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Abstract
Background The integration of stem cells, signaling molecules, and biomaterial scaffolds is fundamental for the 
successful engineering of functional bone tissue. Currently, the development of composite scaffolds has emerged as 
an attractive approach to meet the criteria of ideal scaffolds utilized in bone tissue engineering (BTE) for facilitating 
bone regeneration in bone defects. Recently, the incorporation of polycaprolactone (PCL) with hydroxyapatite (HA) 
has been developed as one of the suitable substitutes for BTE applications owing to their promising osteogenic 
properties. In this study, a three-dimensional (3D) scaffold composed of PCL integrated with HA (PCL/HA) was 
prepared and assessed for its ability to support osteogenesis in vitro. Furthermore, this scaffold was evaluated 
explicitly for its efficacy in promoting the proliferation and osteogenic differentiation of canine bone marrow-derived 
mesenchymal stem cells (cBM-MSCs) to fill the knowledge gap regarding the use of composite scaffolds for BTE in the 
veterinary orthopedics field.

Results Our findings indicate that the PCL/HA scaffolds substantially supported the proliferation of cBM-MSCs. 
Notably, the group subjected to osteogenic induction exhibited a markedly upregulated expression of the osteogenic 
gene osterix (OSX) compared to the control group. Additionally, the construction of 3D scaffold constructs with 
differentiated cells and an extracellular matrix (ECM) was successfully imaged using scanning electron microscopy. 
Elemental analysis using a scanning electron microscope coupled with energy-dispersive X-ray spectroscopy 
confirmed that these constructs possessed the mineral content of bone-like compositions, particularly the presence 
of calcium and phosphorus.

Conclusions This research highlights the synergistic potential of PCL/HA scaffolds in concert with cBM-MSCs, 
presenting a multidisciplinary approach to scaffold fabrication that effectively regulates cell proliferation and 
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Background
Surgical reconstruction of bone defects poses a signifi-
cant challenge for the orthopedic surgeon. Such defects 
can arise from trauma, bone disorders, or the surgical 
resection of tumors and are often considered serious 
complications [1]. Presently, autogenous bone graft is the 
clinical gold standard [2]. However, this procedure faces 
limitations, including donor site morbidity and restricted 
availability of bone mass [3, 4]. To address these limita-
tions, bone tissue engineering (BTE) has been extensively 
explored. BTE integrates three main components, which 
are osteogenic cell resources, biomaterials, and signaling 
molecules [5]. The aim of BTE is to enhance or replace 
biological tissues to repair bone defects. The ideal scaf-
fold material for BTE should possess properties like 
osteoconductive, osteoinductive, biocompatible, biode-
gradable, and mechanical strength. Additionally, scaf-
fold material should foster an environment conducive for 
stem cells to adhere, proliferate, and differentiate, thus 
regenerating new bone tissue in vivo [6, 7].

Recently, scaffolds with porous structures have been 
thoroughly examined for BTE, thanks to their ability to 
be constructed to mimic the microenvironment of natu-
ral bone architecture [8, 9]. Polycaprolactone (PCL), a 
synthetic polyester polymer, stands out as a widely inves-
tigated biomaterial for BTE. It offers desirable properties 
like adjustable porosity, biodegradability, and biocompat-
ibility [10] and has Food and Drug Administration (FDA) 
approval for implantable applications [11, 12].

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a bioac-
tive ceramic closely resembling the inorganic compo-
nent found in natural bone and teeth [13, 14]. Due to 
its biocompatibility, osteoconductivity, osteoinductiv-
ity, and hardness, HA is commonly used as a bioactive 
component of biomaterials in both orthopedics [15] and 
dentistry [16, 17]. Composite scaffolds, combining the 
strengths of various materials, have emerged as particu-
larly promising in BTE [18]. While PCL offers several 
advantages, its unmodified form has poor cell attachment 
[19, 20] and mechanical properties [21, 22]. To address 
this, HA has been combined with PCL, resulting in 
enhanced mechanical attributes [23], osteogenic conduc-
tion [24], and osteogenic induction potential of the PCL/
HA composite scaffolds [25].

Mesenchymal stem cells (MSCs) are multipotent 
and can differentiate into various cell lineages, includ-
ing adipocyte, chondrocyte, and osteoblast [26]. Bone 

marrow-derived MSCs (BM-MSCs) have demon-
strated promising osteogenic differentiation potential 
in humans [27] and animals [28]. Numerous studies 
have investigated the interplay between MSCs and scaf-
folds. For instance, research showed that PCL/HA com-
posite scaffold supported the differentiation of human 
BM-MSCs into osteogenic lineage [29]. Similarly, rat 
BM-derived MSCs have also been shown to grow, pro-
liferate, and differentiate towards osteogenic lineage in 
vitro when placed on PCL/HA scaffolds [30]. Yet, while 
there is significant data on human medical applications, 
research focusing on canine bone marrow-derived stem 
cells (cBM-MSCs) in veterinary clinical practice remains 
scarce.

In this regard, this study aims to explore the potential 
of PCL/HA scaffolds in facilitating the in vitro osteogenic 
differentiation of cBM-MSCs (Fig. 1). The findings could 
inform the development of translational strategies for the 
clinical application of canine stem cells and biomaterials 
for BTE in veterinary practice.

