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Abstract

Surface structure largely affects the inductive bone-forming potential of calcium phosphate (CaP) ceramics in ectopic sites and
bone regeneration in critical-sized bone defects. Surface-dependent osteogenic differentiation of bone marrow stromal cells
(BMSCs) partially explained the improved bone-forming ability of submicron surface structured CaP ceramics. In this study,
we investigated the possible influence of surface structure on different bone-related cells, which may potentially participate in
the process of improved bone formation in CaP ceramics. Besides BMSCs, the response of human brain vascular pericytes
(HBVP), C2C12 (osteogenic inducible cells), MC3T3-E1 (osteogenic precursors), SV-HFO (pre-osteoblasts), MG63 (osteoblasts)
and SAOS-2 (mature osteoblasts) to the surface structure was evaluated in terms of cell proliferation, osteogenic differentiation
and gene expression. The cells were cultured on tricalcium phosphate (TCP) ceramics with either micron-scaled surface
structure (TCP-B) or submicron-scaled surface structure (TCP-S) for up to 14 days, followed by DNA, alkaline phosphatase
(ALP) and quantitative polymerase chain reaction gene assays. HBVP were not sensitive to surface structure with respect to cell
proliferation and osteogenic differentiation, but had downregulated angiogenesis-related gene expression (i.e. vascular
endothelial growth factor) on TCP-S. Without additional osteogenic inducing factors, submicron-scaled surface structure
enhanced ALP activity and osteocalcin gene expression of human (h)BMSCs and C2C12 cells, favoured the proliferation of
MC3T3-E1, MG63 and SAOS-2, and increased ALP activity of MC3T3-E1 and SV-HFO. The results herein indicate that cells with
osteogenic potency (either osteogenic inducible cells or osteogenic cells) could be sensitive to surface structure and responded
to osteoinductive submicron-structured CaP ceramics in cell proliferation, ALP production or osteogenic gene expression, which
favour bone regeneration. Copyright © 2017 John Wiley & Sons, Ltd.
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1. Introduction

Calcium phosphate (CaP) ceramics have been used in var-
ious orthopaedic and dental applications as bone regener-
ative scaffolds due to their excellent biocompatibility and
osteoconductivity (Albee, 1920; Bhaskar et al., 1971;
Bohner et al., 2012; Jarcho, 1981; Samavedi et al.,
2013). In addition to osteoconductivity, which allows a
passive support for bonding osteogenesis on the surface,
in the past two decades, CaP ceramics were reported to
have also the ability to induce bone formation when
implanted ectopically without the addition of

osteogenic-inducing factors and/or cells if they present
specific physicochemical properties (Habibovic et al.,
2005, 2008; Ripamonti, 1996; Ripamonti et al., 1999;
Yamasaki and Sakai, 1992; Yuan et al., 1999). Having
the capacity to form bone in ectopic sites, osteoinductive
CaP ceramics enhanced bone repair in non-critical sized
defects (Yuan et al., 2006), could repair critical-sized
defects in goat iliac wings (Habibovic et al., 2006), and
performed equally to autologous bone and bone morpho-
genetic protein-2 (BMP-2) in critically sized defects in
sheep iliac wings (Yuan et al., 2010).

Among the physicochemical properties relevant to
material-driven osteoinduction, the surface structure of
CaP ceramics was found crucial (Yamasaki and Sakai,
1992; Yuan et al., 1999). It has been reported that
hydroxyapatite (HA) ceramics with micropores are
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osteoinductive after subcutaneous (Yamasaki and Sakai,
1992) and intramuscular (Yuan et al., 1999) implanta-
tions in dogs, while no bone formed in those lacking
micropores. The osteoinductive potential of silicon-
substituted HA increased with the microporosity in an
ovine ectopic model (Coathup et al., 2012). When
considering ceramics with the same microporosity, a
clearer difference in inductive bone formation could be
generated via varying the dimension of surface structure.
A tricalcium phosphate (TCP) ceramic with a submicron
scaled surface structure has been shown to be
osteoinductive, while TCP presenting a micron scaled
surface structure has not following an intramuscular
implantation in dogs (Davison et al., 2013; Zhang et al.,
2014) and subcutaneous implantation in FVB mice
(Barradas et al., 2012; Davison et al., 2014a).

