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Abstract Circulating progenitor cells are known to home
to various organs to repair injured tissues or to routinely
replace old cells and maintain tissue integrity. Similarly,
circulating progenitor bone cells can possibly home to a
bone implant, differentiate, and eventually osteointegrate
with the prosthesis. Osteointegration of bone cells with the
prosthesis can help to reduce the risk of implant failure due
to constant movement between bone tissue and implant
surface. In this study, we aim to investigate if immobilized
bone morphogenetic protein-2 (BMP2) on chitosan-grafted
titanium substrate (Ti-CS-BMP2) will enhance bone mar-
row-derived mesenchymal stem cell (BMMSC) adhesion
onto the substrate surface and further induce their differ-
entiation into osteoblasts. The results show that our Ti-CS-
BMP2 substrate is able to retain adsorbed BMP2, and is
capable of slow release of this growth factor. Despite the
lesser number of BMMSCs initially attached onto the
Ti-CS-BMP2 substrates and consequently the lower level
of cell proliferation, Ti-CS-BMP2 cells had the highest
level of ALP activity. RT-PCR results show that Ti-CS-
BMP2 cells had a relatively higher level of transcription
activity of Runx2, compared with that of bone cell-derived
osteoblasts (BC-OB), an indication that the BMMSCs were
actively differentiating into osteoblasts. Finally, alizarin
red staining reveals the presence of calcium deposits in the
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differentiated cells. Hence our Ti-CS-BMP2 substrates
possess an osteoconductive effect and can possibly be used
to fabricate bone implants that can osteointegrate with host
bone tissue.

1 Introduction

Circulating mesenchymal stem cells (MSC) are known to
migrate and home to various organs to mediate tissue repair
[1, 2]. Similarly, it is possible that circulating bone pro-
genitor cells can home to a bone implant and differentiate
into bone-forming cells, eventually leading to osteointe-
gration with the prosthesis. However, bacterial infection
following surgical implantation of biomaterials and devices
poses a risk to an implant. We have shown that titanium
(Ti) with surface-grafted chitosan (CS) prevents bacterial
adhesion, the mechanism of which is proposed to be due to
the interaction between the oppositely charged bacterial
cell wall and the CS [3, 4]. This interaction results in a
change in bacterial membrane permeability, leading to the
fatal leakage of cellular contents. Previous work have
shown that BMP2-adsorbed titanium porous oxide implant
surfaces had an osteoconductive effect which was surface-
and dose-dependent [5]. The incorporation of BMP2 into
biomimetic coatings like calcium phosphate has been
shown to result in the formation of bone cells at the implant
site [4, 5]. However, others have also reported that BMP2
immobilized onto implants does not increase bone forma-
tion [6]. In this study, we aim to investigate if BMP2
immobilized onto our bacteria-resistant chitosan-grafted
titanium substrate will enhance BMMSC adhesion on the
substrate surface and further induce their differentiation
into osteoblasts.
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2 Materials and methods
2.1 Materials

Materials and substrate preparation have previously been
described [4]. Briefly, Ti-6Al1-4V (subsequently denoted as
Ti) foils were purchased from Goodfellow of Cambridge
(UK). CS was purchased from CarboMer (San Diego, US)
and refined twice by dissolving it in dilute acetic acid solu-
tion, filtered, then precipitated with aqueous sodium
hydroxide and dried in a vacuum oven for 24 h at 40°C. The
viscosity-average molecular weight was approximately
2.2 x 10° as determined by the viscometric method. The
degree of deacetylation was 84% as determined by elemental
analysis using the Perkin-Elmer Model 2400 elemental
analyzer [7]. 3,4-Dihydroxyphenylalanine (dopamine) and
glutaraldehyde were obtained from Sigma—Aldrich Chemi-
cal Co. (Singapore). Ultrapure water (>18.2 MQ cm,
Millipore Milli-Q system, Singapore) was used in the
experiments. All materials used in cell culture were pur-
chased from Gibco, Invitrogen (Singapore). Flow cytometry
was done using the CyAn™ ADP Analyzer. Fluoroisothio-
cynate (FITC)-conjugated CD44 and phycoerythrin (PE)-
conjugated CDI105 antibodies were purchased from
eBioscience (San Diego, US), CD271-FITC was purchased
from Miltenyi Biotec (GmbH, Germany), and CD34-FITC
and CD45-FITC were purchased from AbD Serotec (UK).
BMP2 was purchased from USBiological (US). The inten-
sity and stability of BMP2 adsorbed on chitosan-grafted
titanium substrate surface were assessed using the Bio-Rad
DC Protein Assay (US). RNA and protein concentrations
were measured using the NanoDrop ND1000 spectropho-
tometer. RT-PCR was done using the BIORAD iCycler. The
CellQuanti-MTT™ cell viability assay kit and the Quanti-
Chrom™ alkaline phosphatase (ALP) assay kit were
purchased from BioAssay Systems (US).

