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Abstract Novel hydrogel composed of both chondroitin sulfate (CS) and gelatin was developed for better cellular

interaction through two step double crosslinking of N-(3-diethylpropyl)-N-ethylcarbodiimide hydrochloride (EDC) che-

mistries and then click chemistry. EDC chemistry was proceeded during grafting of amino acid dihydrazide (ADH) to

carboxylic groups in CS and gelatin network in separate reactions, thus obtaining CS–ADH and gelatin–ADH, respectively.

CS–acrylate and gelatin–TCEP was obtained through a second EDC chemistry of the unreacted free amines of CS–ADH

and gelatin–ADH with acrylic acid and tri(carboxyethyl)phosphine (TCEP), respectively. In situ CS–gelatin hydrogel was

obtained via click chemistry by simple mixing of aqueous solutions of both CS–acrylate and gelatin–TCEP. ATR-FTIR

spectroscopy showed formation of the new chemical bonds between CS and gelatin in CS–gelatin hydrogel network. SEM

demonstrated microporous structure of the hydrogel. Within serial precursor concentrations of the CS–gelatin hydrogels

studied, they showed trends of the reaction rates of gelation, where the higher concentration, the quicker the gelation

occurred. In vitro studies, including assessment of cell viability (live and dead assay), cytotoxicity, biocompatibility via

direct contacts of the hydrogels with cells, as well as measurement of inflammatory responses, showed their excellent

biocompatibility. Eventually, the test results verified a promising potency for further application of CS–gelatin hydrogel in

many biomedical fields, including drug delivery and tissue engineering by mimicking extracellular matrix components of

tissues such as collagen and CS in cartilage.
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1 Introduction

Functional hydrogels with biocompatibility have become a

class of interesting biomaterials and been developed by

using biocompatible polymers [1, 2]. Hydrogel has been

employed as a source for incorporation of bioactive

molecules and their release, as well as diffusion of nutri-

ents for cells and metabolites of entrapped cells [3], when

applied in biomedical purposes, especially in tissue engi-

neering. Functional hydrogels in tissue engineering has

been explored by many research groups through modula-

tions of their unique characteristics and chemistry. Modi-

fications of polymer’s functional groups, induction of self-

assembling [4], modulations of physico-chemical proper-

ties [5] and controlled biodegradability, as well as controls
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of stimulus-responsive sensing and responses [6] were

reported. Self-crosslinking by click chemistry has attracted

great interesting in tissue engineering by functional

hydrogels [7, 8]. In developing functional hydrogels both

synthetic and natural polymers have been employed to

utilize their unique properties such as biocompatibility,

biomimetics and mechanical properties. While natural

polymers such as chondroitin sulfate (CS), hyaluronic acid,

gelatin and dextran were employed for the purposes of

improved biocompatibility and biomimetics, synthetic

polymers such as poly(ethylene glycol) (PEG), poly(vinyl

alcohol) (PVA), and poly(hydroxyl ethyl methacrylate)

were used for controls of physicochemical properties and

design of polymer networks. To increase cell interactions

of less cell adhesive polymers, combinations of less cell

adhesive polymers with cell adhesive natural polymers and

domains have been developed in many research groups.

For examples, cell adhesion natural polymers, e.g. collagen

and gelatin, as well as oligopeptides, e.g. RGD, RGDS,

REDV and YIGSR, have been grafted to the cell-nonad-

hesive synthetic polymers such as PEG and PVA to

improve their cell interactions in specific tissues and cells

such as cell adhesion, proliferation and cell types [6, 9, 10].

CS, a structural component of extracellular matrix

(ECM) in connective tissue, bone, ligaments, tendons and

cartilage, consists of a repeating unit of D-glucuronic acid

and sulfated N-acetyl-D-galactosamine in C4 or C6 of its

repeating unit [11]. CS has been employed as a hydrogel

network for tissue engineering of soft tissues such as car-

tilage and nerves due to its mimetics to patient tissues in

physico-chemical and mechanical properties as well as

biological ones. As examples, CS showed anti-inflamma-

tory activity [12], stimulations of syntheses of both pro-

teoglycans and hyaluronic acid, reduction of chondrocytes

catabolic activity, biodegradation, specific gene expression

in chondrocytes, inhibition of proteolytic enzymes syn-

thesis and alleviation of osteoarthritic symptoms by either

single or combined with glucosamine administration as

well as regeneration of root neurons in brachial plexus

injury [13–16].