From no bone to bone, inductive bone formation in
materials in ectopic sites must have a crucial step of
osteogenic differentiation of stem cells. Being
multipotent, bone marrow stromal cells (BMSCs) are
often used as a stem cell model for osteogenic differentia-
tion (Colter et al., 2001; Jiang et al., 2002; Pittenger et al.,
1999). Recent findings showed that BMSCs could migrate
from the bone marrow to the implantation site via blood
circulation and participate in ectopic bone formation of
osteoinductive CaP ceramics (Song et al., 2013). When
human (h)BMSCs were cultured on TCP ceramics in the
absence of osteogenic-inducing factors, we have already
shown that their osteogenic differentiation was enhanced
on ceramics with submicron scaled surface structure as
compared with those having micron scaled surface
structure (Zhang et al., 2014). These results partially
explained why material-driven osteoinduction could
happen in ectopic sites.

Next to BMSCs, other cell types showing their stemness
and capacity of osteogenic differentiation may be involved
in ectopic bone formation as well. Pericytes, which have
physiological roles in angiogenesis and tissue homeostasis
(Bergers and Song, 2005), showed their multipotency as
they could differentiate into myofibroblast, smooth
muscle cells and osteoblasts (Schor et al., 1990). As
BMSCs, pericytes (e.g. vascular pericytes) underwent
osteogenic differentiation in vitro and were involved
ectopic calcification and osteogenesis in vivo (Diaz-Flores
et al., 1992; Doherty et al., 1998). Myoblasts could be
another stem cell source involved in bone formation fol-
lowing an intramuscular implantation. Although satellite
cell-derived primary myoblasts isolated from adult skele-
tal muscle fibres of mouse are more readily differentiated
into osteogenic and adipogenic lineages than primary
myoblasts (Asakura et al., 2001), the mouse myoblast cell
line C2C12 is an often-used inducible cell system to
evaluate the osteogenic function of growth factors (Chen
et al., 2014; Kocić et al., 2012). These inducible cells
(e.g. BMSCs, pericytes and myoblasts) may respond to
osteoinductive CaP ceramic surface structure to differenti-
ate into osteogenic progenitors, thereafter undergoing
maturation step by step from pre-osteoblasts to mature
osteoblasts finally forming ectopic bone.

In addition to inducible cells, osteogenic cells at various
developmental stages responded differently to the surface
structure (Boyan et al., 2003). The ectopic bone
formation in osteoinductive CaP ceramics would be
further enhanced by the responses of osteogenic cells
differentiated from inducible cells to surface structure as
well. In the osseous sites where the osteogenic cells at
various mature stages already available, the enhanced
bone regeneration by osteoinductive CaP ceramics would
be resulted from both the inducible cells and osteogenic
cells that are sensitive to surface structure.

The objective of the current study was therefore to ad-
dress the possible involvement of pericytes and myoblasts
in inductive bone formation and the possible influence of
the surface structure on the osteogenesis of osteogenic
cells at various maturation stages. To do so, we compared
hBMSCs (stem cells), human brain vascular pericytes
(HBVP), C2C12 (osteogenic inducible cells), MC3T3-E1
(osteogenic precursors), SV-HFO (pre-osteoblasts; Chiba
et al., 1993; van Driel et al., 2006), MG63 (osteoblasts)
and SAOS-2 (mature osteoblasts) on two well-established
TCP ceramic surface structures with respect to cell prolif-
eration, osteogenic differentiation and gene expression.

2. Materials and methods

2.1. Preparation of TCP ceramic granules

TCP ceramic granules were prepared as described previ-
ously (Zhang et al., 2014). In brief, twoTCP powders were
synthesized by adding, at different rates, H3PO4 solution
into Ca(OH)2 suspension with a Ca/P molecular ratio of
1.50. TCP ceramics with micron scaled (TCP-B) or
submicron scaled (TCP-S) surface structure were prepared
from TCP powders using H2O2 (1%) and wax granules as
porogen. The green bodies were subsequently sintered at
1050 °C (TCP-S) or 1100 °C (TCP-B) for 8 h, and ceramic
granules with size of 1–2 mm were collected, cleaned,
dried and steam sterilized at a pressure of 1–1.1 bar
(120 °C) for 30 min.

As previously characterized TCP-B and TCP-S (Zhang
et al., 2014), both TCP ceramics contain the same chemis-
try of β-TCP. As regards surface properties, TCP-S has a
grain size of 0.99 � 0.20 μm and a micropore size of
0.65 � 0.25 μm, while TCP-B has larger grain and
micropore dimensions, being 3.08 � 0.52 μm and
1.58 � 0.65 μm, respectively. TCP-S has larger specific
surface area (1.2 m2/g) than TCP-B (0.8 m2/g) as well.
The total porosities of TCP-S and TCP-B are comparable,
being 70% and 72%, respectively. Further, they also have
similar microporosity (22% and 23% for TCP-S and
TCP-B, respectively).