2.2 Preparation of substrates

Ti substrates were prepared as previously described [8].
Briefly, Ti foils of 0.52-mm thickness were cut to a size of
1 cm x 1 cm, and cleaned with sandpaper, followed by
sonication sequentially in Knoll’s reagent (4.0% HF, 7.2%
HNOs, 88.8% water), dichloromethane, acetone and water.
After surface passivation in 40% HNO;, dopamine was
anchored to the surface of the Ti substrates as described
elsewhere [9]. Subsequently, the substrates were immersed
in a stirred 3% glutaraldehyde solution at room temperature
overnight. Glutaraldehyde serves as a cross-linker, pro-
viding the reactive aldehyde groups for covalently bonding
dopamine and CS. Unbound glutaraldehyde was removed
by rinsing the substrates in water. CS was dissolved in a
0.1% dilute acetic acid to a concentration of 5 mg/ml.
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The glutaraldehyde-treated substrates were then immersed
in the CS solution. Imine bonds are formed between the
aldehyde groups on the Ti surface and the primary amino
groups at the C-2 position of CS. The resulting substrates
were then washed with water and dried under vacuum.
Some of the chitosan-grafted Ti substrates were then
individually coated with BMP2 at a concentration of
50 pg/ml and allowed to air dry in a sterile environment.
Following which, the substrates were rinsed 3 times with
sterile PBS to remove unattached BMP2 and left to air dry
in a sterile environment before use. We used a BMP2
concentration of 50 pg/ml to coat the titanium substrates to
ensure that the growth factor was adequately adsorbed onto
the substrate surface. The substrates are denoted Ti (pris-
tine titanium), Ti-CS (chitosan-grafted Ti) and Ti-CS-
BMP2 (BMP2-coated, chitosan-grafted Ti) in subsequent
discussions. All the biological assays were done in dupli-
cates, and each assay was done twice.

2.3 Characterization

The chemical composition of the surfaces was analyzed by
X-ray photoelectron spectroscopy (XPS) on an AXIS HSi
spectrometer (Kratos Analytical Ltd., UK) with an Al Ko
X-ray source (1486.6 eV photons). The details for the XPS
measurements are similar to those reported earlier [10]. All
binding energies (BEs) were referenced to the C 1s hydro-
carbon peak at 284.6 eV. In the peak synthesis, the line width
(full width at half-maximum) of the Gaussian peaks was kept
constant for all components in a particular spectrum.

2.4 Stability and surface density of adsorbed BMP2
on Ti-CS-BMP2 substrates

To assess the stability of BMP2 on the Ti-CS-BMP2 sub-
strates, the substrates were placed individually in a 24-well
plate containing 1 ml of PBS per well. The intensity of the
BMP2 on the substrate surface was assessed on days 0, 1,
3,5 and 7. At each respective point in time, the substrates
were removed and placed in a new well each. One millilitre
of PBS was then added to each well, and the adsorbed
BMP2 was gently scrapped off the substrate surface with 5
strokes of a cell scraper. The amount of BMP2 in solution
was then measured using the Bio-Rad DC Protein Assay,
following the manufacturer’s instructions. The colour
intensity of the reaction mixture was measured at 700 nm
using an absorbance plate reader after an incubation period
of 15 min. The amount of attached BMP2 on day O is the
initial coating density, while those on days 1, 3, 5 and 7
give an indication of the stability of BMP2 on the Ti-CS-
BMP2 substrate surface. The absolute amount of BMP2
adsorbed onto the substrate surface, that is, the initial
coating density, was measured as described above, using a
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series of BMP2 solutions of known concentrations as
standards.