Results
Characterization of cBM-MSCs
The isolated cBM-MSCs presented the plastic-adherence, 
fibroblast-like morphology (Fig. 2A), and mRNA marker 
expression relating to stemness (REX1 and OCT4) and 
proliferation (KI67) (Fig.  2B). Flow cytometry revealed 
expression of MSCs surface markers (CD73 and CD90) 
and minimal expression of hematopoietic surface marker 
(CD45) (Fig.  2C). cBM-MSCs differentiated into osteo-
genic, chondrogenic, and adipogenic lineages, evidenced 
by staining with Alizarin Red S, Alcian blue, and Oil red 
O, respectively (Fig. 2D-F). These findings could indicate 
that the isolated cBM-MSCs displayed characteristics 
consistent with MSCs.

Cytocompatibility of PCL/HA scaffolds
Microstructure examination of PCL/HA scaffolds and cells-
scaffold constructs
PCL/HA scaffolds were successfully fabricated, and the 
microstructure of the materials was examined. SEM 
images revealed the distribution of porous structure 
(50X) with pore sizes ranging from 425 to 500 μm (300X 
and 1,500X) (Fig.  3A). This finding could indicate that 
all the inter-porous structures (salt particles) were suc-
cessfully removed via the salt-leaching steps. The cells-
seeded PCL/HA scaffolds maintained in normal culture 

osteogenic differentiation. Future in vivo studies focusing on the repair and regeneration of bone defects are 
warranted to further explore the regenerative capacity of these constructs, with the ultimate goal of assessing their 
potential in veterinary clinical applications.
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condition at 24 and 48 h post-seeded were investigated. 
cBM-MSCs adhered to both the surface and inner 
porous spaces of the scaffold (Fig.  3B). For 2D culture 
condition, the SEM images showed that the cBM-MSCs 
exhibited the fibroblast-like morphology, which rather 
similar to cells observed under phase-contrast micro-
scope (Fig.  3C). Remarkably, cBM-MSCs cultivated in 
PCL/HA scaffolds possessed cell-to-cell contact in a 3D 
environment and retained fibroblast-like morphology in 
3D culture (Fig. 3B). These results suggest that the PCL/
HA scaffolds display favorable properties for providing 
a 3D environment with porous structures. This allows 

cBM-MSCs to access and adhere within the first 24  h. 
Subsequently, the cells continue to grow, expand, and 
engage in cell-to-cell interactions while maintaining cell 
viability up to 48 h after seeding.

In vitro cell proliferation analysis
The cell proliferation of cBM-MSCs under 2 different 
culture conditions was examined on day 1,5, and 7 post-
seeding, as shown in Fig. 4A. In the 2D culture condition, 
there was a continuous increase in cell proliferation over 
time, with a significantly higher proliferation observed 
on day 7 compared to day 1 (Fig. 4B). When cBM-MSCs 

Fig. 1 A schematic illustration of the implementation of cBM-MSCs with fabricated PCL/HA scaffolds as BTE constructs. (A) The isolation and charac-
terization of cBM-MSCs. (B) The preparation procedure of PCL/HA scaffold via solvent casting and salt particular leaching method. (C) The osteogenic 
differentiation of cBM-MSCs on PCL/HA scaffold and assessment of osteogenic potential of cell-seeded constructs
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were cultured on PCL/HA scaffolds in growth medium 
for 3 and 7 days, cell proliferation increased from day 1 to 
day 3 post-seeding, with the peak proliferation observed 
on day 3 post-seeding (Fig.  4C). These results demon-
strated that the PCL/HA scaffolds developed in this study 
are biocompatible, allowing cBM-MSCs to grow and 
proliferate.

Effect of PCL/HA scaffolds on the osteogenic differentiation 
of cBM-MSCs in vitro
To access the osteogenic differentiation potential of cBM-
MSCs using PCL/HA scaffolds, the cells were cultured 
on the scaffolds under osteogenic induction for 14 days, 

as depicted in Fig. 5A. After 14-day osteogenic induction, 
the matrix mineralization was examined using Alizarin 
Red S. The red staining from Alizarin was markedly evi-
dent in the osteogenically-induced group on the scaffolds 
compared to the undifferentiated control group (Fig. 5B). 
Additionally, quantification using Alizarin red elution 
revealed that the osteogenic induction group exhibited 
staining intensity approximately 10 times significantly 
higher than the undifferentiated control group (Fig. 5C). 
These findings suggested that cBM-MSCs can differ-
entiate towards an osteogenic lineage on PCL/HA scaf-
folds in vitro while maintaining their mineral deposition 
ability.

Fig. 2 Characterization of the isolated cBM-MSCs. (A) Morphology of cBM-MSCs. (B) RT-qPCR analysis of the expression of stemness (REX1 and OCT4) and 
proliferation (KI67) marker of cBM-MSCs. (C) Flow cytometry analysis of the MSCs surface markers. (D) Alizarin red s, (E) Alcian blue, and (F) Oil red O stain-
ing for assessment of multilineage differentiation potential of cBM-MSCs through osteogenic, chodrogenic, and adipogenic lineage in vitro
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The expression of specific osteogenic-related mRNA 
is a key indicator of BM-MSCs differentiating toward 
an osteogenic lineage [31]. In this regard, the osteogenic 
mRNA expression levels of cBM-MSCs on PCL/HA scaf-
folds were analyzed on day 14 post-induction (Fig.  6A). 
The results from RT-qPCR revealed a significant upreg-
ulation of OSX in cBM-MSCs cultured with PCL/HA 
scaffolds in osteogenic induction environment. How-
ever, compared to the undifferentiated control group, 
the expression levels of the remaining osteogenic mRNA 
markers (RUNX2, COL1A1, OCN, and OPN) in the 
osteogenic group were not significantly different over the 
14-day induction period (Fig. 6B).