2.2. Cells

A total of seven types of cells, i.e. hBMSCs, HBVP, C2C12,
MC3T3-E1, MG63, SV-HFO and SAOS-2, were used in this
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study. HBVP (ScienceCell) and C2C12 cells (murine
myoblast cell line, ScienceCell) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies) containing 10% fetal bovine serum (FBS;
Lonza), 100 U/ml penicillin (Life Technologies) and
100 μg/ml streptomycin (Life Technologies). MC3T3-E1
cells (subclone 14) were cultured in α-MEM, supple-
mented with 10% FBS, 2 mM L-glutamine, 0.01 mM so-
dium pyruvate (Sigma), 10 mM bGP (Sigma) and 0.2 mM

ASAP. SV-HFO (human pre-osteoblastic cell) was cultured
in phenol-free α-MEM (Life Technologies) containing 10%
FBS, 100 U/ml penicillin, 100 μg/ml streptomycin (Life
Technologies), 20 mM HEPES (Sigma) and pH-adjusted
to 7.5. MG63 (osteosarcoma cell line, ATCC), SAOS2
(osteosarcoma cell line, ATCC) and hBMSCs (female, 69
years old) were incubated in α-MEM supplemented with
10% FBS, 100 U/ml penicillin and 100 μg/ml streptomy-
cin, 2 mM L-glutamine and 0.2 mM ASAP.

Cell cultures were maintained at 37 °C and 5% CO2.
Mediums were refreshed twice a week, and further
sub-culturing or cryopreservation upon confluence were
performed in order to get a sufficient number of cells
for use.

2.3. Cell culture on TCP ceramics

2.3.1. Cell seeding

Before cell seeding, ceramic granules (100 mg per
sample) were loaded into 25-well suspension plates and
pretreated with cell-specific medium for at least 4 h.
Thereafter, 150 μl of cell suspension was seeded on the
materials. The seeding density varied with cell types
because of the different growth rates of the cells. For
C2C12 and MC3T3-E1, 200 000 cells were seeded per
sample, while 500 000 cells were used for HBVP, MG63,
SAOS2, SV-HFO and hBMSCs (passage 3).

2.3.2. Cell culturing on TCP ceramics

Four hours after cell seeding, 2 ml of culture medium was
added and finally cells were cultured with medium
refreshment twice a week.

Only C2C12 cells were cultured in mediums with and
without rhBMP-2 to study the possible synergic function
of the surface structure and rhBMP-2 (Hangzhou Biodoor
Biothechonology; 250 ng/ml) in osteogenic differentia-
tion. All the other cells (i.e. HBVP, MC3T3-E1, MG63,
SAOS2, HFO and hBMSCs) were cultured with their
specific mediums without any additive. Samples were
harvested at day 1, 4, 7 and 14 for the DNA assay, while
for alkaline phosphatase (ALP) activity and gene expres-
sion assays the samples were harvested at day 4, 7 and
14, respectively.

2.3.3. DNA and ALP activity assays

Cell proliferation was evaluated using a DNA assay
(CyQuant Cell Proliferation Assay kit, Sigma, the

Netherlands) and ALP activity was analysed with a CDP-
star assay kit (Roche). Briefly, all samples were stored at
�20 °C for at least 24 h after rinsing three times with
phosphate-buffered saline. One millilitre of lysis buffer
(prepared according to the manufacturer’s instructions
of CDP-star assay kit instructions) was added to each
sample, followed by three cycles of freezing at �20 °C
and thawing at room temperature, to get lysates.

The cell lysate was then mixed in a 1:1 volume ratio
with 1 mg/ml proteinase K (Sigma-Aldrich), 18.5 μg/ml
iodoacetamide (Sigma Aldrich) and 1 μg/ml pepstatin A
(Sigma Aldrich) in Tris/EDTA buffer (pH 7.6), and incu-
bated for 16 h at 56 °C. Total DNA amount was measured
using the CyQuant™ DNA assay (Molecular Probes)
according to the manufacturer’s instructions and calcu-
lated through a standard DNA curve. Fluorescence was
measured using a spectrophotometer (Victor, Perkin
Elmer, excitation 480 nm and emission 520 nm).

