SC2 60.1 0.50 2329.09

Figure 3. Storage modulus G′ and loss storage G″ of CSMA/SC hydrogels as a function of frequency at a fixed strain (γ) of 1%.
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evidenced by the higher storage modulus. The storage modulus
of the hydrogel improved when the cross-linking density
increased, as other studies have reported. However, this is the
first study that determines the mechanical properties of an
injectable, self-healing hydrogel under dynamic conditions. We
believe that determining the mechanical properties of the
hydrogel under dynamic conditions would be important when
applying the injectable, self-healing hydrogel to a dynamic tissue,
such as cartilage.
It has been demonstrated that cell fate and cell behavior can be

strongly influenced by the stiffness of biomaterials.22,45 Banerjee
et al. studied the influence of the mechanical properties of
alginate hydrogels on the proliferation and differentiation of
neural stem cells (SCs). They found that the proliferation rate of
SCs decreased when the modulus of the hydrogels increased. In
addition, SCs differentiation into neurons was favored within
hydrogels with an elastic modulus similar to brain tissue.46 The
mechanical properties being comparable to soft tissue can
minimize foreign material/tissue mismatch. Therefore, control
over the hydrogel mechanical properties would be advantageous.
It is well-known that many of the macroscopic properties of
hydrogels, including mechanical properties, are dependent on
the cross-linking density. In general, a greater extent of cross-
linking density typically produces more stable hydrogels. This is
likely due to a high degree of intramolecular cross-linking at high
cross-linking density. Thus, cross-linking density can be used to
control the mechanical properties of the hydrogel. In this study,
themechanical properties of the hydrogels can be tuned tomimic
soft tissues by changing the molar ratio of CSMA and SC.
Therefore, we can developmechanically tunable soft supports for
cell culture based on CSMA and SC.
Self-Healing Property. The self-healing property based on

the dynamic chemistry of Schiff base was studied. CSMA3/SC3
hydrogels were prepared; one of which was stained with
curcumin (Figure 4a). Upon placing two hydrogels close
together in a container in air saturated with moisture, they can
heal autonomously in 2 h. As shown in Figure 4, the two
hydrogels merged into a single one with a stronger junction
point, which could not be stretched or broken. The hydrogel is
formed through dynamic imine linkage between aldehyde groups
on CSMA and amino groups on SC, and the cleavage and
regeneration of the imine bonds continuously occurs in the
hydrogel. Therefore, the hydrogel could heal itself automatically
without additional stimuli. In addition, physical cross-linking,

mostly due to hydrogen bonds and chain entanglements, also
reinforces the network formed by imine bonds. SEM pictures
also support the idea that the two hydrogels merged into a single
one as the network connected together, although the seam was
still visible (Figure 4i and j).
Hydrogels are prone to damage under a variety of environ-

mentally and therapeutically relevant stressors, such as impressed
forces, body fluids, and any available chemical and bioactive
species. For hydrogels used as cell delivery carriers, the damage
would induce undesirable diffusion of cells to the surrounding
tissues and make cells undergo apoptosis in the harsh ischemic
environment. In addition, the damage could cause migration
and/or degradation of in situ forming hydrogels. The self-healing
property of the CSMA/SC hydrogels allows autonomic healing
to repair these damages, providing a microenvironment for cell
proliferation and a mechanical support for the target tissue.

Cell Encapsulation. The cell viability, together with the
distribution, are important aspects to take into account when
determining the potential of the CSMA/SC hydrogel as a cell
delivery vehicle. Evaluating the cell viability after encapsulating in
the hydrogels was performed by MTT assay, and the results are
shown in Figure 5. It can be seen that incubation of Hela cells

Figure 4. Self-healing behavior of the CSMA3/SC3 hydrogel. (a) CSMA3/SC3 hydrogels prepared in a round Teflon mold. One of the hydrogels is
dyed yellow to allow for an easily distinguishable interface. (b) Two hydrogels are spliced and placed in a container with moisture at room temperature
without any other intervention. (c) The hydrogels healed in 2 h. (d−h) The hydrogels are stretched by tweezers, illustrating the weld-line strength. (i, j)
SEM images of the healed hydrogel. (i): surface, ×70, scale bar = 200 μm; (j): internal, ×500, scale bar = 50 μm.

Figure 5. Hela cells were encapsulated in CSMA3/SC3 hydrogels with
varying concentrations for 1 h, 1 day, 3 days, and 6 days, and viability was
quantified using MTT assays. Values are normalized to controls (cells
without hydrogel).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03143
ACS Appl. Mater. Interfaces 2015, 7, 13029−13037

13034

http://dx.doi.org/10.1021/acsami.5b03143


with varying concentrations of CSMA3/SC3 hydrogels for three
days did not appear to have any significant deleterious effect on
cell viability. However, after six days of incubation in vitro,
viability of cells incubated with hydrogels decreased more than
that of control samples (p = 0.8), which may be because oxygen
and metabolite diffusion became limited with the increased cell
density. It is noted that there was a marked increase in cell
number after one day of cell culture in the three-dimensional
environment of the hydrogels, demonstrating that the hydrogels
provided an adequate environment for living cells. The
fluorescent images also show a significant increase in cell
numbers, which indicates that cells were able to proliferate in the
hydrogel (Figure 6). Cell distribution within the hydrogels was

examined by confocal microscopy during the in vitro culture, as
shown in Figure 7. Z-scans reveal that the cells were distributed at
different depths throughout the whole hydrogel from top to
bottom (I−VI). This demonstrates the ability of the hydrogel to
efficiently entrap cells. These results suggest that cells retained
their proliferative capacity in the hydrogel microenvironment

and that the hydrogel can be used as a vehicle for the delivery of
therapeutic cells.

