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Abstract With the use of a recently created chitosan

neutral hydrogel, we have been able to create various

mixtures of chitin and chitosan without changing their

characteristics even at room temperature. The aim of this

study was the initial comparison of various mixtures of

b-chitin and chitosan as a scaffold for rabbit chondrocyte

culture. We created five types of sponges: pure b-chitin,

pure chitosan, 3:1, 1:1, and 1:3 b-chitin-chitosan. The

absorption efficiencies of chondrocytes in all five types of

sponges were found to be around 98%. The mean con-

centrations of chondroitin sulfate were statistically

different neither at week 2 nor at week 4 postculture

between the types of sponges. The content of hydroxy-

proline in the b-chitin sponge was significantly greater than

in other sponges at week 4 postculture. From the histo-

chemical and immunohistochemical findings, the cartilage-

like layer in the chondrocytes-sponge composites of all five

types of sponges was similar to hyaline cartilage. However,

only immunohistochemical staining of type II collagen in

the pure b-chitin sponge was closer to normal rabbit

cartilage than other types of sponges. The pure b-chitin

sponge was superior to other sponges concerning the

content of extracellular matrices of collagen.

1 Introduction

It has been established that full-thickness defects of artic-

ular cartilage do not repair spontaneously. In particular, the

healing of hyaline cartilage is limited because of the low

mitotic activity of chondrocytes and the avascular nature of

cartilage. Transplantation of cultured chondrocytes has

been shown to be effective for repairing cartilage. However

in a monolayer culture, chondrocytes change their pheno-

type, have fibroblastic morphology, synthesize type I

collagen and lose the ability to accumulate to produce a

cartilageous matrix [1, 2]. It has been reported that chon-

drocytes maintained their phenotype in three-dimentional

cultures embedded in type I collagen gels [1–3]. Recently,

various scaffolds, including collagen gel [1–4], fibrin [5],

agarose [6], alginate beads [7], collagen sponge [8, 9], and

synthetic biodegradable polymer [10, 11], were used for
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cell suspensions after an in vitro chondrocytes expansion

and stabilized the phenotype of chondrocytes during

culture.

Chitin is a natural polysaccharide found particularly in

the shells of crustaceans such as crab and shrimp, the

cuticles of insects, and the cell walls of fungi, and is one of

the most abundant biopolymers next to cellulose. Chitin

and its deacetylated derivatives, chitosan have chemical

structures corresponding to the series of linear copolymers

of linked b, (1–4) N-acetylglucosamine and N-glucosa-

mine, respectively [12]. Chitin and chitosan and their

carboxymethyl derivatives have recently received a lot of

attention in the fields of biomass research because of their

special properties and inexpensive, abundant supply.

Because chitin is a highly biocompatible [13], biore-

sorbable [14, 15], and bioactive [16] carbohydrate

biopolymer, it has been used in experimental studies as a

delivery vehicle for growth factor [17, 18], a hybrid vehicle

with another polymer and protein [19–22], and a covering

vehicle for wound healing [23–25]. a-Chitin, also called

regular chitin, from crab and shrimp shells, is known to be

sparingly soluble and to have poor reactivity due to its rigid

crystalline structure. b-Chitin, on the other hand, from

squid bone, forms slurry easily when it is ground with

water due to its loose crystalline structure. Also, the soft-

ness and hydrophilicity of b-chitin is superior to a-chitin,

which can be explained by the crystalline structural dif-

ference between them [26]. Moreover, chitin foam

prepared by lyophilization is especially absorbent of

anionic dye [27]. Characteristics of chitin are expected to

function advantageously for maintaining chondrocytes and

extracellular matrix that are synthesized by chondrocytes.

From the characteristics of different types of chitin, we

thought that b-chitin is superior to a-chitin. Therefore, in

our previous study, we reported that b-chitin was useful as

a scaffold for three-dimensional chondrocytes cultures by

producing cartilage-scaffold composites with a cartilage-

like layer on its surface [28].

