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Abstract Calcium phosphate cements (CPCs) are a new
generation of bone repair materials with good biocompat-
ibility for various stem cells. The minipig is a recom-
mended large animal model for bone engineering research.
This study aimed to evaluate the feasibility of utilizing
CPC scaffolds for the adhesion, proliferation, and osteo-
genic differentiation of minipig’s bone marrow mes-
enchymal stem cells (pBMSCs). Passage 3 pBMSCs were
seeded on the CPC scaffold and cultured with osteogenic
culture medium (osteogenic group) or normal medium
(control group). The density of viable cells increased in
both groups, and pBMSCs firmly attached and spread well
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on the CPC scaffold. The alkaline phosphatase (ALP)
activity in the osteogenic group had significantly increased
on day 7 (D7) and peaked on D14. qRT-PCR revealed that
mRNA levels of ALP and three osteogenic marker genes
were significantly higher on D4, D7, and D14 in the
osteogenic group. Alizarin Red S staining showed a sig-
nificantly higher degree of bone mineralization from D7,
D14 to D21 in the osteogenic group. These results indi-
cated that pBMSCs can attach, proliferate well on CPC
scaffold, and be successfully induced to differentiate into
osteogenic cells. Our findings may be helpful for bone
tissue engineering and the studies of bone regeneration.

Keywords Calcium phosphate cement - pPBMSCs -
Minipig - Osteogenic differentiation - Tissue engineering

Introduction

Bone defects are commonly a secondary cause for osteo-
porosis, tumor, injury, or congenital malformation and can
be treated with metal implants [1] and bone grafts [2].
About two million bone graft procedures are performed
annually worldwide to repair bone defects in orthopedics
and dentistry [3]. Although autograft and allograft bone are
still largely utilized for bone graft procedures due to their
natural characteristics, both the limited availability and risk
of donor site morbidity still restrict their clinical applica-
tions [4]. Hence, development of an alternative source of
bone grafts is still urgently required.

Hydroxyapatite (HA) and other calcium phosphate bio-
ceramics are the key biomaterials used for bone repair and
regeneration surgery due to their compositional resem-
blance to bone mineral [5, 6]. With a good osteoconduc-
tivity and bone-bonding ability, calcium phosphate
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materials have been successfully used in cranio-maxillo-
facial, dental, and orthopedic reconstruction during or after
surgeries [7]. However, the clinical application of prefab-
ricated bioceramics usually requires the reshaping of the
graft or the surgical site or both, leading to increases in
bone loss, trauma, and surgical times [8]. This limitation
has been addressed by calcium phosphate cement [CPC), a
new generation of bone repair material, which can self-
harden in situ to form HA as an implant in the bone cavity
[9]. In addition, CPC has been shown to possess three
essential properties for biomaterials used in bone repair:
good biocompatibility, good osteoconductivity, and a
moderate bioresorbability [10].

CPC scaffolds have demonstrated a promising ability to
enable cell attachment and proliferation of various stem
cells. Human bone marrow mesenchymal stem cells
(hBMSCs) seeded on various CPC scaffolds were suc-
cessfully induced to undergo osteogenic differentiation
[11, 12], and human umbilical cord mesenchymal stem
cells (hUCMSCs) have provided similar results with CPC
scaffolds [13]. In addition to hBMSCs and hUCMSCs,
human embryonic stem cell-derived MSCs (hESC-MSCs)
were also successfully differentiated into the osteogenic
lineage after they were seeded onto CPC scaffolds [14].
Human-induced pluripotent stem cells derived MSCs
(hiPSC-MSCs) with bone morphogenic protein 2 (BMP2)
gene modification have also shown promising results for
bone tissue engineering on CPC scaffolds. Furthermore,
Xia et al., showed that dental pulp stem cells (DPSCs) and
deciduous teeth stem cells (DTSCs) seeded onto CPC
scaffolds were able to generate mineralized tissues [15].
These aforementioned studies demonstrate that CPCs are
an ideal material for bone tissue engineering.