In Vivo Degradation. Following delivery of therapeutic cells
to the target site, it would be beneficial if the hydrogel is degraded
and replaced by normal tissue. Thus, in vivo biodegradation of
the CSMA/SC injectable hydrogels was determined. Figure 8a

shows that a hydrogel with a round protrusion was formed when
the CSMA/SC mixture aqueous solution was subcutaneously
injected into rats with a syringe needle. No local irritation was
observed at the injection site, and no locomotor, clinical, or
behavior trouble was observed over the period of the study.
Figure 9 shows the diameter of the hydrogel after injection under
the skin. From Figures 8 and 9, it can be seen that the diameter of
the hydrogel decreased as time passed, indicating its biodegrad-
ability. Panels b, c, e, and f in Figure 8 also show the decrease in
the hydrogel size. There are several in vivo enzymes that can
degrade chondroitin sulfate and chitosan. For example, PH-20,
hyaluronidase-1, and hyaluronidase-4 can degrade chondroitin
sulfate, and lysozyme is specific for chitosan degradation. The
hydrogel is therefore subject to enzymatic degradation in vivo. As
the degradation time of the hydrogel could possibly be matched
to that of tissue healing, it can be envisioned to encapsulate a
CSMA3/SC3 hydrogel with therapeutic cells to foster tissue
reconstruction. For an example aimed at cartilage repair, the
hydrogel could be loaded with mesenchymal stem cells.
After 1 day, 3 weeks, and 7 weeks, the rats were sacrificed, and

the tissue surrounding the hydrogel was harvested, stained with
hematoxylin and eosin, and then processed for histology. Mild
inflammatory reactions occurred with leukocyte and fibroblast
(dark staining cells) hyperplasia in response to the CSMA3/SC3
hydrogel at both 1 day and 3 weeks (Figure 8g and h). This is

Figure 6. Fluorescent images of cells stained by Dio after culture with
CSMA3/SC3 hydrogels (30 mg/L) for 1 h, 1 day, 3 days, and 6 days.
Scale bar = 50 μm.

Figure 7. Confocal images of HeLa cells stained by Dio when incubated
with CSMA3/SC3 hydrogels (30 mg/L). Z-Scans show the distribution
of cells from top to bottom (I−VI). Scale bar = 100 μm.

Figure 8. The CSMA3/SC3 mixture aqueous solution (0.5 mL, 3 wt %)
was subcutaneously injected into rats by a syringe with a 21-gauge needle
for 1 day, 3 weeks, and 7 weeks. (a−c) Natural state of the hydrogel after
injection (scale bar = 1 cm); (d−f) the rats were sacrificed, and the
injection site was carefully cut open (scale bar = 1 cm); (g−i) H&E
staining of the dermal tissue surrounding the hydrogel (scale bar = 200
μm).
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because of a foreign body response. This response, however,
seems to diminish with the polymer degradation as the tissue
only displays minimal irritation after 7 weeks, as shown in Figure
8f and i. Several overlapping phases were observed in Figure 8i,
including the inflammatory, proliferative, and repair phases,
which all contribute to tissue repair.47 An increase in
inflammatory leukocytes represents the inflammation phase.
The proliferative phase is characterized by the proliferation of
neutrophils, macrophages, fibroblasts, and endothelial cells. The
repair phase is often initiated by the formation of ECM, which is
always accomplished by fibroblasts. After the ECM has been
formed, the formation of granulation tissue occurs. Chondroitin
sulfate and chitosan have been shown to stimulate cells to
migrate, differentiate, proliferate, and produce ECM. Thus, the
presence of chondroitin sulfate and chitosan could have
contributed to the decreased inflammatory reactions.

■ CONCLUSIONS
In this study, we demonstrated the successful modification of
chondroitin sulfate and chitosan to form an injectable, self-
healing hydrogel. Varying the CSMA to SC ratio affects the cross-
linking density of the hydrogels along with their gelation time,
water content, and mechanical properties. However, the
influence of the CSMA content is dominate for the water
content because it is hydrophilic and highly charged. Mechanical
properties of the hydrogel under dynamic conditions was
determined to mimic dynamic soft tissues. The hydrogel is
able to heal autonomously within 2 h. Cells were encapsulated
inside the hydrogel, and excellent viability was achieved. Finally,
we showed that the hydrogel is biodegradable and produces
minimal inflammatory response when injected subcutaneously in
a rat model. Additionally, the hydrogel can help in tissue repair.
These results demonstrate that the CSMA/SC hydrogel is an
ideal candidate as a cell delivery carrier.
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