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Abstract
Osteoconductive biomaterials were used to find the most reliable materials in bone healing. Our focus was on the bone healing
capacity of the stem cell–loaded and unloaded PLA/PCL/HA scaffolds. The 3D scaffold of PLA/PCL/HA was characterized by
scanning electron microscopy (SEM), rheology, X-ray diffraction (XRD), and Fourier transform-infrared (FT-IR) spectroscopy.
Bone marrow stem cells (BMSCs) have multipotential differentiation into osteoblasts. Forty Wistar male rats were used to
organize four experimental groups: control, autograft, scaffold, and BMSCs-loaded scaffold groups. qRT-PCR showed that
the BMSCs-loaded scaffold had a higher expression level of CD31 and osteogenic markers compared with the control group
(P < 0.05). Radiology and computed tomography (CT) scan evaluations showed significant improvement in the BMSCs-loaded
scaffold compared with the control group (P < 0.001). Biomechanical estimation demonstrated significantly higher stress
(P < 0.01), stiffness (P < 0.001), and ultimate load (P < 0.01) in the autograft and BMSCs-loaded scaffold groups compared
with the untreated group and higher strain was seen in the control group than the other groups (P < 0.01). Histomorphometric and
immunohistochemical (IHC) investigations showed significantly improved regeneration scores in the autograft and BMSCs-
loaded scaffold groups compared with the control group (P < 0.05). Also, there was a significant difference between the scaffold
and control groups in all tests (P < 0.05). The results depicted that our novel approach will allow to develop PLA/PCL/HA 3D
scaffold in bone healing via BMSC loading.

Keywords Bonemarrow stem cells . Bone regeneration . PLA/PCL/HA scaffold . Tissue engineering . Radial bone

Introduction

Trauma, tumor resection, and bone infections cause massive
bone defects that are not easily regenerated. Finding a proper
method to improve the regeneration process is challenging for
researchers and orthopedic surgeons (Oryan et al. 2014;
Alidadi et al. 2017; Yu et al. 2019). For these types of defects,
bone tissue engineering, which is the combination of biomate-
rials and cells, could be a new approach to bone regeneration
and promotes fracture healing (Yu et al. 2019). As an ideal

bone substitute, designing a new three-dimensional (3D) scaf-
fold that contains both growth factors and stem cells has been
challenging in regenerating critical-sized bone defects without
side effects (Peter et al. 2010; Busilacchi et al. 2013; Shimojo
et al. 2015; Sivashankari and Prabaharan 2016). Ceramics,
polymers, and metals are the most critical materials utilized
in the fabrication of bioscaffolds. However, the metallic and
ceramic scaffolds have several limitations, including weak
bone regeneration due to inordinate rigid fixation or poor de-
gradability with brittle structure (Papadimitropoulos et al.
2013; Pilia et al. 2013; Inzana et al. 2014; Wang et al. 2015;
Solgi et al. 2015; Shahrezaee et al. 2018a). Some synthetic and
natural biomaterials such as chitosan, alginate/hydroxyapatite,
polylactidecoglycolide (PLGA), and gelatin have been used as
bone graft substitutes because they are non-toxic, are low-an-
tigenic, and have good biocompatibility and biodegradability
properties (Oryan et al. 2014, 2017a, 2018; Yu et al. 2019).

Natural biomaterials like hydroxyapatite (HA), which is
formed by 30% collagen type 1 and 70% HA, are perfect
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biomaterials for fabrication of the scaffolds because they re-
semble bone tissue structure. Moreover, HA could enhance
mesenchymal stem cell proliferation, as well as their osteo-
genic differentiation (Witzler et al. 2019). This biomaterial has
two synthetic and natural origins; both sections have shown
biodegradability, biocompatibility, and crystallinity character-
istics, and it appropriately adheres to the bone tissue to facil-
itate bone regeneration (Eftekhari et al. 2018; Kumar et al.
2018). On the other hand, HA has some limitations, such as
low porosity and brittle conformation in manufacturing bone
scaffolds. For proper angiogenesis, the designed scaffold
should havemacro-pores and micro-pores; therefore, it should
be fabricated by salt leaching, hydrogel, electrospinning, 3D
printing techniques, and so on. Based on 3D printing, the pore
size and porosity of the ultimate scaffold would be controlled
better, which finally causes the best environment for the cells
to grow and migrate (Babczyk et al. 2014; Ottensmeyer et al.
2018; Götz et al. 2019).

Poly(ɛ-caprolactone) (PCL), poly(lactic acid) (PLA),
poly(lactic glycolic acid) (PLGA), and their blends are com-
monly used as common synthetic biomaterials because of
their biodegradable properties (Pizzicannella et al. 2019).
Among the synthetic biomaterials, PLA possesses unique
characteristics such as ideal biodegradability, biocompatibili-
ty, mechanical properties, thermal plasticity, porosity, and ap-
propriate cell ingrowth characteristics (Lopes et al. 2012;
Gregor et al. 2017). PCL is another synthetic polymer which
has a great potential to be used in orthopedic surgery
(Eftekhari et al. 2018). However, this material also has some
limitations, such as hydrophobicity, induction of fibrous en-
capsulation (in vivo), and slow biodegradability; therefore, it
could be a good idea to reduce these limitations by coating the
surface and blending it with other materials (Siddiqui et al.
2018; Marins et al. 2019; Zhang et al. 2019a). PLA/PCL scaf-
fold can be utilized in bone regeneration programs; however,
due to the lack of osteoinductivity of PLA/PCL, it should be
incorporatedwith other osteoinductivematerials and bioactive
molecules to achieve proper ability in regenerating bone de-
fects (Shahrezaee et al. 2018b).