2.5 Cell culture

Bone marrow was taken with written consent from patients
undergoing surgery for rheumatoid arthritis. The marrow
was washed 3 times with copious Hanks Balanced Salt
Solution (HBSS). Erythrocytes were lysed with a 0.8%
ammonium chloride solution and the bone marrow cells
were centrifuged at 300g for 10 min. The cell pellet was
then washed 3 times with HBSS, resuspended and cultured
in a medium comprising Minimal Essential Medium-alpha
(MEM-a), supplemented with 10% foetal bovine serum
(FBS), L-glutamine (2 mmol/l), penicillin (100 U/ml) and
streptomycin sulphate (100 pg/ml), and incubated at 37°C
in a humidified atmosphere of 5% CO, and 95% air.
Unattached cells were removed on the following day. The
attached cells were then denoted BMMSCs. Cell colonies
that formed during culture were identified and removed by
gentle trypsinization (0.25% trypsin-EDTA). Trypsin was
removed by centrifugation. Each colony of BMMSCs was
re-seeded in a new culture flask. Half of the culture med-
ium was replaced by a fresh aliquot of medium once every
2 days. The BMMSCs were then allowed to grow to about
75% confluence before use. Passage 2 cells were used
throughout the study. Attached cells were detached by
trypsinization and resuspended in fresh culture medium for
subsequent experiments described below.

Bone chip-derived osteoblasts (BC-OB) were obtained
from bone chips of the same patients. The bone chips were
washed 3 times in HBSS, cut into smaller fragments before
being placed in tissue culture flasks and cultured under the
same conditions as BMMSCs. Upon reaching approxi-
mately 75% confluence, the bone chips were removed and
the cells were washed 3 times with HBSS, trypsinized and
reseeded in new tissue culture flasks for further expansion.
Passage 2 BC-OBs were used for RT-PCR.

Although the experiments were done using bone marrow
donated by three different patients, the results are a rep-
resentative from one sample which had consistent cell
morphology and a high cell proliferation rate by passage 2.

2.6 Cell attachment

Cell attachment on the various titanium substrates was
evaluated by counting the number of attached cells 6 h
after cell seeding. The substrates were placed into a
24-well plate and seeded with BMMSCs at a density of
5,000 cells/cm?. The number of attached cells on Ti, Ti-CS
and Ti-CS-BMP2 was evaluated, and compared to the
number of attached cells on the bottom of a similar well
without any titanium substrate (control). At the time of cell

counting, unattached cells were rinsed off with PBS.
The attached cells were detached and counted using a
haemocytometer.

2.7 Cell proliferation

Cell proliferation on the substrates was evaluated by
counting the number of attached cells on days 1, 3, 5 and 7.
The number of attached cells on the bottom of a similar
well without any titanium substrate was counted at the
respective points in time and was used as a control. At each
designated point in time, the unattached cells were rinsed
off with PBS. Attached cells were detached and counted
using a haemocytometer. The number of attached cells is
reported as number of cells/cm?.

2.8 Flow cytometry

Cells were detached by gentle trypsinization and then
incubated in PBS with 2% FBS for 10 min in an ice bath.
One microlitre each of CD44-FITC, CD105-PE, CD271-
FITC, CD34-FITC and CD45-FITC antibodies was added
to the cells suspended in 100 pl of PBS with 2% FBS each
in separate tubes. The tubes were incubated for 10 min in
an ice bath in the dark. The cells were then washed and
resuspended in 1 ml of PBS, and analysed using flow
cytometry. A total of 10,000 events were collected for the
analysis of each marker (Table 1).

