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The purpose of this research was to covalently graft fibroblast growth factor 2 (FGF-2) onto biphasic calcium phosphate (BCP) via
a bifunctional cross-linker technique and to estimate the optimal dose of FGF-2 resulting in the best osteogenic differentiation
of human mesenchymal stem cells (hMSCs). SEM observation revealed that the surface of the 100 ng FGF-2 coated BCP was
completely covered with the nanoparticles expected to be from the silane coupling agent. XRD, FT-IR, and XPS analysis showed
that silane treatment, bifunctional cross-linker coating, and FGF-2 covalent grafts were conducted successfully without deforming
the crystalline structure of BCP. An MTT assay demonstrated that FGF-2 coated BCP had good biocompatibility, regardless of the
concentration of FGF-2, after 24 or 48 h of incubation. An alkaline phosphatase (ALP) activity assay (14 days of incubation) and
the ALP gene expression level of real-time PCR analysis (7 days of incubation) revealed that 50, 100, and 200 ng FGF-2 coated BCP
induced the highest activities among all experimental groups and control group (P < 0.05). Thus, low concentrations of FGF-2
facilitated excellent osteogenesis and were effective at enhancing osteogenic potential. Also, the bifunctional cross-linker technique
is expected to be a more feasible way to induce osteogenic differentiation while minimizing the risk of FGF-2 overdose.

1. Introduction

Fibroblast growth factors (FGFs) are known to play critical
roles in bone development and early osteogenesis. FGF
signaling regulates the expression of various genes related to
bone formation and is involved in osteoprogenitor prolifera-
tion and differentiation into bone forming cells [1-4]. Among
the FGF ligands, fibroblast growth factor-2 (FGF-2) is known
to promote the attachment and proliferation of osteoblasts
[5, 6]. Many researchers have used various substrates to use
FGF-2 to promote osteogenesis in vitro and in vivo. These
substrates include polymer scaffolds, cross-linked gels, and
biodegradable hydrogels [1, 7-10].

The concentration of FGF-2 and the application method
are thought to directly affect the osteogenesis of osteoblasts in

vitro and in vivo after FGF-2 administration. Several reports
documented various results regarding the effect of FGF-2 on
osteogenic differentiation [11-14]. Most of these studies were
mainly aimed at analyzing the synergic effect of FGF-2 and
other compounds or growth factors on osteogenic differen-
tiation. However, the administration type and the amount
of FGF-2 influencing the osteogenesis of bone forming cells
was not considered. In particular, systematic injections of low
concentrations of FGF-2 are thought to expect the ambiguous
effect of osteogenesis within a short period and cause the
accumulated overdose of growth factor.

Recent studies on the use of FGF-2 in combination
with biomaterials, such as biodegradable polymers and cal-
cium phosphate ceramics, reported the promotion of sus-
tained release of FGF-2 and the localized effect of the
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FIGURE 1: Schematic diagram of the surface modification procedure
of biphasic calcium phosphate (BCP): (I) APTES treatment; (II)
Bi-functional cross-linker (SMP) connection; (IITI) FGF-2 covalent
immobilization.

FGF-2/biomaterial composites [15-18]. However, physical
entrapment and coprecipitation techniques used by previous
researchers have a possibility of generating mechanical weak-
ness between FGF-2 and the substrate [19, 20]. This may affect
the release of FGF-2, which is dependent on the durability
of the biomaterials. On the contrary, covalent grafts are
expected to be suitable for creating a strong bond between low
amounts of FGF-2 and the substrate, regardless of the type of
biomaterial. Most studies related to FGF-2 coated hydroxya-
patite have been used the technique of physical adsorption,
entrapment and coprecipitation to immobilize FGF-2 on
hydroxyapatite or calcium phosphate scaffold. However, only
afew researches of the FGF-2 coated biomaterials via covalent
bonding technique have been published [21].