Furthermore, CPC has already been approved for
repairing craniofacial defects by the Food and Drug
Administration in 1996, thus becoming the first CPC for
clinical application [16]. Nevertheless, clinical application
of CPC is limited to the reconstruction of nonstress-bearing
bone due to its brittle and weak native mechanical strength
[16]. To improve its strength, we have previously devel-
oped a CPC composite with chitosan and polyglactin
fibers: it was injectable, fast-setting in situ, and resistant to
washout. The results demonstrated that the load-bearing
properties of CPC composites have been significantly
improved [17]. In addition, hUCMSCs showed excellent
viability and osteogenic differentiation potential on CPC
and CPC—chitosan—fiber scaffolds [17, 18].

An appropriate animal model is crucial for the research
on bone regeneration [19]. Because of the many similarities
in bone composition [20], microstructure [21], and
remodeling [22] with human, the minipig has been regar-
ded as a recommended large animal model for preclinical
orthopedic implant studies. The critical load-bearing bone

defect created on the minipig’s long bone has been widely
used for bone regeneration research [23, 24]. Although
various types of MSCs have successfully produced bone on
a CPC scaffold and shown the scaffold’s enhanced
osteoinduction, the feasibility of minipig’s bone marrow
mesenchymal stem cells (pBMSCs) as seed cells on a CPC
scaffold for bone engineering has not been investigated. As
the implant biomaterial was usually used for the delivery of
cells to improve bone healing and osseointegration
[25, 26], the scaffold material needs to show sufficient
biocompatibility and ability to support cell attachment and
differentiation. Therefore, the purpose of this study was to
construct tissue engineering bone using minipig pBMSCs
and CPC scaffold and to induce the pPBMSCs to differen-
tiate into the osteogenic lineage on the CPC scaffold. Our
results showed that seeded pBMSCs attached, proliferated
well, and could be successfully induced to osteogenic cells
on the CPC scaffold.

Methods and Materials
CPC Scaffold Preparation

The CPC is comprised tetracalcium phosphate [TTCP: Ca,
(PO4),0] and dicalcium phosphate anhydrous (DCPA:
CaHPOQ,). TTCP was synthesized from equimolar amounts
of DCPA and calcium carbonate (J. T. Baker, USA). The
reactant was ground in a ball mill (Retsch PM4, USA) and
sieved to obtain TTCP particles with a size range of
1-80 pm, with a median of 17 pum. DCPA was ground for
24 h to obtain particle sizes ranging from 0.4 to 3 um, with
a median of 1 um. The TTCP and DCPA powders were
mixed in a blender at a molar ratio of 1:1 to form the CPC
powder. CPC powder was mixed with deionized water at a
powder-to-liquid mass ratio of 4-1. The paste was placed
into a circular mold of 12 mm diameter and 2 mm thick-
ness. After setting at 100 % relative humidity for 4 h at
37 °C., the CPC disks were demolded and immersed in
water at 37 °C for 20 h.

Isolation of pBMSCs

This study was approved by Guangdong Animal Research
Management Center (No. 00049665). Five mL of bone
marrow was aspirated from the posterior iliac crest of a
Tibetan minipig (female, 10 months old) using a sterile
bone marrow aspiration needle. The mononucleated cells
were isolated by density gradient centrifugation method
[25] with the Ficoll Paque Plus (BaiLu Biology Company,
Guangzhou, China), and the cell pellet was resuspended in
complete cell growth medium (Dulbecco’s modified Eagle
medium (DMEM) (Invitrogen, USA) supplemented with
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10 % fetal bovine serum (FBS, Invitrogen), 1 %
nonessential amino acids (NEAA, Invitrogen), and 1 %
penicillin/streptomycin (P/S, Hyclone, Logan, USA). The
mononucleated cells were seeded into 6-wells plate with a
density of 2 x 10°/cm® and cultured at 37 °C in a
humidified incubator supplemented with 5 % CO,. After
24 h, nonadhesive cells were discarded; the culture med-
ium was changed twice a week. At 80-90 % confluence,
cells were harvested with trypsin/EDTA (Invitrogen) and
re-plated at a splitting ratio of 1:3.

