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Abstract

Osteochondral defect caused by trauma or osteoarthritis exhibits
a major challenge in clinical treatment with limited symptom-
atic effects at present. The regeneration and remodeling of
subchondral bone play a positive effect on cartilage regeneration
and further promotes the repair of osteochondral defects.
Making use of the strengths of each preparation method, the
combination of 3D printing and electrospinning is a promising
method for designing and constructing multi-scale scaffolds that
mimic the complexity and hierarchical structure of subchondral
bone at the microscale and nanoscale, respectively. In this study,
the 3D printed-electrospun poly(E-caprolactone)/nano-hydroxya-
patites/multi-walled carbon nanotubes (PCL/nHA/MWCNTs)
scaffolds were successfully constructed by the combination of
electrospinning and layer-by-layer 3D printing. The resulting
dual-scale scaffold consisted of a dense layer of disordered nanospun fibers and a porous microscale 3D scaffold layer to support and
promote the ingrowth of subchondral bone. Herein, the biomimetic PCL/nHA/MWCNTs scaffolds enhanced cell seeding efficiency and
allowed for higher cell–cell interactions that supported the adhesion, proliferation, activity, morphology and subsequently improved
the osteogenic differentiation of bone marrow mesenchymal stem cells in vitro. Together, this study elucidates that the construction of 3D
printed-electrospun PCL/nHA/MWCNTs scaffolds provides an alternative strategy for the regeneration of subchondral bone and lays a
foundation for subsequent in vivo studies.
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Introduction
Osteochondral defect is a common complaint resulted from

trauma or osteoarthritis, and its treatment is a major challenge

in clinic [1, 2]. It is well known that the osteochondral complex

consists of articular cartilage and subchondral bone, which are

closely connected and well integrated. Subchondral bone is com-

posed of a subchondral plate and trabeculae, which are critical

for joint function, cushioning mechanical loads and providing

nutrients to the cartilage [3, 4].Without the support of healthy

subchondral bone, cartilage defects are difficult to repair [5].

However, over the past few decades, various biomimetic scaffolds

have been developed for cartilage repair and considerable suc-

cess has been achieved [6–8]. By comparison, the biomimetic

scaffolds for subchondral bone repair have not become the key-

stone of research. Bone substitutes are also rarely assessed for

subchondral bone defects. In clinical sense, the optimal

preparation method, biomaterial and implant method of biomi-
metic subchondral bone scaffold will be helpful to the treatment
of osteochondral defect [9].

For subchondral bone regeneration, the biomimetic scaffolds
should not only possess excellent bioactivity and appropriate me-
chanical stability to match subchondral bone and mimic the ex-
tracellular matrix (ECM) of natural bone tissue, but also provide
dual-scale anisotropy to guide the in-growth of bone tissue [10,
11]. Enormous advances in additive manufacturing technology
can meet this need, allowing the fabrication of scaffolds with cus-
tomized features and desirable properties that can be combined
with multi-material structures [12]. Currently, bone scaffolds
prepared by 3D printing have fully interconnected pore networks
that facilitate the delivery of proteins, oxygen and nutrients, as
well as the in-growth of bone tissue, which cannot be achieved
with traditional techniques [13, 14]. Whereas, the pore size of 3D
printed scaffolds is commonly limited to microscale, which
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adversely affects cell seeding efficiency [15]. In order to mimic
ECM nanoscale fibers, alternative technologies are developed,
such as electrospinning, which can provide nanoscale ECM-
mimicking structures with high specific surface area and high po-
rosity [16]. Electrospun nanofibers offer many adhesion sites for
cell attachment and growth, thereby affecting cell morphology
and activity, but their low mechanical properties limit their appli-
cation [17, 18]. Thus, a new idea that combine 3D printing and
electrospinning methods are proposed in this paper to give full
play to their strengths and mitigate their weaknesses, which pro-
vide an effective and powerful preparation method to mimic the
complexity and hierarchical structure of subchondral bone at the
microscale and nanoscale, respectively.

