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Autogenous graft is the preferred material of choice due
to its excellent clinical outcome and thus has been the
gold standard for hard tissue reconstruction, especially for
small defects. However, there are drawbacks to the use of
autogenous graft materials and these drawbacks include the
need for a second surgical site to harvest healthy donor
tissues, the limited amount of donor tissues that can be
harvested for large defects, and the increased possibility for
tissue morbidity, infection, and pain at the second surgical
site. Although it is more plentiful to obtain allografts, there
is a risk of disease transmission from donor sites when using
allogenic grafts for treatment in the clinics.With the advent in
biomaterials research, various other sources of graftmaterials
have shown promise for clinical use. As such, the ability of
clinicians to evaluate, to understand, and to use other sources
of graftmaterials is a key for successful reconstructions aswell
as tissue regenerations. This special issue represents a small
cross section of some of the graft materials that are currently
being investigated for clinical applications. Ranging from
synthetic biomaterials to the use of stem cells, these papers
also represent the diverse and multidisciplinary approaches
that can be adapted for both maxillofacial and orthopedics
reconstructions as well as tissue regenerations.
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In bone tissue engineering (TE) endothelial cell-osteoblast cocultures are known to induce synergies of cell differentiation and
activity. Bone marrow mononucleated cells (BMCs) are a rich source of mesenchymal stem cells (MSCs) able to develop an
osteogenic phenotype. Endothelial progenitor cells (EPCs) are also present within BMC. In this study we investigate the effect
of EPCs present in the BMC population on MSCs osteogenic differentiation. Human BMCs were isolated and separated into two
populations. The MSC population was selected through plastic adhesion capacity. EPCs (CD34+ and CD133+) were removed from
the BMC population and the resulting population was named depleted MSCs. Both populations were cultured over 28 days in
osteogenic medium (Dex+) or medium containing platelet lysate (PL). MSC population grew faster than depleted MSCs in both
media, and PL containing medium accelerated the proliferation for both populations. Cell differentiation was much higher in Dex+
medium in both cases. Real-time RT-PCR revealed upregulation of osteogenic marker genes in depleted MSCs. Higher values
of ALP activity and matrix mineralization analyses confirmed these results. Our study advocates that absence of EPCs in the
MSC population enables higher osteogenic gene expression and matrix mineralization and therefore may lead to advanced bone
neoformation necessary for TE constructs.

1. Introduction

Bone is a complex and highly vascularized tissue involving
several cell types. Bone development, maintenance, and
repair have been shown to be closely dependent on the
presence of blood vessels that promote natural bone healing
[1, 2]. However, in certainmedical conditions, leading to large
bone defects (e.g., tumor excision and high impact fractures),
the natural repair capacity fails. In particular, in the field of
oral andmaxillofacial surgery, where comparatively small but
anatomically complex bones are affected, reconstruction in
terms of an esthetic and functional outcome is often difficult
to achieve [3]. To treat defects such as osteoporosis and
bisphosphonate-related osteonecrosis of the jaw (BRONJ),

cancellous and cortical autologous bone grafts are the gold
standard [4]. However, apart from limited bone availability
and many times second surgery site complications such as
donor side morbidity, possible fracturing of the donor bone
may occur [5].

To overcome the various drawbacks of the autologous
bone grafts, alternative treatments have been envisaged.
Notably, tissue engineering approaches are aiming to recon-
struct the missing tissue using cell-based strategies in associ-
ation with a biomaterial. Bone marrow is a natural and easily
available source of stem cells. Bone marrow aspirates are
considered to be the most favorable source of mesenchymal
stem cells (MSCs) to promote new bone formation [6]. In
previous clinical studies, conducted by the authors, successful
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long-term survival rates of dental implants in MSC-based
regenerated bone were shown [7]. In a randomized split-
mouth study, MSCs in combination with a bone substitute
material showed high implant survival rates similar to those
obtained with autologous bone grafts [8].

Large vertical or even critical sized bone defects remain
a clinical challenge and the hypothesis that MSCs alone may
respond to the local microenvironment of bony defects and
thereby promote craniofacial defect regeneration is still at the
centre of debate [9].

To date, no specific MSC markers have been identified
[10, 11]. Typically, MSCs are enriched from the bone marrow
mononucleated cells (BMC) via selection of the plastic
adherent fibroblastoid cell fraction [12]. Under appropriate
experimental conditions, MSCs show a high proliferation
rate in vitro [6] and can differentiate into bone, cartilage,
adipose tissue, and hematopoietic-supportive stromal cells
[13]. Recruitment, proliferation, and differentiation of MSCs
into mature osteoblasts are regulated by many factors includ-
ing cytokines, systemic hormones, growth factors, and other
regulators [14]. These factors are released to some extent by
the osteoblastic cells themselves but also by cells that are part
of the tightly connected vascular system, such as endothelial
cells [15, 16] or pericytes [17, 18]. It is widely accepted
that there is communication between endothelial cells and
osteoblastic cells in order to coordinate the formation of
blood vessel aswell as the differentiation of bone forming cells
to regulate bone turnover. Several studies report interactions
between osteoblasts or MSCs and endothelial cells. They
demonstrated the formation of microvessel-like structures
and cell to cell communication through gap junctions [19, 20].
On the other hand, a notable variety of results have been
gathered on the influence of endothelial cells on osteoblastic
differentiation [21, 22].This conflicting evidencemight be due
to the disparity of cell types, cell origin, and experimental
set-ups. Most of these studies are using MSCs isolated from
BMC fraction by their adherence ability to cell culture plastic.
However, amongst the heterogeneous population of BMC,
some hematopoietic stem cells also bear the ability to adhere
to plastic [23]. In particular CD34 and CD133 positive cell
fractions (CD34+, CD133+) have been identified and are
known to give rise to endothelial cells in vitro [19, 24].
Postnatal regeneration and neoformation of vessels result
from migration and differentiation of lineage committed
progenitor cells [25, 26]. This process has been identified as
the key mechanism to heal injury in most tissues [27] as, for
example, in bone healing [17].

The aim of our study was to investigate the influence
of CD34+ and CD133+ EPCs, contained in the full heter-
ogeneous BMC population, on the osteogenic potential of
MSCs. For this purpose, the osteogenic potential of the
complete BMC population (called MSC postamplification)
was compared with bone marrow samples that have been
depleted from all CD34+ and CD133+ cells (called depleted
MSCs). Osteogenic differentiation was induced using either a
classical osteogenic medium (containing dexamethasone) or
medium containing autologous growth factors (PL) that was
shown to promote MSCs differentiation [19, 28].

2. Materials and Methods

2.1. Cell Culture Media. Iscove’s Modified Dulbecco’s
Medium (IMDM), Fetal Calf Serum (FSC), Nonessential
Amino Acids (NEAA), and antibiotics (PenStrep, PS) were
purchased from Gibco/Invitrogen Life Technologies (Zug,
Switzerland). Basic Fibroblast Growth Factor (bFGF) was
purchased from R&D Biosystems (Minneapolis, MN, USA),
and ascorbic acid, 𝛽-glycerophosphate, and dexamethasone
were purchased from Sigma-Aldrich (Hamburg, Germany):

Basic medium: IMDM, 100U/mL PenStrep (IMDM-
PS), 10% FCS, 1% NEAA, and bFGF (5 ng/mL).

Osteogenic medium: IMDM-PS, 10% FCS, 0.1mM
ascorbic acid, 10 nM dexamethasone, and 10mM 𝛽-
glycerophosphate.

PL medium: IMDM-PS, 5% FCS, and 5% PL growth
factors.

2.2. Bone Marrow. Human bone marrow (BM) samples
(20mL) were obtained from patients undergoing routine
orthopaedic surgery upon informed consent and according to
Inselspital Bern (Switzerland) ethical commission’s guideline
(KEK Bern 126/03).

Bone marrow aspirates were obtained from 5 donors (44
to 83 years old, with an average age of 62 years: 4 males
and 1 female) in CPDA-containing Sarstedt S-Monovettes
(Sarstedt, Nümbrecht, Germany) and processed within 24
hours after harvesting [29].

2.3. Cell Populations

Bone Marrow Mononucleated Cells (BMCs). BMCs were
isolated from bone marrow aspirates as previously reported
[30]. After homogenization, BM aspirates were diluted 1 : 4
with IMDM containing 5% (v/v) FCS and mononucleated
cells were separated on a Histopaque-1077 (Sigma-Aldrich)
density gradient. Samples were centrifuged at 800 g for 20
minutes. The low-density mononucleated cell interphase was
collected and washed twice in 5mL of IMDM containing
10% FCS, followed by centrifugation at 400 g for 15 minutes.
Subsequently, BMCswere further processed for cell selection.

Mesenchymal Stem Cells (MSCs). MSCs were further isolated
from total BMC through their plastic adhesion capacity. 16 ×
106 cells were seeded in 300 cm2 cell culture flask in presence
of basic medium and let to adhere for 4 days as described
before [29]. After 4 days, nonadherent cells were removed and
freshmediumwas added. After the first cell amplification step
(first passage), cells were called MSCs.

Endothelial Progenitor Cells (EPCs). EPCs were selected from
the BMCs population by MiniMAC Magnetic Microbead
System (Miltenyi Biotec) using CD34 and CD133 specific
antibodies according tomanufacturer’s instructions. Selected
CD34 and CD133 positive cells (CD34+ and CD133+) were
frozen for further experiments.
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EPC-Depleted BMCs (Depleted MSCs) [31]. After removal of
CD34+ cells and CD133+ cells from the BMCs samples (see
“Endothelial Progenitor Cells (EPCs)” section), the resulting
cell population was named depleted MSCs.

2.4. Platelet Lysate Preparation. Platelet Lysate growth factors
(PL) and Platelet Rich Plasma (PRP) were prepared from
platelet concentrates, as described earlier [19, 32]. Platelet
bags were obtained from the blood bank of Kantonsspital
Graubünden in Chur in accordance with the current ethical
laws of Switzerland. The platelet bags contain a standardized
platelet density (5 times higher than normal), obtained
through blood apheresis. We further increased the platelet
density by a centrifugation at 2000 g for 7 minutes, followed
by resuspension of the pellet in half of the original platelet-
bag volume. Phosphate buffered saline (PBS) was used for
the PL preparations, while original plasma was used for the
PRP preparations to obtain a final concentration 10 times
higher than normal blood (2.5 million (±10%) platelets/𝜇L).
As expected, the concentrations we obtained were about 10
times higher than the range measured in blood plasma (data
not shown). In order to avoid two levels of interindividual
variations (bone marrow donors versus platelet donors), PL
and PRP samples were pooled from three different platelet
concentrates and randomly matched [33, 34].

2.5. Cell Expansion. Cells (MSCs and depleted MSCs) were
seeded at the density of 0.9 × 106 mononucleated cells per
300 cm2 T-flask (Techno Plastic Products AG, Trasadingen,
Switzerland) in basic media [35]. Mediumwas changed every
3 days, and cells were subcultured 1 : 4. Cells in passages 2–
4 were subsequently used. MSCs and depleted MSCs were
further cultured in the exact same conditions.

2.6. Cell Differentiation. MSCs or depleted MSCs were
seeded at the density of 10000 cells/cm2 in 24-well plates
in triplicate for each donor and each analysis. Cells were
cultured for 28 days in osteogenic medium and PL medium
as described above [36].

2.7. Cell Growth (DNA Quantification Assay). Cell growth
was determined as described by Labarca and Paigen [37] after
1, 7, 14, 21, and 28 days of culture in either osteogenic medium
or PL medium. Briefly, DNA was quantified by measuring
the binding of Hoechst 33258 (Polysciences Inc., 09460) to
the DNA helix after cells overnight digestion at 56∘C in a
proteinase K solution (0.5mg/mL in 3.36mg/mL disodium-
EDTA-PBS). After appropriate dilution of the samples in
Dulbecco’s phosphate buffered saline (DPBS) containing
0.1% (v/v) H33258, the bound fluorescence was measured
using a PE HTS 7000 Bio Assay Reader at 360 nm excitation
and 465 nm emission wavelength.

2.8. Gene Expression Analysis

RNA Isolation and Reverse Transcription. Total RNA was
extracted from cells monolayers at different time points (days
1, 7, 14, 21, and 28) using TRI-Reagent (MRC Inc., TR-
118) according to the manufacturer’s instructions (Molecular

Research Center, Cincinnati, Ohio). cDNA was synthetized
from 1 𝜇g of total RNA using TaqMan reverse transcription
reagents (Applied Biosystems, Foster City, CA) with random
hexamer primers.

Real-Time Polymerase Chain Reaction (PCR). Real-Time
Polymerase Chain Reaction (PCR) was performed on a
7500 Real-Time PCR System (Applied Biosystems). Genes of
interest were detected using specific oligonucleotide primers
and TaqMan probes (Microsynth, Balgach, Switzerland) or
Assays-on-Demand (Applied Biosystems) as specified in
Table 1. Eukaryotic 18S (Applied Biosystems) was used as
a housekeeping gene. PCR conditions were 95∘C for 10min,
followed by 42 cycles of amplification at 95∘C for 15 sec and
60∘C for 1min using the GeneAmp 5700 Sequence Detection
System (Applied Biosystems). Gene expression was analysed
according to the ΔΔCT method, with expression normalized
to the corresponding reference (specified on each graph) at
the same time point.

2.9. ALP Activity Assay. Samples for ALP activity measure-
ment were harvested on days 1, 7, 14, 21, and 28. After
medium removal and a washing step with PBS, 1mL of
0.1% Triton-X in 10mM Tris-HCl (pH 7.4) was added to
the cell monolayers and incubated for 4 h at 4∘C on a
gyratory shaker [38]. ALP activity was assessed bymeasuring
the p-nitrophenol production during 15min incubation at
37∘C with p-nitrophenyl phosphate as substrate (Sigma Kit
number 104) on a Perkin Elmer Bio Assay Reader HTS 7000.

2.10. 45Ca2+ Incorporation Assay. Matrix mineralization
was estimated by the incorporation of 45Ca2+ into the
extracellular matrix. 1.25 𝜇Ci/mL isotope (Amersham CES3,
Amersham, UK) was diluted in pure IMDM, added to
each well, and incubated at 37∘C o/n [38]. After medium
removal and 3 washes in PBS, 0.5mL of 70% formic acid
was added to each well and incubated at 65∘C for 1 h. The
formic acid solution was transferred to a scintillation tube
containing 3.5mL of scintillation liquid (OptiPhase HiSafe’3,
Perkin Elmer, Waltham, MA, USA) and the radioactivity
was measured after 28 days of culture using a Wallac 1414
WinSpectral Liquid Scintillation Counter (Perkin Elmer).

2.11. Statistical Analyses. Statistical analyses were performed
using the software package SPSS. Data were tested for normal
distribution using Shapiro-Wilk test. Consequently, data
were analyzed using a general linear model with repeated
measures. 𝑝 values were corrected by Bonferroni’s method.
All experiments were done using 5 different donors and in
triplicate for each donor. Significant values were defined as
∗𝑝 < 0.05 and ∗∗𝑝 < 0.01.

3. Results

3.1. Cell Growth. Cell growth was assessed by DNA quantifi-
cation.MSC and depletedMSC populations were seeded into
tissue culture plastic wells and cultured in presence of PL-
or dexamethasone-containing medium. As shown in Figure 1
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Table 1: Genes of interest were detected by Polymerase Chain Reaction (PCR) using specific oligonucleotide primers, TaqMan probes, or
Assays-on-Demand. Eukaryotic 18S was used as a housekeeping gene.

Microsynth (target gene sequence (5 → 3)) Applied Biosystems
Bone marker genes

Bone marker genes
ALP: Hs00758162 m1

Endothelial marker genes
PECAM-I: HS01065282 m1
vWF: Hs00169795 m1
TEK: Hs00176096 m1
Flt1: Hs00176573 m1
KDR: Hs00176676 m1
HOX9: Hs00365956 m1

Housekeeping gene
18s: 4319413E

Collagen I𝛼1
Forw CCC TGG AAA GAA TGG AGA TGA T
Rev ACT GAA ACC TCT GTG TCC CTT CA
Probe CGG GCA ATC CTC GAG CAC CCT

Osteonectin
Forw ATC TTC CCT GTA CAC TGG CAG TTC
Rev CTC GGT GTG GGA GAG GTA CC
Probe CAG CTG GAC CAG CAC CCC ATT GAC

BMP-2
Forw AAC ACT GTG CGC AGC TTC C
Rev CTC CGG GTT GTT TTC CCA C
Probe CCA TGA AGA ATC TTT GGA AGA ACT ACC AGA AAC TG

Osteopontin
Forw CTC AGG CCA GTT GCA GCC
Rev CAA AAG CAA ATC ACT GCA ATT CTC
Probe AAA CGC CGA CCA AGG AAA ACT CAC TAC C

Runx2
Forw AGC AAG GTT CAA CGA TCT GAG AT
Rev TTT GTG AAG ACG GTT ATG GTC AA
Probe TGA AAC TCT TGC CTC GTC CAC TCC G

BSP II
Forw TGC CTT GAG CCT GCT TCC
Rev GCA AAA TTA AAG CAG TCT TCA TTT TG
Probe CTC CAG GAC TGC CAG AGG AAG CAA TCA
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Figure 1: Cell proliferation. MSCs or depleted MSCs were cultured in presence of medium containing Dex or PL. DNA quantification was
performed at different time points over a period of 28 days.

(note the logarithmic scale of the 𝑦-axis), both cell popula-
tions showed a typical cell growth profile, starting with an
exponential growth phase, reaching a plateau of proliferation.
In both cell populations, this plateau was reached around
day 14 when cells were cultured in medium containing
dexamethasone. In the presence of PL, cells grew significantly

faster for both cell populations (𝑝 < 0.01 for MSC and 𝑝 <
0.05 for depleted MSC) than in dexamethasone-containing
medium. In PL medium, the MSCs population showed a
significantly higher cell proliferation rate when compared
to the depleted MSCs in the same conditions (𝑝 < 0.01)
(Figure 1).
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Figure 2: Osteogenic gene expression analysis. Osteoblastic marker genes were analyzed by real-time RT-PCR on the two cell populations.
Results are expressed in expression of fold changes in depleted MSC relative to MSC.