PBMSCs Seeding on CPC Scaffold

The CPC disks were sterilized by ethylene oxide and
incubated overnight in culture medium for 24 h prior to
seeding cells to improve cell attachment. A flask of con-
fluent passage 2 pBMSCs was harvested. For the osteo-
genic group, the cell pellet was resuspended in the
osteogenic media containing 50 pM ascorbate2-phosphate,
10 mM glycerol phosphate, 100 nM dexamethasone, and
10 nM Vitamin D3 (all purchased from Sigma, USA). A
total of 3 x 10° pBMSCs in 2 mL osteogenic media was
seeded onto a CPC disk into each of the 24 wells, as pre-
viously described [18]. For control group, pPBMSCs were
seeded on the CPC in the normal culture medium. The
pBMSCs/CPC constructs were placed in the incubator, and
the media was changed twice a week.

Cell Viability

Cell viability was assessed by the live/dead Viability/Cy-
totoxicity Kit (Invitrogen). After culture for 1, 4, 7 and
14 days, the CPC disks were washed twice with phosphate-
buffered saline. Each sample was incubated for 10 min at
37 °C with 2 mL culture media containing 2 mM calcein-
AM and 2 mM ethidium homodimer-1. The stained cells
were visualized by epifluorescence microscopy (Eclipse
TE300; Nikon, Japan). Three randomly chosen fields of
view were photographed for each disk. Five disks yielded
15 photos for each sample at each time point. The per-
centage of viable cells was measured as Pyiupie = Nyjaple/
(Nyiable + Npeap)- The viable cell density was calculated
from the following equation: D = N,;,pj/area.

Scanning Electron Microscopy

The morphology of pPBMSCs growth on the CPC scaffold
was examined on day 1 and day 4 by scanning electron
microscopy (SEM, XL-30, Philips, USA). Each sample
was fixed for 24 h in 0.4 % glutaraldehyde and dehydrated
in a series of graded ethanol solutions before coating with
gold/palladium for 3 min and subsequent SEM
observation.
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Alkaline Phosphatase Assay

Alkaline phosphatase (ALP) activity of cells was mea-
sured by Alkaline Phosphatase Assay Kit (Beyotime,
China) on Day 1 (D1), D4, D7, D14, and D21. The
pBMSCs/CPC constructs were washed twice by PBS and
transferred to 1.5 ml centrifuge tube. The 0.5 mL cell
lysis buffer containing 0.2 % Triton X-100 (Sigma) with
10 mM Tris (pH 7.0) and 1 mM EDTA (Sigma) was
added onto the CPC disks and pipetted for 30 times. The
mixture was transferred to —80 °C freezer for 30 min and
thawed at room temperature for 1 h. The freeze-thawing
procedure was performed twice to lyse cells. The cell
lysis buffer of each sample was transferred to 96-well
plate, and the absorbance of 405 nm was measured by
NanoDrop 2000c Spectrophotometer (Thermo Scientific,
USA). Standard samples were made and assayed con-
currently with test samples; a standard curve was con-
structed. The amount of p-nitrophenyl phosphate (pNpp)
in each sample was calculated. The amount of protein in
each sample was measured by a BCA Protein Assay Kit
(Beyotime). The ALP activity was normalized to the
amount of total protein and calculated by the following
equation: [pNpp (UM/min)]/[Protein (mg)].