To measure the relative ALP activity, CDP-star® assay
kit (Roche) was used according to the manufacturer’s
protocol. Briefly, 40 μl of CDP star substrate was
incubated with 10 μl cell lysate for 20 min, and the
luminescence was subsequently measured using a
spectrophotometer. The ALP activity was then normalized
to the DNA quantity per sample.

2.3.4. Bone- and angiogenesis-related gene expression

To investigate bone-related genes’ expression profile of
each cell type instructed by the surface structure of the
different materials as well as the possible role of surface
structure on the angiogenesis of pericytes, real-time poly-
merase chain reaction (PCR) assay was performed. After
4, 7 and 14 days, total RNA was isolated from each cell
type cultured on the materials using TRIzol (Invitrogen)
and the Nucleospin RNA isolation kit (Macherey-
NagelGmbh) according to the manufacturer’s protocol.
RNA concentration was measured using a NanoDrop spec-
trophotometer (Nanodrop Technologies, USA). The RNA
was used to synthesize complementary DNA (cDNA) with
an iScript cDNA Synthesis kit (BioRad) according to the
manufacturer’s instructions. The bone-related markers of
ALP, osteocalcin (OCN) and osteopontin (OPN), the
angiogenesis markers of vascular endothelial growth
factor (VEGF), VEGF receptor-2 (KDR) and platelet
endothelial cell adhesionmolecule (CD31)weremeasured
with a Bio-Rad real-time PCR system (Bio-Rad, Hercules,
CA, USA). Beta-2 microglobulin (B2M) was the human
house-keeping gene, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was the mouse house-keeping
gene. All the human primer sequences are listed in
Table 1, while those for mice are listed in Table 2.

Finally, the real-time PCR reaction was run at 95 °C for
10 min, followed by 40 cycles of 60 °C for 1 min and at
72 °C for 1 min; the dissociation curve at 95 °C for 15 s,
60 °C for 1 min and 95 °C for 15 s. Data were analysed
using Bio-Rad iQ5 software. The relative amounts of tar-
get genes normalized by B2M or GAPDH were calculated
by double delta Ct method, subsequently normalized to
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the gene expression level of each type of cells determined
after 4 days cultured on TCP-B granules. All experiments
were performed in triplicate (n = 3).

2.4. Statistical analysis

All experiments were performed in triplicate (n = 3).
Two-way analysis of variance (ANOVA) followed by
Bonferroni post-test comparisons were performed for

multiple comparisons. Statistically significant differences
are marked by *P < 0.05, **P < 0.01 and ***P < 0.001.

3. Results

hBMSCs increased slowly in number on both TCP-B and
TCP-S, with a slightly faster rate on the former. Con-
versely, their ALP activity was higher on TCP-S at day 4,
while the difference afterwards became insignificant.
The ALP gene expression peaked on both ceramics at day
7, but was not different between TCP-B and TCP-S at any
time points. Interestingly, hBMSCs on TCP-S expressed
significantly higher OCN (P < 0.05) and OPN (P < 0.01)
gene as compared with those on TCP-B (Figure 1).

Human brain vascular pericytes cells grew on TCP
ceramic granules, as shown by the increase in DNA con-
tent during time (Figure 2a). The cells kept on growing
slowly until day 7 on both TCP ceramics (Figure 2a),
while no difference could be observed between TCP-B
and TCP-S. ALP activity of HBVP was slightly downregu-
lated during time on both materials, while no differences
between TCP-B and TCP-S were detected (Figure 2b).

The angiogenesis-related gene expression profiles of
HBVP cultured on TCP-B and TCP-S granules are illus-
trated in Figure 3. Time-dependent gene expression was
seen with KDR and CD31. Material-dependent gene
expression was not observed for the angiogenesis-related
genes of KDR and CD31, while VEGF gene was

Table 2. Mouse primer sequence

Gene Forward primer Reverse primer

OCN CAGACCTAGCAGACACCATGAGG AGGTCAGAGAGACAGAGCGCA
OPN GATGCCACAGATGAGGACCTC CTGGGCAACAGGGATGACAT
ALP CTGGGCAACAGGGATGACAT GGATCATCGTGTCCTGCTCAC
GAPDH AACGACCCCTTCATTGAC TCCACGACATACTCAGCAC

Table 1. Human primer sequence Cells responding to surface structure of calcium
phosphate ceramics for bone regeneration

