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Abstract Craniofacial bone defects such as alveolar cleft
affect the esthetics and functions that need bone recon-
struction. The advanced techniques of biomaterials com-
bined with stem cells have been a challenging role for
maxillofacial surgeons and scientists. PCL-coated biphasic
calcium phosphate (PCL-BCP) scaffolds were created with
the modified melt stretching and multilayer deposition
(mMSMD) technique and merged with human dental pulp
stem cells (hDPSCs) to fulfill the component of tissue
engineering for bone substitution. In the present study, the
objective was to test the biocompatibility and biofunction-
alities that included cell proliferation, cell viability, alkaline
phosphatase activity, osteocalcin, alizarin red staining for
mineralization, and histological analysis. The results
showed that mMSMD PCL-BCP scaffolds were suitable for
hDPSCs viability since the cells attached and spread onto
the scaffold. Furthermore, the constructs of induced
hDPSCs and scaffolds performed ALP activity and pro-
duced osteocalcin and mineralized nodules. The results
indicated that mMSMD PCL-BCP scaffolds with hDPSCs
showed promise in bone regeneration for treatment of oss-
eous defects.

1 Introduction

Craniofacial bone defects from trauma, tumor or alveolar
cleft affect a patient’s quality of life due to an abnormal
facial appearance and malfunction. The reconstruction of
bony destruction using autogenous bone from the iliac crest
is the gold standard. However, there are weak points, for
instance, donor site morbidity, pain, blood loss and also the
limitation of donor volume [1]. Tissue engineering is a
developing technology used to reconstruct the damaged
area or lost tissue such as bone. Bone tissue engineering
provides repair or a substitute for the bony defect by proper
biomaterials, such as scaffold applications with osteoindu-
cing molecules like growth factors and osteogenic cells to
create normal form and function [2]. The requirements of
biomimetic scaffolds need to include not only biocompat-
ibility with the recipient tissues, but also the appropriate
porosity for the osteogenic cells to permit attachment and
proliferation and a proper degradability rate as well. The
degradability of bioscaffolds is important due to natural
tissue replacement later [3]. Specifically for dentoalveolar
reconstruction, suitable scaffolds have to degrade between 5
and 6 months considering the ideal materials for new bone
formation processes and also remodeling [4].

The numerous types of biomaterials developed for scaf-
folds can be classified into natural and synthetic polymers,
ceramics and composites. For example, the natural poly-
mers are collagen and chitosan. Other polymers like poly-ε-
caprolactone (PCL), polyglycolic acid (PGA), polylactic
acid (PLA) have been synthetically produced. Poly-ε-
caprolactone (PCL) is a semi-crystalline aliphatic polye-
ster with good biocompatibility and biodegradation [5] and
can be processed easily at the low melting point of around
60 °C. Moreover, the United States FDA approved this
polymer as clinically safe [6]. Therefore, it can be an
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appropriate material for scaffold production. Although PCL
presents a gradual degradation of two years among the
available biodegradable synthetic polymers, the degradation
products can be resorbed through the metabolic pathway
and do not cause acidosis to the surrounding tissues [7].

Hydroxyapatite (HA) and beta-tricalcium phosphate (β-
TCP) are defined as ceramics that provide chemical simi-
larity to bone mineral components. In addition, these cera-
mics show the important benefits over autograft and allograft
not only in biocompatibility and bioactivity, but also in
osteoconduction, unlimited availability and cost effective-
ness [8]. The mixtures of HA and β-TCP are referred to as
biphasic calcium phosphates (BCP) that have synergistic
properties that offer more strength and less resorbability The
suitability of BCP granules (β-TCP/HA= 70:30) act as
suitable carriers to induce osteoblast cells for bone healing
[9]. In addition, the composite scaffolds are made from two
distinct scaffolds as ceramics mixed with synthetic polymers
to improve the material properties from the benefits of each
component, which complement each other [10].