To observe the microenvironment and mineraliza-
tion of cells-seeded scaffolds after osteogenic induc-
tion, samples were evaluated using SEM/EDX on day 14 
post-induction (Fig.  7A) Mineralized substances were 
exclusively found only in the osteogenic group (Fig. 7B). 
Consequently, the EDX analysis determined that the 
main elements in the mineralized regions of the PCL/

HA scaffold, under osteogenic induction conditions, con-
tained calcium and phosphorus (Fig. 7C). Combining the 
results from Alizarin Red S staining and elution, osteo-
genic mRNA expression from RT-qPCR, and SEM/EDX 
analysis, it can be indicated that the PCL/HA scaffold 
possesses the desired attributes to promote cBM-MSC 
growth, proliferation, and differentiation towards the 
osteogenic lineage, resulting in extracellular matrix min-
eralization in vitro.

Discussion
Bone tissue engineering has been proposed as a poten-
tial strategy for the repair and regeneration of maxillo-
facial bone defects in veterinary practice [32, 33]. This 
study explored the incorporation of two pivotal elements 
of BTE: stem cells and scaffolds. Regarding stem cell 
resources, cBM-MSCs have been reported as promising 
candidates for canine BTE. This is attributed to their abil-
ity to self-renew and multilineage differentiation [34, 35].

Fig. 3 Microstructure of PCL/HA scaffolds and cells-seeded scaffolds constructs. (A) SEM image at 50X, 300X, and 1,500X magnification illustrate the 
distribution of porous structure and pore size of fabricated PCL/HA scaffolds. SEM micrograph of the attachment of cBM-MSCs that were seeded in PCL/
HA scaffolds (B) and were cultured in normal 2D culture condition (C) for 24 and 48 h
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In this study, the isolated cBM-MSCs exhibited plas-
tic adherence, specific cell surface marker expression, 
and multilineage differentiation capabilities, encompass-
ing osteogenicity, chondrogenicity, and adipogenicity. 
These characteristics align with the criteria proposed 
by the International Society for Cellular Therapy (ISCT) 
[36]. While the expression of CD90 was moderately 
detected, the CD73 expression was relatively low. This 
level of CD73 expression aligns with findings from previ-
ous studies [37]. Notably, low CD73 expression has also 
been observed in canine MSCs from other tissue origins, 
including adipose tissues [38], dental pulp, and the peri-
odontal ligament [39]. It has been established that the 
expression of specific surface markers in animal MSCs, 
such as CD73, CD90, and CD105, can vary by species 
and does not necessarily follow the trends observed in 
human MSCs [40]. Further research into the phenotypes 
of animal MSCs is warranted to gather comprehensive 
data on their characteristics. Beyond their stemness and 
specific surface marker expressions, which are prerequi-
sites for MSC characterization, cBM-MSCs in this study 
demonstrated the ability to form mineralized nodules 
14 days post-osteogenic induction and showed robust 

proliferation over a 7-day period under standard culture 
conditions. These findings underscore the potential of 
cBM-MSCs as promising stem cell candidates for BTE.

To realize bone tissue regeneration utilizing the BTE 
concept, the integration of key components, including 
potential stem cells and scaffolds, has been extensively 
investigated. In this study, the 3D PCL/HA scaffold was 
fabricated for cBM-MSCs culturing, aiming to emulate 
the three-dimensional in vivo environment, addressing 
one of the limitations of conventional 2D culture sys-
tems [41]. Additionally, the scaffold was designed with 
a porous architecture, given that the porous structure 
of biomaterials has been shown to significantly influ-
ence cell functions such as adhesion, migration, prolif-
eration, and differentiation [42–44]. Consequently, we 
adopted the salt-particulate leaching method to generate 
this porous structure, owing to its benefits: the method 
allows for the creation of desired pore sizes based on the 
size of the porogens and is easy to process without the 
need for specialized equipment [7, 45]. As anticipated, 
the scaffolds obtained in this study exhibited an intercon-
nected porous structure with a pore size ranging from 

Fig. 4 Proliferation of cBM-MSCs cultured in vitro. (A) Schematic of experiment for cell proliferation. (B) Proliferation of cBM-MSCs under 2D condition 
and (C) on PCL/HA scaffolds which were explored at day 1,5, and 7 by MTT assay. Bars indicate the significant different compared to day 1 (p value < 0.05)
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425 to 500 μM with the sieved NaCl particles used in the 
salt-particulate leaching process.