Thus, the purpose of this study was to prepare and
characterize FGF-2 coated biphasic calcium phosphate (BCP)
via the bifunctional cross-link method, which is one of
covalent bonding techniques. In addition, we sought to find
the minimal concentration of FGF-2 that induces excellent
osteogenic differentiation and no cytotoxicity in human
mesenchymal stem cells (hMSCs).

2. Materials and Methods

2.1. FGF-2 Grafting Process. 'The biphasic calcium phosphate
(BCP) granule (Osteon GBC0305,) was obtained from Den-
tium Corporation, Suwon, Korea, and FGF-2 was obtained
from the Genoss Corporation, Suwon, Korea, respectively.
BCP is a 70% hydroxyapatite (HAp) scaffold coated with 30%
B-tricalcium phosphate (3-TCP) with a particle size of 0.3-
0.5 ym. As previously reported [22], the procedure for prepar-
ing FGF-2 coated BCP (see Figure 1) includes the grafting
of 3-aminopropyl triethoxysilane (APTES, Sigma, MO, USA)
onto the BCP surface and the replacement of the terminal
amine by a maleimide functional group that reacts with FGF-
2 via a heterobifunctional cross-linker (N-Succinimidyl-3-
maleimidopropionate: SMP, Sigma, MO, USA). Briefly, 1.0 g
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of BCP powder was silanized by 10 mM APTES dissolved
in hexane (Sigma, MO, USA) for 2h. The silanized BCP
powder was substituted for maleimide groups by 2mM SMP
dissolved in anhydrous dimethylformamide (DMEF, Sigma,
MO, USA) for 2 h. Then, FGF-2 dissolved in anhydrous DMF
was immobilized on BCP by stirring for 2 h. All experimental
procedures were performed at 25°C to avoid the risk of FGF-2
denaturation.

2.2. Surface Analysis. The surface morphology of the BCP
powder was observed by field emission scanning electron
microscopy (FE-SEM; S4800, Hitachi/Horiba Co., Japan). In
addition, X-ray diffractometer (X’Pert PRO MRD, PANalyt-
ical B.V,, Netherlands) with Ni-filtered Cu-Ka ray, Fourier
transform infrared spectroscopy (FT-IR; Nicolet, Thermo
Co., WI, USA), and X-ray photoelectron spectroscopy (XPS,
K-Alpha ESKA system; Thermo, USA) were used to analyze
the changes in chemical composition of the BCP before and
after FGF-2 immobilization. For XRD measurement, we fixed
the glancing angle of the specimen at 5° against the incident
beam, enabling the detection of XRD patterns to be at a depth
of less than 5 ym from the top surface of the substrate.

2.3. hMSC Culture. We obtained human mesenchymal stem
cells (hMSCs) from the Lonza Corporation (Poietics hMSCs,
Switzerland). The cell growth media used in this study
was composed of a-MEM (Invitrogen, CA, USA), 10%
fetal bovine serum (FBS) (Invitrogen), and 1% penicillin-
streptomycin (Invitrogen). The hMSCs were incubated at
37°C and 5% atmospheric CO,. During the study, the hMSCs
were passaged 4-5 times. After confluence, they were seeded
onto BCP powder, placed in a 24-well plate (cell density of
10,000 cells per well), and were stored in a CO, incubator
for a range of incubation times. Two days after hMSC
seeding, osteogenic induction media consisting of 10 mM f3-
glycerol phosphate (Sigma, MO, USA), 150 yg/mL ascorbic
acid (Sigma, MO, USA), and 10 nM dexamethasone (Sigma,
MO, USA) was added to promote osteogenic differentiation.
The osteogenic induction medium was changed every 2 days.

