
I. Introduction

Recent approaches of immobilization of bioactive
molecules onto biomaterials have gained much
interest in tissue engineering procedure as the sur-
face molecule can modify/enhance cell and tissue
responses. Covalent immobilization of bioactive
peptide such as arginine-glycine-aspartic acid (RGD)
peptides on material surfaces has shown to induce
rapid colonization of endothelial and bone cells
around implanted material surface.1-4) While RGD-
peptides primarily mediate adhesion of cells to sub-
strates, immobilized growth factors may be able to
modulate subsequent cell functions, such as prolifer-

ation, differentiation, and activity on biomaterial sur-
faces. For example, epidermal growth factor (EGF)
was coupled to a polystyrene plate induced phos-
phorylation of the EGF receptor.5) In addition, the
studies using titanium alloy treated with BMP-4
showed significant induction of osteoblastic activity
in pluripotent C3H10T1/2 cells 6).
The objective of this study was to immobilize

growth factor onto the surface of biomaterials to
enhance cell-biomaterial interaction, thereby induc-
ing rapid cell differentiation. The chemical conjuga-
tion achieved by using crosslinker was considered
to be more stable than the simple coating. In this
study, transforming growth factor (TGF)-β1 was
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immobilized on the surface of chitosan film to
improve osteoblastic cell adhesion and mineraliza-
tion. The TGF-β1 has been studied as a potential
induction factor for bone regeneration.7,8) TGF-β1, a
member of the TGF-βsuperfamily, is a disulfide-
linked homodimer consisting of two 112 amino acid
residue polypeptides and it has a molecular weight
of approximately 25,000. It is a multifunctional pro-
tein that regulates many aspects of cellular activity,
including cell proliferation, differentiation, and extra-
cellular matrix metabolism, in a time-and concentra-
tion-dependent manner.
Chitosan has been utilized for engineering tissues

including cartilage, skin, bone and liver9,10). Several
attractive properties of chitosan, including minimal
foreign body reaction, mild processing conditions,
structural similarity to glycosaminoglycans, and pres-
ence of free amino groups for conjugation to pro-
teins, render it widely used in the biomedical appli-
cation. Growth factor has been loaded into porous
chitosan scaffold as a soluble form in previous
study11). The release pattern of growth factor from
the scaffold showed initial burst release over 45% of
loading amount 11). However, direct coupling of
TGF-β1 on the surface of chitosan may eliminate
the initial burst effect and the maintain TGF-β1 for
long term period. The immobilization technique
could require small amount of TGF-β1 compare to
loading TGF-β1 into scaffold. The immobilized
TGF-β1 can promote on the cellular behavior such
as adhesion, proliferation, and differentiation. 
In this report, the authors attempted to chemically

immobilize rhTGF-β1 onto the chitosan film and
examined the interaction between osteoblastic cells
and the surface by assaying osteoblastic cell attach-
ment and differentiation capacity, which would be
applied for effective guided bone regeneration
(GBR) procedure.

II. Materials and Methods

1. Materials

Chitosan (m.w. 300,000, 98% deacetylated) was
purchased from Tae-Hoon Bio (Kyong-Book,
Korea). Human recombinant TGF- β1 was pur-
chased form R&D Systems (Minneapolis, MA, USA).
Cross linker, which has maleimide functional group,
was purchased from Pierce (Rockford, IL, USA).
Collagenase, (-glycerol phosphate, L-ascorbic acid
and glutaraldehyde were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Trypsin-EDTA, fetal
bovine serum (FBS), (-minimum essential medium
(MEM) were purchased from Gibco (Grand island,
NY, USA). All solvents used were of analytical
grade. 