Chitosan was also reported to be an effective substrate

for the growth and continued function of human chon-

drocytes in an in vitro culture on chitosan-coated

coverslips [29], and to be a useful alternative as a scaffold

for porcine chondrocyte culture [30]. It also has an

advantage in chondrocyte cultures, because chitosan has

the capability to form insoluble ionic complexes with

anionic polysaccharides such as aggrecan which chon-

drocytes synthesize [31]. It was also reported that the

relationship of attachment and growth of any cells with a

percentage of acetylation of chitosan followed a general

trend with the higher deacetylated chitosan supporting

attachment and subsequent growth of the cells [32]. It was

therefore determined that the higher deacetylated chitosan

was suitable for culture.

Although there has been concern over which, chitin or

chitosan, is the better material for cartilage tissue engi-

neering, and whether there is a synergy by mixing them,

the results are thought to be influenced by the type of

chitin, the percentage of the deacetylation of chitosan, the

method of mixing them, and so on. A mixed hydrogel of

chitin and chitosan had scarcely been considered for

comparing the two. Though chitosan became water-soluble

following the formation of salt with organic acids [33], it is

difficult to maintain the molecular weight, the viscosity,

and its antimicrobial activity at room temperature. How-

ever, a superior method of preparing chitosan hydrogel has

recently been established; a sodium hydroxide aqueous

solution is added to the chitosan acetic solution and then

extensive rinsed with distilled water to remove sodium

acetate, to make it acid smell free. This method maintains

the molecular weight, the viscosity, and its antimicrobial

activity at room temperature [34].

Although there is a report comparing a-chitin and 85%

deacetylated chitosan as a scaffold for chondrocyte culture

[35], it is better to compare b-chitin and the higher

deacetylated chitosan from above the characteristics of

chitin and chitosan, and to use a recently created chitosan

hydrogel for more accurately investigating the usefulness

of various mixtures of chitin and chitosan as a scaffold for

chondrocyte culture. The aim of the present study is to

compare scaffolds of b-chitin, chitosan, and various mix-

tures of b-chitin and chitosan.

2 Materials and methods

2.1 Preparation of sponges

b-Chitin hydrogel was prepared as follows: 5.0 g b-chitin

powder (molecular weight 2.0 · 105) and 40 ml distilled

water were blended in a mixer, and then 20 ml distilled

water was added and the mixture further blended. Chitosan

neutral hydrogel was prepared as follows: 10.0 g chitosan

powder (molecular weight 1.5 · 105, degree of deacetyla-

tion 98%) and 1 liter distilled water were blended in a

mixer, and then 4 w/v% acetic acid aqueous solution added

followed by filtration to remove insoluble material and the

mixture further blended. The chitosan solution was then

brought to pH 10–12 by the addition of 10 w/v% sodium

hydroxide aqueous solution and was dialyzed to be neutral

[34].

Pure b-chitin, pure chitosan, 3:1, 1:1, and 1:3 b-chitin-

chitosan sponges were created from mixtures of b-chitin

hydrogel with chitosan hydrogel. The hydrogels were each

placed in 5 mm diameter dishes (Iwaki-Glass, Chiba,

Japan), and frozen and vacuum-dried for 24 h to form

sponges in a pillar shape (5 mm diameter · 10 mm
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height). Pore sizes of five types of sponges were measured

by scanning electron microscopy (model S-4800; Hitachi,

Tokyo, Japan).

2.2 Isolation and culture of chondrocytes

Twenty four 10-week-old Japanese white rabbits with a

mean body weight of 2.0 kg were used for gathering

articular cartilage. Slices of articular cartilage from their

knees, hips and shoulders were gathered and cut into small

pieces. The fragments were rinsed three times with sterile

0.9% sodium chloride and digested with 0.25% trypsin

(GIBCO, Grand Island, NY) in sterile saline for 30 min

followed by 0.25% collagenase (collagenase Type II;

GIBCO) in Dulbecco’s modified Eagle’s medium (DMEM;

Nissui, Tokyo, Japan) supplemented with 10% heat-inac-

tivated fetal bovine serum (FBS; Thermo Trace,

Melbourne, Australia) and 1% penicillin (100 IU/ml)/

streptomycin (100 lg/ml)/amphotericin B (0.25 lg/ml)