3.2. Osteogenic Gene Expression. In addition to cell pro-
liferation, the osteogenic differentiation of depleted MSCs
and MSCs was looked at. Cells were cultured in either PL-
containing medium or dexamethasone-containing medium
during the course of 28 days. RNA samples were extracted
at different time points of culture, and real-time RT-PCR was
performed for osteogenicmarker genes. Results are presented
as relative gene expression in depleted MSCs relative to
MSCs (ΔΔCT). When depleted MSCs were cultured in PL
medium, all studied osteoblastic genes were upregulated in
comparison to the MSC population cultured in the same
condition.This findingwas consistently observed at each time
point (Figure 2). In addition, the same trend of upregulation
was observed for all genes when cells were cultured in
classical osteogenic medium (Dex+). Most of the genes were
significantly highly expressed in depleted MSCs compared to
MSCs in both media (PL and Dex). Of particular interest was
the significant upregulation of Bone Sialoprotein 2 (BSP2)
and Osteopontin (OP) in both media (𝑝 < 0.01) and ALP
in presence of dexamethasone (𝑝 < 0.05). Gene expression
is reported as log fold regulation in the depleted MSC
population relative to the MSC population at the same time
point in Figure 2.

3.3. ALPActivity. Looking at theALP activity (Figure 3), both
cell populations (MSCs and depleted MSCs) showed a low
peak of alkaline phosphatase activity by day 7 in presence
of PL medium, with a significantly higher peak for depleted
MSC compared to MSC. On the contrary, a high peak of
alkaline phosphatase activity was obtained in Dex+ medium
for both cell populations. This activity level was significantly
higher in depleted MSCs when compared to MSCs (𝑝 < 0.01
for the overall time points).
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Figure 3: ALP activity of cells cultured in presence of Dex+ showed
a highly significant level compared to PL medium (𝑝 < 0.01) in
parallel; ALP level of activity was more elevated in depleted MSCs
compared to MSCs (𝑝 < 0.05). ALP activity values were corrected
to cell numbers (ALP/DNA).

3.4. 45Ca2+ Incorporation. Matrix mineralization was fol-
lowed by 45Ca2+ incorporation (Figure 4). Depleted MSCs
and MSCs populations were cultured during 28 days in pres-
ence of either PL-containing medium or classical osteogenic
medium (Dex) (Figure 4). Interestingly, depleted MSCs cul-
tured in PLmedium showed a high incorporation of 45Ca2+in
comparison to MSCs after 28 days of cell culture. The
presence of dexamethasone in osteogenicmedium resulted in
a further increase of calcium incorporation in both depleted
MSCs and MSCs (both 𝑝 < 0.01). Matrix mineralization
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Figure 4: 45Ca2+ was measured after 28 days of culture in PL or Dex+ medium. Results are presented in dCPM related to cell number. Matrix
mineralization was found higher in presence of Dex+ (𝑝 < 0.01) compared to PL, while depleted MSCs showed better ability to mineralize
their matrix compared to MSCs (𝑝 < 0.05 in PL).
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Figure 5: Endothelial marker genes analysis in depleted MSCs and MSCs after 28 days of culture was performed by real-time RT-PCR. No
significant differences in gene expression pattern could be observed between MSC and depleted MSC populations. The results are expressed
in log fold changes in MSCs relative to depleted MSCs (ΔΔCT).

obtained by the use of depleted MSCs was higher than
that for MSCs in PL medium (𝑝 < 0.05) and appears
to be higher in osteogenic medium (missing statistical
significance).

3.5. EPC Population Contained in Full MSC. To follow the
prevalence of the EPC fractions contained in the MSC popu-
lation, we performed gene expression analysis for endothelial
specific marker genes over a period of 28 days (Figure 5).

The genes expression in MSCs is reported as fold changes
of the gene expression relative to the same genes in depleted
MSCs. Values are shown in logarithmic scale. As seen in
Figure 5, no significant changes in gene expression pattern
were obtained for MSC compared to the depleted MSC
population, showing that the EPCs present in the MSCs
population did not differentiate towards a mature endothelial
cell phenotype.The same trendof resultswas obtained in both
culture media (PL and Dex).



BioMed Research International 7

4. Discussion

In the present study, we investigated the influence of the
naturally coresident endothelial progenitor cells in bone
marrow on the proliferation and osteogenic differentiation
of MSCs. MSCs (selected through their plastic adhesion
ability) were compared to EPC-depleted BMC population
(depleted MSCs). These two cell populations were cultured
in presence of classical osteogenic medium (containing 𝛽-
glycerophosphate, ascorbic acid, and dexamethasone) or in
presence of medium (containing 𝛽-glycerophosphate, ascor-
bic acid, and PL). During 28 days of cell culture in either of
these media, we followed cell proliferation, cell osteogenic
differentiation, alkaline phosphatase activity, and matrix
mineralization. We found that the osteogenic potential of the
EPC-depleted cell population was higher than that for MSC.
On the opposite side, the MSC population grew significantly
faster than the depleted MSCs population in the presence of
PL medium when compared to the Dex+ medium.

MSCs were first described by Friedenstein et al. [28] and
are characterized by the ability to differentiate in vitro into
the three mesenchymal lineages, that is, cartilage, fat, and,
in our case, bone [13].The classical osteogenic differentiation
of human MSCs [35] requires incubation of cell monolayers
with ascorbic acid, 𝛽-glycerophosphate, and dexamethasone
(added to medium containing FCS), resulting in increased
alkaline phosphatase activity followed by calcium deposition.

Intense investigations on MSC selection have been per-
formed. The most common method consists in the MSCs
selection through their ability to adhere to cell culture
plastic, followed by serial passaging to reduce the presence
of remaining hematopoietic cells. The use of monoclonal
antibodies in order to preselect MSCs with the use of surface
marker such as CD90 and CD105 (i.e., positive selection)
[39, 40] is also deeply investigated.On the contrary, a negative
selection approach can also be used. In this case, other
cell types, such as hematopoietic cells, usually removed [41]
through different adhesion properties can be sorted from the
BMC pool using CD34 and CD133 specific antibodies.

Hematopoietic stem cells gained increasing attention
for their potential use in regenerative medicine and tissue
engineering, essentially the CD34+ and CD133+ endothelial
progenitor cells [42, 43]. Stem cell niches have been described
so far for a number of tissue types such as the hair follicle,
intestine, and the bone marrow [44, 45]. The two distinct
niches of hematopoietic stem cells (HSCs) in bone marrow
are the endosteal niche with HSC in close contact with
osteoblasts and the perivascular niche where HSCs are found
close to the sinusoids. This conformation might serve as a
good example for the complexity of the niche functional
concept [45]. In the endosteal niche signaling events between
osteoblasts and HSCs play a crucial role in maintenance and
activation of stem cells [46]. There is increasing evidence
to indicate that MSC populations are heterogeneous with
coexisting subsets having varying potency. This applies to
bone marrow MSCs as well as those from other tissues [47].

Taking niche signaling processes into account, a variety of
studies were conducted during the past decade looking at the
influence of endothelial cell coculture with osteoblastic cells

and/or MSC. And even if the effects described concerning
the osteogenic differentiation of MSC are relatively divergent
[20, 48], the positive effect of this coculture on MSCs and
osteoblastic cells proliferation is quite consistent [22, 49].
However, in all these studies, endothelial cells (EC) (mainly
HUVEC) were added to the MSC population. In our case,
no endothelial cells were added to the cultures. Instead,
endothelial progenitor cells were left in their natural niche
microenvironment containing MSCs and compared with
BMCs that were depleted from their natural EPC content
(depleted MSCs).

In previous investigations, PL showed positive effects
on endothelial progenitor cell proliferation [32] and on
gene expression of pericyte markers in MSCs and depleted
MSCs [31]. In contrast, in the present work, no signifi-
cant differences were depicted between MSCs and depleted
MSCs endothelial specific gene expression when cultured in
either PL or osteogenic medium. Nevertheless, the overall
osteogenic gene expression as well as matrix mineralization
potential of the depleted MSC population was higher than
for MSCs. In the present investigation, EPCs remained in
their niche environment along with MSCs and therefore
provided them with a specific microenvironment protecting
the stemness characteristics of MSCs [50]. In the depleted
MSCs population, on the other hand, the remaining MSCs
may have lost such protective paracrine and direct cell
contact mechanisms and could therefore be more suscepti-
ble to osteogenic differentiation. Similar mechanisms were
described previously, where the cross talk of bone marrow-
derived EPCs (BM-EPC) and MSCs through paracrine and
direct cell contact mechanisms could modulate the angio-
genic response [51].

In synopsis with the present data, it is tempting to
speculate that the degree of differentiation and therefore
the maturity of EPCs could play an important role in
their influence on MSCs osteogenic differentiation. This is
supported by the study of Loibl et al. 2014 that indicates EPC
differentiation into mature EC by direct cell-cell contact with
MSCs [31]. Furthermore, there is evidence that the presence
of PL induced cell growth of EPC in EPC-MSC coculture
supports a pericyte-like differentiation of MSCs in both
MSC and EPC-depletedMSC populations [29, 31]. Moreover,
it was shown that the addition of MSC promotes stable
neovascularization in EPC-derived tube formation in vivo
[52]. Still, the ideal ratio of EPC for early neovascularization
is controversially debated in the literature. Previous in vitro
experiments from our group found the ratio of 50/50 of MSC
and EPC ideal [29]. These results were corroborated in vivo,
where the highest number of vessels in the center of scaffolds,
implanted subcutaneously in nude mice, was found in 50%
MSC + 50% EPC proportion [53]. On the contrary, Fu et
al., 2015, concluded that the ratio of 75% EPC + 25% MSC
in modified calcium polyphosphate constructs showed the
highest expression of osteogenic and angiogenic markers,
whereas the degree of EPC maturation still remains unclear
[54].

A limitation of this work certainly could be the average
age of the bone marrow donors (62 years). Siegel et al. [55]
showed the influence of gender and/or age (and age-related
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medication intake) on several MSCs characteristics such as
time of doubling population, while no correlation was found
between donor’s age or gender and the expression level of
some stemness related genes (e.g., Oct4 orNanog). In another
study, using MSCs from late adult patients’ bone marrow
(52 to 92 years old), Leskelä et al. [56] suggested that the
osteogenic differentiation potential does not decrease with
age. Likewise, Dexheimer et al. reported the influence of
the cell proliferation status rather than the age or gender of
the patient on the multilineage differentiation potential of
MSCs [57]. In a study published by Herrmann et al. [58],
no correlation was observed between age or gender and the
percentage of CD133/CD34 double positive EPCs present in
bonemarrow samples from patients with an average age of 63
years. In this present work, we compared the differentiation
potential of MSCs with their corresponding depleted MSCs
(same donor) and could demonstrate the effect of EPCs on
the MSCs growth and differentiation.

In detail, our results indicate that absence of EPCs in
MSC population enables higher osteogenic gene expression
and matrix mineralization and therefore may lead to earlier
new bone formation. Nevertheless, the application of cells in
bone tissue engineered constructs demands the support of
a functional blood supply. Therefore our results may lead to
novel approaches in cell seeding to develop vascularized bone
tissue engineered scaffolds, such as selective, prioritized, or
time dependent seeding of different cell types. Still, further
investigations on the mechanisms by which CD34+/CD133+
EPC influence MSC osteogenic differentiation as well as the
influence of EPC maturation in this process are necessary.
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The aim was to evaluate three different biodegradable polylactic acid- (PLA-) based osteosynthesis materials (OM). These OM
(BioSorb, LactoSorb, and Delta) were used in 64 patients of whom 55 (85.9%) had fractures of the zygoma, five (7.8%) in the LeFort
II level, two of the frontal bone (3.1%), and two of the maxillary sinus wall (3.1%). In addition to routine follow-up (FU) at 3, 6, and
12 months (m) (T1, T2, and T3) all patients were finally evaluated at a mean FU after 14.1 m for minor (e.g., nerve disturbances,
swelling, and pain) and major (e.g., infections and occlusal disturbances) complications. Out of all 64 patients 38 presented with
complications; of these 28 were minor (43.8%) and 10 major (15.6%) resulting in an overall rate of 59.4%. Differences in minor
complications regarding sensibility disturbance at T1 and T3 were statistically significant (𝑃 = 0.04). Differences between the OM
were not statistically significant. Apart from sufficient mechanical stability for clinical use of all tested OM complications mostly
involved pain and swelling probably mainly related to the initial bulk reaction attributable to the drop of pH value during the
degradation process. This paper includes a review of the current aspects of biodegradable OM.

1. Introduction

Inmaxillofacial trauma, osteosynthesis materials (OM)man-
ufactured from titanium have been routinely used for many
years [1, 2]. Such bone plates are biocompatible and provide
adequate stability. Several potential problems with these sys-
tems can occur including palpability, temperature sensitivity,
infection, interference with radiographic imaging [3, 4] and
radiation therapy, and the necessity of removal especially
in the young growing face after 3–6 months (m) [5]. Addi-
tionally, scar tissue covering these plates and locoregional
lymph nodes can contain titanium particles [6]. In a recent
publication, titanium plates have even been seen as a risk

factor for the development of the bisphosphonate-related
osteonecrosis of the jaw [7]. In order to avoid these problems,
biodegradable synthetic semicrystalline polymers that are
mainly polylactic acid- (PLA-) based have been developed
for use as OM in maxillofacial trauma [8, 9]. Since their
first descriptions in the 1970s and mainly within the last 20
years, biodegradable OM have been investigated and shown
to achieve adequate strength, rigidity, and biocompatibility
[10–14]. Initially, synthetic polymers of lactic (PLA) and
glycolic (PGA) acid were considered to be biocompatible and
rigid [15], with PLA also serving as a device for controlled
drug delivery in addition to its use as an OM [16, 17].
Because of various problems with OM based only on PGA,
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and because of the early loss of stability attributable to fast
degradation [18], further developments have concentrated
more on the high-molecular-weight biodegradable polymer
PLA, a combination of two different stereoisomeric forms
such as poly-L-lactide (PLLA) and poly-D-lactide (PDLA),
or a combination of PLA and PGA.The last-mentioned form
is characterized by an inferior degradation rate attributable
to lower crystallinity andminor resistance against hydrolysis.
To combine properties, copolymers of PLA are joined in
different ratios of PLLA and PDLA.

Thus, many different materials with diverse compositions
of PLA for various applications in the field of oral and
maxillofacial surgery are available on themarket and are used
in the treatment of fractures of the frontal bone and midface
[19, 20]. Although many of these materials are widespread,
no evidence has been presented for their indication and
localization, or whether they can serve as an alternative to
titanium-based OM. Most problems with biodegradable OM
are related to the duration of the degradation process with
a consecutive change of the local tissue environment caused
by foreign body reaction and tissue shrinking mainly within
weeks, but also up to many months after implantation.

The vast majority of clinical studies have compared the
outcome of the use of biodegradable materials with titanium
in the treatment of midface fractures [21–24]. The results
of the latter studies have shown no differences between
biodegradable and titanium fixation regarding short-term
outcome. Little long-term data are available concerning
comparisons of various biodegradable materials in clinical
applications [21, 25].Therefore, the aim of this study has been
to evaluate the use of three different biodegradable OM in the
treatment of midface trauma and to analyze their long-term
clinical outcome.

2. Patients and Methods

Over a period of 45 months, 64 patients (50 men and 14
women, mean age (±SD) 30.2 ± 15.4 years, ranging from
6 to 80 years) with fractures of the midfacial skeleton were
enrolled in the study and, after randomization, were treated
at the University Hospital of Cranio-Maxillofacial and Oral
Surgery of theMedical University Vienna with three different
biodegradable OM as an alternative to the classic titanium
OM: BioSorb (copolymer with PLLA/PDLA (ratio 70 : 30),
Bionx Implants Linvatec Corp., Largo, FL, USA) (BS), Lac-
toSorb (amorphic copolymer with PLLA/PGA (ratio 82 : 18),
Walter Lorenz Surgical, Inc., Jacksonville, FL, USA) (LS), and
Delta (terpolymer with PLLA/PDLA/PGA (ratio 85 : 5 : 10),
Stryker Leibinger Micro Corp., Freiburg, Germany) (DS).

In contrast to the two other OM (LS/DS), BS plates on
the basis of a self-reinforced poly (L-/DL-) (70 : 30) lactic acid
copolymer can be adapted to the bony contour (Figure 1)
at room temperature without any heating. To obtain a
preferably homogeneous collective, patients were selectively
filtered for this study. Subjects with previous surgery or
systemic diseases, such as diabetes or osteoporosis, were
excluded. After choosing biodegradable OM as an alternative
to titanium, all patients gave their written informed consent
for the surgical procedure and research purposes at the time

Table 1: Categories of potential complications.

Minor complications Major complications
Swelling∗ Infection
Redness∗ Malocclusion
Pain∗ Revision surgery

Sensitivity disturbance Ectropion
Hypertrophic scar

∗Recorded if still observed at the final clinical investigation date (mean final
FU after 14.1m).

Figure 1: Intraoperative view. Adaption of biodegradable OM in the
zygoma region.

of initial presentation. The local hospital ethic committee
approved the study. Three, six, and twelve m after trauma
(time points T1, T2, and T3), patients took part in routine
follow-up (FU) with clinical and radiological examination
(conventional X-rays or CT scans) by one investigator using
a standardized FU protocol. Preoperative data were taken
from the charts of each patient. All findings (temporary
and permanent symptoms) that occurred during any part
of the observation period were recorded and categorized as
minor (e.g., swelling, pain, or nerve disturbance) or major
(infection, occlusal disturbance, need of revision surgery,
or hypertrophic scar) complications (Table 1). Parameters
such as swelling and redness were recorded with yes/no
answers. Pain was documented on a visual analog scale (VAS
> 0) from 0 to 10. All the last-mentioned parameters were
classified as minor complications if they were still observed
at investigation date T1–T3. Potential dysfunctions (an-, hyp-,
and paraesthesia) of the trigeminal nerve branches were
tested on both sides at the forehead, cheek, nose, and lip area
by using the touch-detection-threshold at T1–T3. Further
postoperative findings such as infections were recorded.
Maximum mouth opening and occlusal conditions (centric
occlusion, lateral excursions, and occlusal disturbance) were
analyzed in cases of occlusal involvement of the central
midface (Table 1). At the end of the study after a mean (±SD)
of 14.1 ± 0.8m a final clinical examination took place in
addition to the previous FU at T3.

Descriptive statistics for quantitative variables are given
as means ± standard deviation and, where appropriate,
as medians and ranges. All data were analyzed with the
“Statistical Package for the Social Sciences” (SPSS for win-
dows, release 14.0.0 2011; SPSS Inc.). All 𝑃 values given are
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Table 2: Distribution of fracture localization and applied OM (𝑁 =
64).