2. TGF-β1immobilization on chitosan film

Chitosan films were created by casting 2% (w/v)
solution of chitosan in 2% acetic acid into poly-
styrene multiwell plates (500 μL/well for 24 well, 80
μL/well for 96 well). Films were air-dried for 2 days,
then neutralized with 0.1M NaOH for 1 h, then
washed with DDW until pH was neutral. Chitosan
films were immersed in 0.1M phosphate buffer
(PBS, pH 7.4) for 30 min and incubated in 5 mg/mL
of cross linker solution prepared in PBS with shak-
ing gently for 2 h in dark place. The optimum con-
centration of crosslinker was 20 mM which was
determined by previous study. Then washed with
PBS to remove unreacted crosslinker, 100 ng/mL of
TGF- β1 in phosphate buffer (pH 8.4) was added to
chitosan and incubated at 4℃ for overnight. The
resultant chitosan substrates washed with PBS to
remove unreacted TGF-β1. For comparison, chi-
tosan film were soaked with 100 ng/mL of TGF- β1
in phosphate buffer (pH 8.4) for overnight. Samples
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were washed with PBS three times to remove weak-
ly bound protein. 

3. Characterization of surfaces

Characterization of the TGF-β1 immobilized chi-
tosan surfaces is typically performed using X-ray
photoelectron spectroscopy. XPS analysis was per-
formed using a Perkin Elmer 5600 ESCA system.
Setting the hydrocarbon peak maximum in the C1s
spectra to 285.0 eV referenced the binding energy
scales for the samples. Survey scans and elemental
scans were performed using a flood gun (charge
neutralizer) setting of 5 eV and nickel wire mesh
held over the sample to prevent charging of the sam-
ple surface. Elemental scans of the TGF-β1 immobi-
lized chitosan were taken to detect for nitrogen (402
eV), oxygen (532 eV), and sulfur (170 eV) on the
surface. After the immobilization was finished, the
supernatants were collected. The concentration of
human recombinant TGF-β1 remaining in the super-
natant was measured by ELISA kit (R&D Systems,
Minneapolis, MA, USA) for TGF-β1. The stability of
immobilization between TGF-β1 and chitosan was
investigated under the condition described below.
TGF-β1 immobilized chitosan film (ca. 20 mg by
weight) were placed into pH 7.4 phosphate buffer as
releasing medium (1 mL). The sealed vials were
placed in a water bath at 37℃ and shaken at 15 rpm.
At predetermined time intervals, samples were with-
drawn from the vial and replenished with fresh
medium. The concentration of released TGF-β1 in
the samples was assayed using ELISA kit (R&D
Systems, Minneapolis, MA, USA) for TGF-β1. 

4. Cell attachment onto rhTGF-β1 immo-
bilized chitosan film

The cell attachment activity of chitosan films with

various amounts of rhTGF- β1 was assayed in 24-
well plates. The MC3T3 cells, detached with 0.02%
trypsin-EDTA solution and resuspended in DMEM
containing 0.1% BSA, were added (100μl,
1x106cells/ml) to each well and incubated at 37℃
for 2hr in 5% CO2. After unattached cells were
washed off, attached cells were stained with a 0.2%
crystal violet aqueous solution in 20% methanol for
10min. The number of cells in three central fields of
triplicate wells was counted and averaged. In addi-
tion, the morphology of the cells adhering to the
membranes was observed by a scanning electron
microscope. The cells were fixed with 2.5% (v/v)
glutaraldehyde in 0.1M phosphate buffered saline
(PBS, pH7.4) in situ for 30min and then rinsed with
0.1M PBS. The cells were stained with 1ml of 1%
(v/v) osmium tetroxide (0℃) and placed on ice for
30 to 40min. The cells were then rinsed with dis-
tilled-deionized water and stored in a deep freezer (-
70℃). Prior to the scanning electron microscope
observation, the fixed and stained cells were freeze-
dried and sputter-coated with gold and palladium.