Real-Time PCR

The total RNA from the CPC/BMSCs constructs was
extracted using Trizol (Invitrogen) on D1, D4, D7, and D14.
cDNA was reverse transcribed by a Reverse Transcription
Kit (RRO36A,Takara, Japan). All target genes were searched
on the NCBI gene bank, and the primers were obtained
commercially (Takara). The target genes included ALP
(Hs00758162_m1), bone gamma-carboxyglutamateprotein
[osteocalcin (OC), Hs00609452_g1], collagen, type I, alpha
1 (Coll I, Hs00164004), runt-related transcription factor 2
(Runx2, NC_010449.4), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Hs99999905). The SYBR® Pre-
mix Ex Taq™ II Kit (Takara) was used to measure the
transcription level of the target genes. Quantitative real-time
RT-PCR was performed in an Applied Biosystems® 7500
Real-Time PCR Systems. The mean fold changes from three
separate experiments were analyzed using the pAACT
method.

Mineral Synthesis

Bone mineralization was assessed by Alizarin RedS (ARS)
staining method. Each sample on D1, D4, D7, and D14 was
washed twice with PBS, fixed with 10 % formaldehyde,
and stained with ARS (Millipore, USA). To quantify the



Mol Biotechnol (2016) 58:748-756

751

(A)

100 ab ]

| mControl b b T .S. EI' E3
BOsteogenic
80 c

0r

Percent of live cells (%)
wv
(=]

D1 D1 D4 D4 D7 D7 D14 D14

Fig. 1 pBMSCs attached and proliferated on CPC scaffolds. a Live/
dead staining of pBMSCs cultured on CPC scaffold with osteogenic
medium for 1 and 7 days. The viable pPBMSCs were stained green and
appeared to have adhered and attained a normal polygonal morphol-
ogy. Dead cells were stained red (right lower panel). b The

ARS staining, an osteogenesis assay (Millipore) was used
to extract the stained minerals and measure the concen-
tration of Alizarin Red S at ODy4ps [27]. CPC specimens
with the same compositions but without pPBMSCs were
used as a control to calculate the net Alizarin red amount of
the CPC with pBMSCs.
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percentage of viable pBMSCs (Pyiapie) (b) and viable cell density
(c¢) are shown. In each plot, means not sharing a common superscript
differ significantly according to Tukey’s multiple comparison test
(P < 0.05). The value was presented as mean = SD, n = 5 (Color
figure online)

Statistical Analysis

Statistical analyses were performed using IBM SPSS
Version 20 (SPSS Statistics V20, IBM Corporation,
Somers, New York). Statistical significance was assessed
using one- or two-way analyses of variance [ANOVA) and
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Fig. 2 Representative Scanning electron micrograph of pPBMSCs. pBMSCs (designated as ‘‘c’’) attached on the CPC scaffolds. The cytoplasmic

extensions (designated as ‘‘e’’) were observed on the CPC surface
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Fig. 3 Alkaline phosphatase activity elevated in pBMSC-induced
osteogenic cells on CPC scaffold. ALP activities of each group were
determined as described in the “Materials and methods.” Means not
sharing a common superscript differ significantly according to
Tukey’s multiple comparison test (P < 0.05). The value was
presented as mean £ SD, n =5

Tukey’s multiple comparison tests. A confidence level of
95 % (P < 0.05) was considered statistically significant.
All data are presented as mean =+ standard deviation (SD).

Results

pBMSCs Attached and Proliferated on CPC
Scaffold

To address the feasibility of utilizing pBMSCs and CPC
scaffold to construct tissue engineering bone, passage 2
pBMSCs were seeded onto the prepared CPC scaffold.
Meanwhile, the seeded pBMSCs were induced to

@ Springer

differentiate into osteogenic cells by osteogenic medium
(osteogenic group), and the cells in the control group were
cultured with normal DMEM medium. The viability of
seeded cells was determined by LIVE/DEAD kit. Figure 1a
shows that the pPBMSCs in osteogenic group grew on the
CPC disks at different time points after seeding. A trend
was observed that the percentage of viable cells increased
over time. The Py, in osteogenic and control group on
day 14 was 95 and 97 %, respectively (Fig. 1b). From D1
to D14, the density of seeded cells on CPC scaffold
increased by 4- to 4.5-fold in both groups (Fig. 1c). A
representative  SEM  micrograph of pBMSCs on CPC
scaffold is shown in Fig. 2. After 4 days, the BMSCs in the
osteogenic group had firmly attached and spread well on
the scaffold, and the cytoplasmic extensions could be
clearly observed. These results indicated that pBMSCs
attached and proliferated well on the CPC disk.