(GIBCO) for 4 h at 37 �C in a culture bottle. After filtra-

tion with 100 lm (pore size) cell strainers (Falcon, BD

Biosciences Discovery Labware, Franklin Lakes, NJ), the

isolated cell suspensions were centrifuged for 5 min at

1,500 rpm. Collected cells were washed three times with

the culture medium. The final cell density was adjusted to

5.0 · 107 cells/ml. Approximately 400 ll of DMEM cell

mixture was able to be produced from one rabbit. There-

fore, we could make ten samples from one rabbit on

average. DMEM cell mixture (40 ll) was placed in each of

12 well dishes of a non-treated microplate (Sumitomo

Bakelite Co. Ltd., Tokyo, Japan), and then the flat surface

of each pillar-shaped sponge was placed onto the DMEM

cell mixture. When the sponge had fully absorbed the

mixture, it was laid on its side in the dish. After 30 min of

incubation at 37 �C and 5% CO2-air, 3.0 ml of culture

medium containing L-ascorbic acid phosphate magnesium

salt n-hydrate (Wako Pure Chemical Industries, Osaka,

Japan) (20 ll/ml) was added to the cell-sponge composites

and laid lengthwise. The cell cultures were then incubated

at 37 �C and 5% CO2-air for 24 h, the cell-sponge com-

posites were removed to another 12 well dishes of a non-

treated microplate (Sumitomo Bakelite Co. Ltd.) and the

number of cells remaining in solution was counted with a

hemocytometer. This number was then used to calculate

the rate of cell absorption by the each sponge. Culture

medium (3.0 ml) was added to the dish and replaced with

fresh DMEM containing L-ascorbic acid phosphate mag-

nesium salt n-hydrate (Wako Pure Chemical Industries)

(20 ll/ml) twice per week. In this manner, we produced

a total of 240 chondrocytes-sponge composites, yielding

48 per type of sponge, at week 2 and 4 postculture (6

for analysis of chondroitin, 12 for analysis of

hydroxyproline, 6 for histochemical and immunohisto-

chemical examination).

2.3 Analysis of chondroitin sulfate

For the measurement of chondroitin sulfate (CS) content, 6

chondrocytes-sponge composites of each type of sponge at

weeks 2 and 4 postculture were stored at –80 �C in a deep

freezer until use. At the time of assay, samples were

digested with Actinase E (Kaken Pharmaceutical Company,

Tokyo, Japan), Chondroitinase ABC and Chondroitinase

AC-II (Seikagaku Corporation, Tokyo, Japan). The levels

of unsaturated disaccharides, which were derived from

isomers of chondroitin 4-sulfate (C4S) and chondroitin

6-sulfate (C6S) in samples, were measured by high per-

formance liquid chromatography (HPLC) [36, 37].

2.4 Analysis of hydroxyproline contents

At weeks 2 and 4 postculture, the upper one-third of 12

chondrocytes-sponge composites of each type of sponge,

including the cell layer, were stored at –80 �C in a deep

freezer until use. At the time of assay, each sample was

freeze-dried under vacuum, and then hydrolyzed in 1.0 ml

of 6N HCl at 110 �C for 24 h in screw-top hydrolysis glass

tubes (Iwaki-Glass). The hydroxyproline content was

measured by means of an automated amino acid analyzer

system (Model 835-50; Hitachi, Tokyo, Japan), using an

aliquot of hydroxylate of the samples [38].

2.5 Histochemical and immunohistochemical analysis

Histochemical and immunohistochemical evaluations of

chondrocytes-sponge composites were performed at weeks

2 and 4 postculture. After fixation with 10% phosphate-

buffered formalin for 24 h, specimens were embedded in

paraffin and sectioned at a thickness of 5 lm. Using stan-

dard histochemical techniques, sections were stained with

hematoxylin-eosin (H&E), safranin O, and toluidine blue.

Immunohistochemical stainings were performed with anti-

type II collagen antibody (F-57, Fuji Pharmaceutical

Laboratories, Toyama, Japan), anti-type I collagen anti-

body (F-56, Fuji Pharmaceutical Laboratories), and anti-

aggrecan ARGxx antibody (ab3773, ABcam, Cambridge,

UK). Specimens for aggrecan immunohistochemical sta-

inings were deglycosylated using Chondriotinase ABC,

Keratanase, and Keratanase II (Seikagaku Corporation) for

optimal BC-3 epitope recognition. The histologic evalua-

tion of the staining was performed by a semi-quantitative

method. The degree of staining was classified into three
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categories: ‘‘++’’ indicates almost the same staining degree

as that of normal rabbit hyaline cartilage, ‘‘+’’ indicates

similar staining to that of normal rabbit hyaline cartilage,

but the degree of staining was the different, and ‘‘–’’indi-

cates no staining.