5. Mineralization and alkaline phosphatase
activity of rhTGF-β1 immobilized sur-
face of the chitosan film

The amount of calcium deposits in the osteoblasts
cultured onto rhTGF- β1 immobilized films for up
to 4 weeks was measured by extracting calcium
with 0.5mL 5% trechloroacetic acid. Calcium content
was determined by a colorimetric assay using o-
cresolphthalein comlexone (Sigma, St.Louis, MO).
The calcium complex was measured spectrophoto-
metrically at 575nm. A separate set of cells grown
on the rhTGF- β1 immobilized membrane were
harvested and lysed in 0.2 % (w/v) Triton X-100 and
5mm MgCl2 and alkaline phosphatase activity was
measured using a biochemical assay from Sigma.
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The assay was based on the conversion of ρ-nitro-
phenyl phosphatate to ρ-nitrophenol, which was
measured colorimetrically at 405nm. Enzymatic
activity was expressed in units, which were defined
as nmoles of substrate digested/min. The volume
that was left was used for total protein content
determination. 

6. Statistical analysis

All measurements were collected in triplicate and
expressed as averages ± standard error. Analysis of

variance (ANOVA) was performed to compare the
result from TGF-β1-2 - conjugated membrane and
control groups. The p value < 0.05 was considered
statistically significant. 

III. Results

1. TGF-β1 immobilization

Figure 1 shows the ESCA survey scan spectra of
chitosan and TGF-β1 immobilized chitosan sur-
faces. Chitosan showed three peaks corresponding
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Table 1. The XPS data of element contents on the surface of chitosan and TGF-β1 immobilized chitosan film. 

Element O (%) N (%) C (%) S (%) O/C N/C

Chitosan with no TGF-β1 31.83 6.18 61.99 0 0.513 0.0997
TGF-β1 immobilized chitosan 36.33 1.96 60.05 4.66 0.605 0.033

Figure 1. XPS analysis of (A) chitosan and (B) TGF-β1 immobilized chitosan film.



to C1s (binding energy 286 eV), O1s (binding ener-
gy 532 eV) and N1s (binding energy 399 eV),
whereas TGF-β1 immobilized chitosan showed an
additional peak contributing S2p (170 eV) and N1s
peak was decreased. The chemical compositions of
TGF-β1 immobilized chitosan and chitosan without
modification, calculated from the ESCA survey scan
spectra, are shown in Table 1. The peak for sulfur
was obtained and the ratio of N/C was decreased on
TGF-β1 immobilized chitosan. This result demon-
strated that TGF-β1 was immobilized on the amine
groups of chitosan via crosslinker. 

2. Cell attachment assay

The morphology and extent of spreading were
examined using a scanning electron microscopy.
After 4 h culture period, a small degree of cell
extending was observed on non-immobilized chi-
tosan (Figure 2 (A)). The shape of cells was spheri-
cal and aggregated while the number of attached
cells was small. In contrast, cells on TGF-β1 immo-
bilized chitosan were well spread and formed a
layer around the surface of chitosan film (Figure 2
(B)). The TGF-β1 conjugated chitosan film showed
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Figure 2. Scanning electron microscopy of attached osteoblasts to (A) non-immobilized chitosan and (B)
TGF-β1 immobilized chitosan film surface after 4 h incubation. Arrows indicate attached
osteoblasts.

A B

Figure 3. Attachment of osteoblasts to either TGF-β1 conjugated or non-conjugate chitosan membranes.
Cells were allowed to attach to either TGF-β1 conjugated or control membrane for 4hr, stained with
crystal violet and counted as described in Materials and Method section. The data are represented
as average ± standard error.



dose-dependent cell attachment activity (Figure 3).
The number of attached cells increased in accor-
dance with the amount of the conjugated TGF-β1,
however, it did not significantly increase further at a
TGF-β1 amount above 20nM/cm2, showing satura-
tion level of cell attachment. These results indicate
that TGF-β1 quantitatively reacted with the chitosan
film and were active for cell adhesion. 