The bone marrow mesenchymal stem cells (BMSCs) are
the non-hematopoietic stem cells of bone marrow with multi-
potential differentiation ability, which are generally used for
cell therapy in tissue engineering and regenerative medicine
(Fu et al. 2019). Some characteristics of BMSCs, including
low immunogenicity and high in vitro amplification capacity,
are well-known criteria, making this cell line a proper alterna-
tive for bone regeneration (Hashimoto et al. 2019; Luo et al.
2019). Additionally, BMSCs have a great potential to differ-
entiate into osteoblasts, which are considered as an important
element in bone healing with cell-loaded scaffolds (Hou et al.
2019).

In this study, the bone healing capacity of PLA/PCL/HA
scaffold, which was built by a unique method, including a

combination of freeze-drying and an indirect 3D printing ap-
proach, was examined in vitro and in vivo. We also evaluated
the impact of BMSCs on bone regeneration of critical-sized
radial defects through loading BMSCs into the PLA/PCL/HA
scaffold. Finally, the results of different experimental groups
were comparatively evaluated, using biomechanical analysis,
radiology, gross pathology, immunohistochemistry, comput-
ed tomography (CT), histopathology, and histomorphometry.

Materials and methods

Designing and preparation of the scaffold

The molecular weight of poly(lactic acid) (PLA) (MG
Chemical, USA) and polycaprolactone (PCL) pellets
(Sigma-Aldrich) was 120,000 and 70,000 to 90,000 g/mol,
respectively. 99.8% chloroform solvent, hydroxyapatite parti-
cles (with 100 nm diameter), and D-fructose were provided
from the Merck Co., Germany. The mold, which contained a
hollow cavity of 5 × 5 × 5 mm3 cubic-shape struts, was de-
signed by Solidworks software so that the struts created chan-
nels in the cast scaffold with 900-μm thickness. An indirect
3D printer (ZMorph Co.), with the 0.3-mm nozzle size, was
used to make the scaffold. All the materials were dried in the
vacuum oven for about 24 h. Composite suspensions of PLA/
PCL/HA were then prepared by incorporating the ingredients
in chloroform with the 10% w/v concentration of polymers.
PLA was firstly added into the chloroform solvent and stirred
at 25 °C for 1 h until it was thoroughly dissolved. The process
of fabrication continued by adding PCL and stirring for 1 h
and then fructose was added and mixed for 1 h. The weight
ratio of PLA/PCL was 50/50. The final solution was mixed
with HA (35 wt%) for almost 3 h to provide asymmetric
distribution of the HA particles in the solution. The resultant
suspension was poured into the negative mold, steadily and
slowly. The mold was placed at − 80 °C, for 24 h, to be frozen
and then freeze dried for another 24 h to remove the solvent.
To leach out the fructose particles from the ultimate sample
and to prepare the porous scaffold structure, the sample was
taken out of freeze dryer. The fabricated scaffold was then left
in the double-distilled water for 48 h and finally located in a
vacuum oven for 24 h to evaporate the residual water content.

Energy-dispersive X-ray spectroscopy and scanning
electron microscopy

The pore size, microstructure of the internal and surface struc-
ture of the scaffold, and morphological characterization of the
adhered cells were determined by SEM images from
TESCAN-Vega 3 SEM system. The ImageJ software (Image
Ja ll platforms) was used to achieve the pore sizes by measur-
ing 100 pores in the scaffold. After fixing in 2.5%
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glutaraldehyde, dehydration by a graded concentration of eth-
anol (20, 40, 60, 80%, and absolute), osmium tetroxide pro-
cessing, and gold coating, the morphology of BMSCs seeded
into the scaffolds was determined after 24 h post-seeding.
Using energy-dispersive X-ray spectroscopy (EDS), presence
of HA, as well as the elemental analysis of scaffold, was
evaluated.

Evaluation of porosity

The liquid displacement method with ethanol was performed
to determine porosity of the scaffold (Mou et al. 2011; Torres
et al. 2013). The scaffold was kept immersed in a specified
volume of ethanol (v1) in a graded cylinder until it commenced
to float. The saturated scaffold and the total ethanol content
were recorded as v2. The ethanol saturated scaffold was then
removed from the cylinder and the residual ethanol volume
was reported as v3 (Moghadam et al. 2017; Shahrezaee et al.
2018b). The scaffold volume was calculated by Eq. 1 and the
scaffold porosity (%) was obtained according to Eq. 2.

V ¼ v2 −v1ð Þ þ v1 −v3ð Þ ¼ v2 −v3 ð1Þ
Porosity %ð Þ ¼ v1 −v3ð Þ= v2 −v3ð Þ � 100 ð2Þ

Compression test

The compression test was performed to obtain the mechanical
properties of the fabricated scaffold. The scaffold was com-
pressed to a total strain of 80%, using 1 mm/min of compres-
sion speed and this process was repeated three times to gain
the mean values, using a Zwick/Roell apparatus.

X-ray diffraction

The crystal structure of the pure PCL, HA, PLA, and its com-
posite, PLA/PCL/HA, was characterized using the X-ray dif-
fraction method (Raucci et al. 2010). This experiment was
conducted and the data were achieved in 2θ angle range of
10–80° with an interval of 0.05° and a scanning rate of 3°/min.

Fourier transform infrared spectrometry

The functional groups and possible molecular interactions of
the scaffold were identified by FTIR analysis, which was done
by a NEXUS670 Fourier transform infrared spectrometer
(wavelength 400–4000 cm−1) (Bassi et al. 2011).

Degradation and pH analysis

The degradation rate was investigated at 37 °C in 0.01 M
phosphate-buffered saline (pH = 7.4) at 7, 14, 21, 28, and
35 days post-incubation.The volume of the sample/buffered
solution was 5%. The rate of degradation of the scaffold in
PBS was estimated by Eq. 3 at different time intervals.