The selection of biomaterials with desirable characteristics is
also the key to the successful regeneration of subchondral bone.
Due to its excellent mechanical properties and reasonable biode-
gradability, poly(E-caprolactone) (PCL) has been broadly studied in
bone tissue engineering [19]. Even so, the biological property of PCL
can be enhanced by incorporating with other biomaterials [19, 20].
Hydroxyapatite (Ca10(PO4)6(OH)2) is a kind of bioactive ceramic ma-
terial, which is the major inorganic component of natural bone ma-
trix [21]. Because of its excellent biocompatibility and high bone
conductivity, it has been extensively used in clinical bone trans-
plantation [22]. Additionally, nano-hydroxyapatite (nHA) has also
been reported to promote cell adhesion, proliferation and calcium
deposition [23]. Meanwhile, new strategies for bone regeneration
tend to combine sturdy biomaterials with smart biomaterials that
respond to external stimuli, such as electrical stimulation, to speed
up the healing process [24]. Carbon nanotubes (CNTs) are cylindri-
cal nanostructures, available in the form of single-walled (SWCNTs)
or multi-walled (MWCNTs), with remarkable mechanical and elec-
trical properties [25–27]. CNTs possess unique size characteristics
similar to those of fibrinogen (such as collagen) in bone, with a
length–diameter ratio of more than 106, which is similar to the size
of triple-helix collagen fibers, making them particularly important
for bone regeneration applications [28].Carboxyl or hydroxyl func-
tionalized CNTs can enhance the biocompatibility, hydrophilicity,
uniform dispersion and bonding with polymeric matrix [29, 30].
Interestingly, studies have shown that MWCNTs has a stronger
ability to induce osteogenic differentiation of stem cells than Haps
[31]. The possible mechanism was that MWCNTs aggregate more
proteins, including specific osteoinductive proteins, thereby activat-
ing Notch signaling pathway. Therefore, we plan to prepare PCL/
nHA/MWCNTs composite scaffolds to support the adhesion, prolif-
eration and osteogenic differentiation of bone marrow mesenchy-
mal stem cells (BMSCs).

This study developed an attractive method to fabricate 3D
PCL/nHA/MWCNTs scaffolds using electrospinning combined
with layer-by-layer 3D printing. It was hypothesized that such
the structure and composition can satisfy both the physical (e.g.
morphology, porosity and mechanical properties) and biological
(e.g. the adhesion, proliferation, activity, morphology and osteo-
genic differentiation of BMSCs) requirements of the scaffold for
subchondral bone regeneration. As expected, the 3D printed-
electrospun PCL/nHA/MWCNTs scaffolds possessed excellent
biocompatibility and presented the most positive effect on the os-
teogenic differentiation of BMSCs in vitro.

Materials and methods
Materials and reagents
PCL (Mw¼ 80 000), nano-hydroxyapatites with the particle size of
60–80 nm and short carboxyl-functionalized MWCNTs (5–10 nm

in inner diameter, 10–20 nm in outer diameter, 0.5–2 mm in length
and purity per cent of 95%) were purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). Tetrahydrofurane (THF)
and dimethylformamide (DMF) were purchased from Sigma-
Aldrich (USA). Rat BMSCs were obtained from Procell (Wuhan,
China). All cell culture reagents including Dulbecco’s modified
eagle medium-F12 (DMEM-F12), fetal bovine serum (FBS), strepto-
mycin/penicillin and trypsin were purchased from Solarbio
(Beijing, China).

Scaffold design and fabrication
The schematic of preparation of three-dimensional (3D) printed-
electrospun PCL/nHA/MWCNTs composite scaffold was shown in
Fig. 1. PCL pellets were dissolved in a 1:1 v/v mixture of THF:DMF
to prepared PCL solutions, which was stirred magnetically at
40�C for 24 h. Next, a prespecified number of nHA and MWCNTs
were dispersed into PCL solution by magnetic stirring for 24 h and
followed sonicated in the cooling water circulation for 4 h, to pre-
pare homogeneous PCL, PCL/nHA (90/10 wt%) and PCL/nHA/
MWCNTs (89/10/1 wt%) composite solutions.