The novel technique of 3-D scaffold fabrication is melt
stretching and multilayer deposition (MSMD) which is a
melting and blending of the polymer with other composi-
tions. This technique seems to be the appropriate fabrication
method because of the cleanliness and the blending is
without any solvents or porogens. Therefore, MSMD scaf-
folds would be suitable as bone inducing materials to
enhance osteogenesis which were found to have a micro-
groove pattern on their surfaces and proved to support
cellular conduction and osteoblast attachment as well as
protein loading and release [11, 12]. Therefore, this inno-
vation to fabricate scaffolds brings the components of PCL
and BCP together to form PCL-BCP composite scaffolds.
The significant relevance as potential biomaterials for bone
tissue regeneration is due to the improvement of the
mechanical and bioactivity of these materials. The proper
ratio of 80 PCL and 20% BCP was selected to make the
scaffold filaments considering easier fabrication and possi-
ble reduction in the amount of BCP [13].

Recent studies reported that stem cells serve as possible
treatment options. Human bone marrow stem cells
(hBMSCs) are frequently found in clinical reports [14].
Nevertheless, the main issues of hBMSCs are not only the
additionally surgical procedures to harvest the cells but also
the limited volumes of the cells [15]. Human dental pulp
stem cells (hDPSCs) are known as multipotent stem cells
that are easily obtained from extracted teeth from routine
dental procedures and minimal tissue site morbidity. The
patients perceive little pain experience and also obtain an
effective procedure. Several hDPSCs studies have shown
clonogenic ability, rapid proliferation rate, multipotential
plasticity and cryopreservation for a long time as well [16].
In addition, Gronthos and colleagues [17] reported that

hDPSCs are similar to bone marrow stem cells (BMSCs)
due to the ability to differentiate into various cell types,
such as osteoblasts, odontoblasts, adipocytes, or neuron
lineage in vitro that depends upon the type of induction
media [18]. Moreover, DPSCs that were transplanted in
animal experiments could form new bone with extended
vascularization [19–21]. These reasons make hDPSCs more
pleasant as cell sources in clinical use for bone regeneration.

The rabbit calvarial model was selected from anatomical
calvaria similar to the palate and mandible [22]. Eventually,
this model proved to be proper for analysis of the graft
reconstruction [23, 24]. However, to the best of our
knowledge, the behavior of DPSCs on the novel PCL-BCL
composite scaffold transplanted into animals has not been
proven. Therefore, our aim of this study was to evaluate the
modified melt stretching and multilayer deposition of a
PCL-BCP scaffold that acts as a suitable scaffold to support
the attachment, proliferation and osteogenic potentials of
induced hDPSCs in vitro to improve bone tissue regenera-
tion in clinical applications.

2 Materials and methods

2.1 Fabrication of 3D PCL-BCP scaffolds

The scaffolds were prepared from monofilaments of PCL-
BCP that were composed of PCL and BCP in the ratio of
80/20 by the MSMD technique. Briefly, the raw materials
were PCL pellets (Mn 80,000 PC, Sigma Aldrich, USA) and
BCP (HA:β-TCP 30/70 particles, particle sizes <75 µm,
MTEC, Thailand) [25]. The components were mixed toge-
ther in the ratio as mentioned above by weight and melted in
the melting-extruding machine [11]. The PCL-BCP mix-
tures were extruded into monofilaments through the spouted
tip of the machine and the filaments were then stretched to
reduce their size. Thereafter, to fabricate the 3D scaffolds a
single filament (50 cm in length) was cut and placed into a
5-cc glass syringe to serve as the mold. The syringe plunger
was pushed to reach the reference point of 3 mm from the
bottom of the syringe to cause the filaments to be in close
contact. The tip of the syringe was sealed with polyvinyl
siloxane (3M ESPE, USA) and then the syringe was
immerged in warm double distilled water to fuse the contact
surfaces of the filaments together and form 3 D structures
(diameter 11 mm, height 3 mm) (Fig. 1). All scaffolds were
cleaned with ethylene oxide gas before use in the
experiments.