A previous study constructed a porous PCL/HA-based 
scaffold with pore diameters ranging from 400 to 500 
μM, showing that the fabricated scaffold enhanced the 
proliferation of MSCs derived from human bone marrow 
[29]. In this study, we examined the effect of the PCL/
HA scaffold on cBM-MSCs proliferation, as there is lim-
ited in vitro data available on this topic. An increase in 
the O.D. value of formazan crystals from the MTT assay 

correlates with viable cells capable of converting the tet-
razolium dye into a formazan product [46]. Based on the 
proliferation results, the PCL/HA scaffolds fabricated 
in this study were found to be biocompatible and had 
the desired properties to support the growth and prolif-
eration of cBM-MSCs throughout the specified culture 
period. Moreover, cell numbers grew over the culture 
period, suggesting that the scaffolds promoted cell pro-
liferation. While there was a slight decrease in cell pro-
liferation on day 7, the difference between day 1 and 

Fig. 5 Mineralization assay of cBM-MSCs-seeded PCL/HA constructs. (A) Schematic experiment of osteogenic induction of cBM-MSCs-seeded PCL/HA 
and the analyses of the mineral deposition. (B) Alizarin red S staining of cBM-MSCs-seeded PCL/HA scaffolds among undifferentiated control group and 
osteogenic induction group at day 14. (C) Quantitative analysis of Alizarin red staining between undifferentiated control group and osteogenic induction 
group at 14 days. Bars indicate the significant different between group (p value < 0.05)
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day 7 post-seeding was not statistically significant. The 
observed pattern of cell proliferation, which shows an 
increase from day 1 to day 3 post-seeding followed by a 
slightly decrease at day 7 on PCL/HA scaffolds, can be 
attributed to several factors. The possible factors are the 
limited space for cell growth and oxygen depletion due 
to cell proliferation, which gradually occupies more sur-
face area on the scaffold. Furthermore, the 3D structure 
of the PCL/HA scaffold may impose limitations on oxy-
gen diffusion, particularly for cells located deeper within 
the scaffold. As cell density increases along the culture 
period, there is a demand for oxygen, which may result 
in hypoxic conditions that are unfavorable for continued 
cell proliferation [47].

The potential of PCL/HA scaffold to facilitate osteo-
genic differentiation of cBM-MSCs in vitro was 

investigated. Previous studies have shown that PCL/
HA-based scaffolds can support the differentiation of 
BMSCs towards osteogenic lineage, both in human and 
animal models. In this study, we assessed the osteogenic 
differentiation of cBM-MSCs cultured on PCL/HA scaf-
folds. Positive Alizarin Red S staining on the cell-seeded 
PCL/HA scaffold indicates the ability of cBM-MSCs to 
differentiate towards an osteogenic lineage under osteo-
genic conditions. A similar result with Alizarin Red S was 
observed in a previous study, which examined the osteo-
genic differentiation of human BMSCs on micro-sized 
PCL/HA scaffolds. This previous research showed min-
eralization deposits after 28 days of osteogenic induction 
[48].

In addition to matrix mineralization, an upregulation 
of osteogenic-related mRNA markers was observed in 

Fig. 6 RT-qPCR analysis of the osteogenic related marker expression of cBM-MSCs-seeded PCL/HA constructs. (A) Schematic diagram of an in vitro os-
teogenic induction and the evaluation of osteogenic mRNA markers. (B) Expression of osteogenic genes of RUNX2, OSX, COL1A1, OCN, and OPN after 14 
days. Bars indicate the significant different between group (p value < 0.05)
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cBM-MSCs seeded on PCL/HA under osteogenic condi-
tions. RUNX2 is a pivotal transcription factor for guid-
ing MSCs toward the osteogenic lineage in the early stage 
[49], while OSX functions as a transcription factor in the 
late stages of osteogenesis [50]. Our result demonstrated 
a significant upregulation of OSX in cBM-MSCs seeded 
on PCL/HA scaffolds under osteogenic conditions at 
day 14. This trend aligns with our previous findings from 
the osteogenic induction of cBM-MSCs in 2D culture 
conditions [28], suggesting the potential for cBM-MSCs 
to differentiate towards an osteogenic lineage on PCL/

HA scaffolds within 14 days. Interestingly, the potential 
of PCL/HA-based scaffolds has also been observed in 
other species. A previous study conducted the osteogenic 
induction of rat MSCs using a PCL scaffold coated with 
HA and noted a marked upregulation of OSX by day 21 
post-induction [30]. The differentiation of MSCs towards 
the osteogenic lineage is marked by the activation of 
RUNX2, an early transcription factor, and subsequently 
by OSX in the later stages. As differentiation progresses, 
COL1A1 can be detected in early-stage osteoblasts [51], 
while OCN and OPN are evident in mature osteoblasts 

Fig. 7 Microarchitecture and mineralization assessment of cBM-MSCs-seeded PCL/HA scaffolds after osteogenic induction. (A) Schematic experiment of 
osteogenic induction of cBM-MSCs-seeded PCL/HA towards osteogenic lineage. (B) SEM image of cells-seeded PCL/HA among undifferentiated control 
group and osteogenic induction group at day 14. (C) EDX analysis of elements in mineralized nodule of cBM-MSCs-seeded PCL/HA constructs in osteo-
genic induction group. Data was calculated and presented as mean ± SD of calcium and phosphorus ratio
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[52]. Given this, the observed insignificant difference 
in the expression of RUNX2 and COL1A1 between the 
two experimental groups in our study could be attrib-
uted to the mRNA being assessed on day 14. This time-
frame is considered the final stage of cBM-MSC bone 
induction, which might lead to an indistinct variation in 
the expression of early-stage osteogenic mRNA mark-
ers. Additionally, we analyzed the mRNA expressions of 
OCN and OPN, which are associated with the process of 
matrix maturation and mineralization [53]. By day 14, the 
mRNA expressions of OCN were slightly upregulated in 
cBM-MSCs seeded on PCL/HA scaffolds under osteo-
genic induction when compared to the control group. 
However, the statistical significance was not noticed. This 
trend of non-significantly distinct upregulation of OCN 
during osteogenic induction was observed in a prior 
investigation with canine BM-MSCs in 2D culture sys-
tems in the presence of ECM, as evidenced by SEM [54]. 
Thus, it could be indicated that the PCL/HA scaffold 
might accelerate the differentiation of cBM-MSCs toward 
osteoblastic lineage, as OCN serves as a marker indicat-
ing mature osteoblasts. For the trend of OPN expression, 
a previous study demonstrated that OPN might hinder 
extracellular matrix mineralization by influencing min-
eral crystal formation [55]. This could explain the con-
tentious outcomes of matrix mineralization which was 
accessed by ARS staining following osteogenic stimula-
tion in our study. As a result, the limitation of the variety 
of primary cell cultures derived from distinct individuals, 
as well as the limited number of donor subjects, should 
be noted as one explanation that could affect the indis-
tinct outcome of osteogenic mRNA expression.