On the other hand, gelatin, a natural polymer derived from

denaturation of collagens has some original characteristics

of collagens [17], showing bioactive functions such as cell

adhesion and proliferation as well as mechanical properties.

It has been transformed into diverse forms for biomedical

applications such as hydrogel, films, particles and scaffolds

for tissue engineering depending on its processing. As

examples, gelatin was converted to thermo-reversible

hydrogel with sol–gel transition temperature at around

30 �C, thus showing possibility of its application in a gel

shape in body temperature [19, 20]. Micro/nano-spheres of

gelatin crosslinked by glutaraldehyde demonstrated deliv-

ering fibroblast growth factor (bFGF) for adipogenesis

induction in fat tissues regeneration [20]. Porous gelatin

hydrogels fabricated by freeze-drying and ice particulates

were applied to study cells interaction, where cells attach-

ment, spreading and proliferation were improved by con-

trolling their properties such as pore sizes and mechanical

properties [21]. It was also found that low dose Simvastatin-

conjugated gelatin hydrogel enabled tendon-bone healing

through the mechanisms of angiogenesis and osteogenesis,

though could not support biomechanical properties in long-

term reconstruction [22].

Even though many researches on CS and gelatin have

been reported to utilizing its biological and physicochem-

ical properties, multi-functionalities of CS–gelatin hydro-

gel have yet to be developed in biomedical fields by

combining with cell-adhesive polymers and novel tech-

nologies in synthesis. As examples, CS hydrogel fabricated

with click chemistry showed promising in vitro cellular

biocompatibility, unique biological functions and tissue

specific functionality, but had limited properties in induc-

tion to specific cell adhesion in tissue engineering [23]. To

improve and expand its functions, syntheses of CS-based

hydrogels through the mechanisms of click chemistry have

been reported in many researchers by using diverse

mechanisms such as thiol-ene reaction [24], enzymatic

reactions of peroxidase and pHs [25], metal ion removal to

increase mechanical strength [17] and others. Various

degrees of methacrylate substitutions on CS network have

been reported through radical polymerization by grafting

CS with methacrylic anhydride, by controlling reaction

time and temperature, and the concentrations of

methacrylic acid and NaOH [26]. Synthesis of CS–PEG

hydrogel was also reported by using versatile pH sensitive

mechanism for induction of tissue adhesiveness in wound

healing and control of its strength and sealing via amide

linkages between CS and PEG [27, 28].

We report here the CS–gelatin hydrogel newly devel-

oped via click chemistry of self-crosslinking reaction to

enhance potential characteristic of CS hydrogel through

grafting of gelatin. Inclusion of gelatin into CS hydrogel

was expected to improve its cell adhesion responses than

pure CS hydrogel. In this study CS and gelatin were in

advance transformed into CS–acrylate and gelatin–tri(car-

boxyethyl)phosphine (TCEP), respectively, for click

chemistry. By simply mixing two separate precursor solu-

tions of CS–acrylate and gelatin–TCEP in distilled water,

CS–gelatin hydrogel was then fabricated through click

chemistry of Michael type addition reaction between

acrylate and phosphine groups. The synthesized CS–gelatin

hydrogel was evaluated by various physicochemical and

in vitro biological tests to observe its potency for

biomedical applications in tissue engineering and drug

delivery, potentially targeting on tissues of cartilage and

bones.
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2 Experimentals and methods

2.1 Materials and reagents

Chondroitin sulfate sodium salt (CS) from shark cartilage,

gelatin from porcine skin, N-(3-diethylpropyl)-N-ethylcar-

bodiimide hydrochloride (EDC), tris(2-carboxyethyl)phos-

phine) (TCEP), adipic dihydrazide (ADH), acrylic acid,

dimethylsulofixde and rhodamine B were purchased from

Sigma-Aldrich (St. Louis, MO, USA). While Dulbecco’s

Modified Eagle’s Medium (DMEM), fibroblast growth med-

ium-2 (FGM-2) and penicillin–streptomycin were purchased

from Lonza Korea (Switzerland), both cell counting kit-8

(CCK-8) solution and live and dead viability/cytotoxicity kit

for mammalian cells were bought from Dojindo Laboratories

(Japan) and Invitrogen (USA), respectively. Assay kits of both

in vitro toxicology and neutral red were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum

(FBS) was bought from Gibco BRL (Australia). All chemicals

and kits were employed for experiments as received.