3. Alkaline phosphatase activity and min-
eralization assay

The osteoblast cells grown on the TGF-β1 immo-
bilized membrane was assayed their ALPase activity
(Figure 4) and mineralization capacity (Figure 5) for
up to 4 weeks. Cells on the TGF-β1 immobilized
film showed significantly higher ALPase activity at all
time points, whereas membrane without modifica-
tion induced limited activity from the surface.
Calcium deposition for conjugated TGF-β1 was
higher than adsorbed TGF-β1 surface, and surface
with no TGF-β1 for 4 weeks. 
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Figure 4. Alkaline phosphatase activity of osteoblasts cultured either on TGF-β1conjugated or control chi-
tosan membrane with no modification. Membrane without modification (no TGF-β1) was served as
a control. Data are represented as the average ± standard error. *: statistically significant compared
to that cultured on control membrane (p <0.05) 

Figure 5. Calcium deposition of osteoblasts cultured either on TGF-β1conjugated or adsorbed chitosan
membrane. Membrane without modification (no TGF-β1) was served as a control. Data are repre-
sented as the average ± standard error. *: statistically significant compared to that cultured on con-
trol membrane (p <0.05), +: statistically significant compared with that cultured on TGF-β1
adsorbed membrane (p<0.05) film.



IV. Discussion

Immobilization of biomolecules on the biomateri-
al surfaces enables localization and retention of
these molecules at the cell-biomaterial interface. The
immobilization of TGF-β1 by using cross linker is
more effective than the loading of growth factor by
soaking method. Covalent bond formed between
chitosan and TGF-β1 is stable and surface immobi-
lized TGF-β1 can affect the osteoblastic cells func-
tion for whole culture period. The amine group
existed on the surface of chitosan can be reacted
with the crosslinker produce maleimide-functional
surfaces. XPS analysis demonstrated that TGF-β1
was immobilized on chitosan surface tightly and
formed stable bond.
The morphology and extent of spreading were

examined using SEM and confocal microscopy.
Following 4 h of incubation, high cell density on
TGF-β1 immobilized chitosan surface was observed
compared with non-immobilized chitosan surface.
The adherent osteoblasts were tightly bound to the
surface and could not be removed by washing or
shaking. After 1 day of incubation, the degree of
spreading and the number of attached cells are
higher on the TGF-β1 immobilized chitosan film
compared to non-immobilized chitosan film. Surface
immobilized growth factor is effective that cells must
interact with growth factors at supra threshold con-
centrations and for a sufficient duration for induc-
tion of the desired cellular behavior. Furthermore,
many growth factors are produced and act locally,
which makes systemic delivery impractical or unde-
sirable. This study investigated whether growth fac-
tor immobilized on biomaterial surface would
enhance osteoblastic cells attachment and growth.
These results suggested that immobilization of TGF-
β1 on chitosan was achieved successfully and
bioactivity of TGF-β1 was maintained.

TGF-β1 immobilized chitosan film demonstrated
higher cell viability than that of non-immobilized chi-
tosan. This higher cellular activity might be related to
affinity of TGF-β1 to osteoblastic cells. This result
coinside with the cell morphology data described
above, in that conjugated TGF- β1 to chitosan main-
tained bioactivity and effective to the growth of
osteoblastic cells. It is anticipated that the rapid
attachment at initial culture time can affect the fol-
lowing cell growth and differentiation. Cell adhesion
is controlled by the presence of extracellular matrix
(ECM) components, transmembrane adhesion mole-
cules and cytokine such as growth factor, thereby
deciding future regeneration efficacy 12-15). The
osteoblast cells grown on the TGF-β1 immobilized
membrane was assayed their ALPase activity (Figure
4) and mineralization capacity (Figure 5) for up to 4
weeks. The calcium level is proportional to the
amount of differentiated bone cells. Therefore, the
most effective scaffolds should exhibit the highest
levels for calcium assay. It has been determined that
the recognition of the TGF-β1 by cell TGF receptor
provides signals for cell adhesion, migration, and dif-
ferentiation. Our results demonstrated that TGF-β1
immobilization on the chitosan surface improved
osteoblastic cells differentiation and mineralization. 
Although the membrane with adsorbed TGF-β1