W1 ¼ early dry sample weigh
W2 ¼ dry sample’s weight after solution removal

Mass loss ¼ W1−W2ð Þ=W1

ð3Þ

The pH values were calculated and charted after each phase
and the average of degradation behavior and porosity tests
was evaluated by repeating these tests three times.

Rheology

The viscosity of PLA, PCL, and PLA/PCL blends was mea-
sured by the 25-mm diameter parallel plate (PP25) with 1-mm
height gap, using a strain-controlled rheometer from Physica
MCR 302, Anton Paar, Austria. The frequency sweep test was
between 0.5 to 100 rad/s and conducted at 220 °C with 1%
fixed shear strain, which was in the linear viscoelastic area of
the sample (Ostafinska et al. 2015).

Cell seeding onto the PLA/PCL/HA scaffolds

To seed the BMSCs onto the scaffold, the sterilized scaffolds
(UV light and 70% ethanol) were first located in 24-well tissue
culture plates. The suspension of rat BMSCs (50 μL equiva-
lent to 1.0 × 106 cells per 5-mm scaffold blocks) was then
added on the top surface of the scaffolds and was incubated
for 2 h to permit the cells to attach to the scaffolds.

Cell viability

The neutral red test was used to estimate cell viability by
changing the culture medium with 0.0005% neutral red in
normal saline at days 3, 7, and 10. In this step, the scaffolds
were washed by normal saline and then fixed by calcium
formol. Acid alcohol (1-mL acetic acid in 100 mL 50% alco-
hol) was used to elute the neutral red. The collected eluted dye
was finally evaluated using a microplate reader (Bio-Tek
Instruments, ELx800nb) and the optic density (550 nm wave-
length) was considered as an index of the number of viable
cells.
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Quantitative real time-PCR analysis

The potential of a fabricated scaffold (PLA/PCL/HA) in in-
ducing osteogenesis (OPN and OCN) and angiogenesis
(CD31) was estimated by qRT-PCR on day 21. The RNeasy
Micro Kit (Qiagen-74,004) was used to obtain the total RNA
from the cells. Thereafter, the cDNA was synthesized, using
Revert Aid First Strand cDNA Synthesis Kit (Fermentas,
Sankt Leon-Rot, Germany, k1632) based on the manufac-
turer’s protocols. Duplicate qRT-PCR reaction was done via
the SYBR® Green PCR Master Mix (Applied Biosystems
Life Technologies, REF 4367659) by the real-time PCR sys-
t em (App l i e d B i o sy s t ems L i f e Te chno l og i e s ,
ABiStepOnePlus). Finally, it was analyzed with StepOne soft-
ware (Applied Biosystems, version 2.1). Comparative CT
method (also known as the 2−ΔΔCt method) was used to
relatively quantify gene expression, where some target genes
were normalized to an endogenous control (GAPDH) and
relative to calibrator group (2d cell culture flask). All samples
were collected from three biological replicates.

Animals and surgical procedures

Forty adult male Wistar rats (225 ± 25 g) were generally anes-
thetized by 20 mg/kg ketamine hydrochloride plus 2 mg/kg
xylazine (both from Alfasan, Holland). Via a 3-cm incision,
the radial bone in both left and right forelimbs was then ex-
posed and a 5-mm of diaphysis was osteotomized in each right
and left radial bone by an electrical bone saw (Strong, Seoul,
South Korea). The rats were randomly divided into 4 experi-
mental groups: the defect group without any treatment (nega-
tive control group), the autograft group (positive control), the
scaffold-treated group, and the group in which the defect was
filled by the BMSCs-loaded scaffold (n = 10 rats in each
group). The size of defect in all groups was 2 × 2 × 5 mm3,
and the untreated group was considered as natural healing.
Finally, subcutaneous injection of 5 mg/kg enrofloxacin
(Irfan, Iran) and 1 mg/kg meloxicam (Razak, Iran) were used
for 3 days as antibiotic therapy and post-operation analgesia,
respectively.

Radiology, gross morphology, and computed
tomography measurements

The animals were generally anesthetized on the lateral surface
of radius at 40 and 80 days post-operation to estimate the
percentage of gap closure. At the end of the study, all rats
were euthanized and their radial bones were harvested.
Then, CT scan investigation was done to calculate the rate
of gap closure in different treatment groups. The 3D computed
tomography scan images were prepared based on this

supposition: X direction showed cranial/caudal, Y direction
showed dorsoventral, and Z direction showed lateral/medial
of the radius bone (the defect region was on the radius bone
that was above the ulna bone). The regeneration capacity was
scored by blindly gross macroscopic evaluation in all groups.
The 0 scores were determined for the complete non-union
bone defects and + 1, + 2, and + 3 were respectively consid-
ered for the presence of cracks within the defect (unstable
union), incomplete union followed by cartilage or fibrous con-
nective tissue, and the complete union followed by bridging
bone (Oryan et al. 2012).

Histologic and histomorphometric studies

After decalcification of the bone samples by 10% EDTA
(pH 7.4) for 35 days, all samples were embedded in paraffin
wax and used for sectioning. The 5-μm tissue sections from
the paraffin-embedded samples were then stained by hema-
toxylin and eosin (H&E). Finally, histomorphometric analy-
ses were blindly scored by two independent pathologists to
determine the number of fibrocytes, fibroblasts, chondrocytes,
chondroblasts, osteocytes, osteoblasts, inflammatory cells, gi-
ant cells, and some constituents including the density of fi-
brous connective tissue, the newly formed cartilage, bone in-
growth, and the number of blood vessels, using Image-Pro
Plus®V.6 (Media Cybernetics, Silver Spring, USA) (magni-
fication × 400).