Gene Forward primer Reverse primer

OCN TGAGAGCCCTCACACTCCTC CGCCTGGGTCTCTTCACTAC
OPN CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT
ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC
KDR ACTTTGGAAGACAGAACCAAATTATCTC TGGGCACCATTCCACCA
VEGF AGGGCAGAATCATCACGAAGT AGGTCTCGATTGGATGGCA
CD31 TCTAGACCTCGCCCTCCACA GAACGGTGTCTTCAGGTTGGTATTTCA
B2M GACTTGTCTTTCAGCAAGGA ACAAAGTCACATGGTTCACA

Figure 1. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of human bone marrow stromal cells (hBMSCs) cultured on tricalcium phosphate
(TCP) ceramics over time
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upregulated on TCP-B ceramic at day 7 compared with
TCP-S (P < 0.001).

When cultured in medium without rhBMP-2, C2C12
grew well on TCP ceramics and increased in cell number
during time (Figure 4a). When TCP-B and TCP-S were
compared, no differences in cell amount were observed
at day 1 and 4, while a significantly higher cell amount
was detected on TCP-B than on TCP-S at day 7 and 14

(Figure 4a). ALP activity of C2C12 cells did not change
considerably with time on TCP-B, while higher ALP
activity was shown on TCP-S at day 7 compared with
day 4 and 14 (Figure 4b). Material-dependent ALP activity
was seen between TCP-B and TCP-S at day 7 (Figure 4b),
where a significantly higher ALP activity was noted for
TCP-S compared with TCP-B (P < 0.05). OCN gene
expression was upregulated on TCP-S compared with

Figure 4. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of C2C12 cultured on tricalcium phosphate (TCP) ceramics over time without rhBMP-2

Figure 2. Proliferation (a) and alkaline phosphatase (ALP) activity (b) of human brain vascular pericytes (HBVP) cultured on tricalcium phosphate (TCP) ceramics over time

Figure 3. Angiogenesis gene expression of human brain vascular pericytes (HBVP) cultured on tricalcium phosphate (TCP)-B and TCP-S over time

Cells responding to surface structure of calcium phosphate ceramics for bone regeneration 3277
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TCP-B at day 14 (Figure 4c; P < 0.05), no significant
changes between the two ceramic samples were observed
for OPN. ALP gene expression of C2C12was not detectable
on either TCP-B or TCP-S in the absence of rhBMP-2.

With the addition of rhBMP-2 in the culture medium
(250 ng/ml), cell proliferation was material dependent.
More cells could be detected on TCP-B at day 4, 7 and
14 than on TCP-S, as shown by the DNA content
(Figure 4a). The ALP activity increased during time on
both TCP-B and TCP-S, while higher ALP activity was
observed on TCP-S than on TCP-B at all the time points
(Figure 5b). ALP gene expression was significantly
upregulated on TCP-S at day 14 compared with TCP-B
(Figure 5c). OCN gene expression was significantly highly
upregulated on TCP-S at day 4, 7 and 14 compared with
TCP-B (Figure 5c). OPN gene expression showed a
significantly higher expression on TCP-S compared with
TCP-B only at day 4 (Figure 5c).

MC3T3-E1 cells proliferated during time on both TCP-B
and TCP-S ceramics with an enhanced cell proliferation
on TCP-S after a 14-day culture (Figure 6a). ALP activity
of cells increased during time on both ceramics
(Figure 6b) with a material-dependent difference. In
particular, significantly higher ALP activity was detected
on TCP-S than on TCP-B at day 7 and 14. Both ALP and
OCN genes were upregulated during time, while
material-dependent gene expression was not seen
between TCP-B and TCP-S. OPN gene expression
decreased during time on both ceramics, and a material-
dependent gene expression was seen with a significantly
higher OPN gene expression on TCP-B than on TCP-S at
day 4 and 7 (Figure 6c).

SV-HFO cells proliferated quickly from day 1 to 4 on
both TCP-B and TCP-S, but did not proliferate much
thereafter (Figure 7a). No material-dependent cell prolif-
eration was seen (Figure 7a). A clear material-dependent
ALP activity was seen: TCP-S supported a significantly
higher ALP activity than on TCP-B at day 7 and 14
(Figure 7b). The gene expressions of ALP, OCN and OPN
increased during time (Figure 7c). Material-dependent
gene expression was not observed in OCN, while ALP
gene was upregulated on TCP-B at day 14, and OPN gene
was upregulated on TCP-B at day 7 and 14 as compared
with TCP-S.