The formation of mineral nodules was distinctly 
observed through SEM, and elemental analysis by EDX 
substantiated the accumulation of calcium and phospho-
rus in the cBM-MSCs-seeded on the PCL/HA scaffold 
under osteogenic media conditions. This accumulation 
was notably presented only in the osteogenic induction 
group, while it was not visible in the undifferentiated 
control group. Such findings infer the cellular deposition 
of new bone tissue, corroborated by ARS staining, which 
demonstrated distinct red spots indicative of mineralized 
areas in the ECM following a-14-day period of osteo-
genic induction. Notably, while the osteogenic differ-
entiation potential of cBM-MSCs on PCL/HA scaffolds 
was evidenced in vitro, it is pertinent to highlight that 
cBM-MSCs in this study potentially required a shorter 
induction period for osteogenic differentiation. This 
variance might lead to a differential expression level of 
osteogenic markers during the induction phase on PCL/
HA scaffolds, particularly when contrasted with MSCs 
derived from other species.

Conclusion
This investigation focused on evaluating the potential of 
the PCL/HA scaffold in facilitating the osteogenic differ-
entiation of cBM-MSCs in an in vitro setting. The find-
ings demonstrated that cBM-MSCs, differentiated on 
PCL/HA scaffolds, exhibit significant osteogenic poten-
tial, thereby highlighting their viability as a promising 
cell source for BTE. The in vitro experiments confirmed 
the biocompatibility of the PCL/HA scaffold, alongside 
its capacity to support stem cell growth, proliferation, 
and osteogenic differentiation, underlining its suitability 
for BTE applications. For a more comprehensive under-
standing, future research should endeavor to integrate 
these pivotal components with relevant signaling mole-
cules in an in vivo context. This approach aims to explore 
the efficacy of these combined elements in repairing and 
regenerating bone defects, ultimately assessing their 
practical applicability and clinical feasibility in veterinary 
medicine.

Methods
Isolation, culture, and expansion of cBM-MSCs
The collection of cBM-MSCs was performed following 
the guidelines and regulations approved by the Institu-
tional Animal Care and Use Committee (IACUC), Fac-
ulty of Veterinary Science, Chulalongkorn University 
(Animal Use Protocol No. 1531038). In this study, healthy 
dogs aged ranging from 3 to 10 years old were included 
as a criterion for bone marrow collection, with informed 
consent obtained from the pet owners. Bone marrow 
(BM) was collected according to the previously published 
protocol [56], with the procedure conducted by veteri-
narians at the Small Animal Teaching Hospital of Chul-
alongkorn University. Briefly, BM was aspirated from the 
iliac crest with an aseptic technique by using 18-gauge 
Jamshidi® bone marrow biopsy needles (BD, USA) with 
a 10 mL sterile syringe containing heparin solution in a 
ratio of 2,500 IU heparin to 1 mL bone marrow aspirate. 
The aspirated BM was then transported to the labora-
tory for processing to isolate the cBM-MSCs. Aspirated 
canine BM was washed twice with Hank’s Balanced Salt 
Solution (HBSS, Thermo Fisher Scientific, USA). Conse-
quently, the mixture was centrifuged at 300 g for 15 min 
and 1,000 g for 5 min, respectively. The supernatant was 
discarded, and the pellet was then gently resuspended 
and seeded onto T-75 culture flasks (Corning, USA).

cBM-MSCs were cultured in Dulbecco’s Modified Eagle 
Medium/F12 (DMEM/F12) (Thermo Fisher Scientific, 
USA) supplemented with 10% fetal bovine serum (FBS) 
(Thermo Fisher Scientific, USA), 1% Glutamax (Thermo 
Fisher Scientific, USA), and 1% Antibiotic-Antimycotic 
(Thermo Fisher Scientific, USA). Then, cells were incu-
bated at an appropriate environment of 5% CO2 with 
95% air at 37  °C, and the culture medium was replaced 
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every 48 h. When cells reached 80% confluency, subcul-
ture was performed. Cells in passages 2 to 5 were used for 
all the following experiments.