Localization Number Material
BS LS DS

Frontal bone 2 2 (1.5)
Midface

Le Fort II 5 5 (2.0)
Zygoma 55 27 (1.5) 12 (1.5) 16 (1.7)
Max. sinus wall 2 2 (1.5)

Total 64 36 12 16
OM with plate thickness behind the number (mm); BS: Biosorb; LS:
LactoSorb; DS: Delta.

unadjusted, two-sided, and subject to a significance level of
𝑃 < 0.05.

3. Results

In 64 patients, the fractures were treated with three different
biodegradable OM (BS, LS, and DS); 55 patients (85.9%)
had zygoma fractures, five patients (7.8%) had fractures in
the LeFort II level, two of the frontal bone (3.1%), and
two of the maxillary sinus wall (3.1%) (Table 2). Thirty-six
patients (56.2%) were treated with BS, 12 patients (18.8%)
were treated with LS, and in 16 cases (25%) DS was used.
Fracture localization, the number of cases in each area, and
the OM used are shown in detail in Table 2. The mean time
interval (±SD) between trauma and operation was 3.9 ± 4.8
days. Patients were divided into two groups regarding the
time duration to fracture reduction: one group was operated
up to day 4 after injury and the other between 5 and 9 days
after trauma. The difference between the two groups was not
statistically significant. The mean final clinical FU (±SD) was
after 14.1 ± 0.8m (ranging from 12.4 to 22m). All fractures
showed stable healing without any signs of redislocation until
T1. None of the patients required any revision surgery or
other additional procedures.

Out of the total collective (𝑁 = 64) 38 patients presented
with problems, of these 28 (43.8%) had minor and 10 (15.6%)
major complications resulting in an overall complication rate
of 59.4%. Whereas differences regarding sensory disturbance
between T1 and T3 were statistically significant (𝑃 = 0.04),
the variances in the outcome between the materials were
statistically not significant (Tables 3 and 4). Twelve months
postoperatively (T3), 37 patients (57.8%) experienced pain
in the plate region (VAS > 0): out of the latter subgroup,
28 patients belonged to group BS (77.8%), two to group
LS (16.7%), and seven to group DS (43.8%). The difference
between the materials was not statistically significant. At the
final clinical investigation date (mean 14.1m postoperatively),
pain (VAS > 0, mean ± SD, 3.05 ± 1.31) was still present
and was considered as quality-of-life-limiting complaints in
19 patients of group BS, one of group LS, and 6 of sub-
groupDS.Differences between thematerials were statistically
marginally significant (𝑃 = 0.05).

In 18 patients treated with BS (50.0%), in three patients
of group LS (25.0%), and in five patients with DS (31.3%),

swelling was still evident at the final clinical evaluation
time point (after mean 14.1m). The differences between
the materials were statistically not significant. The presence
of nerve disturbance and its different degrees of severity
or quality, the fracture localization, and the applied OM
subgroup are displayed in Tables 3 and 4.

4. Discussion

The use of titanium plates and screws for the treatment
of facial fractures is well documented and accepted as the
treatment of choice [1, 2]. In order to avoid implant-related
problems with these materials, for example, palpable and
prominent plates or thermal sensitivity followed by a second
operation for removal, biodegradable OM were invented for
the treatment of facial fractures more than 40 years ago
[10, 12, 26–30]. Additionally, these materials are used for
craniofacial and reconstructive facial surgery [23, 30, 31].
Nevertheless, only a few studies have compared outcomewith
regard to the localization and differentmaterial compositions
of the OM [22, 24, 25, 32]. The complication rate in these
investigations varies between 0.0% and 22.8% [22, 24, 31, 32].
Eppley et al. have reported their experience and success with
L-/DL-lactide (70/30) for the fixation ofmaxillofacial trauma,
including fractures of the central midface, zygoma, and
orbital rim and floor [23]; they observed no implant-related
complications (e.g., infection, erythema, fracture instability,
or relapse) up to one year after fixation. Enislidis et al. have
recorded 22.8% of minor complications by using BioSorb
(BS) for the fixation of zygoma fractures [24]. In contrast
to the current literature and an analysis of the latter, we
have obtained a much higher complication rate of 59.4%,
independent of the material. This can be explained by the
long-term FU and the extensive listing of various clinical
symptoms, including swelling, being categorized as major or
minor complications. Furthermore, the evaluation of swelling
and pain have been categorized with yes or no answers and
assigned to minor complications, for example, each patient
presenting with swelling (yes or no answers) or pain (VAS
> 0 equals pain). The majority of minor complications are
related to pain and swelling. At T3 even 37/64 patients (57.8%)
and even at the final FU 26 of 64 patients (40.6%) still
exhibited pain and swelling in the plate region. The high
number of these symptoms can probably be explained by
implant-related foreign body reaction (Figure 2) caused by
the material-associated degradation process and the thick-
ness of the plates (Figure 1) in general with local tissue
trauma. Bioresorbable polymers are mainly high-molecular-
weight aliphatic polyesters with repeating units of 𝛼-hydroxy
acid (HO- CHR-COOH) derivatives manufactured by ring-
opening polymerization [33]. The absorption of these poly-
mers begins with depolymerization through the acid hydrol-
ysis of their ester bonds. The local pH value drops followed
by a change in osmotic pressure. Toxic responses result
[34] in concomitant damage of macrophages and fibroblasts
[35], and osteoblasts are affected [36]. The resulting chronic
inflammatory response by the body leads to acid hydrolytic
degradation [37–39].Thematerial is probablymetabolized by
macrophages via the citric acid cycle and converted into CO

2
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Table 3: Fracture localization and distribution and quality of nerve disturbance (𝑁 = 64).

FU Localization Norm (%) Hyp (%) Par (%) An (%) MD (%) 𝑃

T1 Upper jaw 11 (17.2) 43 (67.2) 7 (10.9) 3 (4.7) 0
T2 Upper jaw 35 (54.7) 26 (40.6) 2 (3.1) 1 (1.6) 0
T3 Upper jaw 50 (78.1) 8 (12.5) 4 (6.3) 1 (1.6) 1 (1.6) 0.045∗

FU: Follow-up time point in months (m), (T1 = 3m, T2 = 6m, T3 = 12m); Norm: normal; Hyp: hypaesthesia; Par: paraesthsia; An: anaesthesia; MD: missing
data. Apart from T1 versus T3, no statistical significance was seen between the FU time points, level of significance ∗(𝑃 < 0.05).

Table 4: Nerve disturbance depending on FU and OM (𝑁 = 64).

FU OM Norm Hyp Par An MD 𝑃

T1
BS 5 (13.9%) 25 (69.4%) 3 (8.3%) 3 (8.3%) 0 —
LS 2 (16.7%) 10 (83.3%) 0 0 0 —
DS 4 (25.0%) 8 (50.0%) 4 (25.0%) 0 0 —

T2
BS 14 (38.9%) 14 (38.9%) 2 (5.6%) 1 (2.8%) 5 (13.9%) —
LS 9 (75.0%) 3 (25.0%) 0 0 0 —
DS 11 (68.8%) 3 (18.8%) 2 (12.5%) 0 0 —

T3
BS 23 (63.9%) 5 (13.9%) 2 (5.6%) 1 (2.8%) 5 (13.9%) —
LS 10 (83.3%) 2 (16.7%) 0 0 0 —
DS 12 (75.0%) 2 (12.5%) 2 (12.5%) 0 0 —

FU: FU time point (T1 = 3m, T2 = 6m, and T3 = 12m); Norm: normal; Hyp: hypaesthesia; Par: paraesthesia; An: anaesthesia; MD: Missing Data. 𝑃: the
difference between the materials was not statistically significant.

Figure 2: Histologic evaluation of a biodegradable material
(asterix). Surrounding foreign body reaction with giant-cell-
formation (arrows).

andH
2
Ovia bulk hydrolysis; it is alsometabolized by the liver

(a two-phase degradation process) [40, 41].
The resorption time of the metabolized components

ranges between 6 and 18 months and can even occur up to
60 months [42, 43]. Generally, degradation characteristics
depend onmany factors of thematerial itself and the local tis-
sue environment including the copolymer ratio, micro- and
molecular structure, processing conditions, implant shape
and thickness, and implantation site including vasculariza-
tion. Initial biodegradable systems involved high-molecular-
weight polylactic acid polymers, but unfortunate foreign
body reactions occurred and were attributed to their long
resorption period [44, 45]. BS, for example, is a copolymer

formed by combining L-lactide and DL-lactide (70 : 30)
to provide optimal strength and acceptable spatiotemporal
degradation characteristics. It retains approximately 68% of
its initial bending strength after 8 weeks, approximately
30% after 6 months, and has a total resorption time of
24 months [32]. The copolymer compositions and thus the
degradation behavior of LS + DS differ slightly from that of
BS. Despite their possible differences in stability during the
fracture healing process and in the local tissue environment
attributable to the different rates in the pH value decrease,
only minor differences concerning the clinical outcome were
apparent between BS, LS, and DS. BS exhibited slightly more
long-term swelling and pain, as their overall degradation time
span was longer than those of LS and DS. In the literature,
some serious nonspecific foreign body reactions have been
reported as being caused by high-molecular PLLA implants
[44, 46, 47].The PLLA remnants are surrounded by a fibrotic
capsule and have been detected intracellularly. Even after
5.7 years, unabsorbed PLLA particles are present in the
specimens [44, 46, 47].

Another important aspect is the ability of the implan-
tation site to dissolve and remove metabolized materials.
Good vascularization leads to faster removal and prevents the
accumulation of degradation products causing acidity of the
tissue [48, 49].

After the first week of implantation, a rapid decline in
strength of PLLA occurs, which might lead to premature
failure [50]. A 50% loss of strength by two weeks after
implantation and a total loss of strength and consistency after
6 weeks limit the reliable clinical use of this material [50].
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In an experimental study, four biodegradable materials (Lac-
toSorb, Inion CPS 1.5 baby, Delta, and RFS) were evaluated,
and their stability was tested in vitro via microrigidity [51].
LactoSorb and Inion CPS 1.5 baby were the weakest implants
after three months. After a year, Delta and RFS were still
rigid [51]. Biodegradable materials are composed of various
combinations of poly(𝛼-hydroxypolyesters), such as polylac-
tic acid (PLA) and polyglycolic acid (PGA), and therefore
show diverse intensities of inflammatory reaction because of
their variable degradation rates [30, 52, 53]. Intraoperative
warming of most OM (not BS) is needed in order to adapt
the shape of the biodegradable material to the anatomical
implantation site. Bergsma et al. speculate that thismanipula-
tion accelerates the degradation progress [49]. Furthermore,
crystallinity leads to a slower absorption rate and is known to
cause greater tissue reaction than with more easily absorbed
components [48]. In future, polymethylmethacrylate bone
cement bonding and degradable magnesium alloy implants
[54, 55] might alternatively be used for the treatment of
facial trauma, especially in the non-load-bearing region of the
frontal and calvaria bone [56].

In our study, we have found a large number of com-
plications such as pain, swelling, infections, and nerve dis-
turbances. Most of the documented problems are related
to the implantation site and not to the materials. However,
we assume that the degradation process of the implants is
another important reason for the high number of minor
complications. Because of the inevitable drop of the local
pH-value, short- and long-term effects occur as the osmotic
pressure is increased, so that the implant cavity is expanded
or sterile fluid accumulates.

The shrinking of the periosteum, pain, and sensory
disturbance, sometimes over many months, are probably
the most important negative consequences for the patient.
Buffering systems such as the incorporation of basic salts
[57] and other modifications might reduce these unpleasant
side effects and might therefore help to broaden the range
of applications of these OM in the field of facial trauma
and reconstruction and to increase patient acceptance. Many
factors influence the physicochemical behavior and, con-
secutively, the degradation process of PLA [17]. Whereas
low stress, high crystallinity, and orientation can reduce the
degradation rate [58]; high temperature [59] and acidity [60]
tend to induce the opposite.

However, further investigationswithmodified copolymer
compositions, buffering systems, and biodegradableOMwith
more tissue-compatible physicochemical characteristics thus
need to be carried out and analyzed.

In conclusion, the current study and the literature provide
evidence that the use of biodegradable OM in the treatment
of fractures of the midface and particularly in load-bearing
applications such as the mandible is still not an alternative to
the classic titanium OM and should therefore be reserved for
specific indications.Moreover, long-term effects generated by
the degradation process and its products have to be critically
observed. Developments such as degradable magnesium
alloy implants [54] might show stability comparable with
titanium, might be an alternative to the latter, and might
replace classic biodegradable OM.
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The aim of this study was to evaluate the angiogenic capacity and proteolytic mechanism of coculture using human amniotic
mesenchymal stem cells (hAMSCs) with human umbilical vein endothelial cells (HUVECs) in vivo and in vitro by comparing
to those of coculture using bone marrow mesenchymal stem cells with HUVEC. For the in vivo experiment, cells (HUVEC-
monoculture, HUVEC-hAMSC coculture, andHUVEC-BMMSC coculture) were seeded in fibrin gels and injected subcutaneously
in nude mice. The samples were collected on days 7 and 14 and histologically analyzed by H&E and CD31 staining. CD31-positive
staining percentage and vessel-like structure (VLS) densitywere evaluated as quantitative parameters for angiogenesis.The increases
of CD31-positive staining area and VLS density in both HUVEC-hAMSC group and HUVEC-BMMSC group were found between
two time points, while obvious decline of those was observed in HUVEC-only group. For the in vitro experiment, we utilized the
same 3D culture model to investigate the proteolytic mechanism related to capillary formation. Intensive vascular networks formed
by HUVECs were associated with hAMSCs or BMMSCs and related to MMP2 and MMP9. In conclusion, hAMSCs shared similar
capacity and proteolytic mechanism with BMMSCs on neovascularization.

1. Introduction

Bone defects remain a major clinical problem in patients’
functional reconstruction and remodeling appearance. Bone
tissue engineering and regenerative medicine based on stem
cells combined with tissue-engineered scaffolds and cytok-
ines have shown a promising potential in regenerating bone
defects [1]. Bone is a vital organism that needs blood for
material exchange tomaintain normalmetabolism. Typically,
bone is supplied with an intraosseous vasculature with osteo-
cytes at a distance of maximum 100 𝜇m from an intact capil-
lary [2]. However, only cells at the surface of cell-loaded grafts
in vivo can obtain sufficient blood and nutrient supply to
maintain their metabolism and function within a distance of
100–200𝜇m to the nearest capillaries while cells in the core of
the grafts may die [3, 4]. Thus, angiogenesis is a key factor in
regeneration medicine.

Therapeutic angiogenesis has been developed as a possi-
ble means to treat ischemic diseases via the delivery of proan-
giogenic molecules to promote neovascularization and tissue
repair [5]. Although some strategies have been established
to sustain delivery of proangiogenic factors or genes from
biodegradable scaffolds [6, 7] and mimic the process of natu-
ral vessel development in some degree [8], vascularization in
vivo triggered by complex proangiogenic signal network still
cannot fully reappear by offering combinations of multiple
factors. Cell-based therapies have also been explored to more
completely mimic the cascade of signals needed to promote
the formation of stable neovasculature [9]. A variety of cell
types have been shown to formnewcapillary networks and/or
induce collateral blood vessel development after implantation
in vivo [10–12] and in vitro [13]. Their findings were con-
sistent that codelivery of endothelial cells (ECs) and a sec-
ondarymesenchymal cell type (e.g., BMMSCs [14–16], AdSCs
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[17, 18], NHLFs [19], and SMCs [20]) produces the necessary
cues to induce tubular sprouting of ECs and stromal cell
differentiation toward a pericytic phenotype [21].

The application of mesenchymal stem cells (MSCs) has
drawn considerable research interest in bone tissue engi-
neering and regenerative medicine relies on their charac-
teristics of self-renewal and multidirectional differentiation.
It has been established that MSCs could be isolated from
several tissues, including bonemarrow, peripheral blood, and
adipose tissue [22]. Although MSCs obtained from these
tissues show promising prospect, their application also shows
some limitations, where the procedures required to obtain
the above tissues are invasive, the number of MSCs obtained
is low, and the potential to proliferate and differentiate
diminishes as the donor’s age increases [23]. Human term
placenta has recently attracted wide attention as a valuable
source of stem/progenitor cells. It is routinely discarded
postpartum as biological waste and is easy to gain without
invasive procedures and its use is free of ethical concerns [24].

It had been reported that amniotic membrane-derived
mesenchymal stem cells (AMSCs) have potential of osteo-
genic, adipogenic, chondrogenic, and myogenic differen-
tiation. In addition, Alviano et al. found AMSCs could
differentiate into ECs by exposure to VEGF in angiogenic
experiments [25]. AMSCs have the higher angiogenic and
chemotactic properties compared to adipose tissue-derived
MSCs (AdSCs) [26]. AMSCs implantation also augmented
blood perfusion and increased intraneural vascularity [27].
However, regarding their angiogenic potential, hAMSCs had
been isolated and induced by endothelial growth medium
(EBM-2). Induced hAMSCs changed their some mesenchy-
mal phenotype and showedEC-like behavior, but they did not
express themature ECmarkers [28].Thus, these findingsmay
support hAMSCs as stromal cells to enhance the viability,
sprouting of ECs and promote vessel formation indirectly. In
this study, we established 3D culture system to investigate the
enhancement of vessel formation by hAMSC in vivo and in
vitro.

2. Materials and Methods

2.1. Cell Culture. Bone marrow-derived mesenchymal stem
cells (BMSCs, passage 2) were tested by the manufacturer
(Cyagen Biosciences Inc., Guangzhou, China) for purity by
flow cytometry and for their ability to differentiate into
osteogenic, chondrogenic, and adipogenic lineages. Cells are
positive for the cell surface markers CD105, CD166, CD29,
and CD44 and negative for CD14, CD34, and CD45.

