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Abstract Traditional chitosan hydrogels were prepared

by chemical or physical crosslinker, and both of the two

kinds of hydrogels have their merits and demerits. In this

study, researchers attempted to prepare one kind of chito-

san hydrogel by slightly crosslinker, which could combine

the advantages of the two kinds of hydrogels. In this

experiment, the crosslinker was formed by a reaction

between the isocyanate group of 1,6-diisocyanatohexan

and the hydroxyl group of polyethylene glycol-400 (PEG-

400), then the crosslinker reacted with the amidine and the

hydroxyl group of ethylene glycol chitosan to form the

network structure. Physical properties of the hydrogel were

tested by Fourier transform infrared spectroscopy (FTIR),

scanning electron microscopy (SEM) and biodegradation.

Biocompatibility was assessed by cell implantation in vitro

and the scaffold was used as a cartilage tissue engineering

scaffold to repair a defect in rabbit knee joints in vivo.

FTIR results show the formation of a covalent bond during

thickening of the ethylene glycol chitosan. SEM and deg-

radation experiments showed that the ethylene glycol

chitosan hydrogel is a 3-D, porous, and degradable scaf-

fold. The hydrogel contained 2 % ethylene glycol chitosan

and 10 ll crosslinker was selected for the biocompatibility

experiment in vitro and in vivo. After chondrocytes were

cultured in the ethylene glycol chitosan hydrogel scaffold

for 1 week cells exhibited clustered growth and had

generated extracellular matrix on the scaffold in vitro. The

results in vivo showed that hydrogel-chondrocytes pro-

moted the repair of defect in rabbits. Based on these results,

it could be concluded that ethylene glycol chitosan

hydrogel is a scaffold with excellent physicochemical

properties and it is a promising tissue engineering scaffold.

1 Introduction

In recent years scientists have made great progress to

engineer living tissues such as cartilage, bone, skin, and

blood. Some clinical researches have been conducted on

fabricated tissues and several products will be available for

clinical therapy in the near future. The majority of research

in tissue engineering is focused on the cells that generate

the required tissue and the material scaffold. The purpose

of the material scaffold is to provide a 3-D environment for

the growth and development of cells and tissues. In order

for a material scaffold to function properly it should be

biocompatible, easy to sterilize, and its properties should

match those of the target tissue [1, 2].

There are two classes of material scaffolds, natural

scaffolds and synthetic scaffolds. Chitosan, alginate, bio-

ceramics, calcium hydroxyapatite were the main natural

scaffolds. And poly (L-lactic acid), poly (e-caprolactone)

were the main synthetic scaffolds [3–12]. Chitosan is a

cationic, degradable biopolymer that is derived by partial

de-acetylation of chitins. Chitosan has been widely used in

biomedical applications, including tissue engineering

scaffolds, due to its low cost, large-scale availability, anti-

microbial activity, biodegradation, and excellent biocom-

patibility [13, 14].

Previously, chitosan scaffolds have been made by

freeze-drying a solution of chitosan and its derivatives,
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either alone, or in combination with other polymers or

biomaterials [15–17]. Recently, electro-spinning and

hydrogel preparation techniques have been used to con-

struct chitosan scaffolds. In general, high voltage electro-

spinning may cause high porosity in the scaffold and affect

diffusion rates [18]. Beside that, the porosity, the diameter

of the fiber and the pore could be controlled [19, 20].

Compared to electro-spinning most hydrogel tissue is a gel-

state network that contains proteins and polysaccharides,

chitosan hydrogels are a promising material for soft tissue

engineering scaffolds.

The solid network within the chitosan hydrogels may be

made up by chemical bonds or physical bonds. Chemical

covalent bonding takes place between the amino group,

hydroxyl group of chitosan and a functional group of the

crosslinker. For example, the b-glycerophosphate was the

mainly materials for making the thermo-sensitive hydrogel

with chitosan [21, 22]. And the thermo-sensitive chitosan-

based hydrogels are of great interest as drug delivery sys-

tems or tissue engineering scaffolds since they are water-

based, non-toxicity, biocompatible and biodegradable [23].

