
I. Introduction

The predictable regeneration of the alve-

olar bone destroyed by inflammatory peri-

odontal disease is a continuing challenge in

clinical periodontics. Although many

attempts have been made to regenerate

alveolar bone and the attachment apparatus,

predictable success remains elusive.

Autogenous and/or allogenic bone have

been used with moderate clinical success,

as graft materials for periodontal therapy1 -

3 ), however, use of these osseous graft

materials may be complicated by several

inherent limitations. It is often difficult to

procure sufficient amount of autogenous

bone and there is some concern about the

possibility of disease transfer with allogenic

bone graft. While several synthetic graft

materials have also been introduced, most

alloplastic materials function primarily as a

biocompatible defect filler4 ). If regeneration

is the desired treatment outcome, other

new materials are to be found.

Recent investigations have opened new

possibilities to construct vital autologous

tissue in vitro using appropriate biomateri-

als to guide the tissue development5 - 7 ).

Tissue engineering is a science in which

material properties of synthetic compounds

are manipulated to enable delivery of an

aggregate of dissociated cells into host in a

manner that will result in the formation of

new tissue8 ). Thus, the major goal of tissue

engineering is in vitro construction of

transplantable vital tissue. 

The engineering of bone tissue requires

appropriate carriers that allow a 3-dimen-

sional distribution of cells. Ishaug et al.

suggest several prerequisites for a scaffold

material for bone formation9 ). First, the

scaffolding material for bone formation must

allow for the attachment of osteoblasts

because they are anchorage dependent

cells that require a supportive matrix in

order to survive. Second, the scaffold must
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provide an appropriate environment for

proliferation and function of osteoblasts.

Third, the scaffold should allow for

ingrowth of vascular tissue to ensure the

survival of transplanted cells. Fourth, the

materials should be biodegradable and its

degraded molecules should be easily

metabolized and excreted. Finally, it should

be processable into irregular 3-dimensional

s h a p e s .

Several studies had demonstrated the

tissue engineered bone regeneration using

various scaffolds in vitro. Casser-Bette et

al. had induced bone like tissue formation in

vitro 56-day culture of 3-dimensional

matrix of collagen type I onto which cells of

the clonal osteogenic cell line MC3T3-E1

was seeded1 0 ). Laurencin et al. studied

osteoblast proliferation and bone formation

using rat calvaria cells on the surface of

porous poly(lactide/glycolide)/ hydroxy

apatite 3-dimensional polymer matrix in

v i t r o1 1 ). Ishaug et al. investigated bone for-

mation in vitro by culturing stromal

osteoblasts in 3-dimensional, biodegrad-

able poly(DL-lactide-co-glycolic acid)

f o a m s9 ). In addition to in vitro tissue con-

struction, many investigators have tried to

induce intentional bone formation by trans-

plantation of cell-scaffold construct. Caplan

group reported many investigations in rela-

tions to the bone and cartilage formation

using porous ceramic with marrow and

periosteal cells1 2 - 1 7 ). Vacanti group used

embossed nonwoven mesh of polyglycolic

acid as a scaffold for cartilage and bone

f o r m a t i o n8, 18-20). Puelacher et al., members

of Vacanti group, showed that implantation

of periosteum derived cells seeded onto

synthetic polymer scaffolds resulted bone

formation in surgically induced athymic rat

femur defect1 9 ). Their study is of particular

interest because their report support

potential application of the technique of tis-

sue engineered growth of bone to a non-

healing defect in weight bearing bone. In

recent, Breitbart et al. demonstrated that

resorbable polyglycolic acid scaffold seeded

with periosteal derived cells induced bone

regeneration in critical size calvarial defect

of a rabbit model and confirmed that the

cultured periosteal cells contributed to this

bone formation by detection of prelabelled

cells in the newly formed bone2 1 ). 

Chitin is an important structural compo-

nent of exoskeleton of invertebrates and of

cell membranes of fungi. Chitosan(poly-N-

acetylglucosaminoglycan) is a depolymer-

ized and partially deacetylated derivative of

chitin made by treating it with hot strong

alkali. The resultant chitosan is a β- 1,4-

linked polymer of 2-amino-2-deoxy-d-

glucose(Figure 1); it thus carries a positive

charge from amine group2 2 ). Chitosan is a

biodegradable and nontoxic natural

b i o p o l y m e r2 3 ). Besides these biologic prop-

erties, its availability in various forms

including powder, gel, film and solution

make its implication of clinical applicability

as a bone substitute. Many previous reports

corroborated the ability of chitosan to

improve hemostasis2 4 - 2 8 ) and to enhance

wound healing2 9 - 3 4 ). Some investigators had

tried to use chitosan in combination with

other materials to enhance bone growth. Ito

groups developed experimentally a chi-

tosan-bonded hydroxyapatite and beta-

tricalcium phosphate bone filling paste, and
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proposed this paste as a bone filling mater-

ial for the treatment of periodontal

d e f e c t s3 5 - 4 0 ). In addition to the effects of

hemostasis and wound healing, chitosan

shows controlled releasing characteristics

of bioactive agents, such as antibiotics41, 42),

growth factors43, 44), steroids45, 46), nons-

teroidal antiinflammatory drugs47, 48), and

other macromolecular drugs4 9 - 5 2 ).

Investigations on chitosan as drug delivery

systems for dental use were also intro-

d u c e d53, 54). Chitosan has been also intro-

duced as a scaffold for cell attachment, such

as hepatocytes55, 56) and fibroblasts5 7 ).

However, chitosan have not been intro-

duced as a scaffold for bone formation. 

In this study, porous chitosan and chi-

tosan/tricalcium phosphate(TCP) matrices

were developed as bone replacement graft

materials and biodegradable scaffolds for

tissue engineered bone formation. The

purposes of this study are to examine the

effect of porous chitosan and chitosan/TCP

on bone regeneration and to evaluate their

applicability as tissue engineering scaffolds

for bone formation by 3-dimensional

osteoblast culture.