2.2 Isolation and characterization of hDPSCs

Human dental pulp tissue was harvested from impacted
third molars extracted from healthy adults (18–25 years old)
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due to orthodontic considerations at the Department of Oral
Surgery, Dental Hospital, Faculty of Dentistry, Prince of
Songkla University. The Research Ethics Committee (REC)
of the Faculty of Dentistry, Prince of Songkla University
approved this research protocol (project No. EC5709-22-P-
HR) on 4 December 2014 and all subjects gave informed
consent for the use of their dental pulps. hDPSCs were
isolated from five teeth that were cleaned and drilled around
the cementum-enamel junction using sterilized dental fis-
sure burs until the pulp chamber was exposed. The pulp
tissues were pooled together [26] and soaked in a solution
of 3 mg/mL of collagenase type I (Gibco-Invitrogen) and 4
mg/mL of dispase (Gibco-Invitrogen) for 45 min with
gentle shaking on a horizontal orbital microplate shaker set
at 130 rpm in a CO2 incubator (5% CO2) at 37 °C and 95%
humidity. Single-cell suspensions were prepared by filtering
through a 70-μm Falcon strainer (Becton & Dickinson,
Franklin Lakes, NJ, USA) and centrifuged at 1800 rpm for
5 min [27]. The cell pellets were resuspended in the growth
medium containing the alpha modification of Eagle’s med-
ium (α-MEM) (Gibco-Invitrogen) supplemented with 10%
fetal bovine serum (FBS) (Gibco-Invitrogen), 100 U/mL
penicillin, 100 µg/mL streptomycin (Gibco-Invitrogen) and
1% fungizone (250 µg/mL) (Gibco-Invitrogen). Thereafter,
the resuspended cells were cultured in 75 cm2

flasks and
incubated in the CO2 incubator (5% CO2) at 37 °C and 95%
humidity. The culture medium was replaced every 2–3 days
and the cells were subcultured at 70–80% confluence. Non-
adherent cells were removed from the culture after 3 days
by PBS washing and fresh medium change. Cells at pas-
sages 3–5 were used in all experiments. Human gingival
fibroblasts (hGFs) and osteoblast sarcoma cell lines (MG-
63) were used for negative and positive controls, respec-
tively [28–30].

2.3 Immunophenotypic characterization

The MSCs immunophenotypes of hDPSCs were defined
following the International Society for Cellular Therapy
(ISCT) protocols [13]. Briefly, examination of the MSC cell
surface markers using a cell suspension of approximately
1 × 107 cells of hDPSCs were tested with a preconjugated
antibody cocktail in a Human MSC Analysis kit (BD
Biosciences) by flow cytometry using FACS Calibur
instrument (BD Biosciences). The data processing and
analysis used FACS DIVA software (BD Biosciences).

2.4 Self-renewal capacity: colony-forming unit fibroblast
(CFU-F) assays

The stemness of the hDPSCs was determined by the colony-
forming unit fibroblast (CFU-F) assay. Following the
seeding of 100 cells/well in a 6-well plate (Costar), the cells
were cultured for 10 days. The cells were then fixed with
4% paraformaldehyde (Sigma) and stained with 0.1%
toluidine blue (Sigma). The number of colonies was coun-
ted from aggregations of more than 50 cells or greater than
2 mm colonies in diameter. Observation of the cells was
performed by a light microscope (Nikon) [31].

2.5 Cell seeding onto the PCL-BCP scaffolds

hDPSCs were seeded onto PCL-BCP scaffolds to determine
their ability to differentiate. Gingival fibroblasts were used
as the negative control and the MG-63 cell line from ATCC,
Rockville, MD, USA was used as the positive control. The
cells were seeded onto the scaffolds in each group (n= 5/
group/time point). Before starting, the scaffolds were pre-
wetted in the culture medium for 24 h. Then 1 × 105 cells
were seeded onto the scaffolds (Fig. 2) [13]. The cell-
scaffold constructs were cultivated in 5% CO2 at 37 °C for
3 days in order to make sure the cells were attached onto the
scaffolds. After that the culture medium was changed to an
osteogenic medium supplemented with 5 mM β-
glycerophosphate (Sigma, USA), 500 nM dexamethasone
(Sigma, USA) and 50 µg/mL ascorbic acid (Sigma, USA).
The medium were changed every 2–3 days until the
experiment ended.