Characterization of cBM-MSCs
The isolated cBM-MSCs were characterized for the char-
acteristics of MSCs by observing the morphology of the 
cells under a phase-contrast microscope, the expres-
sion of mRNA markers relating to stemness (REX1 and 
OCT4), and proliferation (KI67) by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR), the 
expression of cell surface markers related to MSCs by 
flow cytometry, and multilineage differentiation potential 
of cBM-MSCs. To characterize the expression of MSCs-
related cell surface markers by flow cytometry, single-cell 
suspensions were stained with mouse anti-CD73 mono-
clonal antibody (Invitrogen, USA) and FITC-conjugated 
goat anti-mouse immunoglobulin G (IgG) secondary 
antibody (Bio-Rad, USA), PE-conjugated rat anti-CD90 
monoclonal antibody (eBioscience, USA), and FITC-
conjugated mouse anti-CD45 monoclonal antibody (Bio 
Legend, USA). For isotype control, mouse IgG2a kappa 
Isotype (BioLegend, USA), PE-conjugated rat IgG2b 
kappa Isotype (BioLegend, USA), and FITC-conjugated 
mouse IgG1 kappa Isotype (BioLegend, USA) were 
employed [28]. The assay was performed by using FACS-
Calibur flow cytometer (BD bioscience, USA). (n = 3)

To investigate the multilineage differentiation poten-
tial of cBM-MSCs, cBM-MSCs were inducted into 3 cell 
lineages, including osteogenic, chondrogenic, and adipo-
genic, following the protocol of a previously published 
study [28, 57].

In vitro osteogenic differentiation of cBM-MSCs was 
performed by seeding the cells onto the 24-well plate 
(Corning, USA) in the concentration of 35,000 cells/
well and cultured in osteogenic induction medium 
which contains growth media and supplemented includ-
ing 50  μg/mL ascorbic acid (Sigma-Aldrich, USA), 100 
nM dexamethasone (Sigma-Aldrich, USA), and 10 mM 
β-glycerophosphate (Sigma-Aldrich, USA) for 14 days. 
Osteogenic differentiation was verified by using Alizarin 
Red S to detect the mineralization in the extracellular 
matrix after 14 days post-induction.

For in vitro chondrogenic differentiation, cells were 
seeded onto the 24-well plate in concentration of 50,000 
cells/well and cultured in a chondrogenic induction 
medium which contained 15% FBS in growth media and 
supplemented including 0.1 μM dexamethasone (Sigma-
Aldrich, USA), 50  μg/mL L-ascorbic-2-2phosphate 
(Sigma-Aldrich, USA), 40  mg/mL L-proline (Sigma-
Aldrich, USA), 1% of insulin-transferrin-selenium (ITS, 
Thermo Fisher Scientific, USA) and 10 ng/mL of trans-
forming growth factor-β3 (TGF-β3) (Sigma-Aldrich, 
USA), and 2% Antibiotic–Antimycotic supplement for 21 

days. Cells were stained with Alcian blue (Sigma-Aldrich, 
USA) after 21 days of chondrogenic induction to detect 
the glycosaminoglycan.

For in vitro adipogenic differentiation, cBM-MSCs 
in concentration of 30,000 cells/well were seeded onto 
a 24-well plate and cultured in adipogenic induction 
medium supplemented with 0.1  mg/mL insulin (Sigma-
Aldrich, USA), 1 μM dexamethasone (Sigma-Aldrich, 
USA), 1 mM of 3-isobutyl-1-methylxanthine (IBMX) 
(Sigma-Aldrich, USA), 0.2 mM indomethacin (Sigma-
Aldrich, USA) for 28 days. Subsequently, cells were then 
stained with Oil red O (Sigma-Aldrich, USA) to detect 
the intracellular lipid droplets.

Fabrication of polycaprolactone (PCL) incorporated 
with hydroxyapatite (HA) or PCL/HA scaffolds and 
microarchitecture observation
To fabricate the PCL/HA scaffolds, solvent-casting and 
salt particulate-leaching techniques modified from pre-
vious published studies [29, 58] were used in this study. 
For the steps of solvent-casting, 28% w/v PCL solution 
was prepared by dissolving PCL pellets (80,000  MW; 
Sigma-Aldrich, UK) in chloroform (Sigma-Aldrich, USA) 
at room temperature and continuously stirring for 2  h. 
Consequently, commercial HA powder (Sigma-Aldrich, 
USA) of approximately 40% w/w of PCL was added and 
mixed with the PCL solution. To create the porous of 
PCL/HA scaffolds, NaCl particles were used as a poro-
gen in this study. Before being mixed with PCL/HA solu-
tion, NaCl particles (Sigma-Aldrich, USA) were sieved to 
obtain the particle diameters of 425 to 500 μm in range 
and were then added into the PCL/HA solution in the 
ratio 1:10 of PCL: NaCl. Subsequently, the mixture was 
packed into the glass Petri dishes with a thickness of 
5  mm to form the thin-cylindrical shape of PCL/HA 
scaffolds. After that, the PCL/HA molds were placed in 
a fume hood for 48  h to let the solvent evaporate from 
the scaffolds. For the steps of salt particulate-leaching, 
the dried-prepared PCL/HA scaffolds were immersed in 
deionized water with the continuous stirring for 48 h to 
let the NaCl particles leached out into the water and the 
scaffolds possessed the porous structure. The water was 
changed every 4 h to discard the leached-out NaCl par-
ticles. Then, PCL/HA scaffolds were air-dried overnight 
and punched to create the cylindrical shape of the scaf-
fold by a 16-mm-diameter biopsy punch. Subsequently, 
the surface morphology and microstructure of the fabri-
cated PCL/HA scaffolds were evaluated by using a Scan-
ning electron microscope (SEM) (JEOL JSM-IT300).