2.9 Cytotoxicity assay

The MTT assay was carried out at day 7 of culture of the
cells on the different titanium substrates to assess the effect
of the substrates on the viability of the BMMSCs. The
assay is based on the conversion of yellow MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to
purple formazan in the mitochondria of living cells. The
insoluble purple formazan product was dissolved in a sol-
ubilization reagent supplied in the assay kit. The
absorbance of the resulting coloured solution was measured
at 570 nm on an absorbance plate reader.

Table 1 This analysis shows the profile of the surface markers of the
bone marrow stromal cells

Marker CD34 CD45 CD271 CD44 CD105

Percentage 1.3 1.1 34 64.0 86.0

Flow cytometry analysis of these passage 2 BMMSCs shows the
presence of mesenchymal stem cell markers CD271, CD44 and
CD105, suggesting that there is a population of progenitors cells in
bone marrow that can possibly contribute to osteoblast differentiation
and osteointegrate with the titanium substrates. A small fraction of
CD34+ and CD45+ haematopoietic cells were present among the
BMMSCs
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2.10 Alkaline phosphatase assay

The level of alkaline phosphatase (ALP) of the cells was
assessed using a ALP assay kit. The ALP assay is used in
this study to assess the level of osteoblast differentiation
from BMMSCs. This assay relies on the ALP hydrolysis of
p-nitrophenyl phosphate into a yellow product, the inten-
sity of which was measured at 405 nm on an absorbance
plate reader. Briefly, BMMSCs were seeded onto the
substrates at a density of 5,000 cells/cm”. At day 7 of
culture, the cell layers were washed with HBSS and gently
scraped off from the surfaces of the substrates. HBSS was
removed by centrifugation and cell lysis buffer was then
added to the cells. The cells were sonicated to disrupt the
cell membranes. After sonication, cellular debris was
removed by centrifugation and aliquots of the cell lysates
were collected for the analysis of the ALP activity and the
quantification of total protein level. The assay was carried
out at room temperature. The colour intensity of the reac-
tion mixture was measured at 4-min intervals. The ALP
activity of each sample was calculated according to a
formula provided in the kit. The readings at the 20-min
interval were used to determine the respective levels of
ALP activity. ALP activity was determined as the rate of
p-nitrophenol liberation from p-nitrophenyl phosphate,
normalized with respect to the total protein content
obtained from the same cell lysate, and expressed as
number of IU of p-nitrophenol formation per minute per
milligram of total proteins (IU min~' mg~" protein).

2.11 Reverse transcription-polymerase chain reaction

RNA was extracted from cells on day 10 of culture using the
NucleoSpin® RNA/Protein isolation kit (Macherey-Nagel,
GmbH, Germany) according to the manufacturer’s instruc-
tions. Reverse transcription of mRNA to cDNA and
subsequent cDNA amplification was done using the TITA-
NIUM™ One-step RT-PCR Kit (Clontech Laboratories,
Inc., US), through one cycle of 50°C for 1 h and 94°C for

5 min. This was followed by 30 cycles of 94°C for 30 s, 65°C
for 30 sand 68°C for 1 min, with a final extension at 68°C for
2 min. The expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used to check RNA integrity.
The amplified products were subjected to electrophoresis in a
2% agarose gel and stained with ethidium bromide (Sigma—
Aldrich, Singapore). Cells grown on Ti-CS-BMP2 substrates
were compared with BC-OBs and untreated BMMSCs, both
cultured in normal tissue culture flasks. Densitometry was
done to quantify the relative levels of the bone-related genes,
normalized to the respective levels of GADPH. Primers used
for the cDNA amplification and the annealing temperatures
are listed in Table 2.

2.12 Alizarin red staining

Cells were grown on the titanium substrates for 21 days
and removed by trypsinization, then re-seeded into indi-
vidual wells of a new 24-well plate. Forty-eight hours after
re-plating, the cells were stained with 1% alizarin red S for
2 min and then washed with PBS. The stained cells were
observed under a light microscope.

2.13 Statistical analysis

The results were assessed statistically using one-way
analysis of variance. Statistical significance was accepted
at P < 0.05.