Immunohistochemical analysis

The unstained tissue sections were used to analyze the expres-
sion of primary antibodies such as osteocalcin (OC, ab13420,
Abcam, MA) and CD31 (ab119339, Abcam, MA). The tissue
sections were incubated in citrate buffer solution (Dako,
Glostrup, Denmark) to heat-induce epitope retrieval at 60 °C
overnight and were then blocked by 1% hydrogen peroxide
for 30 min at room temperature. The slides were then incubat-
ed at 4 °C overnight with primary antibodies and the color
reaction was developed, using 3,3′ diaminobenzidine and
counterstained by hematoxylin. The tissue sections were stud-
ied using an ordinary light microscope (Olympus BX51;
Olympus, Tokyo, Japan).

Biomechanical testing

The samples were wrapped in moist gauzes and kept at −
20 °C on the 80th day post-injury. Based on using 3-point
bending test, the samples were settled on two supporting bars
(16-mm distance) and the third bar was settled under midline
of the defect area (Oryan and Alidadi 2018). Ultimately, the
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samples were loaded (universal testing machine, Instron,
London, UK) at the 5 mm/min rate until they were fractured.
The load-deformation curve was drawn for strain, maximum
stress, stiffness, and maximum load.

Statistical analysis

All quantitative data were analyzed by one-way analysis of
variance (ANOVA) and Tukey post hoc tests subsequently.
For analyzing qualitative data, Kruskal-Wallis and non-
parametric ANOVA were used. If the scored values showed
significant differences (P < 0.05), the Mann-Whitney U test
was used for further analysis. All statistical analyses were
recognized by GraphPad Prism software Version 8.2.0.

Results

Characterization of the scaffold

Based on the SEM ultramicrographs, the architecture of the
macro-pores and micro-pores in the scaffold was shown with
proper interconnectivity (Fig. 1a). After analyzing the
ultramicrographs, the mean diameter of micropores in the
scaffold was calculated 141.0 ± 47.0 μm and the average
thickness of the pore walls was 27.87 ± 2.21 μm. The elemen-
tal analysis of the PLA/PCL/HA scaffold is shown in Fig. 2a.
The results depicted the presence of Ca, P, C, and O at differ-
ent points on the surface of the sample. Elemental analysis
revealed that the weight ratio of Ca/P was near 1.8. The aver-
age of the scaffold porosity (%) was estimated about 69–71%.
The stress-strain curve (Fig. 2b, (compressive modulus
(MPa): 0.6339 ± 0.03995)) estimated the compressive behav-
ior, which showed the linear behavior from the beginning of
the diagram until 20% of strain and the slope of the diagram at
20–45% strain revealed collapse of the pores. After 45%
strain, all pores thoroughly collapsed and the scaffold was
densified. The crystallinity of different samples was studied
using XRD test, the results of which are provided in Fig. 2c.
The X-ray diffraction peaks in the HA sample were exhibited
at 26°, 31.8°, 32.9°, 40°, and 49° with a hexagonal shape and
lattice parameters of a = 0.943 nm, b = 0.493 nm, and c =
0.688 nm. The major diffraction peaks were seen at 2 =
16.6° and 2 = 18.9° for PLA and PCL; the reflections were
at 2 = 21.6° and 2 = 23.8° with a lattice morphology similar
to polyethylene (orthorhombic). The lattice parameters were
a = 0.948 nm, b = 0.498 nm, and c = 1.727 nm. The above
peaks were also observed in XRD pattern of PLA/PCL/HA
with some changes. FTIR spectroscopy was done for PCL,
HA, PLA/PCL/HA, and PLA samples (Fig. 2d). The FTIR
results were considered based on the peak positions shown
in Table 1. By comparing the given bands in pure materials
with those in the PLA/PCL/HA spectrum, some shifts in the

position of the peaks were noticeable (e.g., carbonyl and hy-
droxyl groups). The changes in pH (Table 2) showed that the
HA nanoparticles result in buffering behavior. We observed
that releasing alkaline ions of HA results in increased pH
value, but releasing the acidic by-products of polymers into
the solution results in decreased pH measurement.

The degradation behavior of the scaffold was related to
some factors like material properties, microstructure, and po-
rosity. The scaffold was degraded 2–2.5% in the neutral pH
(in vitro) after 35 days (Table 3). This percentage of degrad-
ability provided a proper opportunity to allow the osteoblasts
and osteocytes to migrate to the defect site before the scaffold
was degraded thoroughly. In this scaffold, the highest, as well
as the lowest degradation rate, belonged to PLA and PCL,
respectively. The rheology test was done on PLA, PCL, and
PLA/PCL (50/50) to analyze the viscoelastic behavior of the
samples and was also used in drawing the diagram of the
complex viscosity curve versus angular frequency (Fig. 2e).
Figure 2f shows the results of a neutral red test, which states
that the scaffold could initiate metabolism of the cells.

Morphology and adherence of BMSCs onto the
scaffold

The isolated cells had phenotypes that were differentiated to
adipogenic and osteogenic lineages and they were analyzed
by the markers of their surface via flow-cytometry. The ex-
pression of the majority of BMSCs was positive for CD90 (>
90%) and CD25 (75%). Additionally, 20% of the cells
expressed CD34, whereas only 5% expressed CD11b.