2.2. Isolation and Culture of hAMSC. Human term placentas
and umbilical cords were harvested from normal pregnancies
(range 38 to 41 weeks) after spontaneous delivery or cesarean
section with informed consent. Approval of the Ethical Com-
mittee of Nanjing Medical University was granted. Isolation
of hAMSC was performed following a previously established
protocol [22]. Briefly, the decidua parietalis was removed by
careful scraping.The amnions were cut into small pieces (2 ∗
2 cm) and then manually separated and washed extensively
in phosphate-buffered saline containing 100U/mL penicillin

and 100 𝜇g/mL streptomycin (Beyotime, China). Amnion
fragments were incubated for 7min at 37∘C in PBS containing
2.4U/mL dispase (Roche, Mannheim, Germany). The incu-
bated fragments were transferred to 𝛼-MEM (GIBCO, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS; GIBCO, USA) for resting 5–10min at room temper-
ature. After the resting period, the fragments were digested
with 0.75mg/mL collagenase (Roche) and 20𝜇g/mL DNAse
(Roche) for approximately 3 h at 37∘C. Amnion fragments
were then removed and mobilized cells were passed through
a 100 𝜇m cell strainer (BD Falcon, Bedford, MA) and the cells
were collected by centrifugation at 200×g for 10min.The cells
were cultured in 𝛼-MEM and used before passage 10.

2.3. Isolation and Culture of HUVEC. Human umbilical
vein endothelial cells (HUVECs) were harvested from fresh
umbilical cords following a previously established protocol
[14]. Fresh umbilical veins were digested with 0.1% (w/v)
collagenase type 1A solution at 37∘C for 15min to release
endothelial cells from the vessel walls. And then, the vessels
incubated with collagenase type 1A were rinsed with ECM
(ScienCell, San Diego, USA); HUVECs were collected by
centrifugation at 1000 rpm for 5min and cultured in ECM.
HUVECs were used at passage 3.

2.4. Flow Cytometry. To evaluate cell-surface marker expres-
sion, the samples were analysed on a FACSCalibur cytome-
ter and the resulting data were processed using CellQuest
software (BD Biosciences). The cell suspensions were incu-
bated for 20min at 4∘C with fluorescein isothiocyanate-
(FITC-) or phycoerythrin- (PE-) conjugated monoclonal
antibodies specific for human markers associated with
mesenchymal and haematopoietic lineages. The antibod-
ies used were CD29(FITC), CD34(FITC), CD44(FITC),
CD45(FITC), CD73(PE), CD90(PE), CD105(PE), and HLA-
DR(PE) (all from Miltenyi Biotec, Bergisch Gladbach, Ger-
many).

2.5. Tissue-Construct Implantation. Animal procedures were
performed in accordance with the guidelines for laboratory
animal usage following a protocol approved by the Nanjing
Medical University’s Committee onUse andCare of Animals.

The course of implantation was performed following
a previously established protocol [9]. Male 8-week-old
BALB/c-nu mice (Jiangsu Provincial Experimental Animal
Base for Medicine and Pharmacy) were used for all exper-
iments. Chloral hydrate was delivered to each mouse via
intraperitoneal injection before implant injection. In this
study, a 2.5mg/mL plasminogen-depleted human fibrinogen
(Sigma-Aldrich, USA) was made in serum-free ECM and
filtered through a 0.22𝜇m syringe filter. Cell mixtures in a 1 : 1
ratio of EC :MSCs (hAMSCs or BMMSCs) were spun down
and resuspended in the previously prepared fibrinogen solu-
tion at a final concentration of 10million cells/mL, totaling 3×
10
6 cells per injection sample (300mL total volume). Imme-

diately before injection, 12 𝜇L of thrombin solution (25U/mL;
Sigma-Aldrich, USA) was added to 300 𝜇L of fibrinogen-
cell solution. For control samples, 3 million ECs without
any stromal cell type were used. Solutions were immediately
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injected subcutaneously on the dorsal flank of the mouse,
with two implants per animal. Animals were kept stationary
for 5min to allow for implant polymerization and were then
placed in fresh cages for recovery. Three replicates of each
sample type were completed (HUVEC-hAMSC, HUVEC-
BMMSC, and HUVEC-only).

2.6. Histology and Immunohistochemistry. For histology and
immunohistochemical staining, explants were fixed in for-
malin overnight and then transferred to a PBS, pH 7.4, solu-
tion, all at 4∘C. All samples were embedded in paraffin and
then sectioned in 5𝜇msections and stainedwith hematoxylin
and eosin (H&E) and immunohistochemically (hCD31). HE
staining was performed according to a standard protocol
from pathology department of Nanjing Medical University.
ForCD31 staining, paraffin sectionswere rehydrated in serials
of ethanol and antigen was retrieved by heating the slides
in sodium citrate buffer (PH 6.0) at 97∘C for 15min. Subse-
quently, blocking was carried out using 5% BSA, and the pri-
mary antibody (rabbit anti-human CD31, Abcam, USA) was
diluted 1 : 100 in PBS and incubated at 4∘C overnight. Slides
were then treated with a peroxidase-conjugated AffiniPure
goat anti-rabbit IgG (ZSGB-BIO, China) at 1 : 500 for 1 h
at room temperature, followed by counterstaining with
hematoxylin. Negative controls using PBS instead of the
primary antibodywere generated in parallel to ensure that the
staining was specific. Finally, the sections were dehydrated
and mounted. Stained sections were photographed with a
Zeiss Imager Z1 microscope equipped with the AxioCam
MRc5 camera using AxioVision 4.8 software (Carl Zeiss
Microimaging GmbH, Göttingen, Germany).

2.7. Histomorphometrical Evaluation. For in vivo samples,
histomorphometrical analysis was performed to evaluate the
angiogenic capacity of three groups (HUVEC-only, HUVEC-
hAMSC, and HUVEC-BMMSC) based on hCD31 staining
(𝑛 = 3 per sample) [29]. In brief, the sections were scored
using computer-based image analysis techniques (LeicaQwin
Proimage analysis system, Wetzlar, Germany), which recog-
nize human endothelial marker (hCD31, stained as brown)
within the collagen gels based on different RGB values
from highly magnified (200x) digitalized images. Manual
corrections were applied to ensure the precise selection of
hCD31 staining positive parts within the region of interest
(ROI, i.e., the total scaffold area). For the evaluation, VLS
(from human origin) were defined by the presence of hCD31
positive (evidenced by hCD31 positive staining) structures
with lumens and VLS density: VLS number/ROI (mm2).

2.8. 3D Fibrin Vasculogenic Assays. Fibrin gels were prepared
using plasminogen-depleted human fibrinogen in serum-
free ECGM at a concentration of 2.5mg/mL and filtered
for sterility. HUVEC was labeled GFP by using lentivirus
before this assay. Cells mixtures in ratios of 5 : 1 of GFP-
HUVECs :MSCs (hAMSCs or BMMSCs) were resuspended
in prepared fibrinogen solution [30], totaling 2 × 104 GFP-
HUVECs and 0.4 × 104 stromal cells per well of 96-well plate
(100 𝜇L total volume per well). For control samples, 2.4 × 104
GFP-HUVECs were resuspended in prepared fibrinogen

solution (100 𝜇L total volume per well). 3 𝜇L of thrombin
solution (25U/mL; Sigma-Aldrich) was added to 100 𝜇L of
fibrinogen-cell solution to catalyze the fibrinogen gel. Prior
to fibrin polymerization, the plates were gently tapped on all
four edges to assure that the fibrin gel is equally distributed
throughout the well. After 30 minutes of incubation at 37∘C,
gels were fed with 100 𝜇L ECGM. Medium (ECM, ScienCell,
USA) was changed at day 3. For studies involving MMPs
inhibitor, GM6001 (Calbiochem, San Diego, USA) was added
to fibrin gels at final concentration 10 𝜇M. Each group set up 3
repeats. Fluorescent images were captured using a fluores-
cence invertedmicroscope (Leica) at 0 h, 12 h, 24 h, 48 h, 72 h,
and 96 h, each repeat in 3 random sights being selected to
quantitate EC tube area during the morphogenic process by
analysis software Image J.

2.9. 3D Cell Cluster Formation Assay. To examine the prote-
olytic function of MSCs in coculture system, we compared
MMPs expression in 3D clusters of 3 groups (HUVEC-
only,HUVEC-hAMSC, andHUVEC-BMMSCs) in vitro after
culturing for three days. Fibrin gels were prepared using
plasminogen-depleted human fibrinogen in serum-free 𝛼-
MEM at a concentration of 2.5mg/mL and filtered for
sterility. The cell density of seeding and the volume of fibrin
gels were just like in vivo experiment. 12𝜇L of thrombin
solution (25U/mL; Sigma-Aldrich) was added to 300 𝜇L of
fibrinogen-cell solution to catalyze the fibrinogen gel. After
30 minutes of incubation at 37∘C, the gels were transferred
from centrifuge tube to culture dish and fed with 5mL
complete 𝛼-MEM. For 72 h culture, the cell clusters were col-
lected to measure diameter and extracted total protein. The
corresponding control groupswith 3D cell clusterswere fibrin
gels without cells.

2.10. Western Blotting. Total protein was extracted from cells
using lysis buffer (Beyotime, China). Coomassie Brilliant
Blue was used to quantify the protein content. The pro-
teins (10 𝜇g) were resolved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with 10%
polyacrylamide gels and then transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Billerica, MA,
USA), whichwere blockedwith 5%nonfatmilk in phosphate-
buffered saline (PBS) containing Tween-20 (PBS-T) for 2 h at
room temperature. The blots were then probed with primary
antibodies specific for MMP2 (1 : 100, Boster, China), MMP9
(1 : 100, Boster, China), and 𝛽-actin (1 : 1000; Bioworld, USA)
overnight at 4∘C, washed twice with PBST, and incubated
with horseradish peroxidase-conjugated (HRP) secondary
antibodies for 1 h at room temperature. Finally, the protein
bands were detected by Immobilon Western Chemilumi-
nescent HRP Substrate (Millipore) and visualized using
the ImageQuantLAS 4000 mini imaging system (General
Electrics, USA).Three independent trials of each experiment
were carried out.

2.11. Statistical Analyses. All the quantitative results were
obtained from triplicate samples. Data are expressed as
mean ± standard deviation. Statistical analysis was carried
out by use of two-sample 𝑡-test for comparing two groups of



4 BioMed Research International

samples and one-way analysis of variance (ANOVA) for three
groups. A value of 𝑃 < 0.05 was considered to be statistically
significant.

3. Results

3.1. Identification of hAMSCs and HUVECs. After 2 days
in culture, hAMSCs displayed fibroblastic morphology
(Figure 1(a)), which was similar to that observed in BMM-
SCs, and HUVEC displayed cobblestone-like morphology
(Figure 1(b)). Surface markers of hAMSCs and HUVECs
were evaluated by flow cytometry analysis at passage 2,
respectively. It has been shown that hAMSCs were positive
for MSC markers, such as CD29, CD44, CD73, CD90, and
CD105, while negative for hematopoietic and vascular cell-
related markers, such as CD45, CD34, and MHC class II
antigen, such as HLA-DR (Figures 1(c)–1(h)). HUVECs were
positive for CD34 and negative for CD45 (Figures 1(l) and
1(m)). Further identification of HUVECs was confirmed by
immunofluorescence staining of vWF and CD31 (Figures 1(i)
and 1(j)).

3.2. Histomorphometry of Implants In Vivo. The implants on
the dorsal flank of the nude mice were collected at day 7
and day 14 (Figure 2). Images of the H&E-stained day-7 and
day-14 implants showed differences on quantity, distribution,
and morphology of the vessels formed in the various exper-
imental groups. Stained sections from the day-7 implants
contained vessel-like structures (VLS) in the outer layer, but
these structures lacked in the inner one, and the implants
contained obvious extravascular erythrocytes (Figures 3(g),
3(h), and 3(i)). Moreover, more vessel-like structures can
be found within stained sections from the day-14 implants
(Figures 3(w) and 3(x)). The vessel-like structures of
HUVEC-only implants lacked consistent, circumscribed
geometry, while the cells remained in the fibrin by day 14, and
therewere few capillary structures. By contrast, implants con-
taining the MSCs (hAMSCs or BMMSCs) displayed clearly
different tendency in images of the H&E-stained day-7 and
day-14 implants. The samples in day-7 implants also con-
tainedmany vessel-like structures in the outer layer and some
atypical capillary structures, and many small capillaries with
very well-defined lumens and circumscribed borders were
investigated not only in outer layer but also in the center of
the samples in day-14 implants. It was obvious that implants
containing the MSCs had more capillary structures in the
center comparedwithHUVEC-only implants.These capillar-
ies were distributed throughout the entire implant to produce
a vascularized implant containing both large and small blood
vessels to effectively supply the tissue with oxygenated blood.

To verify the results from the H&E-stained sections,
immunohistochemical staining for human CD31 was used to
confirm the human origins of the neovascularization. In the
implants of HUVECs-only group, there was a diffuse brown
stain indicating an abundance of HUVECs and some lumen-
like structures in the outer area of implants at days 7 and 14
(Figure 3). By contrast, the HUVEC-hAMSC and HUVEC-
BMMSC implants contained many smaller, tightly sealed
capillaries in the inner as well as outer layer, consistent with

the observations from H&E staining. Quantification of
the angiogenic capacity of three groups is presented in
Figures 3(y) and 3(z). Both the comparison between the three
groups and differences in angiogenesis over time (i.e., day 7
versus day 14) were evaluated. The increase of CD31-positive
stained area was found in the comparison between the two
types of cocultures at the two time points, but a significant
decrease was found in HUVEC-only group. With regard to
VLS density, VLS density of both HUVEC-hAMSC group
and HUVEC-BMMSC group at day 14 was obviously higher
than that at day 7. In addition, a significant decrease in VLS
density was observed for HUVEC-only group between two
time points.

3.3. Development of HUVEC Tube Formation under Serum-
Free 3D Fibrin Matrices. According to the results of exper-
iment in vivo, we used a system [30] in which vascular
tube morphogenesis and pericyte recruitment occurred in
3D fibrin matrices under serum-free defined conditions and
using 96-well plates to observe the development of capillary
tubes and the function of MSCs as pericyte. In this assay,
HUVECs were labeled with GFP prior to 3D culture set-up
andmonocultured or coculturedwithMSCs in 3D fibrin gels.
Cultures were established at a 4 : 1 HUVEC :MSC ratio and
were imaged using inverted fluorescence microscopy at six
timepoints (i.e., 0 h, 12 h, 24 h, 48 h, 72 h, and 96 h) (Figure 4).
HUVECs invaded extracellular matrix as early as 12 h and
formed obvious sprouting by 48 h, but the processes of
HUVEC tube formation and sprouting seemed to be limited
without MSCs in 3D matrices. By contrast, extensive and
increasing vascular networkswere observed in both coculture
conditions (HUVEC-hAMSC and HUVEC-BMMSC) from
24 h to 96 h. In the light sight that was same as the fluorescent
sight, networks were more intensive in coculture conditions,
while no network was investigated, and just ECs-sprouting
in HUVEC-monoculture during the observation. Lumen-
like structures rounded by HUVECs were detected at 96 h
timepoint in two coculture systems (Figures 4(l) and 4(r)). To
compare fluorescence sight with light sight, there were inten-
sive networks comprised of MSCs surrounding the lumen-
like structures. The phenotype might indicate that hAMSCs
had equal capacity with BMMSCs to enhance HUVEC-
sprouting and vascular networks forming, and MSCs had
especially important meaning to stabilize the networks.

Localized proteolytic activity is necessary to facilitate key
steps of the angiogenic cascade [31, 32]. Matrix metallo-
proteinases (MMPs) serve a purpose in regulating capillary
diameter and possibly in stabilizing the nascent vessels [17].
These proteolytic mechanisms are involved in fibroblast-
mediated angiogenesis and in BMMSC-mediated angio-
genesis [15]. To test the proteolytic mechanisms related
to hAMSC-mediated angiogenesis, 3D culture system was
treatedwith the broad-spectrumMMP inhibitorGM6001. As
shown in Figure 5, broad scale inhibition of MMPs had sig-
nificant effect on HUVECs tube formation and sprouting. In
HUVEC-only withGM6001, there was no obviousHUVECs-
sprouting at several time points. HUVECs-sprouting of
HUVEC-MSC coculture with GM6001 increased slightly, but
still significantly less than the coculture without GM6001.
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Figure 1: Continued.
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Figure 1: Identification of hAMSCs and HUVEC. Microscopic view (40∗) of hAMSCs at P0 (a). Microscopic view (40∗) of HUVECs at P0
(b). Surface marker analysis of freshly isolated hAMSCs by flow cytometry (c–h). The hAMSCs were positive for CD29, CD44, CD73, CD90,
and CD105, while negative for CD45, CD34, and HLA-DR. Figure 1(c) acted as negative control for Figures 1(d), 1(e), 1(f), 1(g), and 1(h). The
isolated HUVECs expressed CD31 on membrane surface and vWF in cytoplasm (i and j), while they were positive for CD34 and negative for
CD45 (m and l). Figure 1(k) acted as negative control for Figures 1(l) and 1(m).

Interestingly, although the processes of HUVEC tube forma-
tion and sprouting were inhibited, the networks formed by
MSCs still existed.These phenotypesmight suggest the prote-
olytic mechanism related to hAMSC-mediated angiogenesis
was similar to that related to BMMSC, and, on the other hand,
stabilization of vascular networks supported by MSCs might
be to formMSC networks.

3.4. MMPs Expression of 3D Cell Clusters. As shown in
Figure 4, ECs cultured in the absence of MSCs do not form
capillary-like structures in fibrin gels, but intensive networks
and lumen-like structures were observed in both HUVEC-
hAMSC and HUVEC-BMMSC cocultures. With regard to
BMMSC-mediated proteolytic mechanisms, MMPs play a
key role in resolving extracellular matrix and promoting
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(a) (b)

Figure 2: Explantation of in vivo implants on day 7 and day 14. (a) Harvesting on day 7. (b) Harvesting on day 14. Arrows show the vessel
surrounding or penetrating inside the implants.

HUVEC-sprouting. To study the function of MSCs in 3D
coculture condition, we observed the 3D clusters of 3 groups
(HUVEC-only, HUVEC-hAMSC, and HUVEC-BMMSCs)
in vitro after culturing for three days in 𝛼-MEM. At day 3,
the samples of the gels shrunk in different degree, but the
gels containing MSCs shrunk more significantly as shown in
Figure 6. There was no change in gels without cells by 3-day
culture. On the other hand, the results of Western blotting
showed that the expression of active-MMP2 in HUVEC-
hAMSC and HUVEC-BMMSC was about 4-fold more than
that in HUVEC-only, while the expression of secretedMMP2
in HUVEC-hAMSC and HUVEC-BMMSC was about 5-fold
more than that inHUVEC-only.The similar trendwas shown
in expression of MMP9 among three groups (Figure 7).