2.6 Cell proliferation assay (PrestoBlue®: days 1, 3, 5
and 7)

Cell proliferation assays were performed by PrestoBlue®, a
resazurin-based solution, according to the manufacturer’s
instructions (PrestoBlue® Cell Viability Reagent, Invitro-
gen, USA) to measure the activity of mitochondrial dehy-
drogenases through the reducing process in the cytoplasm
that reacts with resazurin (purple color) to form resorufin

Fig. 1 Fabrication process of PCL-BCP scaffolds using the mMSMD
technique. 1 PCL-BCP monofilament was placed in a glass syringe
mold and compressed. 2 The mold was immersed in warm water
allowing the contact points of the filament to fuse together and form a
3D scaffold. 3 Superior and lateral aspects of the morphology of the
PCL-BCP scaffolds
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(red color) to estimate the number of viable cells and
measured on days 1, 3, 5 and 7. In brief, the constructs were
washed twice with PBS, then a 1/10th volume of PrestoBlue
reagent was added directly into the culture media and
incubated for 1 h at 37 °C. Thereafter, samples (100 µL) of
the solution from each well were measured in duplicate by
transferring to a 96-well plate at the wavelength absorbance
of 570 nM excitation and 600 nM emission using a micro-
plate reader [32].

2.7 Morphology observation: scanning electron
microscope (SEM)

The cell morphology and attachment on the scaffolds were
monitored by SEM (JEOL 6360 LV) at an accelerating
voltage of 15 kV. On days 7, 14 and 21 of the experiment,
the constructs were washed with phosphate buffer saline
(PBS) and fixed with 2.5% glutaraldehyde in PBS for 2 h.
Thereafter, dehydration was processed in an ethanol series
of 60–100%, then dried and coated using a gold sputter
coater machine (SPI Supplies, Division of STRUCTURE
PROBE Inc., Westchester, PA USA).

2.8 Cell viability evaluation: confocal laser scanning
microscope (CLSM)

The cell viability of the seeded hDPSCs within the scaffolds
and cultured in growth medium was assessed at day 14
using 4 μg/mL of fluorescein diacetate (FDA) (Sigma-
Aldrich) combined with propidium iodide (PI) 40 μg/mL

(Sigma-Aldrich) staining that showed green and red staining
of viable cells and apoptotic cell nuclei, respectively.
Thereafter, samples were inspected under a confocal laser
scanning microscope (Olympus, FV1000 Fluoview, Japan)
[33].

2.9 Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity is an early osteogenic
marker of the osteoblasts. ALP activity was quantified at
days 3, 7, 14 and 21 as a method to assess osteogenic
differentiation. The lysated cell solutions were thawed on
ice and 10 µL of the solutions in each tube were mixed with
500 µL of the ALP solutions (60 mmol/L p-nitrophenyl-
phosphate [substrate] in 435 mmol/L 2-amino-2-methyl-1-
propanolol [AMP buffer]) (ab83369, Abcam). The cells
were incubated for 30 min at room temperature. The optical
density of the yellow para-nitrophenol solutions were
measured using a microplate reader at 405 nM (Multiscan™
Go, Thermo Fisher Scientific). A triplicate of each sample
was analysed. The ALP activity values were normalized to
the total protein content (µM p-nitrophenol/mg protein)
[34].

2.10 Osteocalcin assay

Osteocalcin (OCN) is considered a late osteogenic marker
and a specific protein of the osteoblast. The assay measures
the entire OCN synthesized by the osteoblast like cells.
Quantification of OCN on days 7, 14 and 21 was performed

Fig. 2 hDPSC preparation and
mixture onto the PCL-BCP
scaffolds

25 Page 4 of 11 J Mater Sci: Mater Med (2017) 28:25



following the manufacturer’s instructions using the Quan-
tikine Osteocalcin Elisa kit (R&D systems, Inc., MN, USA).
The optical densities of the solutions were measured using a
microplate reader at 450 nM (Multiscan™ Go, Thermo
Fisher Scientific) and the concentrations were calculated
from the serial diluted standard solution. Concentrations of
OCN were extrapolated from a standard curve of serial
dilution of highly purified human OCN and reported as ng/
mL [35].

2.11 Mineralization assay

Alizarin red staining assay was used to determine the cal-
cium phosphate mineral nodules (matrix mineralization) on
the scaffolds. The constructs were cultured for 3, 7, 14 and
21 days. On the day of the experiment, they were double
washed with PBS and fixed with 4% paraformaldehyde for
10 min and 1 mL of alizarin red solution (2 g in 100 mL of
distilled water and pH adjusted to 4.1–4.3) was added. The
constructs were incubated at room temperature for 20 min
with protection from the light. The alizarin red solution was
carefully washed from the constructs around four times with
distilled water. Mineralization nodules were observed via a
microscope [36].