MG63 kept on growing on both TCP-B and TCP-S over
time (Figure 8a). A significantly higher cell proliferation
was shown at day 14 on TCP-S than on TCP-B (Figure 8a).
The ALP activity of MG63 cells decreased in a time-
dependent manner on both TCP-B and TCP-S, and no
difference was found between the two ceramics at any
time point (Figure 8b). OPN gene expression of MG63
was not detectable on either TCP-B or TCP-S, while the
expression of ALP and OCN genes was downregulated
during time with no influence of the materials (Figure 8c).

A slow proliferation of SAOS-2 cells was seen from day 1
to 7 on both TCP-B and TCP-S, followed by a sharp increase
of the cell number from day 7 onward (Figure 9a). A
significantly higher number of cells was present on TCP-S
than on TCP-B at day 14, while such a difference was not
present at earlier time points. ALP activity decreased on
TCP ceramics during time, but there was no significant
difference observed at all the time points (Figure 9b). Gene
expression of SAOS-2 cells was affected by neither the
culture time nor the materials used (Figure 9c).

Figure 5. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of C2C12 cultured on tricalcium phosphate (TCP) ceramics over time with rhBMP-2
(250 ng/ml)
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To summarize the main findings, the effects of the sub-
micron structure on in vitro culture are listed in Table 3.

4. Discussion

Small bone defects could be repaired by osteogenic cells
present in the host bone bed, while such a conductive

bone formation is limited and inductive bone formation
is required to repair critical-sized bone defects (Bohner
et al., 2012; Habibovic et al., 2008; Jarcho, 1981;
Samavedi et al., 2013). Several types of bone substitutes
are osteoinductive. For example, autologous bone has
such property thanks to the growth factors it contains
(Finkemeier, 2002). Introducing osteogenic growth
factors (e.g. BMPs) into biomaterials could make synthetic

Figure 7. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of SV-HFO cultured on tricalcium phosphate (TCP) ceramics over time

Figure 6. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of MC3T3-E1 cultured on tricalcium phosphate (TCP) ceramics over time
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bone-grafting materials osteoinductive (Edlund et al.,
2008), while physicochemically modifying synthetics
could also render biomaterials osteoinductive (Yuan et al.,
2010). For instance, adjusting the dimension of surface
structure could render CaP ceramics osteoinductive
(Davison et al., 2013; Zhang et al., 2014).

Similarly to other biomaterials, when an osteoinductive
CaP ceramic is implanted in vivo, a wound-healing process
would be initiated by an inflammation, immediately

followed by angiogenesis. Later on, the bone morphogen-
esis process would be triggered and eventually bone
remodelling occurs. Cells present in the inflammatory
bed were found to be sensitive to the surface structure
of CaP ceramics. Macrophages grew better and fused into
foreign body giant cells on CaP ceramic with submicron
scaled surface structure (Davison et al., 2014b). Monocyte
cells grew and fused into osteoclasts on the finer surface
structure (Davison et al., 2014a). Furthermore, the

Figure 8. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of MG63 cultured on tricalcium phosphate (TCP) ceramics over time

Figure 9. Proliferation (a), alkaline phosphatase (ALP) activity (b) and gene expression (c) of SAOS-2 cultured on tricalcium phosphate (TCP) ceramics over time.
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functionality of osteoclasts was affected by the dimension
of surface structure: in particular, osteoclasts resorbed
TCP ceramic with submicron scaled surface structure
(Davison et al., 2014b). Moreover, CaP ceramics with sub-
micron scaled surface structure enhanced the osteogenic
differentiation of hBMSCs (Zhang et al., 2014). Next to
macrophages, monocytes, MSCs and osteoclasts, we have
shown in this study that pericytes (HBVP), osteogenically
inducible cells (C2C12), osteogenic progenitor cells
(MC3T3-E1), pre-osteoblasts (SV-HFO), osteoblasts
(MG63) and mature osteoblasts (SAOS-2) responded
differently to surface structures with various dimension
in terms of cell proliferation, osteogenic differentiation
and gene expression.

As documented in the literature, pericytes may undergo
osteogenic differentiation (Diaz-Flores et al., 1991, 1992;
Doherty et al., 1998). In the absence of growth factor,
HBVP gave rise to ALP signal (Figure 2b), but no differ-
ences in cell proliferation and osteogenic differentiation
were observed between TCP-B and TCP-S. This indicates
that HBVP are not sensitive enough to the surface
structure to undergo osteogenic differentiation. The
enhanced VEGF gene expression on TCP-B (Figure 3)
may imply a possible enhanced angiogenesis in TCP-B
implants which, in turn, may bring more pericytes to the
implants. However, no inductive bone formation occurred
in TCP-B (Davison et al., 2014a, 2014b; Zhang et al.,
2014), minimizing further the possible role of pericytes
in the enhanced bone formation in osteoinductive CaP
ceramics.