Besides that, polyvinyl alcohol and polyacrylamide are

both the main raw materials for prepared hydrogel with

chitosan [24, 25]. Covalent cross-linking leads to the for-

mation of hydrogels showing with stable chemical prop-

erties and excellent mechanical properties. Zhang et al.

[26] prepared one kind of hydrogel with oxidized dextran,

teleostean and N-carboxyethyl chitosan. The interpene-

trating network was formed by covalent bond-schiff base.

And the hydrogel shows excellent mechanical property and

stability. However, the main drawbacks of covalently

crosslinked these kinds of gels are the toxicity of residual

cross-linkers [27, 28]. As mentioned above, the common

chitosan hydrogel made with b-glycerophosphate usually

need several times b-glycerophosphate than chitosan [21,

22]. And the similar condition was also needed when

prepared the chitosan hydrogel with polyvinyl alcohol or

polyacrylamide [24, 25].

The physical bonding was resulted by the ionic,

hydrogen bonding or hydrophobic associations [29]. The

physical hydrogel has low toxicity due to no cross-linkers

are not used in the formation of procedure hydrogels with

physical bonds and therefore they have low toxicity.

Unfortunately, hydrogels lacking covalent bonds have

unstable properties. The structure of the gel is easily

affected by changes in the environment, such as pH, tem-

perature or solute concentration [30]. As mentioned above,

Zhang et al. [26] prepared the hydrogel with oxidized

dextran, teleostean and N-carboxyethyl chitosan. At the

same time, the teleostean, N-carboxyethyl chitosan hydro-

gel was also prepared as the control group which was

formed by physical bond between the carboxyl group and

amino group. The results show that stability and

mechanical property were both worse than the oxidized

dextran, teleostean and N-carboxyethyl chitosan hydrogel.

To improve the properties of chitosan hydrogel for appli-

cations in tissue engineering, a new kind of hydrogel which

incorporates advantages of both chemical and physical

crosslink bonds was prepared.

In this study hydrogel was prepared based on the eth-

ylene glycol chitosan and crosslinker. The ethylene glycol

chitosan was one derivative of chitosan, that the ethylene

glycol group was grafted to the hydroxy group of chitosan.

The crosslinker was prepared by reacting HDI and PEG-

400. Only small amounts of crosslinker were necessary to

cause the formation of the ethylene glycol chitosan

hydrogel. Characteristics of the ethylene glycol chitosan

hydrogel were detected and biocompatibility of the

hydrogel was tested by implanting chondrocytes in vitro.

Finally, the ethylene glycol chitosan hydrogel was used as

a tissue scaffold to repair defects in rabbit knee joint car-

tilage. These results show that this crosslinker forms a

desirable chitosan hydrogel tissue that is an excellent

material scaffold for tissue engineering.

2 Materials and methods

2.1 Preparation of ethylene glycol chitosan hydrogel

The crosslinker was synthesized through the reaction of the

isocyanate group of HDI (Sigma) with the hydroxyl group

of PEG-400 (Sigma). A 2:1 mol ratio of HDI and PEG-400

were mixed in a flask. The mixture reacted at room tem-

perature until the transparent mixture turned into an

emulsion. 2 g ethylene glycol chitosan powder (Sigma)

was dissolved in 100 ml distilled water to form 2 % eth-

ylene glycol chitosan solution. And the 1 % ethylene gly-

col chitosan solution and 0.5 % ethylene glycol chitosan

solution were prepared as the similar method. Different

volume crosslinker was added to ethylene glycol chitosan

solution, mixed and the ethylene glycol chitosan hydrogel

was formed after several minutes at room temperature. The

ethylene glycol chitosan hydrogel was lyophilized at

-40 �C and 0.1 MPa (Alpha 1-4, Christ, German) and

stored at 4 �C.