The dual-scale PCL/nHA/MWCNTs composite scaffold was
constructed using an extrusion-based 3D printing system
(RKJ3DP-4A-02, Recongene Biomedical Technologies, Ltd.,
Nanjing, China) combined with an electrospinning system (HY-
01, Yonker Huayuan, Langfang, China). In this study, scaffolds
were designed by computer-aided design (CAD) software, with
parameters of four layers, filament diameter of 200 lm, filament
spacing of 500 lm and layer thickness of 200 lm. The 3D-printed
scaffolds with 0�/90� lay-down pattern were printed by extruding
composite inks though a nozzle with an inner diameter of
300 lm. The temperatures of the upper and lower printing cham-
ber were 75�C and 125�C, respectively. The pneumatic pressure
was 7 bar, the temperature of glass platform was 50�C, the print-
ing speed was 50 mm/s and the control ratio of extrusion was 3%.
Subsequently, the scaffolds were cooled to room temperature af-
ter printing, removed from the glass plate, and electrospun using
an electrospinning system to create the PCL/nHA/MWCNTs elec-
trospun membranes with thickness of approximately 0.1 mm.
The composite solution was fed into 5 ml standard syringes
equipped with a 22G blunted stainless steel needle. The opti-
mized electrospun parameters were as follow, the voltage was
10 kV, flow rate was 1 ml/h, and the distance between spinneret
and collector was 15 cm. The fibers were collected on 3D-printed
PCL/nHA/MWCNTs scaffold pasted on the aluminium foil and
stored at room temperature for 24 h in a vacuum drier to remove
residual solvents. Finally, the 3D printed-electrospun scaffolds
were cut into cylinders with diameter of 14 mm and sterilized
with 60 Co-c-ray radiation to facilitate cell culture. Additionally,
pure 3D printed-electrospun PCL and PCL/nHA scaffold were fab-
ricated as control.

Scaffold morphology
The macroscopic morphology of 3D printed-electrospun scaffolds
were observed by using a super depth-of-field (DOF) optical mi-
croscope (DSX1000, Olympus, Japan). The scanning electron mi-
croscopy (SEM) and energy dispersive spectroscopy (EDS) images
of scaffolds were analyzed with Hitachi SU8010 SEM (Japan). Dry
scaffolds were sputtered with gold for 60 s before scanning, and
the accelerating voltage was 5 kV. Besides, the images were ana-
lyzed by Image J software. In particular, the diameter of electro-
spun fibers (n¼ 100), the filament width (n¼ 30) and pore size of
3D printed scaffolds were evaluated by random selection and cal-
culation.
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Porosity
The porosity of the scaffold was determined by ethanol immer-

sion method [32]. Briefly, the dry weight (WS) of each scaffold was

first measured, and the scaffold was then immersed in ethanol

for 30 min to guarantee thorough infiltration into the pores. The

weight of the gravity bottle filled full with ethanol was labeled as

WE, the weight of the gravity bottle filled with ethanol and the

scaffold was labeled as WES, and the weight after removing the

saturated scaffold was recorded as WE’. Thus, the calculation

equation of porosity is as follows.

Porosity ð%Þ ¼ ðWES �W
E’ �WSÞ=ðWE �W

E’Þ � 100% (1)

Mechanical analysis
Cylindrical scaffolds (14 mm in diameter and 1.2 mm in height)

were fabricated for compressive performance evaluation using a

mechanical test machine (Instron 3343, USA) furnished with a

1 kN load cell. All scaffolds were tested at a compression rate of

0.2 mm/min. The compressive modulus was obtained from the

slope of the initial linear regions (5–20%) of the compressive

stress-strain curve.

Cytocompatibility analysis
BMSCs culture and seeding
Cylindrical scaffolds were irradiated with 60 Co-c rays and rinsed

with PBS at least twice. BMSCs were cultured in DMEM-F12 with

additional 10% (v/v) FBS and 1% (v/v) streptomycin/penicillin,

and seeded onto sterilized scaffolds kept in 24-well plates with a

cell density of 4� 104 per sample. All cells-scaffolds were cul-

tured at 37�C in a 95% humidity and 5% CO2 atmosphere. For os-

teogenic differentiation of BMSCs, no osteogenic differentiation

medium was used in the experiment.