For quantification, the Alizarin red S stained constructs
were extracted. In brief, 800 mL of 10% acetic acid was
added to the stained constructs for 30 min. After that the
supernatant was moved into a 1.5 mL Eppendorf tube and
heated for 10 min at 85 °C. Thereafter, centrifugation at
12,500 rpm for 15 min was performed and 100 µL samples
were transferred into a 96-well plate and the optical density
was measured using the microplate reader at 405 nm
(Multiscan™ Go, Thermo Fisher Scientific) [31].

2.12 Statistical analysis

The statistical measurements of samples were tested by one-
way ANOVA followed by Tukey’s HSD test (SPSS
16.0 software package). Statistical significance was deter-
mined as *= P < 0.01 and #= P< 0.05.

3 Results

3.1 Characterization of hDPSCs by flow cytometric
analysis

The levels of surface marker expression were determined by
flow cytometry following the ISCT criteria [37]. The cells
were shown to be positive for CD44 (99.80%), CD73
(99.79%), CD90 (99.75%), and CD105 (99.98%) with low
expression for hematopoietic stem cell markers CD34,
CD45, CD11b, CD19 and HLA-DR (1.68%) (Fig. 3a).

3.2 Colony-forming unit fibroblastic (CFU-F) assay

The isolated hDPSCs were able to form colonies from the
low seeding density that characterized their self-renewal
capacity (Fig. 3b).

3.3 Determination of cell proliferation by PrestoBlue
assay

The proliferation of hDPSCs seeded onto the PCL-BCP
scaffolds were compared with the negative (hGF) and
positive (MG-63) control groups using the PrestoBlue assay
at 1, 3, 5 and 7 days (Fig. 4). The results from the first day
found that the hGFs had the highest growth that was sta-
tistically significant (P= 0.00), while the growth potentials
of the hDPSCs and MG63 performed equally well but were
statistically insignificant (P = 0.855). On the third day,
MG63 control group had a larger proliferation than the
others but it was not significant compared to the hDPSCs
(P= 0.553). Moreover, the potential of the hDPSCs was
greater than the hGFs with statistical significance (P=
0.00). Eventually the fifth and seventh days found similar
results in terms of the greatest growth of MG63 cells (P<
0.01 and P < 0.05 when compared to the hDPSCs and hGFs
sequentially); nonetheless, the hGFs could perform pro-
liferation nearly as well as the hDPSCs (P= 0.124 and
0.878, respectively).

3.4 Evaluation of cell attachment of hDPSCs seeded on
the PCL-BCP scaffolds using scanning electron
microscopy (SEM)

The hDPSCs were attached on the PCL-BCP scaffolds from
day 7, 14 and 21 that eventually increased and distributed
throughout the scaffolds upon the time periods and filopodia
connections were found. On day 21, the hDPSCs formed
the appearance of a cell sheet (Fig. 5a).

3.5 Viability evaluation of hDPSCs seeded on the PCL-
BCP scaffolds using FDA and PI staining by
confocal laser scanning microsopy (CLSM)

The confocal laser images showed that the hDPSCs sub-
stantially exhibited viability from the green color of the
FDA and had the capability to attach onto the scaffold
surface, whereas the red color was found to be insignificant
(Fig. 5b).

3.6 Alkaline phosphatase activity of hDPSCs
differentiated into osteogenic lineage on scaffolds

Osteogenic medium was used for induction of differentia-
tion of all three cell types at four time points (3, 7, 14 and
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21 days). ALP is an enzyme produced by differentiating
osteoblasts which is manifested as a differentiation marker
of osteoblastic lineage. The hDPSCs and MG-63 groups
revealed a relevant increase in ALP activity in the first
seven days, while hGF showed an insignificant increase of
ALP activity at all time points (Fig. 4).

3.7 Osteocalcin assay

The effect of osteogenic induction to the amount of OCN
released from hDPSCs seeded on the PCL-BCP scaffolds

constantly rose in 14 and 21 days that was significantly
higher than both of the other cells in the same condition on
the scaffolds (P< 0.05) (Fig. 4).