4. Discussion

In this study, we investigated the angiogenic capacity of
hAMSC/HUVEC coculture and the function of hAMSC on
proteolytic mechanisms both in vivo and in vitro. Firstly,
we demonstrated that hAMSC/HUVEC coculture shared
equal angiogenic capacity with BMMSC/HUVEC coculture
in vivo. Secondly, it was similar to BMMSCs that hAMSCs
could enhance the processes of HUVEC tube formation and
sprouting in vitro. Thirdly, MMPs were found in hAMSC-
mediated proteolytic mechanism shared with BMMSC-
mediated proteolytic processes. Fourthly, MMPs expression
levels of hAMSCs could be elevated significantly in 3D culture
condition.

Mesenchymal stem cells were identified in human post-
natal bone marrow (BM) and later in peripheral blood,
periosteum, muscle, adipose tissue, and connective tissue of
human adults [33–37]. Traditional source ofMSCs for clinical
investigations is BM. Extensive studies of BM-derived MSCs
(BMMSCs) have proven their multipotent differentiation
potential and powerful immunosuppressive qualities [38].
However, the collection of BM is associated with invasive

procedures involving significant discomfort to the patient.
Moreover, it results in a relatively low amount of MSCs
(approximately 0.001–0.01% of all isolated nuclear cells) in
adult human BM, and the number of cells decreases with
donor’s age [39]. Besides, ethics problems are also the impor-
tant aspect of restricting its application. Because there are no
ethical problems involved, using hAMSCs as an allogeneic
stem cell source should be highly beneficial. They can be col-
lected easily, have multipotential capacity, and express only
low levels of the major histocompatibility complex (MHC)
class I antigens and be negative for MHC class II antigens on
their surface [40]. The MHC expression of BMMSCs can be
induced by treating with interferon-𝛾, but that of hAMSCs
is much lower than BMMSCs [41, 42]. For several years,
BMMSCs have been considered as immune privileged cells,
unable to induce alloreactivity in humans. However, more
recently it has been demonstrated that donor-derived MSCs
are immunogenic in an allogeneic host and stimulate graft
rejection in a murine model of submyeloablative allogeneic
BM transplantation [43]. Immunogenicity of hAMSCs seems
to be better than that of BMMSCs. Like BMMSCs, hAMSCs
can adhere and proliferate on tissue culture plastic, present
fibroblast-like appearance, form clonal colonies, and express
the typical range of BMMSC associated cell surface markers,
such as CD29, CD44, CD49e, CD73, CD90, andCD105, while
being negative for hematopoietic and vascular cell-related
markers, such asCD45, CD34 [44]. RegardingHUVEC, it has
beenwell-known that vonWillebrand Factor (vWF), platelet-
endothelial adhesion molecule-1 (PECAM-1; CD31), and
CD34 are specific markers for endothelial cells [45, 46] and
negative for humanCD45, a tyrosine phosphatase also known
as the leukocyte common antigen (LCA).TheCD45molecule
is required for T and B cell activation and is expressed in
at least five isoforms depending on the differentiation status
of the cell. In the present study, identification of isolated
hAMSCs and HUVECs was consistent with the conclusion
published previously.
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Figure 3: Histomorphometry of implants in vivo. H&E and CD31 staining illustrated varying blood vessel morphologies in implants in
microscopic view (50∗ and 200∗). Stained sections from the day-7 implants contained vessel-like structures (VLS) in the outer layer. Vessel-like
structures (VLS) can be found within stained sections from the day-14 implants. Quantification of the angiogenic capacity of HUVEC-only,
HUVEC-hAMSC, and HUVEC-BMMSC is presented by CD31 percentage and VLS density (y and z).
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Figure 4:Development ofHUVEC tube formationunder serum-free 3Dfibrinmatrices.HUVECswere labeledwithGFP and coculturedwith
MSCs (hAMSCs and BMMSCs). HUVEC-sprouting could be found as early as 12 h (indicated by arrows) and obviously at 48 h (indicated
by arrows). Lumen-like structures rounded by HUVECs were indicated by arrows in (l) and (r). Microscopic view is 200∗. The length of
HUVEC-sprouting and average EC vessel area were showed in (s) and (t).

A number of studies have demonstrated that the direct
contact and communication between ECs and pericyte-like
cells are essential for vascularization [47, 48]. AdMSCs can
secrete a broad range of paracrine factors that are known to
be angiogenic, similar to BMMSCs [49]. Human umbilical
vein endothelial cells (HUVECs) are the most commonly
used type of human endothelial cells (ECs) for both in vitro
and in vivo studies for bone regenerative medicine [50].
Both BMMSCs and AdMSCs can play an active role in the
formation, stabilization, and maturation of newly formed

VLS [51, 52] and share equal angiogenic capacity both in vitro
and in vivo, and vessels from donor origin can anastomose
with the host vasculature within seven days of implan-
tation [29]. Thus, it was hypothesized that hAMSCs also
had similar function like BMMSCs and AdMSCs on neo-
vascularization. In this study, cells were cultured in direct
contact according to HUVECs :MSCs as 1 : 1 ratio in vivo
[9, 29]; the angiogenic capacities of HUVEC-only, HUVECs-
hAMSCs, andHUVEC-BMMSCswere examined at two time
points (i.e., day 7 and day 14) by H&E and hCD31 staining.
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Figure 5: Continued.
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Figure 5: Inhibitory effect of MMPs in HUVEC tube formation under serum-free 3D fibrin matrices. HUVEC-sprouting had been inhibited
significantly across all timepoints (a–r).Microscopic view is 200∗.The length ofHUVEC-sprouting and average EC vessel area were decreased
remarkably (s–x). There was no significant difference among three groups.

The implants containing HUVECs alone appeared to yield
greater numbers of vessel-like structures initially, but these
vessels were unstable in the absence of a codelivered stromal
cell. One of possible reasons was that vessels cannot be
formed by HUVEC alone; pericytes provided the essential
support forHUVECs to construct and stabilize newly formed
vessels. Moreover, many lumen-like structures in the interior
of implants of both HUVECs-hAMSCs groups and HUVEC-
BMMSCs groups might reflect the function of hAMSCs on
angiogenic process in vivowas similar to BMMSCs thatMSCs
as pericytes played an auxiliary role on helping HUVECs to
degrade extracellular matrix and form mature capillaries.

To further detect the mechanism of hAMSC on angio-
genic process, HUVEC-monoculture and HUVEC-MSCs
cocultures were set up in vitro. hAMSCs cultured in endothe-
lial induction conditions showed upregulation of antian-
giogenic and concomitant downregulation of proangiogenic
genes and proteins to protect themselves against differenti-
ating into mature endothelial cells; however, the conditioned
media of induced hAMSC had a positive effect on endothelial
cells as shown by enhanced viability and stabilized network
formation [28]. These results are consistent with studies
showing that BMMSCs promote angiogenesis and support
blood vessel formation [51, 53, 54]. In the present study, we
seeded cells in the fibrin gels prepared with endothelial cell
growthmedium, which contained a variety of endothelial cell
growth factors, and showed that hAMSC and BMMSC could
constitute intensive and stable network to have a positive
effect on vascular network in endothelial induction condi-
tion. On the other hand, it has been well-established that
MMPs or/and the PA/plasmin axis play important roles
in EC invasion during capillary morphogenesis; however,

different pericyte types influence the proteolytic ways via
different mechanisms. BMMSC-mediated proteolytic mech-
anisms had been demonstrated to be solely related to MMPs
[15]. In our present work, we utilized coculture model treated
or not treated with GM6001 to imitate early phrase of
angiogenesis in vitro to demonstrate that both hAMSCs and
BMMSCs stimulate capillarymorphogenesis within 3Dfibrin
ECMs and seem to do via same proteolytic mechanism. The
similar behavior ofHUVEC-hAMSC andHUVEC-BMMSCs
cocultures treated or not treatedwithGM6001 in fluorescence
field and expression of MMP2 and MMP9 in coculture
gels might suggest that hAMSC-mediated angiogenesis was
related to MMPs, just like BMMSC-mediated angiogenesis
mechanisms.

With the hope of future clinical application, there are
many researches concentrating on stem cells from different
sources. Stem cells are undifferentiated cells that are found
in the embryonic, fetal, and adult stages of life and have
become a novel hope in cell-based therapy [55, 56]. Stem cells
from amniotic fluid (AF) and amniotic membrane (AM) can
be used in clinical therapeutic applications without ethical
limitations in the future [57]. This study demonstrated that
hAMSC and BMSCs as pericytes sharing equal ability of
enhancing angiogenesis viaMMPs that impact the functional
qualities of the capillary networks both in vitro and in vivo
and stabilized new capillaries branch during the early stage.
On the other hand, hAMSCs can secrete cytokines engaged
in angiogenesis, osteogenesis, and anti-inflammation, such
as VEGF [40], TGF-𝛽 [58], PGE2 [58], IL-1 receptor agonist
[59], and IL-10 [59]. Moreover, bone morphogenetic proteins
(BMPs), the members of TGF-𝛽 superfamily, are highly
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Figure 6: 3D cluster in vitro. (a) Prepared 3D clusters. Fibrin gel without cells (I), 3D cluster of HUVEC-only (II), 3D cluster of HUVEC-
hAMSC (III), and 3D cluster of HUVEC-BMMSC (IV); (b) 3D clusters after culturing 3 days in 𝛼-MEM. Fibrin gel without cells (I), 3D
cluster of HUVEC-only (II), 3D cluster of HUVEC-hAMSC (III), and 3D cluster of HUVEC-BMMSC (IV). (c) Max diameter of cell clusters.
This experiment was repeated three times and a representative sample was shown.

conserved signaling molecules that have been well-estab-
lished for the function in the patterning and morphogen-
esis of many organs including bone regeneration [60]. It
is thus conceivable that the positive effect of hAMSCs in
angiogenesis should have a profound meaning in bone tissue
regeneration and other clinic applications, even thoughmany
challenges should be conquered.

In conclusion, hAMSCs might be as valuable as BMMSC
in a variety of cell-therapeutic and tissue engineering appli-
cations since they could promote the survival of endothelial
cells and the stabilization of vascular networks. In future
studies, the more effect and significance of hAMSC on tissue
engineering should be investigated more comprehensively
and in-depth.
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Type I collagen (COL-1) is the prevailing component of the extracellular matrix in a number of tissues including skin, ligament,
cartilage, bone, and dentin. It is themost widely used tissue-derived natural polymer. Currently, mammalian animals, including pig,
cow, and rat, are the three major sources for purification of COL-1. To reduce the risk of zoonotic infectious diseases transmission,
minimize the possibility of immunogenic reaction, and avoid problems related to religious issues, exploration of new sources (other
than mammalian animals) for the purification of type I collagen is highly desirable. Hence, the purpose of the current study was
to investigate the in vitro responses of MDPC-23 to type I collagen isolated from tilapia scale in terms of cellular proliferation,
differentiation, and mineralization. The results suggested that tilapia scale collagen exhibited comparable biocompatibility to
porcine skin collagen, indicating it might be a potential alternative to type I collagen from mammals in the application for tissue
regeneration in oral-maxillofacial area.

1. Introduction

Type I collagen (COL-I) is the most abundant extracellular
matrix protein inmammals. It acts as not only themechanical
structural support to bone, skin, tendons, ligaments, and
blood vessels, but also the extracellular cue regulating physi-
ological processes including cell adhesion, proliferation, and
differentiation [1, 2]. Biological function of COL-1 might be
attributable to the following reasons. First, its amino acid
sequence contains a number ofmotifs (i.e., DGEA,GFOGER,
and RGD, etc.) that are able to bind with various integrins [3–
7]; following the binding with cells, certain signal pathways
are activated and specific gene transcription is initiated [8].
In addition, COL-I is able to interact with other extracellular
matrix proteins and facilitate mineralization [9, 10]. The
structure of COL-1 is characterized by a tripeptide repeats
Gly-X-Y, where X and Y are frequently taken by proline (Pro)
and hydroxyproline (Hyp), respectively. The denaturation
temperature of COL-1 is correlated to the content of Hyp
[11] and an overall higher content of Hyp accounts for
higher thermal stability for the COL-1. Moreover, amino acid
composition of COL-1 varies between species; for example,

bird feet collagen contains higher glutamic acid (Glu) and
aspartic acid (Asp), while shark skin collagen contains lower
aspartic acid and hydroxyproline (Hyp) [12]. In general,
marine collagen types contain lower amount of Hyp and
consequently lower denaturation temperature (𝑇

𝑚
) (25.0∘C–

30.0∘C) [13] as compared to mammalian collagen types.
COL-1 has been used in numerous applications: drug

delivery, skin substitute, soft tissue augmentation, suturing,
and tissue engineering substrate [14, 15]. However, most of
the COL-1 used were from mammals, namely, pig, cow, and
rat. With the outbreak of zoonotic infectious diseases, such
as Bovine Spongiform Encephalopathy (BSE), it becomes
questionable whether to use mammalian derived-COL-1 for
scientific research or food supplements purposes. Allergy is
another problem; part of the population is allergic to bovine
or porcine collagen [16]. Furthermore, in countries having
religious restrictions, the application of certain mammalian
animals-isolated products is strictly prohibited. Hence, it is
highly desirable and necessary to explore alternative sources
for purification of COL-I.

Ocean, where thousands of fish reside, takes up 70.9%
of the earth’s surface area. The vast amount of energy,
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minerals, and fish in ocean made it one of the most attractive
treasuries. Each year, thousands of tons of ocean fish are
destined for human consumption, generating considerable
amount of byproducts such as fish bones, skin, and scale,
which are usually discarded as commercial waste. Processing
the byproducts into other substances (fish oil, fish collagen,
etc.) is cost effective for large fish processing plants and
ecofriendly. Fish collagen is easier for digestion and adsorp-
tion than bovine and porcine collagen thanks to its low Hyp
content and𝑇

𝑚
and has already gained popularity in cosmetic

industry. However, exactly due to the lower thermal stability
of fish collagen, initial attempts to employ fish-derived COL-
1 in tissue engineering field were met with limited success.
For instance, the 𝑇

𝑚
of salmon skin collagen is only 19∘C

[17], suggesting that it is impossible to be adopted as scaffold
material for in vitro cell culture. Recently, a new COL-I with
higher𝑇

𝑚
(37∘C) [18] was purified from tilapia fish scale.This

COL-I is superior to porcine skin COL-I in inducing human
mesenchymal stem cells differentiation [17]; importantly, it is
safe and causes no skin reaction following intracutaneous and
topical application [18].

To confirm its applicability in the dental field, we com-
pared the in vitro effects of COL-I derived from tilapia
scale and porcine skin on a rat odontoblast-like cell line,
MDPC-23. This neural crest originating cell line was isolated
from 18-19-day-old fetal mouse molar dental papillae and
has been described to be capable of expressing and secreting
dentin matrix proteins [19]; a recent species specific RT-
PCR study confirmed that it is indeed of rat origin [20].
Moreover, MDPC-23 retains the ability to differentiate along
odontoblast lineage and can bind with COL-1 via integrin
𝛼1 𝛼2 and CD44 in a concentration-dependent manner [21].
Hence, MDPC-23, as a representative of cell from dental
tissue, was used in this experiment.

2. Materials and Methods

2.1. Materials. Tissue culture polystyrene dishes (TCPS,
35mm) were purchased from Iwaki, Japan. Type I colla-
gen derived from tilapia (Oreochromis niloticus) scale and
porcine skin were generated from Taki chemical, Japan,
and Nitta gelatin, Japan, respectively. Dulbecco’s modified
eagle medium (DMEM) and Triton-X-100 were bought
from Sigma-Aldrich, USA. Fetal bovine serum (FBS), TypLE
express, and 1x phosphate buffered saline (PBS, pH of 7.4)
were all from Gibco, USA. Glycerol-2-phosphate disodium
salt n-hydrate (𝛽-GP), L-Ascorbic acid phosphate magne-
sium salt n-hydrate, 10% formalin neutral buffer solution,
Alizarin red S powder, and LabAssay ALP kit were pur-
chased from Wako, Japan. Pierce BCA protein assay kit was
from Thermo scientific, USA. TRIzol was purchased from
Invitrogen, USA. Chloroform, 2-propanol, and ethanol were
from Nacalai Tesque, Japan. FastStart Essential DNA Green
Master for real timePCR reactionwas purchased fromRoche,
Switzerland.

2.2. Coating of Type I Collagen to TCPS. COL-I (0.3%, w/v)
was diluted by tenfold in sterilized acidic water (pH of

3.0) and coated to TCPS (1.5mL/dish) for 2 hours at room
temperature. Afterwards, the coating solution was aspirated
and the dishes were air dried up. Immediately before cell
inoculation, COL-I-coated dishes were rinsed with PBS to
remove excess acidic water. TCPS without exposure to COL-1
was taken to be the control throughout thewhole experiment.
For convenience, in the following experiments, tilapia scale
derived type I collage-coated dishes were denoted as T-COL,
while porcine skin derived type I collagen-coated dishes were
presented as P-COL.

2.3. Cell Culture. MDPC-23 was generously provided by
Professor Jacques Nör at University of Michigan, Ann Arbor.
Cells were grown in DMEM supplemented with 10% FBS, in
a humidified atmosphere of 5% CO

2
and 95% air at 37∘C. For

each experiment, cells were detached using TrypLE express
and seeded into a COL-I-treated or control 35mm TCPS
at the initial number of 5 × 104 cells per dish. Cells were
maintained in serum-free DMEM for the first day prior to
addition of FBS. After six days of culture, 10mM 𝛽-GP and
50 𝜇g/mL ascorbic acid were supplemented to the culture
medium (i.e., odontogenic medium: OM) for induction of
odontogenic differentiation.The medium was changed every
second day. Cell passages from 20 to 30 were used in this
experiment.

2.4. Cell Morphology Observation and Cell Number Determi-
nation. Cell morphology on 19 hours, 44 hours, and day 3
was observed using phase contrast microscopy (Olympus,
Shinjuku, Tokyo, Japan). The number of cells on each plate
was counted on days 2, 3, and 4 to quantitatively evaluate
the initial effect of COL-I on cell growth. Briefly, the cells
were detached using 200 𝜇L TrypLE express per plate and
diluted with 800𝜇L PBS; the cell suspension was centrifuged
at 500 g, 4∘C for 5minutes (Kubota 2800, Tokyo, Japan). After
aspirating the supernatant, the cell pellet was reconstituted in
PBS; the number of cells per dish was counted manually by a
hemocytometer.