3 Results

3.1 Stability and surface density of adsorbed BMP2
on Ti-CS-BMP2 substrates

Others have physically modified the surface of the titanium
substrate and allowed BMP2 to be adsorbed onto the sur-
face. Upon immersion of the substrate in a solution, only a
small percentage of the initially adsorbed amount of BMP2

Table 2 Primers used for the
reverse transcription-
polymerase chain reaction of

bone-related genes

Gene (Ascension number) Sequence Tannear (°C) Product
size (bp)
RUNX2 (NM_004348) Forward tttgcactgggtcatgtgtt 58 156
Reverse tggctgcattgaaaagactg 58
Collagen I (NM_000088) Forward ccaaatctgtctccccagaa 60 214
Reverse tcaaaaacgaaggggagatg 58
BMP2 (NM_001200) Forward cccagcgtgaaaagagagac 62 168
Reverse gagaccgcagtccgtctaag 64
Osteocalcin (NM_199173) Forward gtgcagagtccagcaaaggt 62 175
Reverse tcagccaactcgtcacagtc 62
GAPDH (NM_002046) Forward gagtcaacggatttggtcgt 60 238
Reverse ttgattttggagggatctcg 60
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remained firmly attached to the substrate surface [5]. We
have covalently linked chitosan onto the surface of tita-
nium using a linker, as previously reported [4]. We then
immersed these substrates in a solution containing a high
concentration of BMP2 to allow sufficient BMP2 to be
adsorbed onto the substrate surface. BMP2 adsorption on
the Ti-CS substrates is probably via strong electrostatic
interaction. We expected that most of the BMP2 molecules
would be detached from the substrate surface upon
immersion in a liquid. We found that only about 1%, or
500 ng of the initial coating solution concentration of
50 pg, was firmly attached onto the substrate surface
(results not shown). Approximately 81% of the BMP2 that
was initially attached on day O remained attached to the
substrate surface on day 1. The attached BMP2 was slowly
released into solution over time, at a rate of about 2%/day
from day 3 to day 7, as is shown by the results of the
surface density assessment in Fig. 1. From Fig. 1, it can
also be seen that the BMP2 rate of release was not con-
sistent from day O to the start of day 3. We speculate that
this could be due to the overcrowding of BMP2 molecules
on the substrate surface, resulting in some of the BMP2
molecules being loosely attached. By day 7, the amount of
attached BMP2 was still more than 50% of the initial
coating density, suggesting that enough BMP2 can remain
attached on the Ti-CS surface for a length of time, and
released slowly to support osteoblast differentiation.

BMP2 adsorption on Ti-CS substrate
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Fig. 1 Data reported as percentage of BMP2 that remained adsorbed
on the Ti-CS substrate (n = 2). Error bars represents the standard
deviations of each group. About 70% of the initial coating of BMP2
remained attached to the Ti-CS substrate surface after 7 days of
submersion in PBS, indicating that BMP2 can potentially remain
attached for a sufficient period of time to enhance osteoblast
differentiation
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Fig. 2 The number of attached BMMSCs on each type of titanium
substrate (n = 2) was evaluated on day 1. Error bars represent the
standard deviations of each group. As shown, BMMSCs can adhere to
the titanium substrates as effectively as on the plastic surface of
culture flasks, suggesting that bone implants constructed with these
substrates can possibly support BMMSC adhesion on the prosthesis,
where further cellular developments can occur

3.2 Cell attachment and proliferation

The number of BMMSCs attached on the various titanium
surfaces was assessed 6 h after cell seeding, and compared
to the control, where the cells directly attached to the
bottom of the culture well (Fig. 2). Cell attachment on
Ti-CS substrates was comparable to that in the control
(without any titanium substrate), while the number of cells
attached to the pristine Ti substrate was less compared to
that on either the Ti-CS substrate or in the control. This
suggests that the chitosan that is grafted onto the titanium
enhances initial cell attachment. However, the Ti-CS-
BMP2 substrates had the least number of attached cells.
This can probably be attributed to the fact that the adsorbed
BMP2 molecules occupied a proportion of the available
area on the chitosan-grafted titanium surface, altering its
surface topology. Substrate surface topology is known to
affect cell attachment [11]. Cell proliferation progressed
steadily over the following 7 days of culture, as shown in
Fig. 4. Except for the control on day 7, the cell prolifera-
tion rates were not significantly different on all the titanium
substrates and in the controls (P < 0.05). This apparent
anomaly could be due to the fact that cells on the substrates
were undergoing differentiation, as differentiating cells are
known to slow down in proliferation rate or even leave the
cell cycle [12]. Others have shown that cell attachment is
significantly affected by the presence of phosphate and
apatite groups on titanium surface [13]. This suggests that
the presence of certain types of molecules on the titanium
substrate surface can affect the degree of cell attachment.
Besides the presence of certain preferred molecules, the
technique employed in applying coatings on a titanium
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substrate can alter the substrate surface topology, and
hence, cell attachment efficiency [11]. In comparison, the
chitosan on our Ti-CS substrate is a stable, covalently
attached layer which should confer anti-bacterial properties
to the titanium substrate for an extended period of time,
while promoting cell attachment on the substrate surface.