3.8 Mineralization assay

Alizarin red S staining determined the presence of calcium
mineralization that also revealed the capacity to differentiate
toward osteoblasts. The quantification of the levels of Ali-
zarin red S extraction progressively increased in both the
hDPSCs and MG-63 cells throughout the culture periods.

Fig. 3 Characterization of hDPSCs a Surface markers CD44, CD 73, CD 90 and CD 105 by flow cytometric analysis b CFU-F assays
demonstrated that hDPSCs single cells generated cell colonies in the culture
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Moreover, the hDPSCs were remarkably at higher levels at
21 days than the other cells (Fig. 4).

3.9 Histological evaluation

Histological evaluation was used to observe the morphol-
ogy and to define the cell organization on the cell scaffold
constructs. The dental pulp stem cells had clearly spread
and were attached thoroughly to the scaffold surface on day
7 (Fig. 5c).

4 Discussion

In the present study, the bioactive mMSMD PCL-BCP
scaffolds were used to demonstrate biocompatibility of
hDPSCs with a high cellular proliferation assay and
osteogenic induction of key osteogenic proteins such as
ALP activity and OCN and eventually extracellular matrix
(ECM) deposition of Alizarin red staining with quantitative
analysis. These three dimensional fabrication techniques of
mMSMD are simple and easy with adequate mechanical
properties to endure the forces of load bearing implantation
sites. The scaffolds can also be fabricated to provide high

porosity and a large interconnecting pore system to support
cell infiltration and bone tissue ingrowth [38, 39]. Intrao-
perative fabrication could be done if necessary compared
with other methods. In addition, no solvents or substrates
are needed during fabrication, so this mMSMD technique
allows the two components of the small granules of BCP to
interact and fuse closely with the PCL polymers. The most
significant advantage of this technique is caused by the
simple stretching force that results in reduction of the fila-
ment diameter. The alignment and folding in the syringe
during the heat curing step generated a complex porosity
and space to permit the penetration of nutrients and oxygen
in the implantation regions.

The BCP components in the presently fabricated scaf-
folds play an important role as the filler to increase the
strength of the scaffold. Nevertheless, the BCP components
are also considered to have bioactive ceramic properties.
The composition of the scaffolds also possesses HA and β-
TCP which is similar to the mineral phase of natural bone.
They provide osteoconductive properties that are also
reported to be intrinsically osteoinductive because there
were some studies that reported the proliferation and dif-
ferentiation of osteoprogenitor cells from the degradation
products of bioceramics [40]. The ratio of HA/β-TCP in the

Fig. 4 Cell proliferation, ALP activity, osteocalcin assay and Alizarin red S assay of hDPSCs, hGFs and MG-63 cells: mean± Standard deviation
(n= 5) (*= P< 0.01 and #= P< 0.05)
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Fig. 5 Evidence of hDPSC attachment on the mMSMD PCL-BCP
scaffold a SEM on days 7, 14 and 21 b Confocal laser images on day
14: filament surface of the scaffold a and three dimensional structures

of cells scaffold construct b, c and d. c Histology of hematoxylin and
eosin (H&E) staining of hDPSCs cultured on PCL-BCP scaffolds on
day 7. Scale bars= 100 μm (a, b, and c), Scale bars= 50 μm (d)
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present scaffold was 30/70 which has been proven to
remarkably support cell attachment and growth including
osteogenic markers as ALP [32]. However, the dis-
advantages of BCP were considered as weak for use in
defects. So, the limitation is for non-load bearing applica-
tions [41]. Therefore, the bioceramics in the present scaffold
needed modification of their properties with polymers to
increase the toughness of the scaffold.

In this study, the PCL polymer was combined with the
BCP. The PCL as a synthetic polymer has been used vastly
in drug vehicles and tissue engineering. PCL properties
have shown biocompatibility, gradual biodegradation with
non-toxicity to the cells from its hydrophobic and semi-
crystalline material with a slow hydrolytic degradation rate
and also adequate mechanical strength for load bearing
areas. Therefore, it has been approved for use by the U.S.
Food and Drug Administration (FDA) [42]. In addition,
mMSMD PCL-BCP composite scaffolds in a previous
study showed similar compressive strength compared to
trabecular bone (2–10MPa) [43].