II. Materials and methods

1. Fabrication of porous chitosan and chi-

tosan/TCP matrices 

Chitosan solution was prepared by dis-

solving 5 g of chitosan powder(Showa

Chemicals, Tokyo, Japan) having a degree

of deacetylation of 0.8 in 100 ml of 1%

acetic acid. The chitosan solution was

freeze-dried, crosslinked with 5 %

tripolyphosphate and freeze-dried again to

create a 3-dimensional porous spongeous

matrix. To fabricate a chitosan/TCP matrix,

2.7 g of TCP powder (Shimakyu’s Pure

Chemicals, Osaka, Japan) was mixed with

100 ml of chitosan solution and it was

processed by the same procedure as above.

The structures of these fabricated matrices

were examined by a scanning electron

microscope(Stereoscan 360, Cambridge

Ins., Cambridge, UK). The fabricated

matrices were cut into shapes of 1 x 1×1

mm for implantation in the rat calvarial

defects and of 5×5×1 mm for osteoblastic

cell seeding and culture of cell-matrix

c o n s t r u c t .

2. The regenerative effects of the two matri-

ces in the healing of rat calvarial defect

(1) Surgical procedure 

24 male Sprague-Dawley rats, weighing

250 g in average body weight, were divided

into 3 groups of 8 each and anesthetized by

intraperitoneal injection of
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Figure 1. Chemical structure of chitosan



ketamine(30mg/kg body weight). After

wiping the surgical site with 0.5%

chlorhexidine, a sagittal linear incision was

made and flaps were reflected in a subpe-

riosteal plane, exposing the parietal bone. A

8-mm diameter full thickness critical size

calvarial defect was made using a saline

cooled trephination drill(3i Implant

Innovation, Palm Beach Gardens, FL, USA).

The critical size defect is defined as the

minimal size defect that, if left untreated,

would not healed spontaneously during the

life time of animal5 8 ). Extreme care was

taken to avoid injury to brain in all animals.

After removal of the punched calvarial disc,

chitosan and chitosan/TCP matrices were

implanted into the defects, and then perios-

teum and skin were closed using 5-0

chromic gut and 4-0 silk(Ethicon,

Somervile, NJ, USA). In the control group,

no graft material was implanted into the

defect. Rats were sacrificed at 2 and 4

weeks after implantation. 

(2) Histological procedure

The calvariae and surrounding soft tissues

were removed en bloc and fixed in formalin

solution. The specimens were decalcified in

5 % trichloroacetic acid and embedded in

paraffin. 5㎛ thick serial sections were pre-

pared in a coronal plane and stained with

Masson trichrome. Histomorphometrical

measurement of neoformed new bone was

performed using an image analysis

system(Image Acess Application, Bildanalys

System AB, Stockholm, Sweden) coupled

with a video camera on a light microscope

(Olympus BH-2, Olympus Optical Co.,

Osaka, Japan). 

3. In vitro culture of cell-matrix constructs

(1) Isolation of fetal rat calvarial

osteoblastic cells

Primary cultures of rat calvarial cells

were obtained by sequential enzymatic

treatment of embryonic rat calvariae,

according to the method described by

Bellows et al.5 9 ). Briefly, calvariae were

dissected aseptically from 21-day old

Sprague-Dawley rat fetus and then were

striped off periosteum and loosely adherent

tissue. Calvariae were minced and digested

at 37°C in the enzyme mixture of 0.1%

collagenase(Sigma, St Louis, MO, USA) and

0.25% trypsin in 4mM EDTA(Gibco, Grand

Island, NY, USA) with magnetic stirring in

Reacti-vial (Pierce, Rockford, IL, USA).

After first 10 minutes, the enzyme mixture

containing released cells were collected and

mixed with an equal volume of ice-cold

fetal bovine serum(FBS; Gibco). Fresh

enzyme mixture was added to the calvaria

fragments and this process was repeated at

20, 30, 50 and 70 minutes after the start of

digestion procedure. These 5 sequential

digestions were designated population I-V.

Population IV and V were pooled together

and the cells were collected by centrifuga-

tion for 10 minutes at 400 x g. The cell

pellets were resuspended into 35mm tissue

culture dishes at a density of 4 x 10 4

c e l l s / c m2 in α- minimum essential medi-

u m (α-MEM; Gibco) containing 10% FBS

and 1% antibiotic-antimycotic

solution(Gibco). Cultures were maintained

in a humidified atmosphere consisting of

95% air and 5% CO2 at 37°C. 
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(2) Cell seeding into the matrices and

culture in vitro

When confluent monolayers were reached

the cells were enzymatially lifted from the

dishes using 0.25% trypsin in 4mM EDTA.

The cells were concentrated by centrifuga-

tion at 400 x g for 10 minutes and resus-

pended in a known amount of media. Cells

were counted with hemacytometer and

diluted to 5×1 07 cells/ml in complete media

consisting of α-MEM supplement with 15%

FBS, 1% antibiotic-antimycotic solution,

10mM Na β- glycerol phosphate(Sigma),

5 0㎍/ml l-ascorbic acid(Sigma) and 10- 7 M

dexamethasone(Sigma). Aliquots of 20 ㎕

of cell suspension were seeded on to the

top of 5×5× 1mm sized prewetted chi-

tosan and chitosan/TCP matrices with

complete media placed in the wells of 24-

well plates(Nunc, Rochester, NY, USA)

resulting a seeding density of

1 05cells/matrix. The matrices were left

undisturbed in an incubator for 3 hours to

allow the cells to attach to the matrices,

after which time an additional 1ml of com-

plete media was added to each well.

Medium was changed every 2-3 days.