3.3 Flow cytometry

Passage 2 BMMSCs were subjected to flow cytometry
analysis after being separately stained with CD271, CD44,
CD105, CD34 and CD45 antibodies to assess their lineage.
About 64% of the cells were CD44+ while approximately
86% of them were CD105+. Abount 1.3% of CD34+ cells
and 1.1% of CD45+ cells were present among the BMMSCs.
The rare population of CD271 cells which has been described
as one of the most specific markers of BMMSCs constituted
about 3.4% of the cell population [14, 15].

3.4 Cytotoxicity

Cell viability on the 3 types of substrates was assessed
using the MTT assay (Fig. 3), to give an indication of the
effect of the substrates on the survival and proliferation of
the attached cells. The assay was done on day 7 of culture
and the results suggest that all the 3 types of titanium
substrates do not seem to be cytotoxic to the cells, and can
support cell growth and proliferation almost as effectively
as plastic culture flasks (control), as shown in Fig. 4.

3.5 Alkaline phosphatase activity

The results in Fig. 5 indicate that osteoblast differentiation
occurred on all the substrates, with the ALP activity of the

Cytotoxicity Assay (MTT Assay)
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Fig. 3 The MTT assay shows that the three types of titanium
substrates (n = 2) do not adversely affect cell viability, suggesting
that these substrates are probably not cytotoxic in vivo, and can
possibly be used to fabricate bone implants. Error bars represent the
standard deviations of each group
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Fig. 4 The ability of the titanium substrates to support cell prolif-
eration was assessed by counting the number of attached BMMSCs on
each type of substrate (n = 2) on days 1, 3, 5 and 7. The cell
proliferation rates are consistent on all the three types of substrates.
By day 7, most of the cells on the substrates are probably
differentiating, hence the slow-down in proliferation rates as
compared with that in the control (denoted by *). Error bars represent
the standard deviations of each group
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Fig. 5 ALP activity in the cells attached to each type of titanium
substrate (n = 2) indicates osteoblast differentiation. Although cells
on the Ti-CS substrates had a higher ALP activity than those on the Ti
substrates, this was not significant. Only cells on the Ti-CS-BMP2
substrate show a significantly higher ALP activity than cells on either
of the other 2 types of substrates (denoted by *), indicating that CS
and BMP2 may synergistically work to enhance BMMSC differen-
tiation into osteoblasts. In contrast, BMMSCs cultured in normal
tissue culture flasks showed almost no ALP activity. The ALP activity
of BC-OBs serves as a positive control. Error bars represent the
standard deviations of each group

cells on the various substrates in the ascending order Ti,
Ti-CS, and Ti-CS-BMP2. Chitosan has been shown to
enhance the ALP activity of osteoblasts [16, 17]. Our
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results show that although there was a higher ALP activity
in the Ti-CS cells compared with the Ti cells, the increase
was not significant. However, Ti-CS-BMP2 cells showed a
significantly higher ALP activity over both Ti cells and
Ti-CS cells (P < 0.05). Thus, the results suggest that CS
and BMP2 on the Ti-CS-BMP2 substrate surface may have
a synergistic effect in enhancing osteoblast differentiation
from BMMSCs. Based on this result, RT-PCR was carried
out using BMMSCs cultured on the Ti-CS-BMP2 substrate.