2.5. ALP Activity. Cells were harvested and lysed with 0.1%
(v/v) Triton-X-100 in distilled water and the lysates were
sonicated on ice (Bioruptor, Diagenode, Seraing, Belgium)
for 10 minutes and then centrifuged at 12,000 rpm, 4∘C
for 15 minutes (Hitachi Koki, Chiyoda, Tokyo, Japan). The
supernatant was analyzed with a LabAssay ALP kit (Wako)
according to the manufacturer’s instruction. Total protein
was quantified with a BCA protein assay kit (Pierce).
ALP production was normalized to total protein amount.
Absorbance was read using iMark microplate reader (BIO-
RAD, Hercules, California, USA) at 405 nm and 570 nm for
ALP assay and protein quantification assay respectively.

2.6. Real Time RT-PCR. Cell differentiation was quantified
in terms of odontogenic gene expression by collecting total
RNA using TRIzol reagent at prescribed times. Isolated RNA
was pelleted, washed in 75% ethanol, and resuspended in
nuclease-free water. RNA concentration of each sample was
measured spectroscopically by GeneQuant (GE Healthcare
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Table 1: Real time RT-PCR primer.

Gene name Sense Antisense Fragment size
Rat DMP-1 cgttcctctgggggctgtcc ccgggatcatcgctctgcatc 577 bp
Rat ALP ggaaggaggcaggattgaccac gggcctggtagttgttgtgagc 338 bp
Rat BSP ctgctttaatcttgctctg ccatctccattttcttcc 211 bp
Rat OCN agctcaaccccaattgtgac agctgtgccgtccatacttt 190 bp
Rat Runx-2 ccacagagctattaaagtgacagtg aacaaactaggtttagagtcatcaagc 87 bp
Rat 𝛽-actin aaccctaaggccaacagtgaaaag tcatgaggtagtctgtgaggt 240 bp

Table 2: Real time RT-PCR reaction condition.

Initialization Denaturation Annealing Elongation Cycle
DMP-1 95∘C 10min 95∘C 15 sec 60∘C 30 sec 72∘C 30 sec 50
ALP 95∘C 10min 95∘C 15 sec 55∘C 30 sec 72∘C 30 sec 45
BSP 95∘C 10min 95∘C 15 sec 55∘C 15 sec 72∘C 30 sec 50
OCN 94∘C 10min 95∘C 15 sec 55∘C 30 sec 68∘C 30 sec 50
Runx-2 95∘C 10min 95∘C 15 sec 55∘C 30 sec 72∘C 40 sec 45
𝛽-actin 95∘C 10min 95∘C 15 sec 53∘C 30 sec 72∘C 40 sec 40

Life Sciences, Little Chalfont, UK), and onemicrogramof iso-
lated RNAwas then reverse-transcribed into complementary
DNA (cDNA) using M-MLV reverse transcriptase in a 20 𝜇L
reaction system according to manufacturer’s instruction.The
resulting complementary DNA (cDNA) was used for real
time RT-PCR. Real time RT-PCR was carried out using a
LightCycler Nano (Roche Diagnostics, Basel, Switzerland)
according to themanufacturer’s instruction.The comparative
2
−ΔΔCt method was employed to calculate relative gene
expression. The gene expression levels were normalized to
the 𝛽-actin mRNA level. Primer sequences and reaction
condition are described in Tables 1 and 2, respectively.

2.7. Alizarin Red Staining. Matrix calcification was observed
using alizarin red staining. Culture medium was aspirated
and cell monolayer was washed twice with PBS. Cell was
fixed with 10% formalin neutral buffer solution for twenty
minutes; afterwards the cell monolayer was washed again by
PBS. Alizarin red solution (ARS) (1%w/v, pH 4.1) was added
gently not to disrupt the cell monolayer. After five minutes,
the staining solution was removed and the cell monolayer
was firstly washed by distilledwater and subsequently washed
thoroughly with PBS to remove the nonspecific background
stain. Photographs were taken using a digital imaging sys-
tem (Funakoshi, Tokyo, Japan) incorporating an inverted
digital camera (Canon, Tokyo, Japan). The quantification
of staining was conducted using Cetylpyridinium Chloride
(CPC) extraction method. Briefly, after staining with ARS,
CPC (10%, w/v, in distilled water) was added to each dish
(2mL/dish) and incubated for one hour at 37∘C. Following
incubation, the transparent CPC solution, which turned into
purple, was diluted by fivefold in original CPC solution and
transferred to a 96-well plate (200𝜇L/well) for absorbance
reading (BIO-RAD) at 570 nm.

2.8. Statistical Analysis. All the experiments were conducted
in triplicate. Results were expressed as mean ± standard

deviation (SD). Data was subjected to Tukey Kramer test.
Statistical significance level was set at 𝑝 < 0.05.

3. Results

3.1. Cell Morphology. On 19 hours (serum-free medium)
(Figure 1(a)), the morphology of cells did not differ in each
group, whereas it is evident thatmore cells attached to P-COL
and T-COL substrates. On 44 hours (after addition of serum)
(Figure 1(b)), the cell started to proliferate and spread; cells
cultured on P-COL substrate adopted elongatedmorphology,
while those cultured on T-COL exhibited a more polygonal
shape; in comparison, much less cells adhered to TCPS, and
cells cultured on TCPS were poorly spread, implying imma-
ture cellular cytoskeleton assembly. On day 3 (Figure 1(c)),
cells number in each group increased markedly; nonetheless,
attached cell number in T-COL and P-COL was much higher
than that on control dish; cells cultured onT-COL andP-COL
substrates presented elongated, fibroblast-like shape, while
those on control dish were polygonal and less spread.

3.2. Cell Proliferation. To estimate the effect of COL-1 on
proliferation of MDPC-23, cell number on 2, 3, and 4
days was determined using a hemocytometer (Figure 2). As
depicted by the bars in Figure 2, the total number of cells
in all the groups increased progressively with time. Upon
exposure to COL-1, total number of cells in T-COL and P-
COL significantly increased to 9.83 ± 0.76 × 104 (𝑝 < 0.05)
and 8.83 ± 0.72 × 104 (𝑝 < 0.05), respectively, by day 2 and
continued to increase to 25.63 ± 3.01 × 104 (𝑝 < 0.05) and
22.5 ± 3.90 × 104 (𝑝 > 0.05) by day 3; in comparison, the
number of cells in TCPS was merely 6.53 ± 0.23 × 104 on
day 2 and 16.5 ± 1.80 × 104 on day 3. However, cell number
in T-COL (44.33 ± 4.54 × 104), P-COL (44.33 ± 2.08 × 104),
and TCPS (45.5 ± 2.29 × 104) leveled off after 4-day incuba-
tion.
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Figure 1: No evident difference in terms of cell morphology and number was observed on 19 hours in each group. On 44 hours, more cells
attached to T-COL and P-COL substrates as compared to TCPS; cells cultured in P-COL and T-COL adopted well spread, extended shape,
whereas those cultured in TCPS were scarcely scattered and poorly spread. On day 3, cell number in each group increased progressively with
time; however, the number of cells in T-COL and P-COL was significantly higher than that in TCPS. Scale bar equals 20 𝜇m.

3.3. ALP Activity. To evaluate the initial effect of COL-
1 on MDPC-23 differentiation, ALP activity at 6, 8, and
10 days was quantified using a LabAssay ALP kit (Wako)
(Figure 3). By day 6, a time point representative of the onset of
differentiation, the normalizedALP activity found inMDPC-
23 seeded onT-COL and P-COL, was 1.27±0.04U/𝜇g protein
(𝑝 < 0.05) and 1.31±0.07U/𝜇g protein (𝑝 < 0.05), which was
nearly two times more than that of TCPS (0.59 ± 0.25U/𝜇g
protein); the ALP activity remained almost unchanged in T-
COL (day 8: 1.26±0.11U/𝜇g protein; day 10: 1.23±0.11U/𝜇g
protein) and P-COL (day 8: 1.33 ± 0.05U/𝜇g protein; day 10:
1.26±0.14U/𝜇g protein) until day 10, significantly surpassing
ALP activity of cells cultured onTCPS (day 8: 0.79±0.11U/𝜇g
protein; day 10: 0.90 ± 0.06U/𝜇g protein).

3.4. Real Time RT-PCR. To examine the effect of COL-1
on the differentiation of MDPC-23, mRNA expression level

of ALP BSP OCN DMP-1 and Runx-2 was investigated by
real time RT-PCR (Figure 4). On day 7, T-COL and P-
COL enhanced 1.21 ± 0.05 (𝑝 < 0.05) and 1.25 ± 0.11
(𝑝 < 0.05) fold the mRNA expression of BSP; ALP mRNA
expression was upregulated in the two experimental groups;
however, no statistical significances were detected between
them and control. Interestingly, DMP-1 mRNA expression
was downregulated by P-COL (0.59 ± 0.11 fold) (𝑝 < 0.05)
andT-COL (0.74±0.25 fold) (𝑝 > 0.05) on day 10. As forOCN
and Runx-2mRNA expression on the two days, no statistical
significances were detected between groups.

3.5. Alizarin Red Staining. To investigate the effect of COL-
1 on mineralization of MDPC-23, cells were stained with
Alizarin Red S and quantified by CPC extraction (Figure 5).
After culturing the cells on T-COL and P-COL substrates, the
formation of mineralized nodules was apparently increased
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Figure 2: Cell number determination. Cell number was counted
manually using a hemocytometer on days 2, 3, and 4. All the
experiments were conducted in triplicate. (∗𝑝 < 0.05).

on day 10. CPC quantification further lends support to the
observation and showed an approximately two times increase
in the cells cultured onT-COL and P-COL comparedwith the
control cells (𝑝 < 0.05). However, no significant difference in
mineralization was noted between cells cultured on T-COL
and P-COL substrates.

4. Discussion

Cells, factors, and scaffolds are of fundamental importance
to successful tissue regeneration; the regeneration of dentin-
pulp complex is no exception. The cells can detect the sur-
rounding signals from scaffolds and soluble factors, initiating
odontogenesis, which is important in the repair process of
dentin matrix. Tissue specificity is determined by its own
extracellular matrix proteins.Therefore, mimicking the natu-
ral ECM has considered a promising approach in the design
of artificial scaffold for dentin. Because of its abundance and
ubiquity, COL-1 is frequently used as scaffold material in the
study of dentin regeneration. Some have reported the use
of COL-I decorated with nanobioactive glass promoted the
regeneration of dentin [22]. Previously, mammalian derived
collagen types are the mainstream products used in scientific
researches. However, the recent outbreak of zoonotic infec-
tious diseases threatens people’s health andmade it no longer
safe to use those mammalian collagen types; attempts have
since been made to explore collagen alternatives from the
ocean.

Recently, a novel COL-1 was purified from tilapia scale
and was reported to possess similar 𝑇

𝑚
with porcine skin
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Figure 3: ALP activity: ALP activity of MDPC-23 on T-COL and
P-COL maintained at a significant higher level as compared to that
of TCPS on the three days tested. Experiments were carried out in
triplicate for each group. (∗𝑝 < 0.05).

derived COL-1 [18]. In the present work, a comparative study
was carried out between tilapia scale COL-I and porcine skin
COL-I. Given that odontoblast is responsible for production
of primary and reparative dentin during one’s life time,
MDPC-23, a rat odontoblast-like cell line was used as amodel
tissue cell to address the efficacy of the twoCOL-I.TheCOL-I
was noted to be able to bind with the cell surface integrin and
activate a series of intracellular signal pathways, for example,
COL-I can bind with 𝛼2𝛽1 via its GFOGER motif to direct
cellular behavior [23]. Moreover, induction of 𝛼1 expression
in human skeletal muscle stem cells was sufficient to promote
odontoblast differentiation [24]. MDPC-23 expresses 𝛼v𝛽3
[25], 𝛼1, 𝛼2 [21], and 𝛽1 [26]. As a result, it is conceivable
that, in the current study, MDPC-23 interacts with COL-I
via those integrins; however, this hypothesis awaits further
investigation.

Initial cell adhesion and proliferation are critical for
subsequent cellular functions. MDPC-23 showed favorable
growth on T-COL and P-COL substrates, especially on 44
hours (Figure 1(b)) and day 3 (Figure 1(c)). Cells cultured on
P-COL substrate adopted bipolar, elongated shape after cul-
turing for 44 hours, whereas those cultured on T-COL were
polygonal in shape, with more regular dimensions, similar
with the shape of cells cultured in control dish (Figure 1(b)).
Ongoing work on the cell number determination further
demonstrated that MDPC-23 grew preferentially on COL-I
groups, rather than on the control dish.

The odontoblastic capacity of MDPC-23 was subse-
quently investigated by measuring their ALP activity, mRNA
expression level of differentiation markers, and Alizarin
red staining intensity. Alkaline phosphatase (ALP) is a
cell membrane-associated phosphatase that is involved in
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Figure 4: Real time RT-PCR. RNA was isolated on days 7 and 10,
respectively, to quantify the mRNA expression level of ALP, BSP,
DMP-1, OCN, and Runx-2. T-COL and P-COL enhanced the BSP
mRNA expression on day 7; P-COL downregulated DMP-1 mRNA
expression on day 10. Experiments were carried out in triplicate for
each group. (∗𝑝 < 0.05).

the onset of matrix mineralization and perceived as a rela-
tively early marker in the cascade of osteo/odontoblast dif-
ferentiation. Data revealed that ALP activity was significantly
enhanced during the three days of test (days 6, 8, and 10) on P-
COL and T-COL substrates. Similar results elicited by COL-
I were also observed in the culture of MC3T3-E1 cells [27].
Biomineralization is widespread phenomenon, which refers
to a process of deposition of extracellular matrix calcium and
phosphate by cells. Alizarin red stains the calcific deposition
red. In comparison to the negligible stain in control dish,
cells cultured in T-COL and P-COL displayedmuch intensive
staining, and CPC quantification data further demonstrated
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Figure 5: Alizarin red staining. On day 10, the calcific deposition of
MDPC-23 in each dish was stained by alizarin red. The T-COL and
P-COLmarkedly acceleratedmineralization of cells as demonstrated
by enhanced staining intensity and CPC quantification method.
Experiments were carried out in triplicate for each group. (∗𝑝 <
0.05).

that T-COL and P-COL significantly accelerated themineral-
ization phase.

Gene expression analysis was conducted to further exam-
ine the influence of the COL-I on the odontogenesis of
MDPC-23. ALP is used as a marker for the early differen-
tiation of cells; OCN is a late stage marker for osteoblast,
odontoblast, since they all secret OCN after maturation [28].
BSP is an acidic, noncollagenous glycoprotein expressed in
mineralized tissues [29], which is considered a differenti-
ation marker in the experiment. Runx-2 is an important
transcription factor for bone and tooth development, its
overexpression induced DSPP protein expression in pre-
odontoblast [30]. Overexpression of DMP-1 in C3H10T1/2,
MC3T3-E1, and RPC-2A induced differentiation of those
cells toward odontoblast-like cells [16]; therefore, DMP-1 was
used as an odontoblast cell marker here. Whereas the former
four genes are also considered osteogenic markers, the later
gene is specific markers for odontogenesis. Real time RT-
PCR data noted that MDPC-23 cultured on the COL-I-
coated substrates had stimulated mRNA levels of BSP on day
7; surprisingly, the mRNA expression level of DMP-1 was
suppressed by P-COL (0.59 ± 0.11 fold) (𝑝 < 0.05) and T-
COL (0.74 ± 0.25 fold) (𝑝 > 0.05) on day 10; this is in
agreement with a previous study from Mizuno et al. [31].
DMP-1 and BSP were distinctively distributed during teeth
development [32]. Further, Transforming growth factor-beta
1 (TGF-𝛽1), a multifunctional growth factor that is positively
involved in the repair process of dentin, induces COL-1
expression [33] while it suppresses the expression of DMP-1
[34]. It is therefore proposed that differentmechanismsmight
exist in the regulation of DMP-1 and BSP gene expression.
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Studies are warranted to elucidate the observed downreg-
ulation phenomena. The upregulation of ALP activity, BSP
gene, acceleration of mineralization, and downregulation of
DMP-1 gene indicated that COL-1 is effective in directing
the differentiation of cells toward osteoblastic lineage rather
than odontoblastic lineage. Interestingly, this might provide
an important implication for future research; since COL-1
alone is not sufficient to elicit odontoblast differentiation, it
is suggested that, to achieve the induction of odontoblast dif-
ferentiation, COL-1 should be used in combinationwith other
bioactive growth factors or proteins; for example, Ozeki and
colleagues successfully induced the mouse-induced pluripo-
tent stem (iPS) cells differentiation into odontoblast using
COL-1 scaffold decorated by bone morphogenetic protein-4
(BMP-4) [35].

During the experiment course, no significant differences
were detected between the T-COL and P-COL in terms of
cell proliferation, differentiation, and mineralization. This is
different from the results obtained byMatsumoto et al. [17]. In
their work, the T-COL enhanced nearly twofold greater ALP
activity in comparison to P-COL in the preculture period.
The basis for this difference is unclear at present but may
be related to the different cell types and/or experimental
conditions used. Yamada and colleagues have reported the
induction effect of fish (Gadiformes and Pleuronectidae)
collagen peptide on MC3T3-E1 mineralization [36]. To the
best of our knowledge, the current work is the first one
to report the comparative study of tilapia scale COL-I and
porcine skin COL-I in MDPC-23.

5. Conclusion

In summary, our findings indicated that adsorption of COL-
I (including T-COL and P-COL) to TCPS led to a better
biocompatibility, as evidenced by increased initial cell attach-
ment, enhanced ALP activity, and upregulated gene expres-
sion of BSP, as well as accelerated matrix mineralization. For
the whole experiments, T-COL exhibited comparable effect
to P-COL. As the use of kinds of mammalian collagen may
be restricted in future due to BSE, foot and mouth disease, it
is suggested by the current work that the COL-I derived from
tilapia scale, an usually underutilizedmaterial, offers promise
to be an alternative for themammalian collagen andmight be
useful for dentin-pulp regeneration.
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[6] A. Shekaran, J. R. Garćıa, A. Y. Clark et al., “Bone regeneration
using an alpha 2 beta 1 integrin-specific hydrogel as a BMP-2
delivery vehicle,” Biomaterials, vol. 35, no. 21, pp. 5453–5461,
2014.

