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Abstract :Chitosan-poly(ethylene oxide) (chitosan-PEO) hydrogel was evaluated by the assays of live & dead, cell

counting kit-8 (CCK-8), thiazoyl blue tetrazolium bromide (MTT) and neutral red for its applications in induction

of adhesion, proliferation and differentiation of nerve cells by releasing nerve growth factors from the hydrogel. Fab-

rication of the chitosan-PEO hydrogel was obtained by mixing the precursor solutions of PEO with thiol groups and

chitosan-acrylate, which was synthesized in advance by sequential chemical cross-linking of para-aminosalicyclic

acid and 2-carboxyethyl acrylate to chitosan. After chemical characterizations of chitosan derivatives with FTIR and

NMR, the chitosan-PEO hydrogels were evaluated by observing gel formation, and both biocompatibility and

behaviors of PC-12 nerve cells. The nerve cells adhered on the hydrogel, and their adhesion and proliferation were

affected by delivery of nerve growth factors (NGFs) from the hydrogels. Differentiation of PC-12 cells on the sur-

face of the tissue culture flask was dependent upon the amount of NGFs sustain-released from the chitosan-PEO

hydrogel as observed by the measurement of neurite length.
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1. Introduction

Chitosan, a linear polysaccharide composed of β-(1-4)-linked

D-glucosamine and N-acetyl-D-glucosamine, is obtained

commercially by deacetylation of chitin, which is a structural

element in the exoskeleton of crustaceans such as crabs and

shrimps. It demonstrated biocompatibility and biodegradability

with minimal immune rejection1, 2 and good mechanical

properties3 and hemostaticity as well as healing, antibacterial

and antifungal properties.4, 5 Based on these biocompatible

properties, many types of chitosan biomaterials have been

reported such as hydrogel,6-10 film, porous scaffolds,11,12

membrane,13 fibers and nano- and micro-particles14 depending

on its applications in drug delivery,15-17 tissue engineering and

cell therapy.18 Chitosan was also reported as scaffolds for nerve

guide and angiogenesis6,7 and for site-specific antibiotic and

DNA delivery in the stomach.19, 20 Adherence and survival of

Schwann cells were demonstrated on a chitosan substratum in

vitro, and good biocompatibility with regenerating sciatic

nerves in vivo21, 22 thus reinforcing the suitability of chitosan as

a scaffold polymer for neural tissue engineering.23 Furthermore

chitosan has been employed as a hydrogel network for sealing

and repairing damaged spinal cord nerve cells with PEO by R.

Borgens et al, as scaffolds for neuronal growth in three

dimensions to increase neuronal attachment by fabricating a

mixture gel with agarose.24 Chitosan was also employed as a

nanoparticle for delivery of proteins and drugs.25-27 Different

ratios of chitosan and PEO in the fabrication of chitosan-PEO

biomaterials were employed for designs of both its biological

and drug delivery functions6, 28 and their mechanical and

surface properties.29, 30

Chitosan-PEO hydrogel was in this study fabricated by

employing chitosan-acrylates and PEO-thiols as precursor

solutions for cross linking of both precursor solutions through

the Michael type addition reaction. Its properties were controlled

by changing their concentrations and compositions. After

verification of chemical grafting of acrylates to chitosan, the

biological properties of the chitosan-PEO hydrogels were

evaluated by employing PC-12 nerve cells. Adhesion,

proliferation and differentiation of nerve cells were also

evaluated by delivering different amount of nerve growth

factors from the chitosan-PEO hydrogel. 
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2. Materials and Methods

2.1 Materials

Chitosan (85% deacetylated, MW:5-10 kDa) and

polyethylene oxide (PEO) with hexa-thiols (MW : 10 kDa)

were purchased from Kitto Life Co. (Seoul, Korea) and Sunbio

(Seoul, Korea), respectively. While para-aminosalicylic acid

(MW : 153 Da) and 2-carboxyethyl acrylate were purchased

from Sigma-Aldrich (St. Louis, MO, USA), N-(3-

diethylpropyl)-N-ethylcarbodiimide hydrochloride (EDC) was

obtained from Fluka Chemie GmbH (Buchs, Switzerland).