3.6 RT-PCR

RT-PCR was carried out to assess the expression of the
genetic markers, Runx2, collagen type I (Col I) and oste-
ocalcin (OCN), to confirm osteoblast differentiation on the
Ti-CS-BMP2 substrate (Fig. 6a). The results were com-
pared with those from BC-OBs and untreated BMMSCs
cultured in normal tissue culture flasks. In addition,
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Fig. 6 (a and b) RT-PCR of Runx2, Col I and OCN suggests that
Ti-CS-BMP2 cells are undergoing osteoblast differentiation, unlike
BC-OBs (positive control), which are mature osteoblasts. This is
evident from the comparatively higher level of Runx2, indicating a
higher transcription activity level of this gene, and the relatively
lower levels of Col I and OCN, indicating that the Ti-CS-BMP2 cells
are not fully differentiated osteoblasts yet. Conversely, untreated,
BMMSC:s cultured in plastic tissue culture flasks (negative control) do
not differentiate and hence have no detectable level of bone-related
markers except for Col I

BC-OBs were also assessed for the expression of endoge-
nous BMP2, a key growth factor involved in bone
formation, to confirm the bone cell lineage of the BC-OBs.
Figure 6b shows the relative levels of expression of the 3
genes in BC-OBs and Ti-CS-BMP2 cells, normalized to the
expression level of GAPDH.
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Fig. 7 Ti-CS-BMP2 cells that stain positive for the presence of
calcium deposits with alizarin red S indicate osteoblast differentiation
(a), while untreated, cultured BMMSCs do not differentiate and hence
stain negative for alizarin red S (b)
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3.7 Alizarin red staining

The Ti-CS-BMP2 cells were stained with Alizarin red S
to detect calcium deposits in the cells. Figure 7a shows
the some of the positively stained cells. Untreated
BMMSCs stained negative with Alizarin red S, as shown
in Fig. 7b.

4 Discussion

MSCs have been reported to retain their undifferentiated
phenotype and remain capable of osteogenic differentiation
during ex vivo expansion through multiple passages [18].
Their surface marker expression profiles remain consistent,
and their gene expression profiles do not change signifi-
cantly during long-term expansion [18]. The well-
established MSC markers, CD44 and CD105, used to
confirm the MSC lineage of the BMMSCs in this study
reveal that there is a population of relatively undifferenti-
ated progenitors that can possibly contribute to osteoblast
differentiation [18-20]. In addition, we found a small
population of the cells that were also CD2714-. CD271 is
one of the most specific and novel markers of BMMSCs
[14]. CD271+ cells are highly proliferative, and possess
multilineage differentiation potential [15, 20, 21]. Unfor-
tunately, CD2714 cells are rare in a population of bone
marrow-derived cells, and would have to be immuno-
magnetically isolated, and then expanded in vitro. Thus, a
relatively large volume of bone marrow would have to be
extracted in order that a feasible number of CD2714 cells
can be magnetically isolated to constitute the starting cells
for in vitro expansion.