2.6 Statistical analysis

An ANOVA statistical analysis was made for the five types

of sponges. Analysis was performed using StatView J 5.0

software on a Macintosh computer. p Values \ 0.05 were

considered to be statistically significant.

3 Results

3.1 Pore size of sponges

Pore sizes of the five types of scaffolds ranged from 50 to

150 lm. The holed surface of the pure b-chitin scaffold

was smooth while the surfaces of scaffolds containing

chitosan were rough (Fig. 1).

3.2 Absorption efficiency of chondrocytes in sponges

The absorption efficiencies of chondrocytes were

98.25 ± 1.47% (means ± SD) in the pure b-chitin sponges,

98.75 ± 0.61% in the b-chitin:chitosan = 3:1 sponges,

98.50 ± 0.95% in the b-chitin:chitosan = 1:1 sponges,

98.75 ± 1.13% in the b-chitin:chitosan = 1:3 sponges, and

98.25 ± 0.61% in the pure chitosan sponges. There were no

significant differences in the absorption efficiency among

the five types of scaffolds.

3.3 Analysis of chondroitin sulfate

The mean concentration values of C4S and C6S in chon-

drocytes-sponge composites and total CS (C4S + C6S), at

weeks 2 and 4 postculture, are shown in Fig. 2. C4S, C6S

and total CS content of all five types of sponges had

increased at week 4 postculture more than at week 2

postculture. There were no significant differences in C4S,

C6S, and total CS among the five types of sponges at weeks

2 and 4 postculture. The content of C6S was more than that

of C4S at both weeks 2 and 4 postculture. The means of

C6S:C4S ratios were not different among the five types of

sponges at weeks 2 and 4 postculture (Fig. 3).

3.4 Analysis of hydroxyproline contents

The hydroxyproline contents at week 2 and week 4 post-

culture, are shown in Fig. 4. The content of hydroxyproline

in chondrocytes-sponge composites of the five types of

sponges increased at week 4 postculture more than at week

2 postculture. Although there was no difference in the

content of hydroxyproline in chondrocytes-sponge com-

posites of the five types of sponges at week 2 postculture,

the content of hydroxyproline in the chondrocytes-pure

b-chitin sponge composite was significantly greater than in

composites of other sponges at week 4 postculture

(p \ 0.05).

3.5 Histochemical and immunohistochemical findings

Figures 5 and 6 show the histology of the cartilage-like

layer of a cultured chondrocytes-sponge composite at week

4 postculture, and Table 1 summarizes the histologic

evaluation results for all the stainings. H&E staining

revealed the cell layer at the surface of each type of sponge,

and round cells without complete tissue formation were

seen in the layer at week 2 (data not shown). At week 4,

abundant extracellular matrix accumulations around round

cells in all five types of sponges, and a few spindle shape

cells were seen in the superficial layer of the matrix in all

five types of sponges (Fig. 5A). Although staining

with Safranin O revealed the presence of sulfated

nasotihc:nitihc-βnitihc-βerup
1:3=

nasotihcerupnasotihc:nitihc-β
1:1=

nasotihc:nitihc-β
3:1=

Fig. 1 Scanning electron microscopy micrographs of cross-sections of sponges (original magnification, 300·). The internal bars on the figures

indicate 100 lm
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proteoglycan-rich extracellular matrix even at week 2

postculture, the cell layer of all five types of sponges at

week 4 postculture were stained almost to the same degree,

but not stained up to the degree of normal rabbit cartilage

(Fig. 5B). When stained with toluidine blue, there were

metachromatic matrices in the cell layer of all five types of

sponges at both weeks 2 and week 4 postculture, but still

not to the degree of normal rabbit cartilage (Fig. 5C).