RPMI1640 and penicillin-streptomycin were purchased from

Lonza (Switzerland), and fetal bovine serum (FBS) was

purchased from Gibco (Australia). Cell counting kit-8 (CCK-8)

solution and live & dead viability/cytotoxicity kit for

mammalian cells were purchased from Dojindo Laboratories

(Japan) and Invitrogen (USA), respectively. All chemicals were

employed as received.

2.2 Acrylation of Chitosan

Acrylation of chitosan was processed as follow. After

dissolving chitosan (0.2 g) and PAS (0.14 g) in 20 mL distilled

water and 20 mL methanol, respectively, 0.14 mL EDC was

added into the mixture solution. PAS was grafted to chitosan at

pH 4.75 for 24 hr after adding up EDC into the mixture

solution, thus utilizing a final concentration of 1:1:1 (chitosan :

EDC : PAS) in a molar ratio. Chitosan-PAS was lyophilized

overnight after its precipitation in organic solvent. Chitosan-

PAS was acrylated at pH 4.74 for 4 hrs by adding up 0.28 mL

2-carboxyethylacrylate (acrylate) and 0.41 mL EDC into 0.6%

chitosan-PAS solution (w/v). Powder samples (chitosan-

acrylate) were obtained by lyophilizing overnight after their

precipitation in organic solvent.

2.3 Chemical Analysis

2.3.1 Attenuated Total Reflectance Fourier Transform

Infrared Spectroscopy (ATR-FTIR)

To observe acrylation of chitosan, ATR-FTIR spectra of

chitosan, chitosan-PAS and chitosan-acrylate samples (0.01 g

powder) were recorded at the wavelength of 650 to 4000 cm-1

with a spectrometer (Travel IR; Smiths, USA). While a diamond

crystal refractive index was measured as 2.4 at 45o incidence

angle, the ATR depth of penetration was controlled as about

2 µm.

2.3.2 1H Nuclear Magnetic Resonance (1H NMR)
1H-NMR spectra were obtained by employing a mercury

400 MHz/CP-MAS spectrometer (Varian, Japan) to observe

new chemical peaks in chitosan. Spectra of the chitosan,

chitosan-PAS and chitosan-acrylate were measured with 1%

D2O solution (w/v).

2.4 Fabrication of Chitosan-PEO Hydrogel

Dry chitosan-acrylate powder (0.03 g) was dissolved in

300 µL RPMI-1640 medium in a polyethylene micro-centrifuge

vial. In a separate vial, 0.03 g PEO-thiols was dissolved in

300 µL RPMI-1640 medium. The solutions of both the chitosan-

acrylate and PEO-thiols were separately sterilized by filtering

them through a 0.2 µL syringe filter (Corning: USA). Chitosan-

PEO hydrogel was fabricated by mixing the above two precursor

solutions.

2.5 In Vitro Evaluation of Chitosan-PEO Hydrogel

2.5.1 In vitro Cell Culture

In vitro cell culture was performed with PC-12 nerve cells

(neural cell line) in RPMI-1640 medium supplemented with

10% fetal bovine serum. The medium contained 100 units/mL

penicillin-streptomycin and gentamycin (2 µL /mL). The cells

were cultured either on the surface of or in 200 µL chitosan-

PEO hydrogel at densities of approximately either 1×104 cells/

surface or 1×105 cells/encapsulation in a 24-well culture plate.

Cellular behaviors on the hydrogels were quantitatively and

qualitatively measured after seeding PC-12 cells at a density of

10,000 cells per sample by CCK-8 assay with a microplate

reader (Tecan: Australia). CCK-8 solution (100 µL) was

inserted into the 900 µL RPMI-1640 cell culture medium and

then the cell culture plate was inserted in the 5% CO2 incubator

at 37oC for 2 hr. 100 µL medium with CCK-8 solution was

aliquoted into a 96 well plate, and then an optical density of the

medium solution was measured at the wave length of 450 nm

by the microplate reader.