As can be seen in Fig. 1b, SEM ultramicrograph showed a
successful adherence of BMSCs to the surface of scaffold. By
the cell’s pseudopodia, they were attached strongly to the
porous scaffold surface 24 h following seeding.

qRT-PCR analysis

The expression level of osteogenic- and angiogenic-related
genes of the BMSCs seeded on the PLA/PCL/HA scaffolds
was analyzed by qRT-PCR after 21 days post-cell seeding
(Fig. 3a–c). The BMSCs-loaded PLA/PCL/HA scaffold
showed a significantly higher expression level of CD31 in
comparison with the untreated (2D cell culture) group
(P < 0.05). Moreover, the OPN expression level increased in
the PLA/PCL/HA group in comparison with the control one
(P < 0.01). OCN was also expressed higher in the PLA/PCL/
HA group when compared with the control group (P < 0.001).

Evaluation of bone formation by gross morphology,
radiology, and CT scan

As shown in Fig. 4a–a”’, the gross views were analyzed on
days 40 and 80 post-surgery (Fig. 4d–d”’ ). The control group
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displayed unstable union, the scaffold group showed incom-
plete union, and the BMSCs-seeded scaffold group demon-
strated complete union after 80 days post-operation (Table 4).
Higher macroscopic scores belonged to the autograft and cell-
seeded scaffold groups when compared with the control group
(P < 0.01). The significant difference was also seen between
the scaffold and non-treated groups (P < 0.05). On the other
hand, there were no significant differences in the macroscopic
union scores between the BMSCs-scaffold and autograft
group (P > 0.05).

The radiographic images showed the healing process by
the percentage closure of bone defect after 40 and 80 days
post-injury. BMSCs enhanced fracture healing and there was
a significant difference between the control and BMSCs-
loaded scaffold groups (P < 0.001) (Fig. 4g–g’).

Histopathologic, histomorphometric, and
immunohistochemical analysis

The loose areolar connective tissue, together with the newly
formed blood vessels, fibroblasts, and unorganized immature
collagen fibers, existed in the defect site of the untreated group
on the 40th day post-injury and a fibrovascular tissue filled the
defect region in the untreated group at this stage (Fig. 5a–h).
There was also a ridge of fibrocartilage tissue at the edges of
the old bone on 80 days post-injury in the gap region of the
animals of this group (Fig. 6a–h). Osseointegration just began
on one side of the bone gap in four samples in the autograft
group on the 40th day post-injury, but complete bone integra-
tion was visible at 80 days post-operation. The defect site was
filled with fibrous connective tissue, which surrounded the
scaffold residues in the scaffold and BMSCs-loaded scaffold
groups on 40 days post-surgery. The scaffolds were degraded
entirely after 80 days and the gap in the scaffold and BMSCs-

loaded scaffold groups was covered with cartilage,
fibrocartilage, fibrous connective tissue, and woven bone.
The woven bone and fibrocartilage tissue filled the gap in
the BMSCs-loaded scaffold group more than the other tissues
and the remodeled compact bone was seen in this group after
80 days. Still, it was not observed in the scaffold group after
this period.

The results of the histomorphometric evaluation depend on
the density of fibrous (F), osseous (O), and cartilaginous (C)
tissues. The highest density of osseous and cartilage tissues
was seen in the BMSCs-seeded scaffold and autograft groups,
which had a significant difference with the control group after
80 days post-injury (P < 0.05) (Table 5). The density of fi-
brous connective tissue was significantly higher in the non-
treated group than the other groups (P < 0.05), and the density
of bone ingrowth was significantly higher in the BMSCs-
seeded and autograft groups in comparison with the empty
defect either on 40 or 80 days post-injury (P < 0.05).

The osteogenic and angiogenic immunohistochemical
(IHC) analyses in all groups are demonstrated in Fig. 7a–h.
The OC expression level was significantly lower in the un-
treated group in comparison with other experimental groups
(P < 0.05) and the endothelial marker, CD31, was significant-
ly upregulated in the cell-free and BMSCs-seeded scaffolds
compared with the control group (P < 0.01). The minimum
level of OC and CD31 expressions was related to the control
group (P < 0.001).

The results of biomechanical performance, including max-
imum strain (%), ultimate load (N), stiffness (N/mm), and
stress (N/mm2), are shown in Fig. 8a–d. All treated groups
depicted higher maximum stress, ultimate load, and stiffness
compared with the control group (P < 0.01) and the highest
strain (%) was estimated for the untreated group in compari-
son with other groups (P < 0.001).

Discussion

Bone grafts have been used for bone regeneration, particularly
in large bone defects due to pathologic occasions, fractures,
and tumors. Still, the autologous bone remains as the gold
standard therapy because of its superior capability to regener-
ate bone tissue and lack of the necessity for further surgery
(Oryan et al. 2017b). Tissue engineering is the most reliable

Table 1 FTIR spectra bands of PLA, PCL, and HA

CH2 symmetric stretch Asymmetric stretch Carbonyl stretch C–O stretch CH3 stretch PO4
−3 stretch OH stretch

PCL 2940 cm−1 2860 cm−1 1720 cm−1 Around 1160 cm−1

PLA 1740 cm−1 1032 cm−1 2883 cm−1

HA Around 1036 cm−1 3500 cm−1

Table 2 The pH change
at 7, 14, 21, 28, and
35 days

Mean ± SD

7 days 7.606667 ± 0.025166

14 days 7.633333 ± 0.031316

21 days 7.576667 ± 0.025166

28 days 7.573333 ± 0.023094

35 days 7.543333 ± 0.030415
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method in bone engineering and regenerative medicine in the
fields of reconstructive, plastic, and orthopedic surgeries. A
combinat ion of scaffolds and osteogenic and/or
osteoinductive agents has been shown to result in enhanced
and more efficient bone healing, particularly in large bone
defects (Moshiri et al. 2013; Shahrezaie et al. 2017).