Cell viability and proliferation
Cell viability was evaluated by double-color fluorescence staining

with a LIVE/DEAD Viability/Cytotoxicity assay (BestBio, Shanghai,

China) at day 1, 3 and 7. Based on the manufacturer’s instruction,

the scaffolds were submerged in LIVE/DEAD staining solution at

37�C for 2 h, and then photographed with a cell imaging reader

(Cytation5, BioTek, USA) to distinguish living cells (green) and

dead cells (red).
Cell proliferation on scaffolds (n¼ 3) was assessed by Cell

Counting Kit assay (CCK-8, Abbkine, Wuhan, China) as previous

reported methods [33]. At the predetermined time (1, 3, 5 and

7 days), the scaffolds were gently rinsed in PBS and immersed in

fresh culture medium with additional 10% CCK-8 solution at 37�C

for 2 h. The absorbance (450 nm) was determined by a microplate

reader (Cytation5, BioTek, USA). Cell proliferation rate (%) was

calculated as follows.

Cell proliferation ð%Þ ¼ ðODD � OD1Þ=OD1 � 100% (2)

where OD1 represents the absorbance on the first day and ODD

represents the absorbance at different points in time.

Cell morphology
Cell morphology and adhesion were determined using cytoskeleton

staining and SEM. After 7 and 14 days of culture, BMSCs cultured on

scaffolds were fixed with precooled 4% paraformaldehyde (PFA) for

20 min, then incubated in Fluorescent Dye 488-I Phalloidin (AmyJet

Scientific, Wuhan, China) solution for 45 min to stain the f-actin cy-

toskeleton and in 4’,6-diamidino-2-phenylindole (DAPI, Abcam) so-

lution for 10 min to dye the nuclei. Subsequently, samples were

observed with a cell imaging reader. For cell adhesion, BMSCs were

cultured on the scaffolds for 14 days, then fixed with 2.5% glutaral-

dehyde for 3 h, dehydrated with graded ethanol (30, 50, 75, 80, 95

and 100% twice, 15 min for each), and dried with critical point drier.

Figure 1. Schematic illustration of preparation of 3D printed-electrospun PCL/nHA/MWCNTs scaffold for bone regeneration.
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Finally, the images were obtained with SEM (SU8010, Hitachi, Japan)
at 5 kV after gold sputter-coated.

Osteogenic differentiation of BMSCs
Alkaline phosphatase (ALP) activity
To evaluate the early markers of osteogenic differentiation of
BMSCs, ALP staining and ALP activity determination were per-
formed on days 7 and 14. Briefly, after washing gently, cells–scaf-
folds were incubated in BCIP/NBT ALP Color Development Kit
(Beyotime, Shanghai, China) solution for 30 min at room temper-
ature in darkness. Subsequently, samples were photographed by
an optical microscope (Eclipse Ci Pol, Nikon) to visualize the ALP
activity.

Additionally, an ALP Assay Kit (Beyotime) was used for quanti-
tative determination of ALP activity. In brief, cells–scaffolds were
washed twice, lysed with a cell lysis buffer, and centrifuged at
4�C at 6000 rpm for 10 min. Then the supernatant was extracted,
para-nitrophenyl phosphate (pNPP) substrate was added and in-
cubated at 37�C for 30 min. Meanwhile, BCA Protein Assay Kit
(Beyotime) was used to measure total protein in supernatant.
The absorbance of the resultant yellow and purple compound
were determined at 405 and 562 nm with a microplate reader, re-
spectively. The measured ALP concentration for each sample was
then normalized to total protein concentration.

Evaluation of ECM mineralization
ECM mineralization of BMSCs was assessed by Alizarin Red S
(ARS) Staining Kit (Beyotime) for osteogenesis after 7 and 14 days
of culture. In short, cells–scaffolds were rinsed twice with PBS,
fixed in 4% PFA for 20min, and submerged in ARS solution for
30min at room temperature. The unabsorbed dye was removed
with PBS. Images were photographed by an optical microscope
(Nikon) to visualize calcium deposits. Besides, the quantitative
analysis was performed by elution of the adsorbed stain in 500ll
10% cetylpyridinium chloride in 10mM sodium phosphate (pH
7.0). The absorbance was read at 570nm using a microplate
reader.