2.2 Synthesis and chemical analysis of CS–acrylate

and gelatin–TCEP

Both CS–acrylate and gelatin–TCEP were synthesized

through EDC chemistry by chemical graftings of ADH and

TCEP, consecutively, by referencing the detailed methods of

our previous reports [24, 29]. In brief CS–acrylate was

synthesized by sequential grafting of ADH and acrylic acid

to CS. 0.08 g ADH, 0.08 g HOBT and 0.10 mL EDC was

separately added into 40 mL CS solution, and then chemical

reaction proceeded for 1 h (see overall schematics in Fig. 1).

Gelatin–TCEP powder has been newly synthesized in this

study by using the same steps of the above CS–acrylate

synthesis methods. In specific, after obtaining gelatin solu-

tion (0.8 g) in distilled water by stirring at 40–50 �C. 0.66 g

ADH and 0.66 mL EDC was sequentially added into the

mixture in acidic condition. The reaction proceeded for 3 h

and then additions of 0.27 g TCEP and 0.16 mL EDC were

added at pH 4.75 for 6 h, thus obtaining gelatin–TCEP

solution. After transferring separate solutions of both the

obtained CS–acrylate and gelatin–TCEP to regenerated

cellulose dialysis tubing (6–8 kDa of molecular weight cut

off), sequential dialyses were processed against different

solutions of 100 mM NaCl solution (pH 6.8), DW (pH 6.8)

and then 20% ethanol. The powder of CS derivative was

obtained through lyophilization for 2 d. The powder samples

were chemically analyzed by both FTIR (Travel IR; Smiths,

USA) and 1H-NMR (Varian, Japan). The absorption of

gelatin–TCEP solution was confirmed using UV–Vis (Jasco,

Japan) spectroscopy.

Fig. 1 Schematics of CS–acrylate A and gelatin–TCEP B syntheses via aminodihydrazide (ADH) grafting
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2.3 Fabrication of CS–gelatin hydrogel

After dissolving separately the powders of both CS–acry-

late and gelatin–TCEP in PBS in 20 mL glass vials, in situ

CS–CS–gelatin hydrogel was synthesized via click chem-

istry of Michael type addition reaction by mixing the pre-

pared solutions at predefined ratios and concentrations such

as 1:1 and 10%, respectively. Under diverse conditions,

formations of CS–gelatin hydrogel were analyzed over

time by using a vial tilting method according to our pre-

vious reports [24, 30]. Gelation of two precursor solutions

was considered as the point where there was no flow for

more than 1 min after inverting 100 lL mixed solution in

the 1 mL conical vial.

2.4 Swelling of CS–gelatin hydrogel

Swelling of CS–gelatin hydrogel (200 lL) was measured

under physiological conditions (pH 7.4, 37 �C) as below

[24, 30]. After measuring the weight of the fabricated

hydrogel with a microbalance, swelling of the CS–gelatin

hydrogel was determined by comparing its weights before

and after immersing in water. Adherent water was removed

by blotting the wet CS–gelatin hydrogels before weighing

them on an electronic balance. The percentage of hydrogel

swelling was calculated by employing following formula

(1).

Swelling percent ð%Þ ¼ Wt

Wi
� 100 ð%Þ ð1Þ

where Wt = weight of the swelled hydrogel at time t,

Wi = weight of the hydrogel at initial gelation time.

2.5 Morphologies of the dehydrated CS–gelatin

hydrogel

Morphologies of the 10% CS–gelatin hydrogel was

observed by scanning electron microscopy (SEM) (Jeol

Ltd., Japan) after processing of dehydration and then sur-

face coating of the CS–gelatin hydrogel with gold as fol-

lows. It was dehydrated by sequential freezing of the

swollen CS–gelatin hydrogel in liquid nitrogen and then at

- 55 �C overnight. The dry sample was mounted on an

aluminum stub with a double-sided tape, and then gold-

coated with a sputter coater for 1 min. Morphologies of

both surface and cross section of the dehydrated CS–ge-

latin hydrogel was analyzed with SEM.