The PLA/PCL/HA scaffold could provide a suitable envi-
ronment for cells to survive, adhere, proliferate, migrate, and
differentiate to bone-forming cells, and the HA portion of the
scaffold results in enhanced bone formation and earlier min-
eralization (Mondal et al. 2016; Gregor et al. 2017; Fang et al.
2019; Lima Cavalcanti et al. 2019). As the stoichiometric

Fig. 2 a Elemental analysis of the
scaffold. b Stress-strain diagram.
c XRD patterns of the PLA/PCL/
HA, PCL, PLA composites, and
HA nanopowder. d FTIR diagram
of PLA/PCL/HA, PCL, HA
composites, and PLA
nanopowder. e The complex vis-
cosity variation in terms of angu-
lar frequency. f The results of
neutral red for the PLA/PCL/HA
scaffold

Fig. 1 a SEM ultramicrograph of
the PLA/PCL/HA scaffold. It
shows macro-pore, micro-pore,
and ultrastructure of scaffold. b
BMSCs loaded on the outer
surface of the scaffold after 1-day
seeding
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value of Ca/P was about 1.8 in the hydroxyapatite molecule
(Eshraghi and Das 2012), the results of our elemental analysis
indicated the loading and attachment of HA at different parts
of the scaffold. However, HA has low porosity, which makes
its mechanical properties (e.g., fracture toughness) lower than
normal bone and this limits its application, particularly in crit-
ical bone defects (Ramtani 2004; Ottensmeyer et al. 2018).
Accordingly, we designed the scaffold with synthetic bioma-
terials that are more efficient in bone tissue engineering be-
cause of their higher mechanical strength and their solid struc-
ture in contrast to the biological implants (Vergroesen et al.
2011).

The results showed a suitable porosity of the fabricated
scaffold (69–71%) which is necessary for cell infiltration, pro-
liferation, and bone tissue ingrowth. Moreover, the pore size
of the scaffold should be proportionate with the size of the
tissue with which the scaffold is fabricated. The bone cell
(osteoblast) size is around 20–50 μm, so based on this size,
the preferred pore size should be 100–350 μm (Leonga et al.
2008). Our results were also confirmed with this manifesto.

The compressive behavior of the scaffold demonstrated all
three stages based on Hassanajili and colleagues’ study
(Hassanajili et al. 2019): (1) Linear behavior of the diagram
(elastic response), (2) the almost steady stress was due to the
collapse of the pores in response to pressure, and (3) the scaf-
fold densification. The XRD results indicated that PCL has
higher crystallinity than pure PLA. PLA/PCL/HA 50/50–65/
35 displayed nearly all characteristic peaks induced from HA
loading in addition to the peaks of neat PLA and PCL.
However, the PLA phase of composite displayed peaks with
weak intensity and broadness, revealing that the crystallinity
in the PLA phase was reduced. This phenomenon may be

attributable to some interactions between PLA and HA. The
result of FTIR showed the shifts of peak position might be
attributed to hydrogen bonding interactions between the
chemical groups of PLA and HA in the scaffold.

Our results in pH changes agreed with the previous studies
indicating that buffering behavior was because of the HA
nanoparticles. So the impression swelling response of the deg-
radation of acidic polymer would hinder these nanoparticles
by an increase in pH value (Misra et al. 2009; Roohani-
Esfahani et al. 2011). HA is also able to chemically bond to
living bone and refines scaffold stiffness so it is a notably
proper osteoinductive and osteoconductive material in bone
healing (Schumacher et al. 2010; Yun et al. 2010). On the
other hand, the application of more HA ingredients in such
scaffolds results in reduced degradation rate (Hassanajili et al.
2019). Still, PLA has been shown to act as an appropriate
degradable bone scaffold in previous studies and it degrades
in lactic acid, which normally exists in body organs
(Guntillake and Adhikari 2003; Gregor et al. 2017).
Whereas because of the brittleness of PLA and HA, the appli-
cation of PCL enhances the elasticity of scaffold. The rheolo-
gy results showed the shear-thinning behavior in neat poly-
mers and also their blend with the following zero shear vis-
cosity trend: PCL > PLA/PCL (50/50) > PLA. This showed
that the elasticity of PLA/PCL blend raised in the presence
of PCL and proper elasticity should exist in the scaffold to
apply it in bone tissue engineering.

Fig. 3 The expression level of the
CD31, OCN, and OPN genes
analyzed by qRT-PCR at day 21
(a–c). The PLA/PCL/HA scaffold
enhanced the expression level of
all genes compared with the con-
trol group. *, **, ***: values in-
dicate the significant differentia-
tion in comparison with the con-
trol group, *P < 0.05, **P < 0.01,
***P < 0.001

Table 3 The degradation
rate of scaffold at 7, 14,
21, 28, and 35 days

Mean ± SD

7 days 101.2291 ± 0.116372

14 days 100.7574 ± 0.002957

21 days 99.48005 ± 0.001224

28 days 98.72202 ± 0.003591

35 days 97.83563 ± 0.491151

Table 4 Kruskal-Wallis non-parametric ANOVA. Complete non-union
bone defect: (0), unstable union: (+ 1), incomplete union: (+ 2), and com-
plete union: (+ 3). Day 40:P < 0.05 (1 vs. 3),P < 0.01 (1 vs. 2, 4). Day 80:
P < 0.05 (1 vs.3), P < 0.01 (1 vs. 2, 4)

Group Macroscopic score
(day 40)
Median (min-max)

Macroscopic score
(day 80)
Median (min-max)

Untreated defect (1) 0 (0–0) 1 (0–1)

Autograft (2) 2 (1–2) 3 (2–3)

Scaffold (3) 1 (1–2) 2 (1–2)