While osteoblast differentiation from BMMSCs may
occur on the surface of titanium substrates, it is paramount
that BMMSCs must first be able to firmly attach to the
substrate surface. This is to ensure that osteointegration of
a bone implant can take place in vivo. MSCs are known to
adhere strongly to plastic surfaces and this characteristic
has enabled them to be easily isolated and investigated for
potential therapeutic applications [22]. Our patient-derived
BMMSCs also similarly adhere to plastic surfaces and to
the various titanium substrates. Firm cell attachment is
evidenced by the prolonged trypsinization required to
detach them from the substrates. Together with the
consistent cell proliferation rates, this indicates that
BMMSCs can be a potential source of progenitors to ini-
tiate osteointegration with functionalized titanium-based
implants in vivo. However, such surface-modified implants
must be biocompatible. The results of the MTT assay show
that our titanium-based substrates do not adversely affect
cell viability, indicating that these substrates probably
would not be cytotoxic in vivo.
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An assessment of the ALP activity of the cells on the
various types of substrate surfaces on day 7 of culture
suggests that osteoblast differentiation can possibly occur
soon after cell attachment. While others have used calcium
phosphate-coated, collagen-coated, or chondroitin sul-
phate-coated titanium to enhance the retention of BMP2 on
the substrate surface, we allowed BMP2 to be adsorbed
onto our chitosan-grafted titanium substrates [6, 23, 24].
Besides being able to promote osteoblast differentiation,
chitosan also possesses anti-bacterial properties [25-28].
Thus, we hypothesized that chitosan and BMP2 would act
synergistically to improve osteoblast differentiation on
titanium surfaces. Based on the results of the ALP assay,
we believe that our Ti-CS-BMP2 substrates would be the
most osteogenic among our 3 types of titanium substrates.
We proceeded to assess the expression levels of three bone
genetic markers in the BMMSCs grown on Ti-CS-BMP2
substrates. RT-PCR was carried out to assess the expres-
sion levels of three key bone markers, Runx2, Col I and
OCN. Runx2 is the transcription gene of the osteoblast
specific protein, osteocalcin. Together, Runx2 and OCN
are the key regulators of osteoblast differentiation and
function [29-31]. Runx2 is regulated by a number of fac-
tors including bone morphogenetic protein (BMP). It
functions as a scaffold protein for nucleic acids and regu-
latory factors involved in skeletal gene expression.
Osteocalcin is the major noncollagenous protein of bone
matrix [32]. Interestingly, besides being used as a bio-
marker of osteoblast differentiation, this gene has been
implicated in human osteoarthritis and its presence could
possibly mark the stage of the development of this disease
at a point of dysregulation of cellular behaviour and failure
of repair mechanisms [32]. Thus, the detection of OCN in
the serum may potentially be used as a clinical indicator of
the need for a bone implant. Collagen I is the major con-
stituent in bone extracellular matrix [33]. Cells of the bone
lineage express Col I in all their developmental stages.
Collagen I interacts with the o,f; integrin receptor on the
cell membrane to mediate transduction of extracellular
signals into the cell [34]. The interruption of this collagen—
integrin interaction inhibits osteoblast differentiation from
bone marrow cells [34]. The RT-PCR results show that
these three key genes were expressed in the Ti-CS-BMP2
cells, and only Col I was expressed in the untreated
BMMSCs, indicating that the Ti-CS-BMP2 substrate pro-
motes osteoblast differentiation in the BMMSCs that
adhered to its surface. A densitometry of the band inten-
sities of Runx2, Col I and OCN suggests that the Ti-CS-
BMP2 cells were in the early stages of osteoblast differ-
entiation (Fig. 6b). This is evident from the relatively
lower levels of Col I and OCN in the Ti-CS-BMP2 cells as
compared with those from the BC-OBs. Furthermore, the
relatively higher level of the transcription factor, Runx2, in
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the Ti-CS-BMP2 cells suggests a higher gene transcription
activity level of bone-related genes than that in the
BC-OBs. Additionally, the BC-OBs were assessed for the
expression of endogenous BMP2, which is a key gene in
bone cells, as BMP2 also serves to regulate the Runx2
gene. Finally, the Ti-CS-BMP2 cells were stained with
alizarin red S to detect calcium deposits in the cells.
Besides chemically modifying the substrate surface,
others have also physically modified the titanium substrate
surface to enhance the adsorption of BMP2 [5]. While most
of these modified surfaces have been reported to support
osteoblast differentiation, others have also reported that
immobilized BMP2 on titanium substrates with biomimetic
coatings does not enhance bone formation [6]. Our method
of immobilizing BMP2 onto chitosan-grafted titanium
surfaces is convenient and effective in promoting
BMMSC-derived osteoblast differentiation. Although only
a small proportion of the initial amount of BMP2 used for
adsorption onto the chitosan-grafted titanium surface were
firmly attached, this amount was sufficient to promote
osteoblast differentiation. Nevertheless, one very distinct
advantage of our chitosan-grafted titanium substrates is
their bacteria-resistant property. Our Ti-CS-BMP2 sub-
strate therefore has the potential to be used to fabricate
anti-bacteria, osteoconductive bone implants.
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