2.6 In vitro cell viability

After seeding fibroblasts (p = 7) at the densities of both

1 9 104 cells/surface and 1 9 105 cells/inside of the 10%

CS–gelatin hydrogel (200 lL), cell culture was performed

in an incubator with 5% CO2 at 37 �C for 7 days by

feeding fibroblast growth medium-2 (FGM-2) supple-

mented with 10% fetal bovine serum (FBS) and 1%

antibiotics of penicillin and streptomycin. Fibroblasts were

added in 10% precursor polymer solutions of CS–acrylate

in advance and then the cell-containing CS–acrylate solu-

tion was mixed with 10% gelatin–TCEP solutions, thus

obtaining CS–gelatin hydrogel via Michael type addition

reactions, i.e. thio-ene reaction. Cell adhesion and prolif-

eration on the surface of the CS–gelatin hydrogels in a 24

polystyrene culture well plate were quantitatively and

qualitatively measured with an assay of cell counting kit-8

(CCK-8, Dojindo, Japan) through a microplate reader

(Tecan, Australia) after insertion of 100 lL CCK-8 solu-

tion into 900 lL FGM-2 medium. Optical density of the

aliquoted 100 lL medium of the samples was measured by

the microplate reader at a wavelength of 450 nm.

In vitro cell viability of the CS–gelatin hydrogel was

evaluated by evaluating the fibroblasts both on the surface

of and encapsulated in the 200 lL 10% CS–gelatin

hydrogel. Live and dead viability/cytotoxicity kit for

mammalian cells (Invitrogen, USA) was prepared by add-

ing both 1.2 lL ethidium homodimer-1 solution (EthD-1,

2 mM) and 0.3 lL calcein AM solution (4 mM) into 600

lL PBS. After performing the reaction with the prepared

kit for 30 min in the in vitro incubator, cell viability was

evaluated by a fluorescence microscope (Leica DMLB,

Germany).

2.7 Cytotoxicity

Cell cytotoxicity of the CS–gelatin hydrogel was evaluated

by the assays of methylthiazolydiphenyl-tetrazolium bro-

mide (MTT), bromodeoxyuridine (BrdU) and Neutral Red

for its effects on the cell organ damages such as mito-

chondria, deoxyribonucleic acid (DNA) and lysosome,

respectively, according to the protocols suggested by the

vendors. The films of both Teflon and Latex,

1 cm 9 1 cm, were employed as samples of positive and

negative controls, respectively.

2.8 MTT assay

Fibroblasts were in vitro cultured in a 96 well plate at a

density of 1 9 104 cells for 24 h. Cell culture lasted for

another 24 h after addition of the extracts of the 10% CS–

gelatin hydrogels (200 lL), Teflon and Latex. After adding

up 20 lL MTT assay solution (2 mg/mL in PBS) in the

culture medium and then replacing it with 100 lL

dimethylsulfoxide, cell culture proceeded for 4 h. The

optical density of the final test solution was measured by

the microplate reader at the wavelength of 570 nm.
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2.9 BrdU assay

Fibroblasts at a density of 1 9 104 cells were cultured in

the 96 wells for 24 h, after loading 1 mL extract solution of

the 10% CS–gelatin hydrogel. 10 lL BrdU labeling solu-

tion was added into the culture medium and then cell

culture lasted for another 2 h. Subsequent to removal of

labeling medium, 200 lL FixDenat solution and 100 lL

anti BrdU peroxide–labeled anti-BrdU antibody per well

was added according to the manufacturer’s protocol. After

washing the wells with PBS, 25 lL 1 M H2SO4 solution

was added into each well, and then optical density was

measured at the absorbance–wavelength of 450 nm by

microplate reader by referring to that of 690 nm.

2.10 Neutral red assay

Separate extract solutions from the 10% CS–gelatin

hydrogel, Teflon and Latex were prepared after loading

them in 1 mL culture medium for 72 h. In vitro cell culture

lasted for 24 h after seeding fibroblasts on the sample

surface at a density of 1 9 104 cells/well. A second cell

culture was performed for 24 h after sequential removal of

medium and then addition of the prepared extracts. Cell

culture was done for another 2 h after adding up 0.33%

neutral red solution. Fixation was proceeded for 10 min

after adding up 100 lL solubilization solution per well.

The optical density value of the samples was measured at

an absorbance–wavelength of 550 nm by the microplate

reader by referencing to that of 690 nm.

2.11 Cytotoxicity test by direct contact of hydrogel

with cells: gel covering

Effects of direct contact of the 10% CS–gelatin hydrogel on

fibroblasts have been evaluated as below. For the assay, after

seeding fibroblasts at a density of 2 9 104 cells/cm2 on the

24 well plate, the cells were covered with either the CS–

gelatin hydrogel (200 lL), Teflon or Latex (Ø = 10 mm).