Although immunostainings for type II collagen of the cell

layer of all five types of sponges were positive at weeks 2

and week 4 postculture (Fig. 6A), immunostainings for

Type I collagen were positive in the cell layer of all five

types of sponges neither at week 2 nor week 4 postculture

(data not shown). The presence of type II collagen was

uniform over the whole layer in normal rabbit cartilage, but

was restricted to only around the cells in the cartilage-like

layer, except with the pure b-chitin sponge. For type II

collagen, the cell layer of the pure b-chitin sponge was

stained closer to that of normal rabbit cartilage than other

types of sponges. Immunostainings for aggrecan of the cell

layer of all five types of sponges were also positive at

weeks 2 and week 4 postculture (Fig. 6B). The presence of

aggrecan was noted around the cells in normal rabbit car-

tilage, and was similar in the cell layer of all five types of

sponges.

4 Discussion

In the present study, we compared b-chitin and chitosan as

a scaffold for chondrocyte culture by creating porous

sponge scaffolds from various mixtures of b-chitin

hydrogel and chitosan hydrogel. Chitosan hydrogel, the

preparation method of which is a recent development and

used in the present study, is stable and can maintain the

viscosity, molecular weight, and antibacterial activity for a

long period even at room temperature [34]. Therefore, we

were able to mix b-chitin hydrogel with chitosan hydrogel
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Fig. 2 Changes in mean concentrations of chondroitin sulfate in

chondrocytes-sponge composites at weeks 2 (dotted columns) and 4

(slashed columns) postculture. (A): total CS (C4S + C6S). (B): C6S.

(C): C4S. Each column represents the mean of six samples. There was

statistically difference among the five types of sponges neither at

week 2 nor at week 4 postculture

0

1

2

3

2w 4w

nitihc-β 1:3 1:1 3:1 nasotihc

oitar

Fig. 3 The C6S/C4S ratios in chondrocytes-sponge composites of

five types of sponges at weeks 2 (e) and 4 (j) postculture. Each

symbol represents the mean of six samples. There was statistically

difference among the five types of sponges neither at week 2 nor at

week 4 postculture

0

100
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2w 4w

* * * *
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Fig. 4 Change in hydroxyproline content in chondrocytes-sponge

composites of five types of sponges at weeks 2 and 4 postculture.

Each symbol represents the mean of twelve samples. (* p \ 0.05)
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and create various desired shapes of scaffolds at room

temperature. The method of culturing chondrocytes using a

pillar-shape b-chitin sponge developed in our previous

study [28] makes it possible to fit the composites into an

articular cartilage defect without covering the periosterium

or suturing the implant, similar to the method of mosaic

plasty, in which the autologous osteochondral graft is fitted

into the articular cartilage defect. Our previous study also

3:11:11:3nitihc-β nasotihclamron
egalitrac

A

B

C

Fig. 5 Histochemical findings

concerning normal rabbit

cartilage and the cell layers on

the surface of five types of

sponges at week 4 postculture

(original magnification, 400·).

(A) H&E; (B) Safranin O; (C)

toluidine blue. The internal bars

on the figures indicate 50 lm

β nitihc- 3:11:11:3 nasotihc
lamron
egalitrac

A

B

Fig. 6 Immunohistochemical

findings concerning normal

rabbit cartilage and the cell

layers on the surface of five

types of sponges at week 4

postculture (original

magnification, 400·). (A) Type

II collagen; (B) aggrecan. The

internal bars on the figures

indicate 50 lm
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demonstrated that chondrocytes migrated and distributed

uniformly, and then proliferated, synthesized an extracel-

lular matrix, and formed a hyaline-like cartilage layer in

the b-chitin sponge [28].

In the present study, the absorption efficiencies of

chondrocytes in all five types of sponges were great,

reaching approximately 98%. This is the result of the

common characteristics of their cationic nature and the

porous structure of their scaffold, and it shows the abilities

of b-chitin and highly acetylated chitosan for supporting

cell attachment are not different.

We measured isomers of CS in order to evaluate gly-

cosaminoglycan (GAG) synthesis in this culture system,

because most GAG in articular cartilage exists in the form

of CS-GAG [39]. C6S occupies more than 90% of the CS

isomer in human adult cartilage [40], suggesting that C6S

reflects a mature cartilage. In contrast, C4S is detected

predominantly in fetal human cartilage and osteoarthritis

cartilage, suggesting that C4S reflects an immature or

degenerated cartilage [40, 41]. The CS content in all five

types of sponges increased at week 4 postculture greater

than week 2 postculture, with C6S increasing more than

C4S. The CS content at week 4 postculture was not dif-

ferent among the five types of sponges. This result

indicates that chondrocytes in all five types of sponges

synthesized a mature proteoglycan similar to articular

cartilage. Therefore, the effects of b-chitin and highly

acetylated chitosan on the proteoglycan synthesis were not

different.