pBMSC-Induced Osteogenic Cells on CPC Scaffold
Possessed Alkaline Phosphatase Activity

To determine if seeded pBMSCs could be induced to
osteogenic cells on the CPC, we assessed the ALP activity
among the two groups. The ALP activity of pBMSCs in the
control group was maintained at a basal level during the
whole period, while the ALP activity of the osteogenic
group increased rapidly by D7 and reached the peak level
on D14 of 1.550 + 0.048 (uM pNPP/min)/(mgProtein).
The ALP activity of the osteogenic group slightly
decreased on D21. On D7, D14, and D21, there were sig-
nificant differences in ALP activity between the two groups
(P <0.01, Fig. 3). The ALP mRNA expression levels
between the two groups were determined by RT-PCR.
Consistently, the ALP mRNA expression levels of the
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Fig. 4 mRNA expressions of osteogenic markers elevated in
pBMSCs-induced osteogenic cells on CPC scaffold. The mRNA
expressions of osteogenic makers were determined by RT-PCR.
a Alkaline phosphatase (ALP), b Osteocalcin (OC), ¢ Collagen type I
(Coll I), and d Runx2 gene expression. The ALP peaked on day 4
(D4). The OC and Coll I peaked on D7. The expressions of ALP and

control groups stayed at a low level throughout the whole
period, while those in the osteogenic group significantly
increased from D4 to D14. The ALP mRNA peak in the
osteogenic group was observed on D4: ALP mRNA levels
were 11 fold higher than that on D1 (Fig. 4a).

mRNA Expression of Osteogenic Markers Elevated
in pBMSC-Differentiated Osteogenic Cells on CPC
Scaffold

Next, we further assessed the expressions of other osteo-
genic markers to confirm osteogenic differentiation. On
D4, D7, and D14, the osteogenic group had significantly
greater mRNA levels of OC, Coll I, and Runx2 than the
control group (Fig. 4b, c). These data confirmed that
pBMSCs cultured on CPC can be induced to osteogenic
cells with osteogenic media.

the other three osteogenic marker genes were significantly greater in
the osteogenic group than those in the control group. Means not
sharing a common superscript differ significantly according to
Tukey’s multiple comparison test (P < 0.05). The value was
presented as mean + SD, n =5

Mineralization of the Tissue Engineering Bone

Bone mineralization was evaluated with Alizarin Red S
staining. Because the CPC disk consisted of minerals, the
blank disks (without pPBMSCs) also stained. The staining
color in the osteogenic groups became darker and thicker
(Fig. 5a) than control groups. At D21, a dark red staining
of minerals synthesized by the cells that cover the CPC
disk became evident (Fig. 5a). In contrast, no obvious
staining mineral on the CPC was observed at each time
point in the control group. The quantitative results of the
Alizarin Red S staining data are shown in Fig. 5b. The
mineralization in osteogenic group was significantly higher
than that of control group on D7 and D14. Taken together,
these data further indicated that seeded pBMSCs can be
successfully induced to osteogenic cells on the CPC
scaffold.
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Fig. 5 Mineralization of the tissue engineering bone. a Alizarin Red
S staining of cell mineralization on CPC constructs. The CPC disks
without cells also stained red because CPC consisted of apatite
minerals. b The quantitative results of mineralization were plotted.
Means not sharing a common superscript differ significantly accord-
ing to Tukey’s multiple comparison test (P < 0.05). The value was
presented as mean £ SD, n = 5 (Color figure online)

Discussion

In this study, we utilized pBMSCs as seed cells and CPC as
scaffolds to engineer bone tissue. After seeding on the
CPC, the microscopic images showed that the pBMSCs
attached to the CPC disk and proliferated well. Osteogenic
medium successfully induced osteogenic differentiation of
the seeded pBMSCs, as confirmed by elevated ALP
activity, mRNA expression of osteogenic markers, and
bone mineralization. Thus, we showed that pBMSCs
attached and proliferated well on the CPC scaffold and
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successfully differentiated into osteogenic cells on the CPC
scaffolds.