induced a higher mineralization than unmodified
membranes, the amount was significantly lower
than membrane with conjugated TGF-β1. The
experimental results in this study are coincident with
other reports describing surface immobilization of
bioactive protein onto biomedical devices 15-19). The
growth factors and active enzymes have been chem-
ically immobilized onto polymeric thin film or titani-
um alloy and been assured their activity primarily on
the conjugated surface of these materials. Although
there have been concerns regarding bioactivity
change after chemical modification18-20), increased
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ALPase activity, mineralization over the culture time
provides convincing evidences that immobilized
TGF-β1 could present bioactive surface for long
term implantation of this GBR membrane. This is
the study demonstrating the fact that immobilization
of whole growth factors onto the chitosan film for
GBR purpose promotes the osteoblastic cell func-
tions by stably providing bioactive environment at
the surface of the membrane, and studies related to
the in vivo therapeutic efficacy of this immobilized
TGF-β1 is now in progress in our laboratory.

V. Conclusions 

The surface of chitosan was modified with TGF-β
1 to enhance osteoblastic cells function and tissue
repair. The TGF-β1 immobilized chitosan film
enhanced cell adhesion and spreading compared to
non-immobilized chitosan. TGF-β1 immobilized
chitosan surfaces exhibited an increase cell attach-
ment, alkaline phosphatase activity and calcium
level in comparison with non-immobilized chitosan
surface. Therefore, growth factor immobilization can
be applied to other biomaterials for implant and tis-
sue engineering scaffold to enhance biocompatibili-
ty and cell function. 
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-국문초록-

변형성장인자가고정된키토산필름의
골아세포활성에미치는 향
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류인철1, 구 1,4, 한수부1, 민병무2,4, 이승진3,4, 정종평1,,4,*

1서울대학교치과대학치주과학교실
2서울대학교치과대학두개악안면재건과학전공

3이화여자대학교약학대학제약학과
4서울대학교지능형생체계면공학연구센터

골아세포의 생물학적 기능을 증진시키기 위해 키토산의 표면개질에 대하여 연구하 다. 생체적합성 천연고
분자인 키토산은 1차 아미노기를 소유하고 있으므로 적정한 공유결합제를 사용하여 세포성장인자와 같은 생
리활성을 지닌 단백질을 키토산의 표면에 고정시킬 수 있다. 본 연구에서는 키토산을 필름형태로 제조하여 세
포성장인자중형질전환성장인자를고정하고골아세포의부착, 성장및분화를증가시키고자하 다. 
형태전환성장인자의고정화효율은단순한흡착방법에비해높았으며, 표면에형성된공유결합은매우안정

하 다. 골아세포를배양하여초기세포부착능에대한 향을연구한결과, 배양후 4시간, 1일째, 형질전환성장
인자를고정한키토산표면에서고정하지않은키토산의표면에비해더많은수의골아세포가부착되었고, 더
많이 신장된 부착형태를 보 다. 세포활성정도와배양 후 4주일째의 칼슘축적량을 측정한 결과, 형질전환성장
인자를 고정한 키토산 표면에서 고정하지 않은 키토산의 표면에 배해 더 높았다. 위의 결과는 키토산 표면에
형태전환성장인자의 고정이 성공적으로 이루어졌으며, 또한 실제로 활성이 있는 것이 증명되었다. 위의 연구
결과에서 형질전환성장인자로 고정된 키토산은 골아세포의 초기 부착 및 분화를 촉진시켰음을 알 수 있었던
바 성장인자의 표면고정은 임플란트 및 조직공학용 지지체에도 적용하여 생체적합성과 세포기능을 증진시키
는데이용할수있음을알수있었다.

주요어: TGF-β1, chitosan, osteoblast, surface immobilization
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