(3) Measurement of cell proliferation

Cell proliferation was determined at 1, 7,

14, 28 and 56 days. At each time point,

media was removed from the wells. The

matrices were washed gently with Hank's

balanced salt solution (HBSS; Gibco) to

remove any unattached cells and remaining

media. The adherent cells were removed

from the substrate by incubation in 1ml of

0.25% trypsin in 4mM EDTA for 5 minutes

and then the matrices washed two times

with 1ml of HBSS. Cells in trypsin/HBSS

solution were counted and examined vitality

of cells by flow cytometer(FACS Caliber,

Bectron Co., CA, U.S.A.). Matrices removed

cells were visualized by scanning electron

microscope (SEM) to ensure the complete

removal of cells by trypsin.

(4) Measurement of alkaline phosphatase

a c t i v i t y

Production of alkaline

phosphatase(ALPase) was measured

spectroscopically at 1, 7, 14, 28 and 56

days. Removed cells from the matrices

were homogenized with 0.5 ml of double

distilled water and sonicated for 1 minute in

ice. 0.1 ml of cell lysate were mixed with

0.1ml of 0.1 M glycin-NaOH buffer, 0.1 ml

of 15 mM para-nitrophenol phosphate

(PNPP), 0.1% Triton X-100/saline and 0.1

ml of DDW. Each aliquot was incubated at

3 7°C for 30 minutes. 2.5ml of 0.1 N NaOH

was added and placed on ice. The produc-

tion of para-nitrophenol (PNP) in the

presence of ALPase was measured by

monitoring light absorbance by the solution

at 405 nm. The slope of absorbance versus

time plot was used to calculate the ALPase

activity. 

(5) Measurement of calcium deposition in

cultured cell-matrix constructs

In order to analyze the degree of miner-

alization of the cell-matrix constructs, the

amount of calcium deposition in cell-matrix

constructs were measured at 1, 7, 14, 28

and 56 days. Collected cell-matrix con-

structs were hydrolyzed in 6 N HCl at 108°
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Figure 2. Scanning electron micrographs of chitosan(A) and chitosan/TCP (B) matrix, x40.

Figure 3. Histologic findings of defect sites at 2 weeks. A(Ungrafted control): Figure illustrates one
side of defect. Defect is filled with loose fibrous connective tissue. Arrow indicates original
border of defect. Masson trichrome stain; original magnification x10. B(Defect grafted
with chitosan matrix) and C (Defect grafted with chitosan/TCP matrix): Figure illustrates one
side of defect. The new bone(arrow heads) grows from the margin of the defect. Small
arrows mark the matrix grafted. Large arrows indicate original border of defect. Masson
trichrome stain; original magnification x10. D(Defect grafted with chitosan/TCP matrix):
Figure illustrates magnified original border of defect. Regenerated new bone(*) infiltrates



C for 24 hours. Aliquots of hydrolysates

were diluted in 0.5 % lanthium chloride

solution. The amounts of calcium in these

diluted hydrolysates were measured by

atomic absorption spectroscopy(Perkin

Elmer, Model 2001, Norwark CT, U.S.A.). 

(6) Histologic examination of cell-matrix

constructs 

Cultured cell-matrix constructs were

prepared for histology at each period. The

samples were washed, fixed with glu-

taraldehyde and embedded in paraffin.

Tissue blocks were sectioned at 5㎛ i n

thickness and stained by hematoxylin-

eosin and von Kossa's silver nitrate staining

method to demonstrate matrix mineraliza-

tion. The prepared specimens were exam-

ined by light microscopy(LM). Cell-matrix

constructs were prepared for and also

examined by SEM at each period.
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Figure 4. Histologic findings of defect sites at 4 weeks. A(Ungrafted control): Figure illustrates one
side of defect. Limited bony repair is localized to the defect border(arrow). Arrow indi-
cates original border of defect. Masson trichrome stain; original magnification x10.
B(Defect grafted with chitosan matrix) and C(Defect grafted with chitosan/TCP matrix):
Figure illustrates one side of defect. The bone regeneration(arrow heads) is increasing
from the defect border and by the formation of bony islands. Small arrows mark matrix
grafted. Large arrow indicates original border of defect. Masson trichrome stain; original
magnification x10. D(Defect grafted with chitosan matrix): Figure illustrates magnified
bony islands in the defect. Degraded matrix fragments(arrows) are entrapped by



4. Statistical Analysis

All measurements were collected in more

than triplicate and expressed as means ±

standard deviations. A two tailed unpaired t

test was employed to assess the statistical

significance of results for all measurements.

III. Results

1. The morphology and physical characteristics

of fabricated chitosan and chitosan/ TCP

m a t r i c e s

Figure 2 demonstrates the microstructure

of fabricated chitosan and chitosan/TCP

matrices used in this study. The matrices

exhibited a 3-dimensional porous and

sponge-like structure. These porous

matrices was composed of anastomosing

network of thin sheet-like matrices and the

pore size was 100-200㎛. No significant

morphological differences were found

between chitosan and chitosan/ TCP matri-

ces except some more chalky appearance

in chitosan/TCP matrix. These two porous

matrices was brittle when dried, however,

was soft, malleable and slightly expanded

after wetting with tissue culture medium or

b l o o d .

2. Effect of the chitosan and chitosan/TCP
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*: P<0.05 and **: P<0.01, as compared with control at each period.