[7] A. V. Taubenberger, M. A. Woodruff, H. Bai, D. J. Muller,
and D. W. Hutmacher, “The effect of unlocking RGD-motifs
in collagen I on pre-osteoblast adhesion and differentiation,”
Biomaterials, vol. 31, no. 10, pp. 2827–2835, 2010.

[8] J. Green, S. Schotland, D. J. Stauber, C. R. Kleeman, and T.
L. Clemens, “Cell-matrix interaction in bone: type I collagen
modulates signal transduction in osteoblast-like cells,” Ameri-
can Journal of Physiology—Cell Physiology, vol. 268, no. 5, pp.
C1090–C1103, 1995.

[9] T. Saito, M. Yamauchi, Y. Abiko, K. Matsuda, and M. A. Cren-
shaw, “In vitro apatite induction by phosphophoryn immobi-
lized on modified collagen fibrils,” Journal of Bone and Mineral
Research, vol. 15, no. 8, pp. 1615–1619, 2000.

[10] A. K. Yadav, A. Tyagi, J. K. Kaushik, A. C. Saklani, S. Grover,
and V. K. Batish, “Role of surface layer collagen binding protein
from indigenous Lactobacillus plantarum 91 in adhesion and its
anti-adhesion potential against gut pathogen,” Microbiological
Research, vol. 168, no. 10, pp. 639–645, 2013.

[11] T. D. Sutherland, Y. Y. Peng, H. E. Trueman et al., “A new class
of animal collagen masquerading as an insect silk,” Scientific
Reports, vol. 3, article 2864, 2013.

[12] Y. K. Lin and D. C. Liu, “Comparison of physical-chemical
properties of type I collagen from different species,” Food
Chemistry, vol. 99, no. 2, pp. 244–251, 2006.

[13] T. Nagai and N. Suzuki, “Isolation of collagen from fish waste
material—skin, bone and fins,” Food Chemistry, vol. 68, no. 3,
pp. 277–281, 2000.



8 BioMed Research International

[14] E. E. Antoine, P. P. Vlachos, andM. N. Rylander, “Review of col-
lagen I hydrogels for bioengineered tissue microenvironments:
characterization of mechanics, structure, and transport,” Tissue
Engineering Part B: Reviews, vol. 20, no. 6, pp. 683–696, 2014.

[15] S. M. Oliveira, R. A. Ringshia, R. Z. Legeros et al., “An
improved collagen scaffold for skeletal regeneration,” Journal of
BiomedicalMaterials Research, Part A, vol. 94, no. 2, pp. 371–379,
2010.

[16] E. A. Berg, T. A. E. Platts-Mills, and S. P. Commins, “Drug aller-
gens and food—the cetuximab and galactose-𝛼-1,3-galactose
story,” Annals of Allergy, Asthma and Immunology, vol. 112, no.
2, pp. 97–101, 2014.

[17] R. Matsumoto, T. Uemura, Z. Xu, I. Yamaguchi, T. Ikoma, and
J. Tanaka, “Rapid oriented fibril formation of fish scale collagen
facilitates early osteoblastic differentiation of humanmesenchy-
mal stem cells,” Journal of Biomedical Materials Research Part A,
2014.

[18] K. Yamamoto, K. Igawa, K. Sugimoto et al., “Biological safety
of fish (Tilapia) collagen,” BioMed Research International, vol.
2014, Article ID 630757, 9 pages, 2014.

[19] C. T. Hanks, D. Fang, Z. Sun, C. A. Edwards, and W. T. Butler,
“Dentin-specific proteins in MDPC-23 cell line,” European
Journal of Oral Sciences, vol. 106, supplement 1, pp. 260–266,
1998.

[20] T. Botero, V. Otero-Corchon, and J. Nor, “MDPC-23: a rat
odontoblast-like cell line,” in Proceedings of the IADR Poster
Session, June 2012.

[21] M. K. Ahn, T. S. Jeong, and S. Kim, “The adhesion of odon-
toblast to type I collagen,” Journal of the Korean Academy of
Pediatric Dentistry, vol. 37, no. 3, pp. 308–316, 2010.

[22] W.-J. Bae, K.-S. Min, J.-J. Kim, J.-J. Kim, H.-W. Kim, and
E.-C. Kim, “Odontogenic responses of human dental pulp
cells to collagen/nanobioactive glass nanocomposites,” Dental
Materials, vol. 28, no. 12, pp. 1271–1279, 2012.

[23] C. G. Knight, L. F. Morton, A. R. Peachey, D. S. Tuckwell, R. W.
Farndale, and M. J. Barnes, “The collagen-binding a-domains
of integrins 𝛼

1
/𝛽
1
and 𝛼

2
/𝛽
1
recognize the same specific amino

acid sequence, GFOGER, in native (triple-helical) collagens,”
The Journal of Biological Chemistry, vol. 275, no. 1, pp. 35–40,
2000.

[24] N. Ozeki, M. Mogi, H. Yamaguchi et al., “Differentiation of
human skeletal muscle stem cells into odontoblasts is depen-
dent on induction of 𝛼1 integrin expression,” The Journal of
Biological Chemistry, vol. 289, no. 20, pp. 14380–14391, 2014.

[25] H.Wu, P. N. Teng, J. H. Li et al., “DMP-1 signals throughMAPK
in hMSC, MDPC-23 and MC3T3 cells,” in Proceedings of the
IADR Poster Session, Metro Toronto Convention Centre Room,
July 2008.

[26] J.-H. Park, J.-H. Yoon, Y.-S. Lim, H.-K. Hwang, S.-A. Kim,
and S.-G. Ahn, “TAT-Hsp27 promotes adhesion and migration
of murine dental papilla-derived MDPC-23 cells through 𝛽1
integrin-mediated signaling,” International Journal ofMolecular
Medicine, vol. 26, no. 3, pp. 373–378, 2010.

[27] D. Mushahary, C. Wen, J. M. Kumar et al., “Strontium con-
tent and collagen-I coating of Magnesium-Zirconia-Strontium
implants influence osteogenesis and bone resorption,” Clinical
Oral Implants Research, 2014.

[28] K. Narayanan, R. Srinivas, A. Ramachandran, J. J. Hao, B.
Quinn, and A. George, “Differentiation of embryonic mes-
enchymal cells to odontoblast-like cells by overexpression of
dentin matrix protein 1,” Proceedings of the National Academy of

Sciences of the United States of America, vol. 98, no. 8, pp. 4516–
4521, 2001.

[29] J. A. R. Gordon, C. E. Tye, A. V. Sampaio, T. M. Underhill, G.
K. Hunter, and H. A. Goldberg, “Bone sialoprotein expression
enhances osteoblast differentiation and matrix mineralization
in vitro,” Bone, vol. 41, no. 3, pp. 462–473, 2007.

[30] S. Chen, S. Rani, Y. Wu et al., “Differential regulation of dentin
sialophosphoprotein expression by Runx2 during odontoblast
cytodifferentiation,” The Journal of Biological Chemistry, vol.
280, no. 33, pp. 29717–29727, 2005.

[31] M. Mizuno, T. Miyamoto, K. Wada, S. Watatani, and G. X.
Zhang, “Type I collagen regulated dentin matrix protein-1
(Dmp-1) and osteocalcin (OCN) gene expression of rat dental
pulp cells,” Journal of Cellular Biochemistry, vol. 88, no. 6, pp.
1112–1119, 2003.

[32] O. Baba, C. Qin, J. C. Brunn, J. N. Wygant, B. W. McIntyre,
and W. T. Butler, “Colocalization of dentin matrix protein 1
and dentin sialoprotein at late stages of rat molar development,”
Matrix Biology, vol. 23, no. 6, pp. 371–379, 2004.

[33] X. Pan, Z. Chen, R. Huang, Y. Yao, and G. Ma, “Transforming
growth factor 𝛽1 induces the expression of collagen type I by
DNA methylation in cardiac fibroblasts,” PLoS ONE, vol. 8, no.
4, Article ID e60335, 2013.

[34] A. Unterbrink, M. O’Sullivan, S. Chen, and M. MacDougall,
“TGF𝛽-1 downregulates DMP-1 and DSPP in odontoblasts,”
Connective Tissue Research, vol. 43, no. 2-3, pp. 354–358, 2002.

[35] N. Ozeki, M.Mogi, R. Kawai et al., “Mouse-induced pluripotent
stem cells differentiate into odontoblast-like cells with induc-
tion of altered adhesive and migratory phenotype of integrin,”
PLoS ONE, vol. 8, no. 11, Article ID e80026, 2013.

[36] S. Yamada, H. Nagaoka, M. Terajima, N. Tsuda, Y. Hayashi, and
M.Yamauchi, “Effects of fish collagen peptides on collagen post-
translational modifications and mineralization in an osteoblas-
tic cell culture system,” Dental Materials Journal, vol. 32, no. 1,
pp. 88–95, 2013.



Research Article
Repair of Cranial Bone Defects Using
rhBMP2 and Submicron Particle of Biphasic Calcium
Phosphate Ceramics with Through-Hole

Byung-Chul Jeong,1 Hyuck Choi,1 Sung-Woong Hur,1

Jung-Woo Kim,1 Sin-Hye Oh,1 Hyun-Seung Kim,2 Soo-Chang Song,3

Keun-Bae Lee,4 Kwang-Bum Park,5 and Jeong-Tae Koh1

1Research Center for Biomineralization Disorders and Department of Pharmacology and Dental Therapeutics, School of Dentistry,
Chonnam National University, Gwangju 500-757, Republic of Korea
2RIS Foundation for Advanced Biomaterials, Chonnam National University, Gwangju 500-757, Republic of Korea
3Center for Biomaterials, Korea Institute of Science & Technology, Seoul 130-650, Republic of Korea
4Department of Orthopedic Surgery, ChonnamNational University Medical School and Hospital, Gwangju 501-757, Republic of Korea
5Megagen Implant, Gyeongsan, Gyeongbuk 712-850, Republic of Korea

Correspondence should be addressed to Jeong-Tae Koh; jtkoh@chonnam.ac.kr

Received 22 April 2015; Accepted 24 June 2015

Academic Editor: Norbert R. Kuebler

Copyright © 2015 Byung-Chul Jeong et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Recently a submicron particle of biphasic calcium phosphate ceramic (BCP) with through-hole (donut-shaped BCP (d-BCP)) was
developed for improving the osteoconductivity. This study was performed to examine the usefulness of d-BCP for the delivery
of osteoinductive rhBMP2 and the effectiveness on cranial bone regeneration. The d-BCP was soaked in rhBMP2 solution and
then freeze-dried. Scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), and Raman spectroscopy analyses
confirmed that rhBMP2 was well delivered onto the d-BCP surface and the through-hole. The bioactivity of the rhBMP2/d-BCP
composite was validated in MC3T3-E1 cells as an in vitro model and in critical-sized cranial defects in C57BL/6 mice. When
freeze-dried d-BCPs with rhBMP2 were placed in transwell inserts and suspended above MC3T3-E1, alkaline phosphatase activity
and osteoblast-specific gene expression were increased compared to non-rhBMP2-containing d-BCPs. For evaluating in vivo
effectiveness, freeze-dried d-BCPs with or without rhBMP2 were implanted into critical-sized cranial defects. Microcomputed
tomography and histologic analysis showed that rhBMP2-containing d-BCPs significantly enhanced cranial bone regeneration
compared to non-rhBMP2-containing control.These results suggest that a combination of d-BCP and rhBMP2 can accelerate bone
regeneration, and this could be used to develop therapeutic strategies in hard tissue healing.

1. Introduction

Bone defects caused by accidents, trauma, or delayed recov-
ery from diseases can result in major clinical skeletal prob-
lems that require reconstruction to restore bone function
[1, 2]. Autologous bone grafting is a widely used approach,
especially in the regeneration of craniofacial bone defects [3].
However, autologous bone grafts have significant limitations,
including often painful and limited access to the graft site, as
well as morbidity to the donor site. Therefore, various syn-
thetic biomaterials have been developed as bone substitutes

to bone grafts, including bioactive ceramic, bioactive glasses,
reinforced natural materials, and synthetic polymers [4].

Biphasic calcium phosphate ceramics (BCPs) are com-
posed of two calcium phosphate phases: hydroxyapatite (HA)
and beta-tricalcium phosphate (𝛽-TCP) at a specific ratio,
and they exhibit good biocompatibility and bone conduction
performance [5]. However, pure BCPmainly acts as an osteo-
conductive substance with limited bone formation and rel-
atively long regeneration time. Therefore, it is necessary to
provide it withmacro-/microporous structures for enhancing
osteoconductivity or to combine the bioactivemolecules such
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as bonemorphogenetic proteins (BMPs) for improving osteo-
inductive properties.

Chemical composition, geometry, and macrostructural
properties of BCP have been shown to play an important
role in osteoconductivity. Porosity and pore size at both the
macro- andmicrolevels are importantmorphological proper-
ties. Both influence bone healing and regeneration by allow-
ing blood vessels to invade the material, supplying nutrients
and oxygen and, thus, sustaining the cell metabolism inside
the scaffold [6, 7]. Recently, a submicron particle of BCP
ceramics (60 : 40 HA/𝛽-TCP) with through-hole (donut-
shaped BCP; d-BCP) was developed for improving the osteo-
conductivity, and their effectiveness on bone regeneration
was determined in rabbit calvarial bone defects [6].

The recombinant human BMP 2 (rhBMP2) has been well
characterized as a strong inducer of bone formation in a vari-
ety of conditions [8, 9]. A few animal and human studies have
shown efficacious bone regeneration and healing with func-
tional restoration after the implantation of rhBMP2 [10–13].
Therefore, combinations of bone substitutes and osteoinduc-
tive agents such as rhBMP2 have received increasing atten-
tion as potential bone graft substitutes [14]. Moreover, it has
been reported that BMP-loaded HA/𝛽-TCP ceramics greatly
increase bone formation [15]. However, only a few studies
have investigated the osteoinductivity of BMP-loaded BCP
ceramics with porosity [13]. In the present study, we aimed
to determine the usefulness of d-BCP for delivering rhBMP2
and the effectiveness on cranial bone regeneration in a well-
documented animal model. We provide in vitro and in vivo
evidence that a combination of rhBMP2 and d-BCP offered
higher osteogenic and bone healing activities than that by d-
BCP alone. Thus, the implantation of rhBMP2/d-BCP could
provide a significant approach to clinical bone regeneration
and reconstruction.

2. Materials and Methods

2.1. Recombinant Proteins and Materials. rhBMP2 was pur-
chased from Cowellmedi (Seoul, Korea). Submicroporous
biphasic calcium phosphate ceramics with through-hole (d-
BCP; Bone Plus), a mixture of HA/𝛽-TCP (60 : 40), was
kindly supplied byMegagen ImplantCo. (Gyeongsan,Korea).

2.2. Delivery of rhBMP2 onto the d-BCP. Ten mg of d-BCP
was soaked into 1mL of rhBMP2 solution (5𝜇g/mL) and
then freeze-dried. Successful delivery of rhBMP2 onto the d-
BCP surface or through-hole was verified by morphological
and compositional analyses. The surface morphology of the
freeze-dried d-BCP with rhBMP2 was observed using field
emission scanning electron microscopy (FE-SEM, Hitachi,
Tokyo, Japan; Korea Basic Science Institute, Gwangju Cen-
ter).The surfaces were sputter-coatedwith platinumand volt-
ages ranging from 5 to 15 kV were used. In addition, compo-
sitional analysis using energy dispersive spectroscopy (EDS,
Bruker AXS, Karlsruhe, Germany; Korea Basic Science Insti-
tute) attached to SEM was carried out. Micro-Raman spec-
trumwas also recorded for d-BCPwith rhBMP2 (rhBMP2/d-
BCP) in the spectral range of 100–4000 cm−1 by using

a micro-Raman spectrometer (InVia Reflex UV Raman
microscope, Renishaw, UK; Korea Basic Science Institute). A
He–Ne laser at 15mWwas usedwith an excitationwavelength
of 633 nm and a resolution of 1.2 cm−1.

2.3. Cell Culture. MC3T3-E1 preosteoblasts were seeded at
a density of 2.5 × 104 cells/cm2 in 6-well Transwell plates
(SPL Inc., Seoul, Korea) and grown with 𝛼-minimal essential
medium (𝛼-MEM; Invitrogen, Carlsbad, CA, USA), supple-
mented with 10% fetal bovine serum (FBS; Gibco, BRL, USA)
and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA), in a humidified atmosphere of 5%CO2 at 37∘C. For the
transwell cultivation, freeze-dried d-BCPs with or without
rhBMP2 were placed in transwell inserts and suspended
above the cell cultures using three wells per sample group,
allowing for release of the factor from the matrix without
direct cell contact. After 72 h, the lower cells were harvested
for further analysis.

2.4. Total RNA Extraction and RT-PCR. Total RNA was
isolated from the cultured cells using TRIzol reagent (Invitro-
gen) according to themanufacturer’s instructions. To amplify
the transcripts of osteoblast-specific genes, cDNA was syn-
thesized from 1 𝜇g of total RNA using random primers and
SuperScript II reverse transcriptase (200 units; Invitrogen),
and then polymerase chain reaction was performed. The
reaction consisted of an initial denaturation step at 94∘C for
1min, followed by a three-stage cycle: denaturation at 94∘C
for 30 s, annealing at a temperature optimized for each primer
pair for 30 s, and extension at 72∘C for 30 s. After the requisite
number of cycles, the reactions underwent a final extension
at 72∘C for 5min. Annealing temperatures, number of cycles,
and primer sequences for alkaline phosphatase (ALP), osteo-
calcin (OC), osterix (Osx), and 𝛽-actin are as follows: ALP
(55∘C, 25 cycles), (F) 5-TACATTCCCCATGTGATGGC-3
and (R) 5-ACCTCTCCCTTGAGTGTGGG-3; OC (55∘C,
25 cycles), (F) 5-CTCCTGAGTCTGACAAAGCCTT-3
and (R) 5-GCTGTGACATCCATTACTTGC-3; Osx (55∘C,
25 cycles), (F) 5-TGAGGAAGAAGCCCATTCAC-3 and
(R) 5-ACTTCTTCTCCCGGGTGTG-3; 𝛽-actin (55∘C, 25
cycles), (F) 5-TGGATGGCTACGTACATGGCTGGG-3
and (R) 5-TTCTTTGCAGCTCCTTCGTTGCCG-3. The
amplified PCR products were electrophoresed on a 1.5%
agarose gel and visualized by RedSafe Nucleic Acid Staining
solution (Intron Biotechnology, Sungnam, Korea) using the
i-MAX gel image analysis system (CoreBioSystem, Seoul,
Korea).