2.2 Characterization of the ethylene glycol chitosan

hydrogel

The lyophilized ethylene glycol chitosan scaffold was

pasted on a metal stub and sputter-coated with gold for a

period up to 120 s. The specimen was observed with a

scanning electron microscope (Quanta 200, FEI, the

Netherlands) equipped with a field-emission gun and

Robinson detector. The lyophilized scaffold was shaved
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with a powder of ground hydrogel and potassium bromide

crystals. The sample was observed at room temperature

using a Fourier transform infrared spectrometer (5700,

Nicolet, American).

2.3 In vitro degradation

The degradation of ethylene glycol chitosan hydrogel in

buffer solutions was determined by mass loss. Pre-weigh-

ted hydrogels were divided into two groups. Hydrogels in

group one were placed in 5 ml phosphate buffer (pH 7.4),

and hydrogels in group two were placed in 5 ml lysozyme

(Sigma) phosphate solution (10,000 U/ml, pH 7.4). The

samples were maintained at 37 �C and 100 rpm and the

buffer was changed every week. At predetermined intervals

the samples were removed, patted dry and weighed.

2.4 In vitro culture of rabbit chondrocytes on ethylene

glycol chitosan hydrogel

The costal cartilage of 2 week-old rabbits (male or female)

was removed and then digested in 0.25 % trypsogen for

0.5 h at 37 �C and in 0.1 % collagenase for 8 h at 37 �C.

The aqueous phase was carefully removed by centrifuging

at 1,500 rpm for 5 min. To obtain sufficient chondrocytes

the residual tissue was cultured in dulbecco’s modified

eagle medium (DMEM) supplemented with 20 % fetal

bovine serum (FBS) at 37 �C and 5 % CO2.

The hydrogel contain 2 % ethylene glycol chitosan and

10 ll crosslinker was selected for the biocompatibility

research in vitro. The lyophilized ethylene glycol chitosan

scaffold was cut into about 1 mm3 sphere and sterilized

under ultraviolet light overnight. 100 ll 2 9 106 cells/ml

chondrocytes suspension was deposited in the hydrogel and

cultured in DMEM, supplemented with 20 % FBS, at 37 �C

and 5 % CO2 for 1 week. The cultured ethylene glycol

chitosan hydrogel was frozen at -20 �C and 5 lm sections

were prepared for normal H&E staining, toluidine blue

staining, safranin-O staining and immunochemical

staining.

2.5 Immunochemical staining of collagen

and aggrecan

Samples were sectioned into 5 lm sections at -20 �C and

fixed with acetone for 20 min at 4 �C. A collagen staining

kit (Chondrex) was used for immunochemical staining of

collagen. Sections were treated with 2 % bovine testicular

hyaluronidase for 30 min at 25 �C and then incubated with

a dilution of 1:250 and incubated overnight at 4 �C.

Streptavid in peroxidase (50 ll diluted in 10 ml of strep-

tavidinperoxidase-dilution buffer) was applied for 1 h at

25 �C. Sections were then color developed with diam-

inobenzidine (brown color) for 30 min.

Aggrecan was immunochemically stained in a similar

manner. Sections were treated with 3 % hydrogen peroxide

for 30 min at 25 �C and then incubated with diluted sheep

serum (10 ll in 200 ll 5 % BSA solution) for 15 min at

37 �C. The sections were then incubated with mouse

monoclonal anti-Aggrecan (Thermo) at a dilution of 1:200

at 4 �C overnight, followed by fluoresce in Texas Red

labeled anti-mice IgG (American Qualex) at a dilution of

1:150. Sections were visualized with the microscope

(TS100, Nikon, American) equipped with a digital camera.

2.6 Ethylene glycol chitosan hydrogel in vivo repair

of cartilage defects

Thirty mature and healthy New Zealand rabbits (male or

female 2–2.5 kg mean body weight) were provided and

cared for by the Experimental Animals Center of North

Sichuan Medical College. The rabbits were randomly

divided into three groups. All animals were anesthetized by

an ear vein injection of 10 mg/ml pentobarbital (30 mg/kg).