The cells used in the present study were hDPSCs which
are a promising stem cell source for bone tissue engineer-
ing. The stem cell characteristics of the hDPSCs were
proven prior to the cell seeding process using immuno-
phenotype and colony-forming capacity to confirm the
reliability of this study. In addition, hDPSCs were chosen
due to easier accessibility compared to other sources.
Besides, these cells had minimal tissue site morbidity and
were easily isolated and expanded in the culture. Proven
evidence showed that stem cells from dental pulp had more
clonogenic ability and a rapid proliferative rate equal to
human bone marrow stem cells (hBMSCs) [17]. A study by
Gronthos and co-workers in 2000 revealed that both
hDPSCs and hBMSCs have the multipotential functions
that are able to differentiate into diverse cell types such as
osteoblasts, odontoblasts, adipocytes, and neuron lineage
in vitro that depends on the inductive media [18]. Other
studies also reported the ability of DPSCs to differentiate
into osteoblasts and endothelial cells and were capable of
forming woven bone [20].

The seeded cells could proliferate on the mMSMD PCL-
BCP scaffolds as well as the hGFs and MG-63 cells as the
negative and positive controls, respectively. Therefore, the
PCL-BCP scaffolds that were fabricated by the mMSMD
technique would be biocompatible with non-toxicity. Fur-
thermore, the SEM, CLSM and histology demonstrated that
the cells could obviously attach and the majority of the cells
were distributed with viability on the scaffold. In addition,
progressive hDPSCs were found to spread over the scaffold
surfaces. After 14 and 21 days, these cells formed a layer of
cells on the scaffold surfaces. Therefore, this evidence
supported the biocompatibility of the mMSMD PCL-BCP
scaffolds that conformed to Zhang and colleagues in 2009

[33]. They studied four other stem cell types such as fetal,
umbilical, adipose, and bone marrow. They found that all
four types could be viable on the PCL-TCP scaffolds. The
cellular viability of the MSCs within the scaffolds was
demonstrated by staining with FDA (green) and PI (red)
which were retained by live and dead cells at the same time.
In addition, the metabolic function of bone markers such as
ALP and OCN were investigated during osteogenic differ-
entiation and Alizarin red staining detected mineralization.

The ALP activity of hDPSCs and MG-63 seeded onto the
mMSMD scaffolds showed similar characteristics and a
peak on day 7 of early phase mineralization. On the other
hand, ALP activity of the hGFs was significantly different
from other groups which was caused by a lack of differ-
entiation potential. The low proliferation rate of those cells
on day 7 was likely due to increased expression of ALP that
indicated these cells had started to undergo bone lineage
responsibility [44–46]. Goh and colleagues [47] studied
human fetal mesenchymal stem cells (hfMSCs) with PCL-
TCP that showed ALP expression that peaked at day 7
during osteogenic differentiation as well. The typical MSC
differentiation regarding ALP peaking at day 7 was also
described by others [48–51]. OCN assay results conformed
with late stage mineralization and gradually increased until
day 21. Both hDPSCs and MG63 cells readily demonstrated
osteogenic differentiation in these scaffolds. Nevertheless,
OCN expression from the hGFs showed a low differentia-
tion potential similar to the ALP activity results which was
probably caused by a lack of osteogenic differentiation
potential. The results of the early and late bone marker
activity test in the present study obviously proved that the
mMSMD PCL-BCP scaffold radically improves the ability
of hDPSCs to organize bone tissue formation. Besides, the
functional behavior could be used to discriminate the MSCs
from the fibroblasts [52]. The calcified matrix was detected
by Alizarin red S staining and carried out through its
extraction. The quantitative extracted results also increased
gradually to a peak on day 21. The results from the bone
marker and mineralization analysis of the cell-scaffold
constructs showed similar evidence of new bone formation
enhancement. Therefore, these mMSMD PCL-BCP scaf-
folds could be biocompatible and efficiently used to
enhance cell function to promote bone regeneration. The
transplantation of cellular scaffold constructs into pre-
clinical critical-sized craniofacial bony defect models will
be the next step.

5 Conclusions

This study demonstrated that mMSMD PCL-BCP scaffolds
possess the appropriate structure and favorable environment
to promote cellular function and osteogenic capacity when
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seeded with hDPSCs and provide potential benefits for bone
tissue regeneration in future clinical applications.
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