2.4. Cell Adhesion and Proliferation Test. To test the degree
of cell adhesion at the beginning of the incubation time,
fluorescein diacetate (FDA; Sigma, MO, USA) staining was
conducted to visualize viable hMSCs adhered to the experi-
mental specimen. At 24 and 48 h after plating, FDA staining
was performed. The detailed procedure of FDA staining was
previously reported [23]. The FDA stained specimens were
viewed under an inverted fluorescence microscope (CKX41,
Olympus Co., Japan). An MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay was conducted to
investigate the proliferation of hMSCs cultured on various
experimental specimens. 1 mL of MTT dye agent (Sigma, MO,
USA) was added to each well. After 3h of incubation, 1 mL
of isopropanol (Sigma, MO, USA) was added to each well,
and the 24-well plate was then shaken for 30 minutes. The
absorbance of each solution was measured at 570 nm by a
microplate ELISA reader (SpectraMax 250, Thermo Electron
Co., USA).
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FIGURE 2: SEM images of (a) BCP, (b) silanized BCP, (c) 50 ng FGF-2-coated BCP, and (d) 100 ng FGF-2 coated BCP.

2.5. Alkaline Phosphatase (ALP) Activity Assay. After 7 and
14 days of incubation, the experimental samples were rinsed
with PBS solution, lysed by lysis buffer solution (25 mM Tris,
pH 7.6, 150 mM NaCl, and 1% NP-40) and stored in ice for
30 min. Cell lysate (50 uL) was used for the ALP assay, and
the rest of the cell lysate was used for the measurement of
the total protein concentration (Bradford Protein Assay Kit,
Bio-Rad Laboratories, USA). Cell lysate (50 L) was mixed
with 200 uL of paranitrophenylphosphate (p-NPP, Sigma,
MO, USA), and the mixed solution was stored at 37°C for
30 min to activate the reaction. After 30 min, 50 uL of 3N
NaOH (Sigma, MO, USA) was added to the mixed solution to
stop the reaction. The absorbance of the mixed solution was
measured at 405nm by a microplate ELISA reader (Spectra
Max 250, Molecular Device, CA, USA). The level of ALP
activity was normalized to the amounts of total protein in the
cell lysates (units/mg protein).

2.6. Real-Time PCR Assay [23]. After 7 days of culture, total
RNA of the cells cultured on samples was extracted by TRI
agent (Invitrogen, USA), and then the extract was reverse-
transcribed into cDNA by cDNA Synthesis Kit (SuperScript
VILO; Invitrogen, USA). SYBR Green Dye-Based Gene
Expression Assays (Invitrogen, USA) was used to perform
real-time PCR (StepOne Real-Time PCR System, Applied
Biosystems, USA) assay. The detailed information of PCR
primer used in this study is listed in Table 1. cDNA samples
(1 uL for total volume of 20 uL) were analyzed for interested
genes and for house-keeping gene GAPDH. To quantify

TABLE 1: Primer sequences used in real-time PCR.

Target Sequences

Forward 5'-CAA TGA CCC CTT CAT
TGA CC-3'

Reverse 5'-GAC AAG CTT CCC GTT
CTC AG-3'

Forward 5'-ATC TTT GGT CTG GCC
CCC ATG-3'

Reverse 5’ -ATG CAG GCT GCA TAC
GCC AT-3'

Forward 5'-AAG CGA GGA GTT GAA
TGG-3'

Reverse 5'-GGA AAG TTC CTG ACT
ATC-3'

Forward 5'-CGC AGC CAC CGA GAC
ACC AT-3'

Reverse 5’ -AGG GCA AGG GGA AGA
GGA AAG AA-3'

GAPDH

Alkaline
phosphatase (ALP)

Osteopontin
(OPN)

Osteocalcin
(OCN)

the gene expression level of each sample, cycle-threshold
point was compared by analysis software assisted with real-
time PCR. All levels of expression of experimental group
were normalized by the level of expression of control group
(hMSCs cultured on pure BCP without osteogenic induction
media).
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FIGURE 3: XRD patterns and FT-IR spectra of (a) BCP, (b) silanized BCP, and (c) 100 ng FGF-2 coated BCP.
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FIGURE 4: XPS, Cls, and Nls spectra of (a) silanized BCP, (b) bifunctional cross-linked (maleimide) BCP, and (c) 100 ng FGF-2 coated BCP.