No significant differences were found between chitosan and chitosan/TCP matrices at all periods

Table 1. Area of new bone induced by the chitosan and chitosan/TCP matrices in rat calvarial defects

Area of new bone(×1 0- 3m m2)

w e e k s
c o n t r o l chitosan matrix chitosan/TCP matrix

2 1 1 4 . 2 2±4 7 . 7 3 2 3 6 . 9 2±6 8 . 9 3 2 3 0 . 8 3±4 2 . 5 6 *

4 3 0 8 . 0 6±8 8 . 7 8 7 4 7 . 9 9±1 0 3 . 4 3 * * 7 7 3 . 9 5±3 9 . 4 5 * *

Figure 5. The effect of chitosan and chitosan/TCP matrices on bone regeneration in rat calvarial

1 0 0

0

8 0 0

6 0 0

4 0 0

2 0 0

c o n t r o l

c h i

c h i / T C

2 w k s 4 w k s

P e r i o d
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*: P<0.05 and **: P<0.01, as compared with 1 day in each group

No significant differences were found between chitosan and chitosan/TCP matrix at all periods

Table 2. Cell proliferation in chitosan and chitosan/TCP matrix

Number of cells(×1 04 / matrix)

D a y chitosan matrix chitosan/TCP matrix

1 2 . 1 4±0 . 3 6 2 . 3 4±0 . 6 5

7 3 . 2 3±1 . 0 5 3 . 2 3±1 . 5 6

1 4 3 . 7 8±0 . 9 3 * 4 . 0 6±1 . 4 1

2 8 5 . 8 5±0 . 8 1 * * 6 . 2 6±0 . 6 3 * *

5 6 5 . 9 0±0 . 6 5 * * 6 . 4 3±0 . 9 8 * *

Figure 6. The findings of released cells from the two cell-matrix constructs in flowcytometer at 1 day
after seeding. Left: cells from chitosan matrix, Right: cells from chitosan/TCP matrix 

Figure 7. Cell proliferation in chitosan and chitosan/TCP matrices

Days in cul-



matrices on bone regeneration in rat cal-

varial defect.

In the experiment of implantation in rat

calvarial defect, the 2 and 4 weeks healing

results is shown in figure 3 and 4 respec-

tively. Most of specimens revealed that

there was no evidence of adverse tissue

reaction interfering with healing.

At 2 weeks postsurgery(Figure 3), con-

trol group showed that the wound was

invaded by thin, loosely organized connec-

tive tissues. There was no significant sign

of new bone formation in control sites. In

chitosan and chitosan/TCP matrices groups,

significant neoformed osseous tissues were

growing from the edges of defect.

Degradation of matrices was arleady initi-

ated at this observation period. Neoformed

osseous tissue infiltrated into the matrices

being degraded and some matrix fragments

were surrounded by new bone. 

At 4 weeks postsurgery(Figure 4), con-

trol group showed limited new bone which
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*: P<0.01, as compared with 1 day in each group

No significant differences were found between chitosan and chitosan/TCP matrices at all periods

Table 3. ALPase activities of cells in chitosan and chitosan/TCP matrices

ALPase activity(nM of PNP/30 min/104 c e l l )

D a y
Chitosan matrix Chitosan/TCP matrix

1 4 . 7 8±0 . 7 4 4 . 8 8±0 . 0 6

7 5 . 4 7±0 . 7 4 6 . 4 8±1 . 2 9

1 4 7 . 2 4±1 . 6 5 8 . 5 7±2 . 5 4

2 8 7 . 8 5±0 . 6 4 * 9 . 5 7±0 . 5 2 *

5 6 1 0 . 0 5±0 . 9 2 * 1 0 . 7 5±0 . 6 3 *

Figure 8. ALPase activities of cells in chitosan and chitosan/TCP matrices

Days in cul-



was localized in the defect rim. In chitosan

and chitosan/TCP matrices group, the bone

regenerated both through a centrifetal

extension from the defect rim and by the

formation of bone islands of various size.

The degraded matrix fragments were

embedded in the regenerated bone. 

The results of histomorphometric analy-

sis are shown in Table 1 and Figure 5. The

amount of new bone regeneration measured

in chitosan and chitosan/TCP matrices

group was significantly greater than that in

the control group at 4 weeks after surgery.

No statistical significances were found

between the two sponges.

3. In vitro culture of cell-matrix constructs 

(1) Cell proliferation in the matrices

Vitality of cells released from cell-matrix

constructs were confirmed and the number

of cells were counted by flowcytometer at

each period(Table 2, Figure 6 and 7).

Osteoblastic cells seeded on chitosan and
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*: P<0.05 and **: P<0.01, as compared with 1 day in each group

†: P<0.01, as compared with chitosan matrix at each period

Table 4. Calcium deposition in cultured in cell-matrix constructs 

The amout of calcium in cell-matrix construct(㎍)
D a y

Chitosan matrix Chitosan/TCP matrix

1 1 7 . 3 4±3 . 8 1 1 7 5 . 5 5±9 . 6 0†

7 1 8 . 7 9±5 . 3 1 1 8 2 . 3 8±1 6 . 8 7†

1 4 2 3 . 0 8±4 . 6 7 2 1 6 . 2 5±1 7 . 8 7 *†

2 8 3 6 . 9 7±2 . 8 3 * * 3 2 0 . 3 1±1 6 . 3 7 * *†

5 6 4 6 . 2 5±4 . 5 6 * * 3 7 7 . 3 4±1 9 . 6 6 * *†

Figure 9. Calcium deposition in cultured cell-matrix constructs
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Figure 10. Scanning electron micrograph of seeded osteoblastic cells(arrows) attached on the
matrices at 1 day after seeding. A: chitosan matrix, B: chitosan/TCP matrix 

Figure 12. Cross sections through 3-dimensional cultures of osteoblastic cells cultured for 14
days. Small bone-like spicules emerged on the matrix. A: chitosan matrix, B:
chitosan/TCP matrix, Hematoxylin and eosin stain, original magnification x132.