A long incision was made over the knee and the patella was

dislocated laterally. The knee was flexed 90� to expose the

non-weight-bearing area of the medial femoral condyle. A

defect 4 mm wide and 3 mm deep was created with a

hollow trephine. Rabbit chondrocytes were planted in the

hydrogel and cultured 1 week as the methods described

above. The hydrogel contained 2 % ethylene glycol

chitosan and 10 ll crosslinker was used in this experiment.

And the implanted ethylene glycol chitosan hydrogel

contains chondrocytes was prepared as described in

methods 2.4 and cultured for 1 week in vitro. The wound

of the experiment group was filled with hydrogel–chon-

drocytes, the blank group was filled with ethylene glycol

chitosan scaffold without chondrocytes, while the defect of

control group was not accepted any treatment. 12 weeks

after implantation the rabbits were killed and the joints

were collected. The samples were embedded in paraffin,

sectioned, and exposed to standard H&E staining, Tolui-

dine blue staining, safranin-O staining and immunochem-

ical staining.

2.7 Statistical analysis

All experiments in vitro were performed in triplicate and

statistical differences between groups were calculated

using a student’s t test. The data are expressed as

mean ± SD and a P \ 0.05 was considered to be statisti-

cally significant. The experiments in vivo were performed

in duplicate and the rank test was adopted for statistical

analysis.
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3 Results

3.1 Preparation of ethylene glycol chitosan hydrogel

A crosslinked network of ethylene glycol chitosan mole-

cules was formed through a reaction between the amino

group, hydroxyl group of ethylene glycol chitosan and the

crosslinker (Fig. 1, 2). Firstly, HDI reacted with PEG-400

to form the crosslinker, which ended with isocyanate

groups. Then the functional group at the ends of the

crosslinker reacted with the amino group or hydroxyl group

of ethylene glycol chitosan to achieve the reticulation. The

resulting gel was semi-transparent. As shown in Table 1,

the gel thickening time increased as the volume of cross-

linker decreased, until, eventually, the gel could not be

formed. Failure of gel formation in the 0.5 % ethylene

glycol chitosan solution may be ascribed to the low con-

centrations of the amino group, hydroxyl group and iso-

cyanate groups. When the crosslinker volume increased

from 1 to 2 %, the gel thickening time decreased from

1.5 ± 0.21 to 1.33 ± 0.14 min.

FTIR tests were conducted on various concentrations of

ethylene glycol chitosan and various volumes of cross-

linkers. Pure chitosan was used as a control. The FTIR

Fig. 1 A schematic drawing of

the formation of the ethylene

glycol chitosan hydrogel

Table 1 Gelation time of the ethylene glycol chitosan solution

Concentration of ethylene glycol chitosan solution (%) Volume of crosslinker (ll)

3 5 10 20

0.5 – – 1.5 ± 0.21 min 1.33 ± 0.14 min

1 1.33 ± 0.11 min 1.25 ± 0.40 min 55 ± 10 s 45 ± 5 s

2 – 55 ± 6 s 50 ± 4 s 40 ± 7 s

Gelation time recorded began when the crosslinker was added into ethylene glycol chitosan solution and finished until the solution turned into gel

phase. The volume of the ethylene glycol chitosan solution was 1 ml
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spectrum of dried ethylene glycol chitosan gel is shown in

Fig. 3. Generally, the characteristic FTIR peaks of ethylene

glycol chitosan are a hydrogen bonding peak at about

3,400 cm-1 and an amide absorption peak at about

1,600 cm-1. Both the two peaks shifted noticeably com-

pared with the control, indicating the reaction of the two

groups with isocyanate groups (Fig. 3). The amide peak’s

transmission weakened with the increase of crosslinker,

demonstrating covalent bonds forming between ethylene

glycol chitosan and the crosslinker.

3.2 SEM observation

Hydrogels derived from various concentrations of ethylene

glycol chitosan solution and 10 ll of crosslinker were

collected and freeze-dried for SEM observation. All the

ethylene glycol chitosan hydrogel exhibited a typical,

interconnected porous structure (Fig. 4). The pores are

irregularly shaped and range in diameter from 100 to

200 lm. The high concentration ethylene glycol chitosan

solution has a small pore size and low porosity.