BMSCs are quite often used as a stem cell model
system. We showed that the submicron structure in
TCP-S upregulated bone-related gene expression and also
the ALP activity of hBMSCs, indicating that hBMSCs can
response to the surface and differentiate towards
osteogenic cells. This is in line with the popular
hypothesis explaining the phenomenon of osteoinduction
that the osteogenic differentiation of BMSCs on the
surface of osteoinductive materials is the main cause of
inductive osteogenesis. Having said that, it should be
noted that BMSCs may readily undergo osteogenic
differentiation without any growth factor (Prins et al.,
2014; Zhang et al., 2014) and transplanting bone marrow
to ectopic sites gave rise to bone formation (Friedenstein

et al., 1968). Thus, despite the variations between differ-
ent donors, the osteogenic differentiation of BMSCs may
not necessarily be attributed to the effect of the tested
stimuli. Conversely, the osteoinductive function of the
surface structure of CaP ceramics may be seen more
clearly in the case of C2C12 because these cells do not
induce an increase in ALP activity unless BMPs are used
(Katagiri et al., 1994). Yet, in this study it is interesting
to observe that ALP activity of C2C12 cells was
enhanced on both ceramics with, in particular, a higher
ALP activity on TCP-S (Figure 4b). At the same time, we
observed a lower C2C12 cell proliferation on TCP-S than
on TCP-B (Figure 4a), which might indicate that cell
proliferation could have been inhibited during their
differentiation.

Surface structure has shown its function in bone forma-
tion both in vitro and in vivo (Olivares-Navarrete et al.,
2012; Schwartz et al., 1999). For example, at the micron
scale the surface structure affected cell proliferation and
osteogenic differentiation of osteogenic cells (Schwartz
et al., 1999). At the nano-/sub-micro scale, surface
structure affected osteogenic differentiation of MSCs
(Oh et al., 2009). Meanwhile, it has been shown that
the maturation state of osteogenically committed cells
determined their response to the surface structure both
in vitro and in vivo (Lohmann et al., 2000). Therefore,
we further selected the osteogenic cells tested in this
study according to their maturation stage and observed
that they behaved differently in vitro. MC3T3-E1 and
SAOS-2 cells proliferated slowly over time (Figures 6a
and 9a), while a fast cell proliferation at early time points
was seen with SV-HFO (Figure 7a) and MG63 (Figure 8a).
Regarding osteogenic differentiation, both ALP activity
and gene expression increased during time in MC3T3-E1
(Figure 6b and c) and SV-HFO (Figure 7b and c), but
decreased in MG63 (Figure 8b and c) and SAOS-2
(Figure 9b and c). During time, OCN gene expression
was upregulated in MC3T3-E1 (Figure 6c) and SV-HFO
(Figure 7c), downregulated in MG63 (Figure 8c) and
did not change in SAOS-2 (Figure 9c). OPN gene was
downregulated during time in MC3T3-E1 (Figure 6c),
not expressed in MG63 and did not change in SAOS-2
(Figure 9c). In agreement with the literature, different
responses to surface structure were also seen within the
cells at various maturation stages at the current study
settings. On TCP-S, osteoprogenitor cells (e.g. MC3T3-E1)
had both enhanced cell proliferation and osteogenic
differentiation; pre-osteoblasts (e.g. SV-HFO) had enhanced
osteogenic differentiation; osteoblasts (e.g. MG63) and
mature osteoblasts (e.g. SAOS-2) had enhanced cell
proliferation. The results indicated that immature
osteoblasts had both enhanced cell proliferation and
osteogenic differentiation on TCP-S as compared with those
cultured on TCP-B, while with the maturation of osteoblasts,
only cell proliferation could be achieved on TCP-S.