Figure 11. Cross sections through 3-dimensional cultures of osteoblastic cells cultured for 7 days.
Seeded cell proliferates to multilayer fashion over the matrices. A: chitosan matrix, B:
chitosan/TCP matrix, Hematoxylin and eosin stain, original magnification x100. 
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Figure 13. Scanning electron micrograph of mineralized deposition on the chitosan/TCP matrix cul-

Figure 14. Cross sections through three-dimensional cultures of osteoblastic cells cultured for 28 days.
A(chitosan matrix): Cross section of cultured cell-matrix construct displays seeded
osteoblastic cell formed bone-like spicules under the multilayered cells. Hematoxylin and
eosin stain, original magnification x132. B(Paralleled section of A): Figure indicates that
seeded cell formed tissues were mineralized. von Kossa stain, original magnification x132.
C(chitosan/TCP matrix): The seeded osteoblastic cells began to layed down bone like tissue
on the matrix. Several osteocytic cells are embedded in the newly formed bone matrix.



chitosan/TCP matrices proliferate over the

56 days. Cell-matrix construct resulted in a

cell density of 2.14×1 04 cells/matrix for

chitosan matrix and 2.34×1 04 c e l l s / m a t r i x

for chitosan/TCP matrix after 1 day in cul-

ture. The cell density increased to 5.90×

1 04 and 6.43×1 04 respectively by day 56.

Osteoblastic cell growth and proliferation

continued throughout the first 28 days,

after which, the proliferation leveled off and

appeared to plateau in the two cell-matrix

constructs studied following 28 days. 

(2) ALPase activities

The two cell-matrix constructs

expressed high ALPase activities that

increased substantially over time in cul-

ture(Table 3 and Figure 8). They had

ALPase activity of 4.78 nM/30 min/104

cells for chitosan matrix and 4.88 nM/30

m i n / 1 04 cells for chitosan/TCP matrix after

1 day in culture. The ALPase activity

increased to 10.05 nM/30 min/104 cells and

10.75 nM/30 min/104 cells respectively by

day 56. ALPase activities of cells in chi-

tosan/TCP matrix were slightly higher than

those in chitosan matrices from 1 to 56

days. However, statistically significant dif-

ferences between the two matrices were

not found.

(3) Calcium deposition in cell-matrix

c o n s t r u c t

Calcium deposition in the two cell-matrix

constructs increased substantially over time

in culture (Table 4 and Figure 9). The

amount of calcium in cell-matrix constructs

was increased from 17.34㎍ for chitosan

matrix and 175.55㎍ for chitosan/TCP

matrix at day 1 to 46.25㎍ and 377.34㎍

respectively by day 56. Calcium deposition

in chitosan/TCP matrix was significantly

greater than that in chitosan matrix

throughout all examination period. 

(4) Histologic examination of the cell-

matrix constructs.

LM and SEM examination indicated that

seeded osteoblastic cells were firmly

attached to the two matrices and proliferat-
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Figure 15. Cross sections through 3-dimensional cultures of osteoblastic cells cultured for 56 days.
Much black stained mineralized matrix is observed predominantly in the upper region of
the matrices. A: chitosan matrix, B: chitosan/TCP matrix, von Kossa stain, original magni-



ed in a multi-layer fashion (Figure 10 and

11). Histologic examination of cultured

cell-matrix constructs revealed active

osteoblastic cells forming a characteristic

mineralized tissues. Mineralization did not

occurred when the matrices without cells

was incubated, indicating that mineralization

was due to the cells and not the matrices

themselves. At 14 days, small bone-like

spicules emerged on both matrices in LM

observation(Figure 12). At 21 days, diffuse

mineralized deposition on the matrices were

observed by SEM(Figure 13). In the sec-

tions of 28 days, von Kossa's staining of

parallel histological sections revealed that

portions of the tissue formed on the matri-

ces had been mineralized. In addition to

growth, the seeded osteoblastic cells began

to lay down osteoid on the matrices. Seeded

cells appeared to be embedded in the newly

formed tissue, which is characteristic of the

osteoblast differentiation and their pro-

gression into osteocytic cells(Figure 14).

Significant guantity of black stained tissues

were examined in 56 days specimen

stained with von Kossa method, which indi-

cated that seeded osteoblastic cell formed

the mineralized bone. The mineralized tis-

sues were observed predominantly in the

upper region of both chitosan and chi-

tosan/TCP matrices(Figure 15). At all

examination period, the amount of mineral-

ized tissues formed were found to be much

larger in chitosan/TCP matrices than in

chitosan matrices.

IV. Discussion

In this study, porous chitosan and chi-

tosan/TCP matrices were developed pri-

marily as biodegradable scaffolds for tissue

engineered bone formation. At first, scaf-

folds for bone formation should have effec-

tive material characteristics, which have as

bone graft materials because ultimately the

engineered bone will be fate to be trans-

planted. From this reason, first, the efficacy

of chitosan and chitosan/TCP matrices as

graft materials was tested by implantation

in the calvarial defect. In histologic findings

of calvarial healing, present chitosan and

chitosan/TCP matrices showed highly

osteoconductive characteristics. Chitosan

and chitosan/TCP matrices promoted bone

healing of rat calvarial defects without any

adverse tissue reaction. The matrices was

degraded spontaneously, and then degraded

fragments were embedded in newly formed

bone without connective tissue intervention.

Many investigators reported encouraging

clinical results of several synthetic grafts,

but histologically the grafts tend to be

encapsulated by connective tissue with little

bone formation. This is likely to be true

with not only non-absorbable materials6 0 -

6 4 ) but also absorbable materials65, 66). At

present, therefore, most of synthetic graft

materials were considered primarily as

biocompatible defect fillers4 ). In this point,

present porous chitosan and chitosan/TCP

matrices might exhibit biocompatible, highly

osteoconductive and easily biodegradable

characteristics. These material properties

fulfill the requisites as a bioabsorbable bone

graft material and then they might be also

considered promising candidates as a scaf-

fold for tissue engineered bone formation.