3.3 Degradation of the ethylene glycol chitosan

hydrogel

Degradation tests of the ethylene glycol chitosan hydrogel

were carried out in PBS and lysozyme medium and there

were no significant differences in the outcome of the tests

using different mediums (Fig. 5). The degradation curves

Fig. 3 FTIR test of ethylene glycol chitosan hydrogel. Samples are

labeled as the following: sample 1020 contains 1.0 % chitosan and

20 ll crosslinker; sample 1010 contains 1.0 % chitosan and 10 ll

crosslinker; sample 1005 contains 1.0 % chitosan and 5 ll

crosslinker; sample 2010 contains 2.0 % chitosan and 10 ll cross-

linker; sample 1010 contains 1.0 % chitosan and 10 ll crosslinker;

sample 0510 contains 0.5 % chitosan and 10 ll crosslinker

Fig. 4 SEM images of ethylene glycol chitosan hydrogel after they have been freeze-dried. a 0.5 % ethylene glycol chitosan hydrogel; b 1 %

ethylene glycol chitosan hydrogel; c 2 % ethylene glycol chitosan hydrogel; the crosslinker volume in all sample: 10 ll; scale bar 100 lm

Fig. 2 The gross morphology of the ethylene glycol chitosan

hydrogel
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of sample 2020 showed an identical pattern of increasing

weight followed by a weight decrease. After the first week

in enzyme medium the samples’ wet weight increased to

about 110 % of the initial weight. After 3 weeks, the wet

weight decreased to below 100 % of the initial weight and

the weight ratio continued to decrease to 73 % after 8

weeks. Samples tested in PBS buffer exhibited the same

curve shape. In contrast to sample 2020, the weight of the

other two samples decreased, without an initial increase in

weight. The degradation of sample 2010 was faster than

sample 1020, both in PBS buffer and the lysozyme phos-

phate medium. After 8 weeks in PBS buffer sample 1020

weighed 52 % of the initial weight, while sample 2010

weighed 71 % of the initial weight.

3.4 In vitro culture of rabbit chondrocytes

According to pathology, the cells could be distinguished by

histological staining. And H&E staining was the normal

pathology method for distinguished different cells. Histo-

logical staining showed that the nucleus of chondrocytes on

the scaffold was round and full and existed significant

difference from the dead cells, which illustrated that rabbit

chondrocytes could survive and proliferate on the hydrogel

scaffold (Fig. 6). Except that the results showed that there

were no obviously inflammatory cells, so this novel

chitosan-based hydrogel exhibits good biocompatibility.

Chondrocytes obviously penetrated into the hydrogel

scaffold quickly and continued to proliferate over time, as

evidenced by increasing cell densities in histological sec-

tions. Figure 6b shows the cell could be specific stained by

Toluidine blue staining. The H&E stained sections

(Fig. 6a) and safranin-O stained sections (Fig. 6c) show

that the chondrocytes grew confluently with the scaffold.

The safranin-O stained sections (Fig. 6c) also show that the

chondrocytes could secrete glycosaminoglycans. The

immunohistochemistry and immunofluorescence stains

also demonstrate that the chondrocytes can secrete specific

extracellular matrix proteins, such as collagen and aggre-

can. The scaffold was stained in some sections due to its

porous structure, but the chondrocytes could be distin-

guished clearly.

3.5 In vivo cartilage repair

To further test the biocompatibility of the scaffold, the

rabbit chondrocytes grown in hydrogel were implanted into

the cartilage of a defective rabbit knee joint. The ethylene

glycol chitosan scaffold without chondrocytes was also

implanted as the blank groups, and the untreated defects

were used as a control. The knee joints were harvested after

12 weeks and stained to observe the biocompatibility of the

ethylene glycol chitosan hydrogel scaffold and repairs of

the knee joint. The staining of the experimental and blank

groups showed no obvious inflammatory cells and indicates

that the ethylene glycol chitosan hydrogel has excellent

biocompatibility. There was no obvious scaffold in the

joint (Fig. 7A), which suggests that the ethylene glycol

chitosan hydrogel had degraded.