After incubation of the cells covered with the CS–gelatin

hydrogel for another 24 h, 200 lL reagent of the live and

dead assay was added into cell culture plate. Both viability

and morphological changes of the cells were observed by

fluorescein microscope (Leica DMLB, Germany).

2.12 Inflammatory and immune responses

The amount of nitric oxide (NO) released was in vitro

measured using NO detection kit according to the protocol

suggested by a vendor (iNtRON Biotechnology, Korea) in

supernatants of the RAW264.7 cells for quantification of

inflammatory and immune responses. Mouse RAW 264.7

macrophage cell lines (ATCC, USA) were seeded at a

density of 5 9 104 cells with 1 mL DMEM supplemented

with 10% FBS in a 5% CO2 atmosphere at 37 �C for 24 h.

Culture media was replaced with serum-free one with

dilute assay solutions. 0.01 and 0.1% 100 lL supernatants

of the 10% CS–gelatin hydrogel were collected at the

points of 6, 24 and 48 h. They were sequentially added into

the buffer solutions of 50 lL sulfanilamide and then 50 lL

naphthylethylenediamide at the interval of 10 min. The

amount of NO generated was measured with a microplate

reader at the wavelength of 540 nm over the medium, a

negative control, by applying the obtained values to the

standard curve.

2.13 Statistical analysis

Data were reported as mean ± standard deviation. Statis-

tical significance was assessed with one-way ANOVA of

the SPSS 14.0 program (ver. 14.0, SPSS Inc., Chicago, IL,

USA). The values were considered as significantly differ-

ent when p\ 0.05.

3 Results

3.1 Syntheses and chemical analyses of both

CS–acrylate and gelatin–TCEP

Both CS–acrylate (Fig. 1A) and gelatin–TCEP (Fig. 1B)

have been synthesized by sequential grafting of ADH and

then either acrylic acid or TCEP to CS and gelatin,

respectively, through EDC chemistry. Employment of EDC

chemistry for syntheses of other biomedical polymers such

as hyaluronic acid, cellulose and CS has been previously

reported in our research reports [24, 30]. The gelatin–

TCEP was newly synthesized for better cell adhesiveness

in this study and chemically characterized by ATR-FTIR

spectroscopy. The phosphorus atoms connected to the

carbon (P–C) was observed at the characteristic wave-

length of both 1010 (peak a in the gelatin–TCEP spectrum)

and 760 (peak b in the gelatin–TCEP spectrum) cm-1 in

the ATR-FTIR spectrum (Fig. 2). Evaluation of CS–acry-

late was described in detail in our previous report [30].

3.2 Gelation behaviors

After mixing the precursor solutions of both CS–acrylate

and gelatin–TCEP in PBS at a volumetric ratio of 1:1, it

was turned into 5% CS–gelatin hydrogel through the click

chemistry between their acrylate and phosphine end

groups, respectively (Fig. 3). The hydrogel formation was

measured by tilting the mixture solution in a centrifuge vial

[24, 29]. Both higher concentrations of the precursor

solutions induced quick gel formation under physiological
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condition. In specific, the precursor concentrations of 5, 10,

15 and 20% became hydrogels at the time points of

approximately 28, 5.2, 2.3 and 1.5 min, respectively

(Fig. 4). The precursor solutions in basic water and higher

temperature normally showed quicker hydrogels formation

as reported in our previous study (data not shown).

3.3 Swelling behaviors of CS–gelatin hydrogel

Furthermore, swellings of the CS–gelatin hydrogels with

different concentrations were evaluated under physiologi-

cal condition in PBS during 36 h (Fig. 5). The 10, 15 and

20% CS–gelatin hydrogels swelled to 240, 218 and 195%

in 1 day, respectively. Meanwhile the 5% CS–gelatin

hydrogel swelled significantly during 7 h with reduction of

mechanical strength, possibly due to lower crosslinking

density, the hydrogels fabricated with 10, 15 and 20%

precursor solutions maintained their shapes for 36 h.

However that with 5% lost its shapes in 14 h.