2.5. Alkaline Phosphatase (ALP) Staining. To examine effects
of rhBMP2/d-BCP on bioactivity of bone-forming osteo-
blasts, ALP staining was performed in MC3T3-E1. Cells were
fixed with 70% ethanol, rinsed three times with deionized
water, and then treated for 15min with a 5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium solution (Sigma
Aldrich, St. Louis, MO, USA). For quantitative analysis,
the stains were extracted with 10% (w/v) cetylpyridinium
chloride in 10mM sodium phosphate (pH 7.0) for 15min, and
absorbance was measured with microplate reader (Multiskan
GO;Thermo Scientific, Waltham, USA) at 540 nm.
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2.6. Animal Preparations. All animal studies were reviewed
and approved by the Animal Ethics Committee of Chon-
nam National University (number CNU-IACUC-YB-2014-
35). Six-week-aged male C57BL/6 mice were obtained from
Daehan Biolink (Chungbuk, Korea), and 10 mice per group
were randomly assigned. Animals were anesthetized by
intraperitoneal injection of a mixture of Zoletil (30mg/kg;
Virbac Lab, Carros, France) and Rompun (10mg/kg; Bayer
Korea Ltd., Seoul, Korea). A sagittal incision wasmade on the
scalp and the calvarium was exposed. A critical-sized bone
defect was created by using a 5mm inner diameter trephine
bur (Fine Science Tools, Foster City, CA, USA) under low
speed drilling and cool saline irrigation. The defects were
filled with d-BCP (10mg) or rhBMP2/d-BCP composites
(5 or 10 𝜇g of rhBMP2 with 10mg of d-BCP) according to
group. In the control group, the defects were unfilled. The
animals were sacrificed 2 and 8 weeks after surgery by CO2
asphyxiation. The crania were carefully removed and fixed
for 24 h in 10% neutral buffered formalin solution and then
transferred into 70% ethyl alcohol for storage.

2.7. Soft X-Ray and Microcomputed Tomography (Micro-CT)
Scanning. The whole body and the isolated crania from each
mouse were radiographed by 2-dimensional radiographic
apparatus (Hitex Ltd., Osaka, Japan) using diagnostic X-
ray film (X-OMAT V, Kodak, Rochester, NY, USA) under
the following conditions 35 kVp and 400𝜇A for 45 s. For
a 3-dimensional analysis, each specimen was scanned by
micro-CT (Skyscan 1172; Skyscan, Aartselaar, Belgium) in
cone-beam acquisition mode. The X-ray source was set at
50 kV and 200𝜇A with a 0.5mm aluminum filter at 17.09 𝜇m
resolution. The exposure time was 1.2 s. 449 projections were
acquired over an angular range of 180∘ (angular step; 0.4∘).
The image slices were reconstructed by using the NRecon
program (version 1.6.2.0, Skyscan, Aartselaar, Belgium) and
bone volume and thickness were measured using the CT-
Analyzer program (version 1.10.0.5, Skyscan, Aartselaar, Bel-
gium). 3D surface rendering images were obtained by using
the Mimics software 14.0 (Materialise NV, Leuven, Belgium).

2.8. Histological Analysis. All specimens were decalcified in
a rapid decalcifying solution (Calci-Clear Rapid, National
Diagnostics, Atlanta, USA) for 10 days and then embedded
in paraffin and cut into 7 𝜇m thick serial slices. The sections
were deparaffinized in xylene at room temperature for 20min
and then rehydrated through a graded series of alcohols.
The sections were then stained with hematoxylin and eosin
(H&E). The H&E-stained sections from each group were
then examined under a light microscope (Leica, Wetzlar,
Germany) to evaluate new bone formation.

2.9. Statistical Analysis. Statistical analysis was performed
using one-way analysis of variance (ANOVA) and Duncan’s
multiple comparisons using the Graph Pad Prism 4 for Win-
dows statistical software package (Graph Pad Software Inc.,
La Jolla, CA, USA). All the data presented are expressed as
the mean ± SEM from three independent measurements. A
𝑝 < 0.05 was considered statistically significant.

3. Results

3.1. Surface Morphology and Compositional Analyses of
rhBMP2/d-BCP. The osteoconductive d-BCP was soaked
into the osteoinductive rhBMP2 solution and then freeze-
dried. Morphological analysis with FE-SEM showed that the
d-BCPs were 500 and 700 𝜇m size of spherical particles with
macro-/microinterconnected pore structures and a central
through-hole (Figures 1(a) and 1(b)).The freeze-dried d-BCP
with rhBMP2 solution (rhBMP2/d-BCP) had an irregular or
closed spherical morphology with a relatively rough surface
compared to d-BCP, indicating good packaging of rhBMP2
in the central through-hole of d-BCP (Figures 1(c) and 1(d)).

In the compositional analysis of EDS, an N and Mg
layer was observed on the surface of the rhBMP2/d-BCP
but not on that of d-BCP itself (Figure 2(a)). Raman spec-
troscopy analysis revealed that lots of peaks of rhBMP2/d-
BCP are accordedwith those of rhBMP2 itself, indicating that
rhBMP2 can be transferred on the surface or through-hole of
d-BCP (Figure 2(b)).

3.2. In Vitro Osteogenic Differentiation by the rhBMP2/d-
BCP. ALP activity is widely used as a marker for the early
differentiation of osteoblasts [16]. To examine the effects of
the rhBMP2/d-BCP on osteogenic differentiation in vitro,
preosteoblast MC3T3-E1 cells were maintained for 3 days in
a transwell system, containing either d-BCP or rhBMP2/d-
BCP, and then ALP staining was performed. ALP activity sig-
nificantly increased inmodels with the rhBMP2/d-BCP com-
pared to those with the control d-BCP group (Figure 3(a)).
The expression levels of osteoblast-specific genes (such as
ALP, OC) and Osx were also significantly higher in models
with the rhBMP2/d-BCP than in the controlmodelswith only
d-BCP (Figure 3(b)).

3.3. In Vivo Bone Formation by the rhBMP2/d-BCP. To eval-
uate bone formation by the rhBMP2/d-BCP in vivo, we
implanted either d-BCP or rhBMP2/d-BCP (5 or 10𝜇g) into
a 5mm inner diameter cranial defect, which was created in
the central part of the mouse cranial bone. To visualize the
regions of bone healing, soft X-ray and micro-CT analysis
were performed 2 and 8 weeks after surgery. X-ray analysis
revealed that the control group without the scaffold showed
round and radiolucent cranial defects for up to 8weeks. In the
groupwith d-BCP implant, both d-BCP particles and a radio-
opaque shadow around the defects were detected at 2 weeks.
After 8 weeks, the radio-opaque shadow decreased and new
bone was detected in the spaces between the particles. How-
ever, the cranial defect had not completely healed (Figures
4(a) and 4(b)). In the groups with rhBMP2/d-BCP implants,
d-BCP particles and a rounded radio-opaque shadow were
also shown. However, the cranial defect had healed more
effectively in this group. The 3-dimensional analyses of
defects using micro-CT scanning showed that the group
with rhBMP2/d-BCP implants had substantial platelike bone
structure, which was visible in the center of the cranial
defect, and that this group had a higher capacity for healing
in the peripheral area surrounding the defect, compared to
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Figure 1:Morphology of the donut shape ofmicroporous biphasic calciumphosphate ceramics (d-BCP) in the presence or absence of rhBMP2
(recombinant human bone morphogenetic proteins 2) was analyzed with SEM. d-BCP (10mg) was soaked into rhBMP2 solution (5𝜇g/mL)
and then freeze-dried. (a, b) d-BCP, (c, d) rhBMP2/d-BCP, and (b, d) high magnification image of the d-BCP with and without rhBMP2.

the group with d-BCP implants (Figures 4(c) and 4(d)).
Volumetric analysis using micro-CT also demonstrated that
bone volume in the defects with rhBMP2/d-BCP implant is
greater than that with d-BCP implant alone. The thickness
of newly regenerated bone was also significantly higher in
the rhBMP2/d-BCP groups than in the d-BCP group. When
compared to the negative control, the group with d-BCP
implants alone also exhibited a significant increase in both
bone volume and bone thickness (Figures 4(e) and 4(f)).

3.4. Histological Analysis. Histological analysis was per-
formed using H&E stained sections at 2 and 8 weeks after
implantation, in order to qualitatively evaluate new bone
formation. In the control group, no mineralized bone was
observed in the empty cranial defect and instead the thin
fibrous tissue coverage was seen. In the group with d-BCP
implants, only a small amount of newly formed bone was
found in the limited peripheral region of d-BCP particles at
8 weeks (Figure 5). However, the group with the rhBMP2/d-
BCP implants showed greater amounts of bone regeneration
with normal bone-like structure compared to the group with
the d-BCP implants. In the rhBMP2/d-BCP group, the newly
regenerated bone almost covered the outer surface as well
as inner through-hole surface of d-BCP particles and was
observed in the interparticular space (Figures 5(a) and 5(b)),

suggesting that the regeneration may be affected by BMP2
adsorption on d-BCP.

4. Discussion

In this study, we investigated whether donut shape of BCP is
useful for delivering osteogenic rhBMP2 and the delivery can
synergically enhance bone regeneration in cranial defects of
mice. Our results showed that BMP2 can be adsorbed on the
microspore surface of BCP and plugged the central through-
hole by freeze-drying and that the rhBMP2-adsorbed d-BCP
(rhBMP2/d-BCP) enhanced in vitro osteoblast differentiation
and in vivo bone formation, compared to d-BCP alone.

BCP integrates the excellent mechanical properties of less
resorbable HA with faster resorbable 𝛽-TCP, and a HA/𝛽-
TCP ratio of 60 : 40 has been reported as the optimal com-
position for synthetic bone in previous animal studies [17,
18]. Previously the donut shape of BCP (d-BCP; HA/𝛽-TCP
ratio of 60 : 40), which is made of submicron-sized grains
with 300–400𝜇m central pore and 20–60𝜇m micropores
on surface, was developed as a bone substitute and charac-
terized to have osteoconductivity [6]. In the present study,
we consistently observed that implantation of d-BCP alone
partly induced cranial bone regeneration in mice. We still
consider that the response might come from the increase of
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Figure 2: Energy dispersive spectra (EDS) and Raman spectroscopy were used to identify the chemical composition of the d-BCP with or
without rhBMP2. (a) EDS profiles of d-BCP with and without rhBMP2, (b) Raman spectra of d-BCP (bottom), rhBMP2 protein (center), and
rhBMP2/d-BCP (top) samples in the range of 100–4000 cm−1.

osteoconductivity of d-BCP due to the surface characteristics
with interconnected microporosity and through-hole, allow-
ing some space formigrating osteoblasts and endothelial cells
and contributing to vascularization and bone ingrowth.

So far, there are lots of trials to deliver osteoinductive
BMP2 onto BCP particles and the enhancement of bone
regeneration by them has been introduced with the limited
functional evaluation [1]. This study was also undertaken
with a hypothesis that d-BCP will be a more powerful bone
substitute if osteoinductive substances are delivered into the
macro-/micropore structures and the central through-hole
of d-BCP. When d-BCP was soaked with rhBMP2 solution
and freeze-dried in the present study, adsorption of rhBMP2
on the surface of d-BCP and through-hole was identified
by morphological and compositional analyses such as SEM,
EDS, and Raman spectrum. SEM images showed that the
postlyophilized remnants roughly covered the outer surface
of d-BCP particles and also plugged a central through-hole.
In the EDS results, nitrogen and magnesium layers were
observed in the surface of rhBMP2/d-BCP, not in that of

d-BCP only [19]. Because nitrogen is a component of amino
acid and magnesium is one of the protein binding inorganics
[20], we can assume that postlyophilized remnants on the
surface of rhBMP2/d-BCP might be BMP2 protein. Raman
spectra analysis showed that lots of peaks of rhBMP2/d-BCP
are accorded with those of rhBMP2 itself, indicating that
rhBMP2 can be transferred on the surface or through-hole
of d-BCP. Because d-BCP has a 300–400𝜇m of central
through-hole unlike previous plain particle type of BCPs, it
has an advantage to deliver more rhBMP2 and to enhance
bone regeneration.

BMP2 is the most potent osteoinductive growth factor
to stimulate the development of endogenous bones or repair
of damaged bones [21, 22]. In addition, BMP2 stimulates
osteoblastic differentiation from mesenchymal stem cells or
progenitor cells with the increases in osteoblast-specific gene
expressions, including alkaline phosphatase enzyme, bone
matrix proteins, and transcription factors [23, 24].

In this study, we further examined whether the adsorbed
rhBMP2 on d-BCP surface still has such a stimulatory effect
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Figure 3:The effect of rhBMP2/d-BCP on osteogenic differentiation in MC3T3-E1 cells. Cells were maintained for 3 days in growth medium
with d-BCP (1mg) or rhBMP2 (0.5𝜇g)/d-BCP (1mg). (a)The cells were subjected to ALP staining. (b) Total RNAwas isolated and expression
of osteoblast-specific genes was analyzed by RT-PCR. 𝛽-actin was used as a loading control. ALP: alkaline phosphatase. OC: osteocalcin. Osx:
osterix. ∗𝑝 < 0.05 compared to the indicated group. Representative data are shown. 𝑛 = 3.

on osteoblast differentiation and bone regeneration. Our
results of in vitro culture experiments showed that MC3T3E1
preosteoblasts with rhBMP2/d-BCP produced more in-
creases in ALP enzyme activity, gene expression of ALP,
bone matrix protein osteocalcin, and transcription factor os-
terix, compared with d-BCP alone. The results indicate that
the rhBMP2 on d-BCP surface still has biological activity
regardless of lyophilized process and adsorption on d-BCP
surface.

Our in vivo study confirmed the rhBMP2/d-BCP effects
on bone regeneration; rhBMP2/d-BCP implants induced
greater bone regeneration, compared to d-BCP alone, in the
critical-sized calvarial defects in mice. In the radiographic
analysis, d-BCP alone also induced bone repair of calvarial
defects as in a previous report [6]; however, the defects were
not completely covered with new bones even at 8 weeks after
implantation. On the other hand, rhBMP2/d-BCP implant
significantly enhanced the bone repair with increases in bone
volume and thickness in the defects, and the d-BCP with
10 𝜇g of rhBMP2 produced the completed healing even at 2
weeks after implantation; the defect was fully covered with
new regenerated bone. However, the volume of new bone
by the combination at 8 weeks was not increased, compared
to that at 2 weeks. These indicate that rhBMP2 can initially
burst from the rhBMP2/d-BCP complex to be inactive after
8 weeks or d-BCP itself may be improper to slowly release
rhBMP2. For more efficient regeneration for long time, a
sustained releasing system for rhBMP2 has to be added to the
combination.

Histology results consistently revealed that d-BCP alone
also produced new bone formation; however, that new bone
was observed in the limited surface of d-BCP. On the other
hand, the rhBMP2/d-BCP implant elicited to greater amounts
of bone regeneration than the d-BCP implants; the newly
regenerated bones almost covered the outer surface as well
as inner through-hole surface of d-BCP particles and even
were observed in interspace between d-BCP particles. The
bone-forming pattern appears to be closely related to the
rhBMP2 adsorption on d-BCP particles, when we consider
the putative localization of rhBMP2 and osteoinductive activ-
ity. These consistently suggest that the adsorbed rhBMP2 has
a stimulatory effect on in vivo bone regeneration. However,
the different concentrations (5 𝜇g or 10 𝜇g) of rhBMP2 appear
to have no effect on the maturity of new bone, indicating
that the doses of rhBMP2 might not be enough to produce
the matured bone in the presence of d-BCP in mice. To
develop an optimal combination system using rhBMP2 and
d-BCP for cranial bone regeneration, further studies are
still needed including a sustained release strategy for long-
term effects of rhBMP2, degradation behavior of d-BCP,
appropriate concentration of rhBMP2, and so forth.

5. Conclusions

This study showed that donut shape of BCP (d-BCP) can
deliver rhBMP2 through the hole with freeze-drying and
that the rhBMP2/d-BCP can stimulate in vivo bone regen-
eration as well as in vitro osteogenic differentiation and



BioMed Research International 7

Control d-BCP BMP2+/d-BCP BMP2++/d-BCP
2 weeks

2D
 so

ft 
X-

ra
y

(a)

Control d-BCP BMP2+/d-BCP BMP2++/d-BCP
8 weeks

(b)

3D
 u

-C
T

(c) (d)

2 weeks

Con BCP BCP/+ BCP/++ 

NS

Bo
ne

 th
ic

kn
es

s (
m

m
)

Con BCP BCP/+ BCP/++ 

Bo
ne

 v
ol

um
e (

m
m

3
)

∗
70

60

50

40

30

20

10

0

2.0

1.5

1.0

0.5

0.0

(e)

8 weeks

Bo
ne

 th
ic

kn
es

s (
m

m
)

Con BCP Con BCPBCP/+ BCP/++ BCP/+ BCP/++ 

Bo
ne

 v
ol

um
e (

m
m

3
)

∗∗ ∗
70

60

50

40

30

20

10

0

2.0

1.5

1.0

0.5

0.0

(f)

Figure 4: Effects of rhBMP2/d-BCP on bone repair of calvarial defects in mice. d-BCP (10mg) or rhBMP2 (5 or 10 𝜇g)/d-BCP (10mg) were
implanted into a 5mm inner diameter cranial defect. Control group was left without any implantation. The mice were harvested at 2 and 8
weeks after implantation, and 2D soft X-ray (a, b) and 3Dmicrocomputed tomography (c, d) analyses were performed. Volume and thickness
of regenerative bone were measured using micro-CT apparatus and micro-CT-Analyzer program (e, f). ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 compared
to the indicated group. Representative data are shown. 𝑛 = 5.
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Figure 5: Histological analysis of rhBMP2/d-BCP induced bone regeneration in calvarial defects ofmice. All specimens used for radiographic
analyses (Figure 4) were formalin-fixed, paraffin-embedded, and then cut into 7𝜇m thick sections. The sections were then stained with
hematoxylin and eosin (H&E). Micrographs are shown at ×1 and ×10 magnifications.

mineralization. This rhBMP2 delivery system can be used
to develop therapeutic strategies in bone regeneration and
defect healing.
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