Since chitosan can be well adapted to
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inorganic materials such as calcium phos-

phate, tricalcium phosphate and hydroxya-

patite containing chitosan paste has been

introduced as a self-setting material for

bony lesion3 5 - 4 0 ). Also in present study,

tricalcium phosphate was employed for

enhancement of material properties and

osteoconductivity of chitosan matrix. In

histologic and histomorphometric finding, no

significant differences between the two

matrices were found in matrix degradation,

host tissue response against them and the

amount of induced new bone by the two.

These findings indicate that the addition of

TCP to chitosan probably does not evoke

any adverse effects to degradation of the

matrix or healing of bone defect, and also

does not serve any additional osteoinduc-

tive effect.

In this study, it was observed that degra-

dation of chitosan and chitosan/TCP matri-

ces had already progressed at 2 weeks

after implantation and then they were con-

tinuously degraded throughout 4 weeks.

Muzzarelli et al. reported that freeze dried

methylpyrrolidinone chitosan medicated in

the surgical wound from wisdom tooth

avulsion was progressively resorbed and

was no longer detected 6 month after

s u r g e r y3 2 ). It was known that the major

path for chitin and chitosan breakage down

in vivo is through lysozyme, which acts

slowly to depolymerize the polysaccha-

r i d e6 7 ). The susceptibility of chitosan to

depolymerization under the catalytic action

exerted by lysozyme is dependent on the

molecular size of the polymer or degree of

d e a c e t y l a t i o n6 8 ). Thus, biodegradation rate

of the chitosan matrix could be varied by

controlling the amount of residual acetyl

content. In present histologic examination of

rat calvarial healing, newly formed osseous

tissues infiltrated into and were mingled

with the matrices being degraded simulta-

neously. In this points, these matrices might

show acceptable degradation rate as bone

replacement graft materials. 

Chitosan had been introduced as a good

scaffold for hepatocytes and fibroblasts.

Kawase et al.5 5 ) and Yagi et al.5 6 ) e m p l o y e d

chitosan as a scaffold for hepatocytes and

they concluded that chitosan is a promising

biopolymer for hepatocyte attachment.

Koyano et al. used the hydrogels containing

chitosan for the attachment and growth of

f i b r o b l a s t5 7 ). However, chitosan has not

been used as a scaffold for osteoblast cul-

ture. This is the first study to demonstrate

the ability of porous chitosan and chi-

tosan/TCP matrices to support bone cell

mineralization. 

In present investigation of culturing

osteoblastic cell-matrix constructs, it was

demonstrated that chitosan and

chitosan/TCP matrices supported the pro-

liferation of seeded osteoblastic cells as

well as their differentiation function as

indicated by high ALPase activities and

mineralized deposition by the cells. Cell

number, ALPase activities, and the amount

of calcium and mineralized tissues in cell-

matrix constructs increased over time for

the two matrices. Small bone-like spicules

were observed at 14 days and continved

growing up to 56 days in culture. At 56

days in culture, a large amount of mineral-

ized  tissue was formed in the two matrices.

These findings indicate that chitosan and
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chitosan/TCP matrices act as effective

scaffolds for tissue engineered bone for-

m a t i o n .

In this study of cell-matrix constructs

culturing in vitro, the bone tended to be

formed more in the upper region than the

lower region. This formation pattern of

engineered bone was similar to the results

of Ishaug et al9 ). and Casser-Bette et al1 0 ).

The culture environment at the upper sur-

face of the matrices seems to be a favor-

able environment for osteoblastic cells to

lay down osteoid. It was probably due to the

differences in cell density, oxygen tension

and nutrient supply. In present study, on

seeding, the concentrated cell suspension

was dropped onto the top surface of the

matrix and in culturing, cell-matrix con-

structs were floating in medium. Thus, this

probably resulted in high cell density and

gas diffusion tension in the upper region of

the matrices. 

To construct a certain special tissue, first

of all, specific cells, which can organize the

tissue, should attach with their own mor-

phology and grow without any phenotypic

change on the scaffold. Cells within natural

tissue encounter a complex chemical and

physical environment that is quite different

from commonly used cell culture condition

in vitro. Therefore, in vitro 3-dimensional

cell culture method using appropriate scaf-

fold is needed to simulate the chemical and

physical environment of the natural tissue in

vivo and then the seeded cells should con-

fused as if cells themselves exist in their

own natural tissue. Especially, for bone

formation in vitro, a close, 3-dimensional

cell to cell contact should be achieved.

Results from a number of studies indicated

that this is a prerequisite for bone formation

in vitro. Single cell layer is apparently inca-

pable of producing mineralizing matrix.

Mineralization is only observed in conven-

tional monolayer cultures when cells from

dense multilayerd nodules after long period

of cultivation59, 69-72) . Chitosan and chi-

tosan/TCP matrices employed in this study

exhibited 3-dimensional porous structure

with 100-200㎛ in pore size, which serve

as a 3-dimensional network mimicking the

condition of bone formation in vivo. This

porous structure might also allow spatial

arrangement of the cells. The average size

of osteoblasts is 10-30㎛7 3 ). Therefore,

bone cells easily migrate into these porous

matrices and were expected to proliferate

within the matrices. In general, it has been

considered that osteoblast prolifration and

function was enhanced in 3-dimensional

cultures with spongeous matrices of pore

diameter above 100㎛9 ). In the present

study, it was confirmed that osteoblastic

cells were well attached and proliferated on

the chitosan and chitosan/TCP matrices.

Seeded osteoblastic cells proliferated

throughout all culture period. They retain

their characteristic polygonal morphology,

and grew in a multi-layer fashion to form a

b o n e .