Scaffold + BMSCs (4) 2 (1–2) 3 (2–3)
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Many studies have shown the therapeutic impressions
and low cost of PCL scaffold in bone tissue engineering
(Woodruff and Hutmacher 2010; Mitsak et al. 2011;
Jensen et al. 2013; Cui et al. 2014; Kamath et al. 2014).
Eftekhari and colleagues stated that PCL nanocomposite
showed the highest value of union index, cortex index,
bone marrow index, and spongiosa index between the un-
treated, HA-, and β-tricalcium phosphate–treated groups at

15, 30, and 45 days post-treating. The histopathological
findings of the same study also showed that the quantity
of newly lamellar bone formation was higher in the PCL
nanocomposite–treated group than the other groups
(Eftekhari et al. 2018). All these data suggest that PCL
has beneficial effects on the bone healing processes, which
could have great potential in tissue engineering and clinical
applications.

Fig. 4 Gross pathology of the healed defects of the rat radius bones on the
40th (a–a”’) and 80th (d–d”’) days post-surgery. The gap in the autograft,
PLA/PCL/HA, and BMSCs-PLA/PCL/HA groups was almost replaced
by hard tissues. The scaffold residues were seen in the defect sites in both
PLA/PCL/HA and BMSCs-PLA/PCL/HA groups on the 40th day post-
surgery. The radiographic images of the healing defect on the 40th (b–

b”’) and 80th (e–e”’) days post-injury. The CT-scan images of the defect
area on the 40th (c–c”’ and 80th (f–f”’) days post-operation and the
radiographic measurements of the gap closure (%) in different experimen-
tal groups (g–g’). *, **, ***: values indicate the significant differentiation
in comparison with the control group, *P < 0.05, **P < 0.01,
***P < 0.001
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We used 3D printing to fabricate the PLA/PCL/HA
scaffold. There are two direct and indirect methods in
constructing appropriate macro-and micro-structures.
The indirect technique takes a longer time than the di-
rect technique to fabricate the scaffold. It is because the
sublimation of the solvent in indirect technique requires
freeze-drying. On the other hand, there is a shortcoming
in the direct techniques because of restriction of the
desired and stability features of the scaffold (Hribar
et al. 2014; Do et al. 2015).

The focus of this investigation was to show the effect of
BMSCs-seeded onto the PLA/PCL/HA scaffold on bone re-
generation. A successful regeneration depended on differenti-
ation of the BMSCs which were seeded onto the PLA/PCL/
HA scaffold, into osteocytes, and osteoblasts. Poor cell differ-
entiation, proliferation, and migration and inefficient conver-
sion of these cells to the osteogenic precursor cells result in an
incomplete bone healing, delayed union, and malunion or
non-union (Harada et al. 2014; Oryan et al. 2017c). HA en-
hanced bone healing by promoting mesenchymal stem cell

Fig. 5 Histopathological sections
of the radius bone defects of rats
after 40 days post-surgery (a–h).
The defects in the PLA/PCL/HA
group were mostly filled by the
cartilage tissue. The defects in the
BMSCs-PLA/PCL/HA group
were replaced with new tissues
containing fibrous, cartilage, and
bone tissues and the scaffold was
thoroughly degraded. The least
amount of healing in the defect
region was seen in the control
group. NB new bone, BM bone
marrow, FCT fibrocartilage tis-
sue, CT cartilaginous tissue, M
muscle, G gap, HC hyaline carti-
lage, FT fibrous connective tis-
sue, Os osteon, CC chondrocyte,
OC osteocyte, OB old bone, CB
chondroblast, SCR scaffold resi-
due. Stained with H&E
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Fig. 6 Histopathological sections
of the defects in the radius bone of
rats after 80 days post-surgery (a–
h). The scaffold implanted in the
defect region was degraded and
replaced by new fibrous, carti-
lage, and bone tissue. The highest
similarity of the histopathological
sections was between the auto-
graft and the BMSCs-seeded
PLA/PCL/HA group, and the de-
fects in the animals of these two
groups were thoroughly filled
with new cartilage and bone tis-
sues. NB new bone, BM bone
marrow, FCT fibrocartilage tis-
sue, CT cartilaginous tissue, M
muscle, G gap, HC hyaline carti-
lage, FT fibrous connective tis-
sue, Os osteon, CC chondrocyte,
OC osteocyte, OB old bone, CB
chondroblast, SCR scaffold resi-
due. Stained with H&E

Table 5 Histomorphometric finding of the defect site after 80 days of surgery. One-wayANOVA followed by Tukey post hoc test (P < 0.01 (1 vs. 2, 3,
4), P < 0.05 (2 vs. 3))

Mean ± SD

Values FB ± FC CB ± CC OB ± OC Osteoclast Osteon Blood vessels

Control (1) 179.12 ± 22.51 8.66 ± 3.49 6.33 ± 0.85 0 0 14.66 ± 4.77

Autograft (2) 7.33 ± 3.31 27.33 ± 3.14 214.59 ± 23.66 3.12 ± 1.10 6 ± 0.84 5 ± 1.68

PLA/PCL/HA (3) 14.34 ± 4.23 21.66 ± 2.99 170.12 ± 4.44 1.22 ± 0.97 4 ± 1.68 7.33 ± 2.11

BMSCs-PLA/PCL/HA (4) 8.45 ± 4.12 25.10 ± 3.43 197 ± 10.68 2.93 ± 0.97 5 ± 1.68 6 ± 1.68

FB, fibroblast; FC, fibrocyte; CB, chondroblast; CC, chondrocyte; OB, osteoblast; OC, osteocyte
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differentiation to osteoblasts and osteocytes and their migra-
tion to enhance collagen synthesis (Chatterjee et al. 2010;
Shahsavari-Pour et al. 2018).