Gene expression analysis
BMSCs were seeded onto the 3D printed-electrospun PCL and
PCL/nHA/MWCNTs scaffolds for 7 and 14 days. Total RNA of
BMSCs was extracted by TRIzol reagent (Invitrogen), and reverse-
transcribed to complementary DNA with PrimeScriptTM RT
Master Mix (TaKaRa). qRT-PCR was performed by Bio-Rad CFX 96
Touch Real-Time PCR Detection System with TB GreenTM Premix
Ex TaqTM II (TaKaRa). The primer pair sequences for osteogenic
differentiation genes are summarized in Table 1, including ALP,
collagen I (COL1), runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN) and osteopontin (OPN). The relative expression
levels of osteogenic marker genes were normalized to the house-
keeping gene (glyceraldehyde-3-phosphate dehydrogenase,

GAPDH), and calculated by the 2�DDCt method using PCL group on
day 7 as the reference group.

Osteogenic immunofluorescence staining
After 14 days of culture, the expression of the osteogenic marker
proteins secreted by BMSCs on the 3D printed-electrospun PCL
and PCL/nHA/MWCNTs scaffolds was observed by immunofluo-
rescence staining. BMSCs-seeded scaffolds were fixed with 4%
PFA for 1 h, treated with 0.1% Triton X-100 for 10 min and 1% BSA
for 1 h. Then, the samples were incubated with primary antibody
solution for ALP (1:100, Abcam), COL1 (1:50, ABclonal), OPN
(1:100, Bioss) or OCN (1:100, Abcam) at 4�C overnight. Afterward,
the samples were incubated with Cy3-conjugated goat anti-rabbit
IgG secondary antibody for 2 h at room temperature. Finally, the
cytoskeleton and DAPI staining were performed and the samples
were observed with a cell imaging reader.

Statistical analysis
All data were replicated at least three times, and showed as
mean 6 standard deviation. One-way ANOVA with a post hoc test
was conducted for statistical analysis, *P< 0.05, **P< 0.01 and
***P< 0.001 were considered statistically significant.

Results and discussion
Characterization of the biomimetic subchondral
bone scaffold
In this study, novel biomimetic subchondral bone scaffolds were
successfully prepared. The microscale PCL/nHA/MWCNTs scaf-
fold was created via 3D printing, and then micro-nano structure
surface on the PCL/nHA/MWCNTs scaffold was constructed by
electrospinning (Fig. 1). As the control group, pure PCL scaffolds
and PCL/nHA scaffolds were prepared by the same procedure.
The scaffolds were laid in 0�/90� pattern to ensure their 3D po-
rous structure, and exhibited well-designed macroporous mor-
phology (Fig. 2A). The 3D-printed PCL/nHA/MWCNTs scaffolds
appeared black due to the presence of MWCNTs, while the PCL
and PCL/nHA scaffolds appeared white. After electrospinning,
micro-nano structures were uniformly dispersed on the surface
of the 3D-printed scaffolds, and the fibers were smooth without
beads (Fig. 2A). PCL/nHA/MWCNTs fibers were gray, and the den-
sity of PCL/nHA/MWCNTs and PCL/nHA fibers was higher than
that of PCL fibers.

Moreover, the surface characteristics of the 3D printed-
electrospun scaffolds were also revealed by SEM (Fig. 3A). The
3D-printed microscale scaffolds were well-defined and have a
mesh structure. PCL filament width and the pore size were
200.07 6 19.89 and 504.54 6 117.50 lm, PCL/nHA filament width
and the pore size were 209.20 6 15.81 and 494.89 6 41.03 lm, and
PCL/nHA/MWCNTs filament width and the pore size were
239.45 6 41.96 and 472.83 6 59.79 lm, respectively (Table 2). The

Table 1. Primer pair sequences for osteogenic differentiation genes

Gene Primer sequences

Forward (5’ to 3’) Reverse (5’ to 3’)