2.5.2 Live & Dead Assay

In vitro biocompatibility of the solutions of chitosan (200 µL

per sample), and the 10% chitosan-PEO hydrogel was

evaluated with nerve cells (PC-12) at a density of 1×105 cells/

200 µL in a 24-well culture plate. Cell culture was performed

for 6 hr in RPMI-1640 medium supplemented with 10% fetal

bovine serum and 100 units/ml penicillin-streptomycin. Live &

dead assay of the cells in the above samples was evaluated by

fluorescence microscope. Teflon and Latex, 1 cm×1 cm, were

employed as positive and negative controls, respectively. 

2.5.3 Thiazolyl Blue Tetrazolium Bromide (MTT Assay)

PC-12 cells were in vitro cultured in a 96 well plate at a

density of 1×104 cells for 24 hr by employing the RPMI-1640
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medium. Cell culture lasted for another 24 hr after addition of

200 µL hydrogels and Teflon and Latex. After adding up 20 µL

MTT solution in the culture medium, cell culture lasted for

another 4 hr. The culture medium with MTT solution was

replaced with 100 µL dimethylsulfoxide. The optical density of

the final solution was measured by the microplate reader at the

wavelength of 570 nm.

2.5.4 Neutral Red Assay

Separate extract solutions of the hydrogel, Teflon and Latex

were prepared after loading them in 1 mL culture medium for

72 hr. In vitro cell culture lasted for 24 hr after seeding nerve

cells on the samples at a density of 1×104 cells/well. The

prepared extract solution was added into and then the cell

culture lasted for another 24 hr. After adding up 0.33% neutral

red solution for 2 hr, and removal of the cell culture medium,

fixation solution of neutral red assay was proceeded for 10 min

with addition of 100 µL solubilization solution per well.

Measurement of optical density was performed at the

absorbance wavelength of 550 nm by the microplate reader by

referencing that of 690 nm.

2.5.5 Differentiation of PC-12 Cell by NGF Release from

Chitosan-PEO Hydrogel.

Proliferation and differentiation of PC-12 nerve cells were

evaluated by sustained release of nerve growth factors from the

chitosan-PEO hydrogel. PC-12 cells were culture for 24 hr after

seeding them on the 10 cm polystyrene tissue culture flask at a

density of 100,000 cells/dish. In vitro PC-12 cell cultures lasted

for 9 days by changing the medium every 3 days with

observation of development of neuritis with a light microscopy.

Fabrication of NGFs-containing chitosan-PEO hydrogel was

obtained in advance as follow. After mixing NGFs in the 10%

solution of chitosan-acrylate in RPMI-1640 cell culture

medium at the concentrations of either 200 or 800 ng/ml,

chitosan-PEO hydrogel was formed by mixing it with 10%

PEO solution. We measured the length of the neurite developed

from the PC-12 cells during in vitro cell culture with light

microscopy with image processor (UTHSCSA Image Tool 3.0;

Samwoo Science Co., Seoul, Korea). 

2.5.6 Immunocytochemistry

After fixing the in vitro cultured PC12 nerve cells in the

chitosan-PEO hydrogel with paraformaldehyde for 10 min, the

samples were washed with PBS. Monoclonal antibodies

specific to neuron β-III tubulin (5 µg/mL, Abcam: England)

were used to visualize neurite development. Fluorescein

isothiocyanate (FITC)-conjugated secondary antibody was

diluted into 1:1000 for 1h. After mounting the samples on the

cover-glass, the nuclei of the cells were stained with 4,6-

Figure 1. Schematics of synthesis of chitosan derivative grafted with para-aminoalicyclic acid (PAS) and carboxyethylacrylates (chito-

san-acrylate). 
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diamidino-2-phenylindole (DAPI, Abcam) and then

photographed using a fluorescence microscope (Leica DMLB,

Germany).