2.7. Data Analysis. The data of MTT assay and ALP activity
assay were expressed as mean + standard deviation and
analyzed statistically by one-way ANOVA (SPSS 12.0; SPSS
GmbH, Germany) and post hoc Duncans multiple range
tests. The data of real-time PCR assay were analyzed statisti-
cally by paired ¢-test. Differences were considered significant
if P values were less than 0.05.

3. Results and Discussion

3.1. Surface Characterization of FGF-2 Coated onto BCP.
Figure 2 shows SEM images of BCP, silanized BCP, and 50 and

100 ng FGF-2 coated BCP, respectively. As shown in Figure 2,
10-20 nm nanoparticles were deposited on and partially cov-
ered the 50 ng FGF-2 coated BCP. However, they covered the
whole surface of 100 ng FGF-2 coated BCP. Figure 3 indicates
the XRD patterns and FT-IR spectra of the BCP, silanized
BCP, and 100 ng FGF-2 coated BCP, respectively. As shown by
the XRD patterns, the HAp and -TCP crystalline structures
were confirmed [24, 25], and there was no structural change
after the silane treatment and the FGF-2 grafting process.
In the FT-IR spectra, new peaks corresponding to the silane
treatment of APTES were detected at 760, 2881, and 2931 cm ™
in the FT-IR spectra of the silanized and FGF-2 coated BCP
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[26,27]. These peaks are reported to result from the formation
of §i0;, (silsesquioxane) nanoparticles [28].

Figure 4 shows the XPS spectra of Cls and Nls for
silanized BCP, bifunctional cross-linked BCP, and 100 ng
FGF-2 coated BCP, respectively. From the Cls spectra, four
peaks (lines 1, 2, 3, and 4) were detected from experimental
specimens as shown in Figure 4. Lines 1 and 2 (detected
at 289 and 288.3 eV, resp.) indicate the chemical structures
of O=C-0O and C=O0. These peaks are thought to originate
from maleimide (bifunctional cross-linker) and FGF-2. Line
3 (284.8eV) represents the silanization of BCP via APTES
treatment [29]. In the N1s XPS spectra, 3 peaks were detected
on experimental samples. Line 1 (399.7-400.7 eV) shows the

existence of maleimide, and line 2 (399.7-400.8 ¢V) is the
portion of N-C=0 originating from maleimide and FGF-2.
Line 3 (398.9eV) represents the chemical structures of C-
NH, and C-O and is thought to originate from FGF-2.

From the results of SEM observation and FT-IR analysis,
10-20 nm SiO;, nanoparticles were deposited on the whole
surface of the 100ng FGF-2 coated BCP. XRD and XPS
analyses indicated that FGF-2 was coated onto the surface of
the BCP through silanization and bifunctional cross-linking
without causing structural deformation of the BCP. It is well
known that there are free thiol groups on FGF2 existing
outside and activating binding site [30-32]. Particularly, FGF-
2 has four cysteine residues binding to the maleimide groups
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TABLE 2: Detailed information of experimental specimens used in
this study.

Designation
Con (Control)

Explanation

Uncoated biphasic calcium phosphate (BCP)
Cell cultured on BCP dosed with 20 ng FGF-2

20D

every 2 days
10¢, 50C, 10, 50, 100, 200, and 400 ng FGF-2 covalently
100C, 200C, coated BCP
and 400C

of bifunctional cross-linker used in this study. Thus, FGF-2 is
expected be coated onto the surface of BCP on the basis of the
complete silanization and bifunctional cross-linking of BCP
surface.