The defects to the knee joint were being repaired by

hydrogel–chondrocytes in the experiment group. Although

a boundary between original and renewed cartilage still

existed after 12 weeks, the knee joints were filled with new

cartilage and the formation of cartilage-like tissue can be

observed with toluidine blue and safranin-O staining

(Fig. 7B, C). The new cartilage cells were similar to those

of normal chondrocytes and the typical structure of hyaline

cartilage lacunae was apparent in the regenerated area

(Fig. 7A4). Additionally, safranin-O staining indicated a

considerable amount of proteoglycan present in the knee

(Fig. 7A4). The immunohistochemistry staining showed

that brown color was even more obvious than the normal

Fig. 5 The degradation of ethylene glycol chitosan hydrogel. a Deg-

radation in phosphate solution (pH 7.4); b Degradation in lysozyme

phosphate solution (10,000 U/ml, pH 7.4). Samples are labeled as the

following: sample 2010 contains 2.0 % chitosan and 10 ll cross-

linker; sample 2020 contains 2.0 % chitosan and 20 ll crosslinker;

sample 1020 contains 1.0 % chitosan and 20 ll crosslinker
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Fig. 6 Rabbit chondrocytes cultured on ethylene glycol chitosan hydrogel surface. a H&E staining; b Toluidine blue staining; c Safranin-O

staining; d Immunochemical staining of collagen; e, f Immunochemical staining of aggrecan; scale bar 100 lm

Fig. 7 Repair of cartilage defects in vivo. Ethylene glycol chitosan-

chondrocytes repair rabbit knee joint defects at 12 weeks. A Exper-

iment group; B Blank group (ethylene glycol chitosan hydrogel

scaffold without chondrocytes); C Control group; 1–3 scale bar

250 lm, 4 scale bar 100 lm
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tissue (Fig. 8a). This result indicated that the regenerated

tissue not only can secret specific cartilage cells extracel-

lular matrix-collagen, but also secrete vigorously for this

tissue rapidly formed.

In the control group, the knee joint defects were still

apparent. When the defects section was observed under

microscope (Fig. 7B4), there was no obviously structure of

hyaline cartilage lacunae. The defect was filled with other

cells such as adipocytes, mast cells, and a few chondro-

cytes had migrated to the knee joint to fill the injured areas.

Except that the immunohistochemistry staining results of

the filled tissue was negative. There was no evidence

showing that cartilage-like tissue had formed in the control

group (Fig. 7B4).

Compared with the control group, the defect was

repaired partially. The defect was filled and the boundary

was not so obviously. The histochemical staining and

immunohistochemistry staining results were worse than the

experiment group and better than the control group. These

data suggested that the ethylene glycol chitosan scaffold

without chondrocytes could also improve the repairs for the

defect.

Because the histochemical staining and immunohisto-

chemistry staining results demonstrate the same conclusion,

so the results was statistical analyzed together. The rank test

was adopted for statistical analysis. First, level data using

multiple sample comparisons, P = 0.000, according to a =

0.05 level, the difference was statistically significant. Then

using multiple comparisons between multiple samples, two-

tailed test was selected, PA–B = 0.002, PA–C = 0.000, PB–C =

0.035, according to a = 0.05 level, the difference was sta-

tistically significant, can be considered A better than B, B

than C (A represent Experiment group; B represent Blank

group; C represent Control group).

4 Discussions

Chitosan hydrogels are being used more frequently in bio-

medical fields as tissue scaffolds, drugs or gene carriers, and

smart sensors [31, 32]. As described above, chitosan hydro-

gels may be obtained by various mechanisms of chemical or

physical bonding, such as hydrophobic associations or cova-

lent, ionic, or hydrogen bonding. Both physically and chem-

ically crosslinked hydrogels have their drawbacks, but this

research enhances the stable properties of hydrogels and

decreases the toxicity of hydrogels by decreasing the amount

of crosslinker residual present in the gel.