In bone engineering, one of the main functions of
scaffold is to support cells for osteogenesis [28, 29]. An
ideal biomaterial as a bone substitute is needed to provide a
natural substrate for cell attachment, proliferation, and
differentiation. CPCs are excellent biomaterials for bone
engineering since previous studies have shown their
promising ability for cell attachment and proliferation of
various stem cells, including hBMSCs, hUCMSCs, hESC-
MSCs, hiPSC-MSCs, DPSCs, DTSCs, and osteoblastic
cells [30]. In the field of orthopedic and dental research,
minipig models have been extensively used in preclinical
research due to their many similarities in bone character-
istics with humans. However, to our knowledge, pBMSCs
cultured on CPC scaffolds have not been explored. In the
present study, for the first time, we investigated the
pBMSCs’ interactions with CPC scaffold for cell prolif-
eration and differentiation with two different culture
media.

The SEM images showed that the pBMSCs firmly
attached and spread well on the scaffold on D4. The
spreading and development of cytoplasmic extensions
suggested good viability and attachment of pBMSCs on
CPC. The percentage of the viable cells in both groups
gradually increased over the cultured time and exceeded
95 % on DI14. The cell density of viable cells also
increased rapidly in both groups. Taken together, these
results demonstrated that pBMSCs exhibited excellent
viability as cultured on CPC scaffold, indicating that the
CPC scaffold provided a suitable environment for attach-
ment and proliferation of pPBMSCs.

ALP, an enzyme, is a well-defined marker for osteo-
genic differentiation and can be expressed by stem cells
during osteogenesis [31, 32]. In the present work, ALP
activity of pBMSCs in the osteogenic group increased over
the culture time and was seven times higher on D14 than on
D1, indicating that pBMSCs seeded on the CPC were
successfully differentiating into the osteogenic lineage.
This observation was similar with previous studies
[33-35]. A number of studies have described the elevation
of ALP activity and then a decrease during the osteogenic
differentiation process of BMSCs of multiple species
[33-35].

ALP, OC, Col I, and Runx2 play key roles in osteogenic
differentiation and are considered marker genes for osteo-
genic differentiation [32, 36]. The present study revealed
an increased mRNA expression of these four osteogenic
markers in the osteogenic group. The ALP expression
peaked on D4 (4 times higher on D4 than on D1) and had
decreased by D8. In agreement, Kim et al. [32] showed that
the expression of ALP measured via RT-PCR was minimal
on D1, peaked on D4, and then decreased on D8 [32]. Our
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study showed that the mRNA expression of OC and Col I
peaked on D7, and Runx2 peaked on D14, which were
consistent with Zhou et al. [37].

The osteogenic differentiation was further confirmed by
evidence of mineralization of pBMSCs cultured on the
CPC scaffold. A significantly higher degree of bone min-
eralization was observed in the osteogenic group. The
mineralization increased as the cells proliferated and dif-
ferentiated in the osteogenic medium from D7 and D14 to
D21. However, there was no mineralization in the control
group. Taken together, these results suggested that the
seeded pBMSCs had successfully differentiated into
osteogenic cells.

In conclusion, our in vitro study showed promising data
that pBMSCs can grow and proliferate well on CPC scaf-
fold. In addition, the seeded pBMSCs can be successfully
induced to differentiate into the osteogenic lineage. Future
work should be conducted to confirm that the developed
pBMSCs/CPC construct can be effective in an in vivo
preclinical study. Our findings may be helpful for the
studies of bone regeneration in a wide range of dental,
craniofacial, and orthopedic field.
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