In our study, we could demonstrate the angiogenic and
osteoinductivity of PLA/PCL/HA scaffold by qRT-PCR by
upregulation of the CD31, OPN, and OCN markers. Gene
expression of the OCN, a late osteoblastic marker, highlighted
the osteogenic superiority in the BMSCs-PLA/PCL/HA
group. Sukanya and Mohanan (Sukanya and Mohanan
2018) confirmed cell survival by DNA ladder assay and cell
cycle analysis and stated that no apoptosis was seen in the
BMSCs of the rat after they were exposed to the degraded
PCL products. Besides, the PCL surface was a proper area
for cell adherence, and the BMSCs were not destroyed after
they differentiated to osteoblasts. The hemocompatibility and
non-toxicity of PCL and its degraded products were also con-
firmed in the same study (Liuac et al. 2013). The BMSCs
significantly enhance the degradation rate of the scaffold by
secretion of the specific extracellular matrix ingredients
(Oryan et al. 2018). It has been shown that richer ECM in-
creases the area of mineralization and ALP activity and gene
expression of some osteogenic markers such as Runx-2, Col

1a1, BMP-2, OSX, and b-FGF. Liuac and colleagues revealed
that application of the BMSC sheet, in vitro, provided better
conditions for bone healing compared with the untreated ani-
mals (Chatterjee et al. 2010).

We exhibited the potential of this fabricated scaffold on
bone healing by implanting it in a critical-sized defect of the
radius in rat. The CT scan images and radiographs revealed
that complete union occurred just inside the cell-seeded scaf-
fold and autograft groups after 80 days post-surgery. The cell-
free scaffold group demonstrated more superior healing stages
than the empty defect. Based on the histopathologic observa-
tion, the defect in the control group was not replaced with
bone tissue. Endochondral ossification was the characteristic
of the BMSCs-seeded, autograft, and cell-free scaffold
groups. Finally, the best result in the histopathology interpre-
tation was seen in the autograft and BMSCs-loaded scaffold
groups in which the defects were filled with the remodeled
compact bone. We demonstrated the scaffolds’ biodegradabil-
ity by a reduction in the size of the scaffold at 40 and 80 days
post-operation. The histopathologic study revealed that there
was no inflammatory cell infiltration on days 40 and 80 fol-
lowing implantation of the PLA/PCL/HA scaffold. A superior

Fig. 7 Immunostaining of the
injured area in different
experimental groups for bone
regeneration and angiogenesis (a–
f). Immunohistochemical analysis
(g–h) of the OCN and CD31
genes was used to determine the
osteogenesis and angiogenesis in
samples. The brown color
represents positive staining for
OCN, and CD31. *, **, ***:
values indicate the significant
differentiation in comparison to
the control group, *P < 0.05,
**P < 0.01, ***P < 0.001
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newly bone formation was observed in both the autograft and
cell-seeded groups by IHC and histomorphometric analysis.
The IHC analysis revealed expression of the CD31 marker in
the BMSCs-loaded scaffold group and had a significant dif-
ference to the cell-free scaffold group (P < 0.001) and there
was a significant difference in the OC expression between the
BMSCs-loaded and cell-free scaffolds (P < 0.01). Therefore,
based upon radiology, histopathology, and IHC analysis, there
were significant differences between the BMSCs-loaded and
cell-free scaffold groups, which were defined by the BMSCs-
enhanced healing and ability to promote the replacement of
empty defects with bone-like tissue.

Implantation of BMSCs on the calcinated cancellous bone
resulted in enhanced angiogenesis and improved new bone
formation in comparison with healing without using BMSCs
(Weiab et al. 2017). BMSCs have a self-renewal capability
and differentiate into various cell lineages such as osteoblasts,
adipocytes, and chondrocytes (Tsai and Li 2017). Therefore,
BMSCs could be used in tissue engineering (cell-based
therapy) as a suitable cell source. Zhang et al. revealed that
the BMSCs-laden hydrogel established an appropriate micro-
environment that resulted in enhanced cell differentiation,

attachment, and proliferation in vitro and increased bone
healing in vivo (Zhang et al. 2019b).

The load-bearing function would be higher when compact
bone and cancellous bone are formed (Henkel et al. 2013). In
this experiment, it was showed that the BMSCs-seeded scaf-
fold group had no significant difference with autograft in the
maximum load of the injured bone at 80 days post-injury. The
fabricated scaffold established a suitable environment via its
porosity and materials for cell proliferation and growth. It is
necessary to design further studies on the PLA/PCL/HA scaf-
fold with the osteoinductive components to see if they result in
significant bone regeneration.

Conclusion

The well-designed PLA/PCL/HA scaffold revealed a reliable
therapeutic tool in both in vitro and in vivo conditions accord-
ing to the characterization of its materials. Also, BMSCs could
grow and differentiate to osteogenic precursor cells which
could further proliferate, differentiate, and migrate in the scaf-
fold and secrete new bone tissue. Therefore, our results

Fig. 8 Biomechanical analysis on
the 80th day post-operation (a–d).
Ultimate load: P < 0.01 (a vs. b
and d), P < 0.05 (a vs. c), (c vs. b
and d). Strain: P < 0.001 (a vs. b
and d), P < 0.01 (a vs. c), (c vs. b
and d). Stress: P < 0.01 (a vs. b
and d), (c vs. b and d). Stiffness:
P < 0.001 (a vs. b and d), P < 0.01
(a vs. c), (c vs. b and d)
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showed that the bone regenerative capacity of the scaffold was
improved when the BMSCs were seeded onto the PLA/PCL/
HA scaffold.
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