2.6 Statistical Analysis

Data were reported as mean ± standard deviation. Statistical

significance was assessed with one-way and multi-way ANOVA

of the SPSS 12.0 program. The samples were considered as

significantly different when p < 0.05.

3. Results

3.1 Synthesis of Chitosan-Acrylate

Chitosan-acrylate was synthesized by sequential grafting of

PAS and carboxyethyl acrylate to chitosan through EDC

chemistry, which is a reaction between the amine groups and 2-

carboxylic acid (Fig 1). Grafting of PAS and carboxyethyl

acrylate to chitosan was analyzed as follow with both FTIR and

NMR. 

3.2 Chemical Analysis

3.2.1 FT-IR Spectra of Chitosan Derivatives

FTIR peaks of chitosan, chitosan-PAS and chitosan-acrylate

were compared as shown in Fig 2 to observe sequential grafting

of PAS and 2-carboxyethyl acrylate to chitosan. Clear new

chemical peaks were observed from the spectrum of the

chitosan-acrylate. Typical FTIR peaks from chitosan were

observed such as OH stretch vibration at 3260 cm-1, N-H

symmetrical vibration at 2400 cm-1, carbonyl (C=O) stretch

vibration at 1618 cm-1, CH stretch vibration at 3007 cm-1 and

2880 cm-1, C-N stretch vibration at 1558 cm-1 and CH3 bend

vibration at 1375 cm-1 (Fig 2A). Grafting of PAS and

carboxyethyl acrylate was clearly observed from the new peaks

at 3112 cm-1 for =C-H aromatic stretch vibration and 1368 cm-1

and at 1698 cm-1 for C=C aromatic vibration (Fig 2B and 2C).

3.2.2 NMR Spectra of Chitosan Derivatives

Chemical analyses of chitosan derivatives were performed

with 1H NMR by comparing the peaks of native chitosan with

those of chitosan-PAS, chitosan-acrylate (Fig 3). The chitosan

spectrum demonstrated its typical peaks at 1.78 ppm for CH3,

at 2.95 ppm for the second carbon peak, at 3.64 ppm for the

third-sixth carbon peak, and at 4.45 ppm for the first carbon

peak (Fig 3A). Grafting of PAS was clearly observed, as judged

by the new peaks at 6.0 and 6.4 ppm on the chitosan-PAS

spectrum (Fig 3B). While the peaks at 6.0 and 6.4 ppm were

considered as the hydrogen atoms from the acrylate, that at

1.81  ppm was considered as the hydrogen atoms in the methyl

groups connected to the carbonyl group of the amide from the

chitosan.4, 9 Chitosan-acrylate spectra demonstrated new peaks,

indicating successful grafting of PAS and 2-carboxyethyl

acrylate such as -CH=CH- at the peak positions of 5.25 and

5.43 ppm, -CH2-CH=CH- at 2.06 ppm, -OCO-CH2- at

2.21 ppm, =HC-CH2-CH= at 2.71 ppm, CH3 at 1.76 ppm, and

-CH2- at 1.35 ppm (Fig 3C). Acrylation of chitosan was clearly

observed from the peak at 5.43 ppm (Fig 3C). While the peaks

at 5.25 and 5.47 ppm were considered as the indication from the

acrylates of the hydrogel, the peak at 1.8 ppm was as that of

methyl group in amide [refer to the chemical structures in Fig

1]. Degree of grafting of acrylate to chitosan was measured as

3.17% for chitosan-acrylate. It was estimated by calculating the

ratio of the peak areas between acrylate and back bone at

2.71 ppm and 4.5~5.5 ppm, respectively.

3.3 Fabrication of Chitosan-PEO Hydrogel

Fabrication of chitosan-PEO hydrogel was obtained by

mixing the precursor solutions of both chitosan-acrylate and

PEO-thiols. The gel was spontaneously fabricated in several hr

and demonstrated light yellow color. It was swollen over time

and clear in water, and its shape remained stable over time.