3.2. Initial Attachment and Proliferation of hMSCs. In terms
of biological assay testing, the effect of FGF-2 covalently
coated BCP on the osteogenic differentiation of hMSCs, an
experimental group performing 20 ng FGF-2 dosed to cell
culture media every 2 days was added to evaluate the com-
parison of the previous results of the effect of FGF-2 injection
to the culture media on the osteogenic differentiation of cells
[5,13] to the results of this study. The detailed information of
control group and experimental groups are listed in Table 2.
Figure 5(a) displays the images of FDA-stained live
hMSCs cultured on experimental specimens after 24 and 48 h
of incubation. Unlike a cell culture dish, BCP powder did
not provide a flat surface on which to culture the hMSCs.
Because of this, it was difficult to count live hMSCs cultured
on BCP powder. Thus, we simply confirmed from the images
of the FDA-stained cells that there was no drastic reduction in
the number of live hMSCs between the experimental groups
regardless of the incubation time. Figure 5(b) indicates the

results of the MTT assay from hMSCs cultured on exper-
imental specimens. After 24 h of incubation, the reduction
in MTT values was inversely proportional to the amount of
FGF-2 grafted. In addition, the MTT value of the 400 ng
FGF-2 coated BCP (400C) was significantly lower than that
of the control group, the culture media containing 20 ng
FGF-2 (20D), and the 10 ng FGF-2 coated BCP (10C) (P <
0.05). However, the MTT values showed that there was no
significant difference between experimental groups after 48 h
of incubation. According to the ISO 10993-5, if the relative
MTT value of specimen is higher than 70%, the specimen
has biocompatibility [33]. Thus, it was confirmed that all
experimental specimens showed excellent biocompatibility
after 24 and 48 hours of incubation and the proliferation of
hMSCs was not affected by the amount of coated FGF-2 after
48 h of incubation.

3.3. Alkaline Phosphatase (ALP) Activity of hMSCs. Figure 6
illustrates the results of an ALP activity assay on hMSCs
cultured on experimental specimens after 7 and 14 days of
incubation. As shown in Figure 6(a), the ALP activity of
the control group was significantly lower than that of any
of the FGF-2 coated BCP groups. The activities of the 50,
100, 200, and 400 ng FGF-2 coated BCP groups (50C, 100C,
200C, and 400C) were significantly higher than that of the
group in which 20 ng FGF-2 was added to the culture media
(20D) (P < 0.05). Thus, it was confirmed that within a
short incubation period, covalent grafting of FGF-2 caused
higher osteogenic differentiation of hMSCs than when FGF-
2 was added to the cell culture media. Figure 6(b) indicates
the ALP activities of hMSCs after 14 days of incubation.
As shown in Figure 6(b), 50, 100, and 200 ng FGF-2 coated
BCP (50, 100C, and 200C) showed significantly higher values
than other experimental groups and the control group (P <
0.05). Interestingly, the ALP activities of the 100 ng FGF-2
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coated BCP groups showed the trend of the highest values
among all experimental groups, even though there is no
significant difference among 50, 100, and 200ng FGF-2
coated BCP groups. In addition, the values of ALP activity
have a tendency to be reduced on the condition of more
than 100 ng FGF-2 coated BCP groups within this research.
From the results of ALP activity, we could expect that covalent
bonding of FGF-2 is more effective than addition of FGF-2 to
culture media with regard to the osteogenic differentiation of
hMSCs. However, the grafting of high concentrations of FGF-
2 seemed to inhibit the ALP activity of hMSCs. With regard
to the unique trend of ALP activity results, we are currently

identifying the factor that prohibits the differentiation of
hMSCs into osteoblasts when high concentrations of FGF-2
are coated onto BCP.