Hydroxyproline content in chondrocytes-sponge com-

posites were measured in order to evaluate collagen

synthesis. The content of hydroxyproline in all five types of

sponges increased at week 4 postculture more than week 2

postculture. Although there was no difference in the con-

tent of hydroxyproline among the five types of sponges at

week 2 postculture, it was much more in the pure b-chitin

sponge than in other sponges at week 4 postculture. This

result indicates that chondrocytes in all five types of

sponges synthesized collagen during the culture period,

and it shows the ability of the pure b-chitin sponge for

synthesizing collagen is superior to the abilities of other

types of sponges.

In the immunohistochemical analysis, we detected

positive staining of the pericellular and the interceller with

type II collagen and aggrecan, and no positive staining with

type I collagen in all five types of sponges. Therefore,

increasing hydroxyproline in chondrocytes-sponge com-

posites meant that chondrocytes synthesized type II

collagen existing predominantly in articular cartilage.

Histological observation suggested that most of the cells

cultured in all five types of sponges maintained their

spherical morphology and produced an abundant amount of

proteoglycans and were embedded in them. Of the fiveT
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types of sponges, type II collagen was stained in the pure

b-chitin sponge, which was closer to normal rabbit carti-

lage compared with other types of sponges. The results of

the biochemical analysis, along with the histochemical and

immunohistochemical findings, indicate that the cartilage-

like layers in the chondrocytes-sponge composites of all

five types of sponges were similar to hyaline cartilage and

that of the pure b-chitin sponge was closer to normal rabbit

cartilage than other types of sponges. From these results,

the pure b-chitin sponge was thought to be more suitable

than other types of sponges as a scaffold for cartilage tissue

engineering.

Kuo et al. previously reported on the effect of chitin and

chitosan scaffolds with genipin-crosslinking and hydroxy-

apatite modifications. They compared four types of

scaffolds as following: 1:1, 1:2, 1:5 chitin-chitosan scaf-

folds, and pure chitosan scaffold with a porous sponge

structure [35]. However, they did not statistically analyze

their data, rather, they showed the tendency of the sponge

with increased volume of chitin to have a greater number of

cells, more glycosaminoglycans, and more collagen over a

28-day cultivation of bovine knee chondrocytes. In the

present study, only the pure b-chitin sponge had the

advantage over other sponges concerning the synthesis of

collagen, that is not identified in their report. We believe

their results to be caused by the different sources of the

scaffolds, such as the types of chitin, the degrees of de-

acetylation of chitosan, the methods of preparing chitosan

hydrogel, chitin-chitosan crosslinking, and hydroxyapatite

modifications between theirs and ours. They also used

different types of chitin and chitosan from the present

study; they used a-chitin and 85% deacetylated chitosan,

whereas we used b-chitin and 98% deacetylated chitosan.

In addition, they prepared chitosan hydrogel from chitosan-

acetic acid solution, which is thought to be unstable and to

immediately decrease its molecular weight, its viscosity,

and its antibacterial activity during the mixing of chitin

hydrogel with chitosan hydrogel. On the other hand, we

prepared chitosan hydrogel using the method that pro-

gresses its stability in aqueous solution on standing for long

time at room temperature [34]. It is possible that the dif-

ferences in percentages of deacetylation and the

preparations of chitosan influenced the results more than

the differences in the types of chitin. Moreover, in their

study, crosslinking by genipin and modifications by

hydroxyapatite may influence chitin and chitosan crystal-

line structure characteristics, the size of the molecular

weight, or the degree of deacetylation. Therefore, the

present study can be regarded as the first report comparing

b-chitin with chitosan as a scaffold for chondrocyte culture,

and the method of the present study is superior to previous

methods for comparing chitin with chitosan using various

mixed hydrogels of chitin and chitosan.
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