Recently, poly (e-caprolactone), hydroxyapatite, gelatin,

and collagen were trialed as additions to chitosan hydrogels

and successfully stabilized the hydrogen’s properties and

lowered the cytotoxicity [33–35]. In this research the similar

results can be achieved through a crosslinker formed by the

reaction of HDI and PEG-400 (Fig. 1). As shown in Table 1,

1 ml 1 % ethylene glycol chitosan solution just need only 3 ll

crosslinker to gel, the volume ratio is just 0.3 %. As described

above, the chitosan usually needed several times b-glycer-

ophosphate, polyvinyl alcohol or polyacrylamide to form the

hydrogel. Wang et al. [36] prepared chitosan hydrogel with

b-glycerophosphate, and the hydrogel contains no other

things. In this study, 5 g chitosan needed 28 g b-glycero-

phosphate to form the hydrogel. Mohamed et al. [24] pre-

pared chitosan hydrogel with polyvinyl alcohol, and the

polyvinyl alcohol was 50 times than chitosan. Compared

with these chitosan hydrogels, the crosslinker is present at

such low quantities that the hydrogel has stable physico-

chemical properties and excellent biocompatibility. The

relationship between the gel thickening time, the crosslinker

volume, and the ethylene glycol chitosan solution concen-

tration are attributable to the mechanism of gel formation. If

the concentration of related functional groups increases,

covalent bonds form quickly and the gel thickening time

decreases correspondingly. If the concentration of functional

groups is too low, the formed covalent could not thicken the

ethylene glycol chitosan solution, and the gel could not be

formed. This reason could be explain the failure gelation

clearly.

In order to demonstrate the chemical components of

ethylene glycol chitosan hydrogels the FTIR spectrum was

tested, with chitosan as the control. The FTIR output

Fig. 8 Immunochemical staining of collagen II. Ethylene glycol chitosan-chondrocytes repair rabbit knee joint defects at 12 weeks.

a Experiment group; b Blank group (ethylene glycol chitosan hydrogel scaffold without chondrocytes); c control group, scale bar 250 lm
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indicated the action between ethylene glycol chitosan and

the crosslinker. The transmission of the characteristic peak

changed as the reaction proceeded between –NH2, –OH of

ethylene glycol chitosan and isocyanate groups (Fig. 3).

For example, the peak at 3,400 cm-1 weakened as the

volume of crosslinker increased and the ethylene glycol

chitosan concentration remained constant, which indicated

the reaction between ethylene glycol chitosan and cross-

linker. Although the transmission could be affected by

many other factors, the phenomenon of a peak weaken

supports the concept of a new covalent bond forming

between ethylene glycol chitosan and the crosslinker at

some extent. There were no other obvious peak changes or

newly formed peaks, which suggests that the ethylene

glycol chitosan hydrogel contained no other chemical

reagents.

The morphology of ethylene glycol chitosan hydrogel was

detected by SEM (Fig. 4). Freeze-dried hydrogel has a typ-

ical porous structure and high porosity. Freeze-dried

hydrogel with high porosity can swell like a sponge and

adsorb cell suspension, increasing the adhesion rate and

adding to the biocompatibility of this hydrogel. The con-

centration of ethylene glycol chitosan affects the pore size

and porosity because these pores were formed by the loss of

water from the hydrogel when it was lyophilized. A higher

concentration of ethylene glycol chitosan results in lower

water content and a decrease in pore size and porosity. On the

other side, for these pores were formed by the water in the

hydrogel, the slightly crosslinker could not decisively effect

pore size and porosity, so the other hydrogels containing

other amounts of crosslinker were not observed.