3.4. Real-Time Assay of hMSCs. To assess the osteogenic func-
tionality of experimental specimens, real-time PCR analysis
for alkaline phosphatase (ALP), osteocalcin (OCN), and
osteopontin (OPN) expression after 7 days of incubation
were performed (Figure 7). Expression of OCN and OPN
genes was not significantly different between all experimental
groups. However, three significant differences between exper-
imental groups were detected from the expression results of
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ALP gene. Within all groups, the ALP expression value of
the 10, 50, 100, 200, and 400 ng FGF-2 coated BCP groups
(10C, 50C, 100C, 200C, and 400C) were significantly higher
than that of control group. Within all experimental groups
excepting control group, the ALP expression value of the 50,
100, 200, and 400 ng FGF-2 coated BCP groups (50C, 100C,
200C, and 400C) were significantly higher than that of the
group in which 20 ng FGF-2 was added to the culture media
(20D). In addition, within all FGF-2 coated BCP groups, the
ALP expression value of the 50, 100, and 200 ng FGF-2 coated
BCP groups (50C, 100C, and 200C) was significantly higher
than that of the 10 ng FGF-2 coated BCP group (10C). Thus,
real-time PCR results were mostly similar to the results of
ALP activity assay. In terms of the behavior of OCN and
OPN gene expression, ALP gene was already known to be the
first expressed phenotypical marker of bone formation and
followed by OPN and OCN gene [34, 35]. Thus, the results of
real-time PCR assay after 7 days of incubation are supposed to
be similar to the behavior of researches previously reported.
Alizarin red S assay was also conducted to evaluate the
formation of bone nodule at the surface of BCP. However,
alizarin red S solution stains calcium of both newly formed

bone nodule and BCP substrate at the same time (data are not
shown). Thus, ALP activity assay and real-time PCR analysis
were performed to estimate the osteogenesis of experimental
groups instead.

3.5. Anti-FGF-2 FITC Immunofluorescent Staining. To con-
firm that FGF-2 was successfully coated onto the BCP surface,
we stained FGF-2 by using a FITC antibody labeling kit
(Pierce, Thermo Scientific, Co., USA). FGF-2 was admin-
istrated to the surface of a cell culture dish and to BCP
by injection and covalent bonding methods, respectively.
Then, FITC antibody labeling was performed according
to the instruction manual. For detecting FITC antibody-
labeled FGF-2, a fluorescent inverted microscope (CKX-41,
Olympus, Co., Japan) was used and FITC was visualized
under 526 nm green light. Figure 7 illustrates the FITC
immunofluorescence images of FGF-2 in cell culture media
and coated onto the BCP surface. As shown in Figure 7, FGF-
2 covalently coated onto the surface of a cell culture dish or
onto BCP was detected clearly by FITC immunofluorescence
labeling. In contrast, we could not detect FITC signal in cell
culture media dosed with FGF-2 (see Figure 8).
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4, Conclusion

Fibroblast growth factors are known to be involved in
angiogenesis, embryonic development, and bone formation
[36-38]. In addition, FGFs are closely related to interact with
cell-surface associated reaction and play an important role
in the proliferation and differentiation of various cells and
tissues. Thus, FGF-2 seems to be related to the interaction
between cell and matrix, and this interaction is more effective,
if FGF-2 is located between cell and matrix instead of
the continuous injection of FGF-2 into the culture media.
From the surface characterization, we confirmed that FGF-
2 was bonded covalently onto the surface of BCP by the
bifunctional cross-linker technique, and 100 ng FGF-2 was
enough to cover a whole BCP granule from the images of FE-
SEM. The results of the biological assay revealed that high
concentrations of FGF-2 reduced the initial attachment of
hMSC:s to the surface of BCP at the beginning of incubation,
but hMSC proliferation was not affected by the amount of
coated FGF-2 after 48 h of incubation. In addition, the results
of ALP activity assay and the ALP gene expression level
of real-time PCR analysis indicated that small amounts of
FGF-2 were enough to promote the ALP activity of hMSCs
compared to other experimental groups and the control
group. Thus, covalent immobilization technique is expected
to be useful for enhancing the osteogenesis of bone forming
cells by low concentrated growth factors.
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