cBM-MSCs cultured onto PCL/HA scaffolds
To examine the cytocompatibility of fabricated PCL/HA 
scaffolds, culturing of cBM-MSCs on the scaffolds was 
performed. Briefly, the PCL/HA scaffolds were made 
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into small discs by using a biopsy punch. The PCL/HA 
scaffolds were then sterilized by plasma sterilization. 
Additionally, PCL/HA scaffolds were disinfected by 
immersed in 70% ethanol for 30  min and subsequently 
exposed to UV light for 30  min each side before rinsed 
with sterilized phosphate buffer saline (PBS) and nor-
mal DMEM. The PCL/HA scaffolds were placed into a 
24-well plate (Corning, USA) containing DMEM/F12 
(Thermo Fisher Scientific, USA) supplemented with 
10% fetal bovine serum (FBS) (Thermo Fisher Scientific, 
USA), 1% Glutamax (Thermo Fisher Scientific, USA), and 
1% Antibiotic-Antimycotic (Thermo Fisher Scientific, 
USA). cBM-MSCs with 80% confluency were trypsinized 
and directly seeded onto each scaffold at the density of 
300,000 cells per scaffold. Consequently, the cell-seeded 
scaffolds were incubated in 5% CO2 with 95% air at 37 °C, 
and the culture medium was replaced every 48  h until 
the following analyses. For the 2D culture condition, 
cBM-MSCs were seeded onto a 24-well plate (Corning, 
USA) at a density of 10,000 cells per well and were then 
cultured in the similar culture media as described above. 
Cells were incubated at 37 °C in 5% CO2 with 95% air, and 
culture medium was replaced every 48 h until the follow-
ing analyses.

Microstructure examination of cells-seeded PCL/HA 
scaffolds
To observe the cell morphology in the porous PCL/HA 
scaffolds, cBM-MSCs were seeded in a 24-well plate 
with previously placed PCL/HA scaffolds at a density 
of 300,000 cells per scaffold. Subsequently, SEM was 
employed to examine the microstructure of cell-scaffold 
constructs at 24 and 48 h post-seeded. Furthermore, nor-
mal-cultured 2D cells were also analyzed using an SEM.

In vitro cell proliferation assay
The cell proliferation of cBM-MSCs cultured in both 
PCL/HA scaffolds and 24-well plates was determined at 
different time points by using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
according to the manufacturer’s protocol. cBM-MSCs 
were cultured as described in 2.4. After 1,5 and 7 days 
post-seeding, the old medium was discarded before gen-
tly washing the cells with 500 μL of pre-warmed sterile 
PBS per well. 300 μL of MTT working solution (0.5 mg/
mL) was added to each well, and the cells were incubated 
in 5% CO2 with 95% air at 37 °C for 20 min. To dissolve 
the formazan crystal in the elution steps, the MTT solu-
tion was discarded, followed by adding 1 mL of elution 
buffer, which contained glycine buffered-dimethyl sulf-
oxide (DMSO), into each well. Then, optical density or 
O.D. was measured at wavelengths of 570  nm by using 
a spectrophotometer. The results obtained on each day 

were normalized to day 1 of each group and presented as 
normalized cell proliferation. (n = 4)

In vitro osteogenic differentiation study
To explore the osteogenic differentiation of cBM-MSCs 
on PCL/HA scaffolds in vitro, the osteogenic differen-
tiation was performed following our previous published 
studies [28, 56]. Firstly, pre-sterilized PCL/HA scaffolds 
(n = 4) for each group were placed into a 24-well plate 
after being pre-washed with normal DMEM. The cells 
were then directly seeded onto each scaffold at a density 
of 300,000 cells per scaffold and cultured in an osteo-
genic induction medium with a similar composition 
as described in 2.2 for 14 days. Consequently, the cell-
seeded scaffolds were incubated in 5% CO2 with 95% air 
at 37 °C, and osteogenic induction medium was routinely 
substituted every 48 h. Cells cultured on PCL/HA scaf-
folds supplemented with normal growth medium were 
used as the undifferentiated control group. To deter-
mine the effect of PCL/HA scaffolds on the osteogenic 
differentiation potential of cBM-MSCs, cells-seeded 
scaffolds were then further analyzed by performing the 
following methods, including mineralization assay, osteo-
genic-related mRNA markers evaluation, and elemental 
composition analysis after 14 days of osteogenic differen-
tiation. (n = 4)

Mineralization assay
To detect the mineralization in the extracellular matrix 
(ECM) of cells-seeded scaffolds, Alizarin red S (ARS) 
staining and elution were utilized in this study according 
to the previously published protocol [59]. Briefly, after 14 
days of osteogenic induction, cells-seeded scaffolds were 
gently washed with PBS and fixed with cold methanol at 
4 °C for 20 min. Then, the samples were washed with dis-
tilled water 3 times before being stained with a 2% ARS 
solution pH 4.2 (Sigma-Aldrich, USA) for 5 min at room 
temperature. The stained samples were then washed with 
distilled water (pH 4.2) for 3 times. Images of red-stained 
ECM mineralized nodules on cell-seeded scaffolds were 
captured. To quantitate the amount of stained ARS in the 
cell-scaffold constructs, the elution step was performed 
by adding 10% cetylpyridinium chloride (CPC) as an elut-
ing solution into each well. Subsequently, in this study, 
O.D. was measured at wavelengths of 570  nm [29] by 
using a spectrophotometer. (n = 4)