3.4 Morphologies of the surface and cross-sections

of CS–gelatin hydrogel

The morphologies of the surface and cross-section of the

10% CS–gelatin hydrogel were observed with SEM

(Fig. 6) after dehydration of the fully swollen gel in

lyophilizer. While the surface had relatively non-homoge-

neous and rough morphologies with irregularly shaped

pores, the cross-section showed homogeneous morpholo-

gies with pore sizes ranging from 10 to 30 lm.

Fig. 2 Chemical analyses of gelatin A and gelatin–TCEP B by ATR-

FTIR

Fig. 3 Fabrications of CS–gelatin gel through two reaction mechanisms. There was an intra-crosslinking in CS–acrylate and gelatin–TCEP

through ADH at the first reaction stage, and click chemistry of Michael type addition reaction has been proceeded as a second reaction

Fig. 4 Gelation times of CS–gelatin hydrogels in different concen-

trations in PBS at pH 7.4 and 37 �C

Fig. 5 Swelling behaviors of CS–gelatin hydrogels with different

concentrations in PBS at pH 7.4 and 37 �C
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3.5 In vitro cellular behaviors

While fibroblasts adhered and spread on the surface of 10%

hydrogel for 7 days (Fig. 7A), they adhered on but spread

very limitedly inside the hydrogel when encapsulated

(Fig. 7B). All the cells were viable for 7 days regardless

their locations. The number of adhered cells was very high

as measured by CCK-8 (Fig. 8) at day 1, 0.16 in OD value,

and then increased to 0.18 and 0.20 at day 3 and 7,

respectively.

3.6 In vitro cytotoxicity of CS–gelatin hydrogel

Cytotoxicities by the extracts of the 10% CS–gelatin

hydrogel were measured by employing the assays of MTT,

BrdU and Neutral Red (Fig. 9) to evaluate its effects on the

cell organs such as mitochondria, DNA synthesis and

lysosome, respectively. The values were normalized by

considering the value of positive control Teflon as 100%.

All the hydrogels showed lower cell toxicity similar to

those of Teflon, and better cell compatibility compared to

those of the negative control Latex. In specific, the 10%

CS–gelatin hydrogels showed 79, 98 and 99% cell

compatibilities of MTT, BrdU and Neutral Red, but Latex

did 23, 15 and 46%, respectively.

3.7 Cytotoxicity by direct covering of CS–gelatin

hydrogel on cells

Cell viability and morphologies of the 10% CS–gelatin

hydrogel were also evaluated by covering it on the cul-

turing cells on the polystyrene culture plate for 24 h. The

positive control Teflon (Fig. 10A) showed no cell damages

but the Latex induced death of all the cells as shown in red

(Fig. 10B). The CS–gelatin hydrogel (Fig. 10C) did

excellent cell viability in green similar to that of positive

control. All the cells covered with both Teflon and the CS–

gelatin hydrogel remained well spreading, but the cells

covered with Latex did not show any spreading with less

number of cells remained.

3.8 Inflammatory response of CS–gelatin hydrogel

We evaluated the inflammatory and immune responses of

the 10% CS–gelatin hydrogel by measuring the amount of

nitric oxide (NO) released from the RAW 264.7

Fig. 6 Surface A, B and cross-section C, D morphologies of the 10% CS–gelatin hydrogel at the magnifications of 9500 A, C and 92000 B, D
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macrophage cell lines. The CS–gelatin hydrogel was

in vitro exposed to the macrophages for 48 h (Fig. 11). The

amount of NO generated by CS–gelatin hydrogel groups

was compared with those generated by LPS samples and

cell culture medium, which were considered as positive and

negative controls, respectively. The results showed that the

CS–gelatin hydrogel induced higher amount of NO release

over time for up to 48 h, but significantly less amount than

the positive control LPS did. In specific when measured at

the time points of 6, 24 and 48 h, LPS generated increased

amount of NO release but all the CS–gelatin hydrogels did

lower amount of NO released, similar to that of the cell

culture medium. While the medium induced releases of

8.2, 8.7 and 9.1 lM/mL NO at the time points of 6, 24 and

48 h, the CS–gelatin hydrogel did 7.8, 10.0 and 10.5 lM/

mL of NO release at their corresponding time points.

However, the positive control LPS induced release of 8.0,

16.0 and 26.0 lM/mL of NO at the corresponding times,

which were significantly higher amount of NO release than

both the medium solution and the CS–gelatin hydrogels did

at the time points of both 24 and 48 h.