Another important point for in vitro bone

formation is that seeded osteoblast must

demonstrate the retention of their own bio-

chemical phenotype-specific characteris-

tics for bone formation throughout all cul-

ture period. The production of ALPase is an

early marker of a committed osteoblast and

is an important phenotypic characteristics
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of osteoblastic activity for bone

f o r m a t i o n7 4 ). In this study, cells in the

matrices exhibited a high ALPase activity in

an increasing manner with an extended

period of time. These findings indicated that

cells retained well their phenotypic charac-

teristics in the matrices throughout the 56

day-culture period. Also in the measure-

ment of calcium in cell-matrix construct,

calcium were accumulated continuously

according to the extended period of culture

time. Especially in the chitosan/TCP matrix,

the amount of induced mineralized tissues

and calcium accumulation in cultured cell-

matrix construct were significantly higher

than in plain chitosan matrix. It is probable

that chitosan/TCP matrix supplied sufficient

mineral components due to extra-

calcium/phosphate source of TCP and

served as a more favorable chemical envi-

ronment mimicking the condition of bone

formation in vivo to seeded osteoblastic

cells than the plain chitosan matrix. 

Several types of cultured cells, including

periosteal cells, marrow stromal cells,

enzyme released fetal or neonatal rat cal-

varial cells and clonal osteogenic cell line,

used to be employed in application to tissue

engineered bone formation. Applications to

bone engineering have been limited through

by the difficulty with phenotypic mainte-

nance when culturing mature osteoblasts

and osteocytes. Therefore, most studies

used culturing fetal or neonatal bone cells1 1 ,

18, 20). Present study also employed the

enzyme released fetal rat calvarial cells.

However, for extrapolation to human situa-

tion, the patients own cells should be iso-

lated and engineered for transplantable

bone formation. In recent, Malekzadeh et al.

introduced results of in vitro amplification of

osteoblast-like cells isolated from fetal

human calvaria 7 5 ). While they showed

invaluable source to evaluate tissue engi-

neering approaches to restore bone in oral

cavity. Ultimately, they also suggested that

intra-oral biopsy might be needed as an

autogenous cell source for each patient. 

The components of culturing medium

were also important in phenotypic retention

of osteoblast and matrix mineralization. In

this study, the culturing media was supple-

mented with ascorbic acid, β- glyc-

erophosphate and dexamethasone. Bellows

et al. reported that the formation of miner-

alized bone nodules in monolayer culture of

enzymatically released rat calvaria cell

population appear to be dependent upon

three factors: the ability of cell to multilayer

in vitro, the presence of ascorbic acid, and

the inclusion of β- glycerophosphate in to

the culture medium5 9 ). Ascorbic acid prob-

ably stimulates the formation and hydroxy-

lation of collagen, permitting sufficient

amount of collagenous matrix to be

d e p o s i t e d7 6 ). The organic phosphates

appear to be necessary for mineralization.

In the study of Bellows et al., nodule failed

to mineralized in absence of β- glyc-

erophosphate while nonmineralized nodule

formed in the absence of β- glycerophos-

phate did mineralized when β- glyc-

erophosphate was added5 9 ). Glucocorticoids

such as dexamethasone, have been shown

to cause an initial increase in the activity of

a number of osteoblast-like cell marker7 7 -

8 1 ). In addition, data from several reports7 7 ,

79, 80) suggest that the immediate effects of
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corticosteroid on bone cell proliferation and

ALPase activity are stimulative. However,

the supplementation of glucocorticoid to

media was likely to be considered very

cautiously because of the possibility that

long-term culture application of corticos-

teroids may have opposite effects by

depleting the reserves of determined

osteoprogenitor cells7 7 ). 

Although 3-dimensional osteoblast cell

culture has been demonstrated on various

matrices, such as collagen matrices10, 78),

poly(glycolic acid) meshes18, 19), poly(lac-

tic-co-glycolic acid) foam 9 ), calcium

phosphate ceramic blocks1 2 - 1 7 ), poly(lac-

tide/glycolide)/ hydroxy apatite matrix1 1 )

and polyphosphazenes8 2 ), were introduced

as matrix scaffolds for tissue engineered

bone formation., they have several inherent

disadvantages. Collagen matrices are weak

and show unpredictable degradation rate

because of uncontrolled enzymatic degra-

dation. In addition, collagen implants were

compromised due to immunologic response

to collagen obtained from xenogenic or

allogenic sources or contaminants from

transfected cell-line collagen purification.

Poly(glycolic acid) meshes show inherently

low mechanical strength, and their relative

thin 100㎛ sheets make repairing larger

defects more challenging. poly(lactic-co-

glycolic acid) foam copolymer foams show

the diffusion limitations of media and cells

can not be located in the center of matrices.

While ceramic matrices are highly biocom-

patible and similar to chemical composition

of natural bone, they exhibited very slow

degradation rate. That may pose a problem

for the replacement of these devices with

new bone and may alter the mechanical

properties of the newly formed bone.

Polyphosphazenes still need to be tested as

they are fairly new materials. In contrast,

chitosan have many advantages as materi-

als for tissue engineering. It is hydrophilic,

biodegradable and nontoxic2 3 ). It is available

in various forms and its degradation rate is

c o n t r o l l a b l e6 8 ). Many investigators reported

the ability of chitosan to enhance wound

h e a l i n g2 9 - 3 4 ). Especially, chitosan was

reported that may function as a substrate in

vertebrates that enhanced the migration and

differentiation of osteoblast progenitor

c e l l s8 3 ). In addition to these inherent activi-

ties of chitosan itself, chitosan shows a

controlled releasing characteristics of vari-

ous bioactive agents4 1 - 5 2 ). Thus, some

agents that can modify the metabolism of

seeded cell could be incorporated into this

polymer. 