Reverse transcription-quantitative polymerase chain 
reaction (RTqPCR)
To access the expression of mRNA markers related to 
stemness (REX1 and OCT4), proliferation (KI67), and 
osteogenic differentiation (RUNX2, OSX, COL1A1, OCN, 
and OPN), RT-qPCR was used in this study. TRIzol® 
reagent (Thermo Fisher Scientific, USA) and Direct-Zol 
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RNA isolation kit (ZymoResearch, USA) were used to 
collect the total RNA of the cells following the manufac-
turer’s protocol. RNA was then converted into comple-
mentary DNA (cDNA) by using Improm-II™ Reverse 
Transcription System kit (Promega, USA). Quantitative 
real-time PCR (qPCR) was performed with PowerUp™ 
SYBR™ Green Master Mix (Thermo Fisher Scientific, 
USA) using a Bio-Rad Real-Time PCR Detection System. 
Primers used in this study were summarized in Table 1. 
To normalize targeted mRNA expression, glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) gene was used 
as the reference gene. The mRNA expression was pre-
sented as a relative mRNA expression by normalizing it 
to GAPDH and control. The primer sequences are listed 
in Table 1.

Scanning electron microscope equipped with an energy-
dispersive X-ray spectrometer (SEM/EDX) analysis
To evaluate the elemental components of cells-secreted 
and mineralized in the scaffolds, SEM (JEOL JSM-IT300) 
coupled with energy dispersive X-ray spectrometer (EDS: 
X-Max 20, Oxford) was employed in this study. After 
14 days of osteogenic differentiation, cells-seeded scaf-
folds in both osteogenic and undifferentiated control 
group were examined by SEM/EDX analysis to study the 
microstructure of cells-seeded scaffolds and evaluate the 
elemental compositions in ECM constructs. The calcium 
and phosphorus ratio was evaluated from different bio-
logical samples and calculated using the percent weight 

of each element. Data was presented as mean ± standard 
deviation (SD). (n = 3)

Statistical analysis
The results were presented as a dot plot (n = 4) using 
GraphPad Prism 9.0 (Graph Software Inc., San Diego, 
CA). All data were analyzed by using SPSS software 
version 28.0 (IBM Corporation, USA) and presented 
as mean ± SD. The difference between the two indepen-
dent groups was analyzed by the Mann-Whitney U test, 
while the Kruskal-Wallis test was employed for analyz-
ing the comparison, which has more than two groups. 
Statistical difference was considered as significant when 
p value < 0.05.

Abbreviations
3D  Three-dimensional
ARS  Alizarin red S
BM  Bone marrow
BTE  Bone tissue engineering
cBM-MSCs  Canine bone marrow-derived mesenchymal stem cells
ECM  Extracellular matrix
FDA  Food and Drug Administration
HA  Hydroxyapatite
IACUC  Institutional Animal Care and Use Committee
ISCT  International Society for Cellular Therapy
MSCs  Mesenchymal stem cells
MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PCL/HA  Polycaprolactone/Hydroxyapatite
PCL  Polycaprolactone
RT-qPCR  Reverse transcription quantitative polymerase chain reaction
SEM/EDX  Scanning Electron Microscope equipped with an energy 

dispersive X-ray Spectrometer
SEM  Scanning electron microscope

Table 1 Primer sequences of target genes using for RT-qPCR
Gene Accession

number
Sequences (5’-3’) Length

(bp)
Tm
(°C)

Stemness genes
zinc finger protein 42 (ZFP42 or REX1) XM_003639567.1 Forward

Reverse
 A G G T T C T C A C A G C A A G C T C A
 C C A G C A A A T T C T G C G C A C T G

199 59.24
60.73

octamer-binding transcription factor 4 (OCT4) XM_538830.1 Forward
Reverse

 A G G A G A A G C T G G A G C A A A A C C
 G T G A T C C T C T T C T G C T T C A G G A

100 60.55
59.50

Proliferation marker
proliferation marker protein Ki-67 (KI67) XM_014108788.1 Forward

Reverse
 G T G C A A C T A A A G C A C G G A G A
 G A G A T T C C T G T T T G C G T T T T C G T

124 58.49
58.49

Osteogenic markers
runt-related transcription factor 2 (RUNX2) XM_005642335.1 Forward

Reverse
 G G A A G A G G C A A G A G T T T C A C C
 G T G C T C A C T T G C C A A C A G A A

209 58.84
58.89

osterix (OSX) XM_844688.3 Forward
Reverse

 G C G T C C T C C C T G C T T G A G
 G C T T T G C C C A G T G T C G T T G

122 60.13
60.01

collagen type I alpha 1 chain (COL1A1) NM_001003090.1 Forward
Reverse

 C C A G C C G C A A A G A G T C T A C A T
 C T G T A C G C A G G T G A C T G G T G

150 60.41
60.67

osteocalcin (OCN) XM_547536.4 Forward
Reverse

 G C C A G C C T A T G G T C T C C T C T G
 C C A C C A G C T C C T T C T G T T C T C T

249 61.90
54.55

osteopontin (OPN) XM_003434024.2 Forward
Reverse

 G C C A C A G A G C A A G G A A A A C T C
 C T G C T T C T G A G A T G G G T C A G G

180 59.73
60.13

Reference gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) NM_001003142.1 Forward

Reverse
 C C A A C T G C T T G G C T C C T C T A
 G T C T T C T G G G T G G C A G T G A T

100 59.38
59.67
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