4 Discussion

In situ hydrogel consisting of both CS and gelatin has been

synthesized through chemical modifications and evaluated

for regenerative medicine to regenerate the defects of tis-

sues. In tissue engineering applications, it has been well

reported that while CS hydrogel exhibited lower but

specific cells adhesion with specific interactions in carti-

lages [24], gelatin hydrogel showed higher cell adhesion in

diverse tissues [18]. The hydrogel composed of both CS

and gelatin was expected to induce better cell adhesion and

at the same time specific cell interaction by controlling its

Fig. 7 Biocompatibilities of fibroblasts both on the surface of A and inside B the 10% CS–gelatin hydrogel at day 7 by the live and dead assay

Fig. 8 Proliferation of fibroblasts on the surface of the 10% CS–

gelatin hydrogel by the assay of CCK-8, where the cells were seeded

at a density of 10,000 cells/cm2

Fig. 9 Cytotoxicity of the 10% CS–gelatin hydrogel measured by the

assays of MTT, BrdU and Neutral red
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compositions, leading to higher possibility of its applica-

tions to biomedical and tissue engineering materials. To

achieve these goals, these polymers should be derivertized

into functionalization of their chemical structures, and then

turned into specific and diverse forms such as hydrogel,

scaffolds, films, 3D printing and many others according to

their applications. Before applications of in situ CS–gelatin

hydrogel, its biocompatibility and functional chemistry

should be rigorously verified through diverse methods such

cell compatibility, chemical and morphological properties

and swelling properties of hydrogel. We here report new

synthesis and its mechanism of injectable hydrogel via

click chemistry of Michael type addition reaction between

acrylate and TCEP and then tests of its biocompatibility

with its physico-chemical properties.

Both CS–acrylate and gelatin–TCEP were synthesized

as precursor polymers for fabrication of injectable CS–

gelatin hydrogel via click chemistry of Michael type

addition reaction. While CS–acrylate has been previously

proven successfully synthesized [17, 29], gelatin–TCEP

has been newly synthesized through sequential grafting of

ADH and TCEP to gelatin by EDC chemistry. Successful

grafting of TCEP was chemically verified by ATR-FTIR,

by observing the emergence of new phosphorus-carbon

stretching peaks at the wavelengths of 1010 and 760 cm-1.

In situ CS–gelatin hydrogel was formed by mixing two

separate solutions of precursor polymers, i.e. CS–acrylate

and gelatin–TCEP. Chemical crosslinking between acry-

lates and phosphines spontaneously occurred through click

chemistry of Michael addition reaction [17]. A series of

precursor solution concentrations, 5–20%, were evaluated

to observe gelation behaviors over times through a tilting

method, where the gelation time responded to their con-

centrations, i.e. the higher the molecular density in a

solution, the higher number of functional group was

available for crosslinking reaction. Correspondingly, in situ

crosslinkable modified glycosaminoglycan hydrogel also

had similar trend where in higher crosslinking density,

quicker gelation was achieved [24, 31]. It was also in

accordance to swelling profiles where higher crosslinking

density led to lower swelling ratio [31], as our previous

findings indicated similar trend. CS–gelatin hydrogels with

concentrations from 10 to 20% showed relatively uniform

trend of gelation and swelling percentage, but at lower

concentrations gelation trend was not uniform. Therefore,

these results indicated that enough crosslinking density was

achieved within approximately 10% hydrogel concentra-

tion in this experiment. Besides, by achieving enough

crosslinking density, the in situ hydrogels could keep its

physical structure for up to 36 h while the low concentra-

tion one could only bear to 14 h in handling for swelling

tests.

The reason of measurement of hydrogel swelling from

the fabricated one at defined concentrations to fully satu-

rated one was to understand the behaviors of the synthe-

sized one when applied directly to the patients. The

injectable hydrogel without drying process could show the

profiles of its applications to patients, without addition of

drying process. The powder of CS–acrylate and gelatin–

Fig. 10 Cell compatibility of the 10% CS–gelatin hydrogel measures by the assay of direct sample covering on fibroblasts for 24 h, where