3.4 In Vitro Cellular Behaviors of Chitosan Solutions

and Hydrogel

In vitro cellular behaviors of chitosan-PEO hydrogel was

evaluated by employing 10,000 nerve cells/200 µL and 10%

hydrogel. Before evaluation of the hydrogel, biocompatibility

chitosan-acrylate solutions at the concentrations of 1 and 5%

was evaluated by live & dead assay of nerve cells for 24 hr (Fig

Figure 2. FT-IR spectra of (A) chitosan, (B) chitosan-PAS, and

(C) chitosan- acrylate.
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4). While the cells in the 1% chitosan-acrylate solution were

well viable at 24 hr (Fig 4A and 4D), but the 5% chitosan-

acrylate solution induced severe cell damage (Fig 4B and 4E).

Cell compatibility of the 10% chitosan-PEO hydrogel (50:50)

was different when evaluated by seeding the nerve cells either

inside or on the surface of the gel. Overall the cells on the

surface of and inside the hydrogel were viable compared to

those of the chitosan-acrylate solutions (Fig 4C and 4F).

3.5 In Vitro Cytotoxicity of Hydrogel

Biocompatibility of the chitosan-PEO hydrogels was

evaluated to observe cell toxicity of specific cell organs by the

assays of both MTT and neutral red, i.e. for their effects on

possible damages of mitochondria and lysosome, respectively.

Their biocompatibility was compared with those of Teflon and

Latex as positive and negative controls, respectively.

MTT assay was to measure conversion of dehydrogenase in

mitochondria into insoluble state. All the samples demonstrated

significantly better cell viability than that of Latex, but less than

that of positive control Teflon (Fig 5) (p = 0.003). The 10%

hydrogel showed 83% cell viability over that of Teflon, while

the Latex demonstrated 12% only.

The neutral red assay of the hydrogels demonstrated 60%

viability of lysosomes by the vital dye, neutral red (basic red 5,

toluylene red), compared to that of Teflon. While viable cells

take up the neutral red by active transport and then incorporate

it into lysosome, non-viable cells do not take up it. Latex

induced very high extent of lysosomal damages, showing only

4% cell viability (Fig 5). This cell viability results indicated that

less transport and accumulation of neutral red dye by lysosomes

were induced by the effects of these gel extracts, but cell

viability was improved by washing of the hydrogel with buffer

solutions. In statistics, all the cell viability data were

significantly different between samples (p=0.002). 

3.6 Effects of NGFs Released from Chitosan-PEO

Hydrogel on Nerve Cell Behaviors

Effects of NGF release on adhesion, proliferation and

differentiation of nerve cells were observed at day 1, 3 and 7 on

the chitosan-PEO hydrogels at the compositions of 25:75 and

50:50 by delivering 100 and 300 ng NGF/mL hydrogel in

bolus. Cell adhesion and proliferation on the hydrogel were

quantitatively measured with the values of the optical density

by employing CCK-8. Cell adhesions on both 25:75 and 50:50

hydrogels were negligibly small and very small degrees of cell

proliferation were observed over 7 days when 100 ng NGF/mL

was released from the hydrogel in the culture medium (Fig 6).

However when 300 ng NGF was delivered in bolus, the

Figure 3. 1H- NMR spectra of (A) chitosan, (B) chitosan-PAS,

and (C) chitosan-acrylate.

Figure 4. Live & dead assay of PC-12 cells for 24 hrs in the solutions of chitosan and chitosan-acrylate 1% (A and D) and 5% (B and E),

and inside the 10% chitosan-PEO hydrogel (50:50) (C and F).
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hydrogel induced more cell adhesion even at day 1. Furthermore,

cell proliferation was observed on the surface of the hydrogel

over 3 and 7 days from 0.14 and 0.25 in their optical density

values.