Tissue engineered trials in periodontics

for periodontal regeneration have been still

rare except researches focused on several

growth factors and barrier membranes

which are likely to be remote to the true

meaning of tissue engineering to construct

transplantable tissue structure. Several

investigators tried to transplant the cultured

periodontal ligament (PDL) and alveolar

bone cells in the periodontal defect and

obtained promising results of formation a

new attachment8 4 - 8 7 ). However, in previous

studies, the 3-dimensional scaffolds for cell

culture were not considered sufficiently. In

addition to consideration on the scaffolds

for cell loading, the differential healing

sources for each specialized periodontal

tissue including cementum, PDL, alveolar
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bone and gingival connective tissue etc.

should be scrutinized more carefully. Now,

it is widely accepted that PDL contains

subpopulations of cells that can form

cementum, alveolar bone and connective

tissue fiber and then play a principal role in

periodontal regeneration. However, recent

studies reported that the replantation of

cultured alveolar bone cells leaded to for-

mation of new cementum and bone, which in

turn, leaded to formation of a new attach-

ment while PDL cells exhibited no calcified

tissue formation in vivo86, 87) . Thus, the

determination on the selection or combina-

tion of which cell types to be implanted

should come first.

V. Conclusion

In this study, porous chitosan and chi-

tosan/TCP matrices were developed as

bone replacement graft materials and

biodegradable scaffolds for tissue engi-

neered bone formation. From the findings of

healing after implantation of the matrices in

the rat calvarial defect, present chitosan and

chitosan/TCP matrices themselves were

proved to be effective biodegradable bone

replacement graft materials. In investigation

of culturing osteoblastic cell-matrix con-

structs in vitro, it was demonstrated that

porous chitosan and chitosan/TCP matrices

supported the proliferation of seeded

osteoblastic cells as well as their differen-

tiation as indicated by high ALPase activi-

ties and deposition of mineralized tissues by

the cells. Cell number, ALPase activities

and the amount of calcium and mineralized

tissues in cell-matrix constructs increased

over time for the two matrices. These find-

ings suggested the feasibility of using

porous chitosan and chitosan/TCP matrices

as scaffolding materials for tissue engi-

neered bone formation in vitro and also for

the transplantation of osteoblasts to regen-

erate bone tissue in vivo.
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-국문초록 -

Chitosan 및 C h i t o s a n / T r i c a l c i u m

Phosphate 다공성 기질을 이용

한

조직공학적 골형성에 관한 연

구

이용무1, 최상묵1, 박윤정2, 이승진2, 구 영1, 정

종평1

1서울대학교 치과대학치주과학교실
2이화여자대학교 약학대학 물리약학교실

c h i t o s a n은 골치유증진 및 골세포의 분화를

촉진하는 것으로 알려진 천연의 생분해성 고분

자 이 다 . 이 연 구 에 서 는 chitosan 및

chitosan/tricalcium phosphate(TCP) 다공성

기질을 제조하여 골이식재 및 조직공학적 골형

성을 위한 3차원적 세포배양 지지체로서의 가

능성을 평가하고자 하였다. chitosan 용액 및

T C P가 포함된 chitosan 용액을 동결건조함으

로써 소공의 크기가 1 0 0 - 2 0 0㎛인 스폰지형태

의 chitosan 및 chitosan/TCP 다공성 기질을

제작하였다. 골이식재로서의 효과를 평가하기

위하여 백서의 두개골 결손부에 제작된 c h i-

tosan 및 chitosan/TCP 다공성 기질을 각각 이

식하고 2주 및 4주 후에 동물을 희생하여 조직

학적으로 치유양상을 관찰하였다. 조직공학적

골형성을 위한 세포배양 지지체로서의 가능성

을 평가하기 위하여 백서 태자의 두개골에서

분리된 골아세포를 chitosan 및 c h i t o s a n / T C P

다공성 기질에 각각 접종하고 5 6일간 배양하면

서 각 기간 별로 세포수, 염기성 인산효소 활성,

축적된 c a l c i u m의 양을 측정하였고 배양된 세

포-기질 혼합체를 광학현미경 및 주사전자현

미경하에서 조직학적 관찰을 시행하였다. 백서

두개골결손부에 이식된 chitosan 및 c h i-

tosan/TCP 다공성 기질은 별다른 이물반응 없

이 자연 분해되면서 신생골조직 내에 매립되었

으며 이식하지 않은 대조군에 비해 유의하게

높은 신생골형성 효과를 나타내어 우수한 골전

도성이 있음이 확인되었다. 신생골형성 양상이

나 형성된 양에 있어서 두 가지 기질간의 유의

한 차이는 없었다. 골아세포-기질 혼합체의 배

양결과, 접종후 배양 2 8일 경과 시까지 골아세

포수는 지속적으로 증가하다가 이후에는 5 8일

까지 성장정도가 둔화되었다. 염기성 인산효소

의 활성 및 calcium 축적량은 접종후 배양시간

경과에 따라 5 6일까지 지속적으로 증가하였다.

세포수 및 염기성 인산효소의 활성에서 두 기

질간의 유의한 차이는 없었고, calcium 축적량

에 있어서는 chitosan/TCP 기질에서 유의하게

높았고 증가속도도 컸다. 배양된 골아세포가 접

종된 다공성 기질의 조직학적 관찰결과, 골아세

포는 다공성 기질에 잘 부착하여 중층의 형태

로 성장하면서 광화된 골기질을 형성함이 관찰

되었다. 배양 1 4일부터 작은 골편형태의 골형

성이 기질 표면에 부착되어 관찰되었고, 배양기

간이 길어짐에 따라 성장하여 배양 5 6일째에는

상당한 양의 광화된 골질이 형성됨이 관찰되었

다. 배양 5 6일 경과후의 광화된 골질의 양은

chitosan/TCP 기질에서 더 많았다. 이 연구의

결과, chitosan 및 chitosan/TCP 다공성 기질

이 골이식재로서 뿐만 아니라, 조직공학적 골형

성에 적용되는 골아세포의 배양을 위한 3차원

구조의 세포지지체로 이용되어 골재생술식에

유용한 생체재료로 활용될 수 있음이 확인되었

다.

주요어 : chitosan, tricalcium phosphate, 다

공성 기질, 3차원적 골아세포배양, 조직공학,
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