At the cellular level and in the absence of growth
factors, we have shown in this study the involvement of
inducible cells and osteogenic cells at various maturation
states in the process of surface structure-driven bone

Table 3. Effect of submicron surface structure on cell proliferation (DNA),
osteogenic differentiation (ALP/DNA) and gene expression (↑: upregulated; ↓:
downregulated; �: no effect; n/d: not detectable; n/a: not measured)

Cell Phenotype DNA ALP/DNA
Gene expression

VEGF ALP OCN OPN

hBMSCs Stem cells ↓ ↑ n/a – ↑ ↑
HBVP Pericytes – – ↓ n/a n/a n/a
C2C12 Osteogenic inducible cells ↓ ↑ n/a n/d ↑ –

MC3T3-E1 Osteogenic precursors ↑ ↑ n/a – – ↓
SV-HFO Pre-osteoblasts – ↑ n/a ↓ – ↓
MG63 Osteoblasts ↑ – n/a – – n/d
SAOS-2 Mature osteoblast ↑ – n/a – – –

ALP, alkaline phosphatase; hBMSC, human bone marrow stromal cell; HBVP, human brain
vascular pericytes; OCN, osteocalcin; OPN, osteopontin; VEGF, vascular endothelial
growth factor.
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formation. In view of the results shown in this work, the
enhanced bone formation within submicron surface-
structured osteoinductive CaP ceramics (Yuan et al.,
2010; Zhang et al., 2014) might be attributed to the
surface structure-driven osteogenic differentiation of
inducible stem cells (both ectopic and orthopaedic) and
surface structure-enhanced conductive bone formation
of osteogenic cells in osseous site (orthopaedic).

At the genetic level, OCN and OPN were upregulated in
hBMSCs cultured on TCP-S, while only OCN was
upregulated in C2C12 cultured on TCP-S in the absence
of growth factor. The other genes were either not affected
by the surface structure or were upregulated by the non-
osteoinductive TCP-B in all the cells tested. Gene
expression data did not fully support the importance of
the surface structure in material-induced osteogenesis,
while it should be noted that in vivo bone formation is a
complicated process and that a clear relationship between
the gene expressions of ALP, OCN and OPN and the in vivo
bone formation is still missing at the moment. Further-
more, an in vivo implant contacts with body fluids and,
consequently, the cells respond not only to the surface
structure but also to the soluble cues present in surround-
ing fluids in vivo (e.g. growth factors, cytokines and ions;
Barradas et al., 2012). In the presence of soluble cues, the
instructive function of surface structure may become
more powerful in vivo. For example, in this study we have
shown that the presence of rhBMP-2 in the culture
medium significantly enhanced osteogenic differentiation
(Figure 5b) and upregulated the bone-related gene
expressions of ALP, OCN and OPN (Figure 5c) of C1C12
cultured on TCP-S.

Together with the literature data, our results show that
the surface structure may have a multi-functional role in
bone regeneration in vivo with CaP ceramics. It induces
macrophages to form foreign body giant cells and
monocytes to form osteoclast during the inflammatory
stage, influences osteogenic differentiation of inducible
cells, increases the proliferation and differentiation of
immature osteogenic cells and the proliferation of mature
osteogenic cells, and affects the function of osteoclast for
bone remodelling and material resorption.

Biomaterials science is advancing towards instructive
materials that can initiate specific biological responses.

An example of such instructive materials is the
osteoinductive CaP ceramic giving rise to bone forma-
tion in ectopic sites and enhancing bone regeneration
in orthopaedic sites (Barradas et al., 2012). Some
instructive cues of osteoinductive CaP ceramics have been
identified, while the biological mechanism of such a
specific phenomenon is far beyond our understanding.
Tissue responses of inflammation (Davison et al., 2014b),
osteoclastogenesis (Nasu et al., 2009) and osteogenesis
(Zhang et al., 2014) may be involved in such tissue
morphogenesis of bone. As shown in this study, cells in
different stages of bone formation respond differently to
instructive material factors. In vitro studies performed
using a single cell type may not be the best way to unravel
the biological mechanism of material-driven
osteoinduction, systematic studies with reliable in vivo
models
(e.g. FVB mouse; Barradas et al., 2012) would be helpful
in identifying the cascade of biological phenomena in-
volved in such instructive bone formation.

4.1. Conclusion

Inducible myoblasts and osteogenic cells at various matu-
ration stages were affected by the surface structure in the
means of cell proliferation and osteogenic differentiation.
As compared with micron scaled surface structure, submi-
cron scaled surface structure enhanced osteogenic differ-
entiation of inducible cells and immature osteoblasts
while enhanced cell proliferation of mature osteoblasts.
The data present herein suggested that both inducible
cells and osteogenic cells could respond to surface struc-
ture of CaP ceramics and thus enhance bone regeneration
in submicron surface structured CaP ceramics.
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