Morphological changes and differentiation of nerve cells in

vitro cultured on the polystyrene culture dish were affected by

delivering both 200 and 800 ng NGFs from the 200 µL

chitosan-PEO hydrogel (50:50) for either 3 (Fig 7A, 7B and

7C) or 9 days (Fig 7D, 7E and 7F). Immunochemical staining

demonstrated differentiation of nerve cells by observing

nuclear stains in blue through β-III tubulin antibody and neurite

differentiation in green by fluorescent microscopy (Fig 7G, 7H

and 7I). While the control cells with no NGF delivered from the

chitosan-PEO hydrogel showed round cell shapes (Fig 7G),

indicating no nerve cell differentiation (Fig 7A and 7D), the

cells with NGF delivered from the chitosan-PEO hydrogel

showed different degrees of nerve cell differentiations

depending on the cell culture times and the amount of NGFs.

Very small amount of differentiation of nerve cells was

observed over 9 days when delivered 200 ng NGFs/mL gel (Fig

B, 7E and 7H). However when we delivered 800 ng NGF/mL

gel, dramatic differentiations of nerve cells were observed over

the initially seed cells (Fig 7C and 7F) as observed nerve cell

nuclei in blue and differentiated β-III tubulin, (Fig 7I),

respectively. Next we measured the length of the neurite

developed from the PC-12 cells during in vitro cell culture (Fig

8). When we did not delivered NGF, negligible amount of

neurite development was observed, i.e. 8.6 µm for 9 days.

Dramatic development of neurite from the PC-12 cells was

observed when we sustain-delivered NGF from the hydrogel

over 9 days. While delivery of 200 ng NGF from the chitosan-

PEO hydrogel induced in vitro development of Neurite

extension to 94.1 and 104 µm for 3 and 9 days, that of 800 ng

NGF induced 83.1 and 159.7 µm, respectively. The effects of

sustain-delivery of NGF from the hydrogel on the neurite

development were significantly different at day 9 (p = 0.03

between 0 and 200 ng NGF; and 0.01 between 200 and 800 ng

NGF), even though there was no difference in statistic at day 3

(p = 0.97)

4. Discussion

The chitosan-PEO hydrogel was fabricated by mixing of the

precursor solutions of both chitosan-acrylate and PEO-thiol via

self-crosslinking mechanism of Michael type addition reaction.

Chitosan-acrylate was synthesized by sequential grafting of

PAS and carboxylethylacrylate, with expectations of antibiotic

properties by PAS. Furthermore PAS was expected to give

some mechanical properties to the hydrogel because of its

benzene ring structure. While 1% chitosan-acrylate solution did

not induce cell damages during cell encapsulation, 5% one

induced cell death, indicating cell damages by the density of

chitosan-acrylate solutions. On the contrary to these results, the

chitosan-PEO hydrogel induced negligible cell damages both

inside and on the surface of even 10% hydrogel. Nerve cell

compatibility of the chitosan-PEO hydrogel was evaluated with

assays of MTT and neutral red, by employing its extracts. The

extracts from the hydrogel seemed to induce some damages to

cell organs such as mitochondria and DNA, but washing of the

hydrogel in advance with water led to better nerve cell viability,

indicating that thorough removal of contaminants of the

Figure 5. Cytotoxicity assay of chitosan-PEO gel (50:50) with

PC-12 cells after cell culture for 48 hrs including 24 hrs cell cul-

ture in extracts.

Figure 6. Proliferation of PC-12 cells on the chitosan-PEO

(50:50) hydrogel after delivering nerve growth factors (NGF) in

bolus.
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chitosan-PEO hydrogel seemed to be of importance in obtaining

biocompatible medical devices. Proliferation of nerve cells and

differentiation of neuritis were affected by delivery of NGFs in

mode and amount from the hydrogel. Even though both 300 ng

NGFs in bolus and 200 ng NGFs per 1 mL chitosan-PEO

hydrogel were not enough to induce proliferation and

differentiation of nerve cells regardless of the compositions of

chitosan and PEO (25:75 and 50:50 in this study) in the

hydrogel, 800 ng NGFs per 1 mL chitosan-PEO hydrogel

induced noticeable amount of neuritis differentiation,

indicating that the cell compatible chitosan-PEO hydrogel

could be employed for delivery of NGFs, with no damage to the

biological properties of nerve cells and possibly growth factors

inside and nearby the chitosan-PEO hydrogel.
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