A Teflon, B Latex and C 10% CS–gelatin hydrogel

Fig. 11 Inflammatory response of the 10% CS–gelatin hydrogel as

measured by the nitric oxide assay
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TCEP was in advance separately sterilized and the fabri-

cated gels was targeted to be applied directly into a patient,

thus no reason going back to the processes of drying,

swelling and injection of the hydrogel fabricated. Appli-

cations of release of bioactive molecules from tissue

engineering scaffold were recently reported in bone, car-

tilage [32] and other tissues by using scaffold and hydrogel

with deliveries of in vitro platelet rich plasma and in vivo

bone morphogenic protein-2 (BMP-2), respectively

[33, 34]. In vitro biological effectiveness of chitosan

microparticles cross-linked with sodium triphosphate with

activated pure platelet-rich plasma was employed as an

injectable composite scaffold for growth factors release,

cell proliferation and osteogenic differentiation [33]. Song

et al. [34] reported sustained delivery of recombinant

human BMP-2 from collagen–chitosan hydrogel with

microspheres for tissue regeneration of rabbit mandibular

defects in dental surgery.

Microporous morphology of the CS–gelatin hydrogel

was observed by SEM, where the pore diameter was

ranging from 10 to 30 lm with high interconnectivity. Its

pore diameter seemed to be controlled by degrees of gelatin

derivatizations since its amino side and end groups for

chemical reactions were less than those of chondroitin

sulfate. It could be a supportive feature for biocompatible

environment which is corresponding to the findings of

porous gelatin hydrogel by other research group [20]. As

described by cell viability test within 7 days culture,

fibroblasts were well attached and proliferated on the sur-

face of the CS–gelatin hydrogel by showing elongated

morphology of cells and increasing values of its optical

density. Fibroblasts encapsulated in the CS–gelatin

hydrogel were also found to be well survival for 7 days in

this experiment. Cytotoxicity test towards the CS–gelatin

hydrogel also showed superior cell compatibility, con-

cluding that the CS–gelatin hydrogel had a very close trend

of cell compatibility to that of the non-toxic positive con-

trol, Teflon. It showed much better cell compatibility, as

expected, than those of negative control, Latex. These

cellular behaviors indicated enhancement of cell adhesion

and proliferation by incorporation of gelatin in the CS

hydrogel in accordance to other reports [35, 36], where

gelatin and collagens in its amino acid sequence have been

reported to induce higher cell adhesion and proliferation

than those of CS.

Inflammatory responses of the 10% CS–gelatin in situ

hydrogel was evaluated by the assay of NO measurement,

showing free of inflammatory and immune responses for up

to 48 h compared to those of LPS. This method was to

detect the concentration of NO by indirectly measuring

nitrite (NO2-), the by-product of nitric oxide trans-

formation, which is an indication of inflammatory and

immune responses of macrophages to the foreign samples.

The enzyme nitrate reductase was used to convert nitrate to

nitrite in the assay. Nitrite was detected as a colored azo

dye product of the Griess reaction that absorbed visible

light at 540 nm. Total NO contributed by nitrate and nitrite

in the assay system was measured as nitrites after con-

verting all nitrates to nitrites. The results may imply that

the CS–gelatin hydrogel remained carrying remarkable

privilege of CS’s anti-inflammatory activity, potentially

bone and cartilage tissue engineering [37, 38].

In conclusion, a new medically potential CS–gelatin

hydrogel with cell adhesiveness was in situ successfully

synthesized via click chemistry of Michael type addition

reaction after two times of addition EDC chemistry-based

intra-crosslinking. From the results of this study, we found

a mechanism of two step chemical reactions that initial

intra-crosslinking of both CS and gelation was processed

via EDC during grafting of functional groups of acrylate

and TCEP, thus obtaining separate precursors of CS–

acrylate and gelatin–TCEP. Gelation via chemical reaction

was achieved in minutes and the swelling of CS–gelatin

hydrogel depended on the concentrations of precursor

polymer solutions, CS–acrylate and gelatin–TCEP.

Microporous morphologies with high interconnectivity

could provide hospitable environment for cells adhesion

and growth to support its biocompatibility. It was proved

by entire in vitro studies which resulted in non-cytotoxic

milieu, excellent cells attachment on the CS–gelatin

hydrogel surface as well as cells viability on and inside the

CS–gelatin hydrogel, not to mention perceptibly free of

inflammation-inducing potency. Furthermore, CS–gelatin

hydrogel network induced higher cell adhesion and growth

by the effects of gelatin network, which is important for its

application to tissue engineering of cartilage, as example,

which has extracellular matrix of collagen and chondroitin

sulfate. All in all, these results provided evidences of a

novel potential biomaterial, CS–gelatin hydrogel, for many

further biomedical applications, potentially to cartilage and

bones.
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