Degradation is another important property of a material

scaffold for tissue engineering. Lysozyme can break b-1, 4

glycosidic bonds in ethylene glycol chitosan and disrupt

the network structure of a hydrogel. Lysozyme was added

to the PBS medium to mimic degradation of the scaffold

in vivo. While the lattice size of the networks is enlarged in

the initial stages of degradation, breakage of the b-1, 4

glycosidic bonds did not damage the hydrogel. As a result,

the weight of the hydrogel increased. When the breakage of

these bonds reaches a critical value, the cross linking net-

work will become disjointed, resulting in loss of gel weight

[37].Compared to the three samples, the degradation rate

decreased with an increase in crosslinker volume and eth-

ylene glycol chitosan concentration for more b-1, 4 gly-

cosidic bond and amino bonds formed. That may be

explain why a weight increase during the first degradation

phase was observed only in sample 2020 (Fig. 5). The

other samples may have degraded more quickly and their

weight increase phase was not detected in this experiment.

Unusually, there were no significant differences between

gel degradation in PBS and in lysozyme solution. This may

be due to the low concentration of ethylene glycol chitosan

in the gels. Although the ethylene glycol chitosan scaffold

contains only slightly crosslinker, but the scaffold in gel

status only contains 1–2 % ethylene glycol chitosan and the

breakage of b-1, 4 glycosidic bonds could not cause an

obvious difference in their strength.

Excellent biocompatibility is a requirement for engi-

neering scaffold tissues. In order to identify the biocompat-

ibility of ethylene glycol chitosan hydrogel, chondrocytes

were implanted on the scaffold and relevant cell sections

were stained (Fig. 6). Many cells in the hydrogel appear to

grow in clusters. Cells in the scaffold maintained morpho-

logic characteristics of chondrocytes and generated viable

extracellular matrix. When the hydrogel-chondrocytes were

implanted into rabbit knee joints there were no obvious

inflammatory cells. All of these results support the premise

that ethylene glycol ethylene glycol chitosan hydrogel has

excellent biocompatibility.

In this study, ethylene glycol chitosan hydrogel was

used as a cartilage tissue engineering scaffold in an attempt

to repair knee joint cartilage defects. After a 12-week

implantation the cartilage defects showed evidence of

repair in the experiment group. The knee joints were filled

with newly generated chondrocytes and hyaline cartilage.

In the control group the knee joint defects were partially

filled and the cartilage defects were still severe. These

results suggest that the addition of hydrogel-chondrocytes

favors the repair of cartilage defects. It is notable that the

ethylene glycol chitosan hydrogel without chondrocytes

could also repair the defect though the repairs were worse

than the experiment group. This phenomenon may be

caused by ethylene glycol chitosan anti-microbial activity.

Although ethylene glycol chitosan hydrogel seemed to

stimulate repair in knee joint cartilage, the mechanical

function of ethylene glycol chitosan hydrogel remained

inferior to native cartilage tissue. However, some scaffolds

with poor mechanical properties still display excellent

prospects in applications such as autologous chondrocytes

implantation and matrix-induced autologous chondrocytes

implantation [38–40]. Based on these results, the ethylene

glycol chitosan hydrogel-chondrocytes may significantly

improve the repair of cartilage defects. Although ethylene

glycol chitosan hydrogels may be deficient in mechanical

function, this is not the only factor to consider in all tissue

engineering applications. The results of the experiments

in vitro and in vivo show that ethylene glycol chitosan

hydrogel has excellent biocompatibility and may be a

promising tissue engineering scaffold.

5 Conclusions

In summary, this research produced a ethylene glycol

chitosan hydrogel by forming a novel crosslinker between
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HDI and PEG-400. The ethylene glycol chitosan solution

thickened into a hydrogel after added only a small amount

of crosslinker. This hydrogel contains relatively small

amounts of chemical agent residues and has excellent

biocompatibility properties, compared with common eth-

ylene glycol chitosan hydrogels. An in vivo experiment

demonstrated that ethylene glycol chitosan hydrogel can

repair the cartilage defect. The preparation method is

simple and suitable for controlled experiments. Based on

these results, it could be conclude that ethylene glycol

chitosan hydrogel is a promising tissue engineering

scaffold.
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