GAPDH GCCACATCGCTCAGACACC CCCAATACGACCAAATCCGT
ALP AGCAGCATCTTACCAGTTGTGTCTC AAGTAGTTCACATCCTGCGGTTCAG
COL1 TGTTGGTCCTGCTGGCAAGAATG GTCACCTTGTTCGCCTGTCTCAC
RUNX2 CTTCGTCAGCGTCCTATCAGTTCC TCCATCAGCGTCAACACCATCATTC
OCN GGACCCTCTCTCTGCTCACTCTG ACCTTACTGCCCTCCTGCTTGG
OPN GACGATGATGACGACGACGATGAC GTGTGCTGGCAGTGAAGGACTC
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3D-printed microscale scaffolds had a multi-layer structure that
supports cell migration, allows cells to adhere to more areas, and
facilitates the transfer of nutrients and metabolites. In the same
electrospinning time, PCL/nHA/MWCNTs fibers had a slightly
larger diameter and a slightly smaller mesh density than PCL/
nHA and PCL, but the nanoscale electrospun fibers of all scaffolds
showed porous and randomly guided fiber structures, mostly
about 1 lm. The average diameter of PCL/nHA/MWCNTs fibers
was 1.68 6 0.62 lm, and the average diameter of PCL/nHA and
PCL fibers was 1.74 6 0.29 and 1.47 6 0.38 lm, respectively
(Table 2). This is because the intrinsic conductivity of MWCNTs
leads to an increase in the stretching of PCL/nHA/MWCNTs
nanofibers in the electromagnetic field during electrospinning,
which leads to a decrease in fiber diameter [34]. The porosity of
the 3D printed-electrospun PCL/nHA/MWCNTs scaffolds was
75.78 6 7.00%, and the porosity of PCL/nHA scaffolds and the
pure PCL scaffolds was 73.44 6 7.37% and 71.09 6 8.97% (Table 2).
Compared with PCL scaffolds, EDS analysis exhibited that

simultaneous Ca and P peaks, and enhanced C signal, indicating
the existence of Haps particles and the diffusion of MWCNTs in
PCL/nHA/MWCNTs scaffolds (Fig. 3B). The absence of peaks at
other locations proved that the solvent has been completely re-
moved. The elemental distribution maps were shown in Fig. 3C,
where purple, green, blue and yellow signals represented O, C, Ca
and P, respectively. For pure PCL, no blue and yellow signals were
presented, while blue and yellow signals were observed for PCL/
nHA/MWCNTs composites, and the intensity of green signal was
significantly enhanced, which was consistent with the above EDS
spectrum analysis. In conclusion, we successfully prepared dual-
scale 3D printed-electrospun PCL/nHA/MWCNTs scaffolds.

The mechanical properties of tissue-engineered scaffolds are
significant characteristic parameters that determine their appli-
cation [35, 36]. The mechanical properties of the scaffolds as
bone substitutes are characterized by their compressive strength,
which requires resistance to abrasion caused by movement
or pressure from surrounding tissues [37]. The compression

Figure 2. (A) Optical images, (B) compressive stress–strain curves and (C) compressive modulus of the 3D printed-electrospun PCL, PCL/nHA and PCL/
nHA/MWCNTs scaffolds.
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stress–strain curves were showed in Fig. 2B. The mechanical test
results showed that the compression modulus of PCL/nHA/
MWCNTs scaffold was 10.68 6 0.24 MPa, which was higher than
that of PCL/nHA scaffold (8.23 6 0.10 MPa) and the pristine PCL
scaffold (4.40 6 0.09 MPa) (Fig. 2C). This may be due to the im-
provement in the compression modulus of composite caused by
nHA and MWCNTs [24, 38]. The compression modulus of the
scaffolds was found to increase with increase in nHA and
MWCNTs content (see Supplementary Material, Fig. S1). The
results showed that nHA and MWCNTs were uniformly dispersed
in PCL matrix without agglomeration. MWCNTs appeared to es-
tablish strong links between nHA and PCL matrix. The compres-
sive strength of the 3D printed-electrospun PCL/nHA/MWCNTs
scaffold was close to that of cancellous bone (2–13 MPa) [39].

The cytocompatibility of the biomimetic
subchondral bone scaffold
The internal structure of the scaffold is critical for cell migration
and adhesion to the surface or interior of the scaffold. BMSCs
were cultured on the 3D printed-electrospun PCL, PCL/nHA and

PCL/nHA/MWCNTs scaffolds to assess cellular proliferation by
CCK-8 assay at 1, 3, 5 and 7 days. BMSCs cultured in tissue cul-
ture plate were set as control group. As shown in Fig. 4A, there
were no significant differences among the groups on day 1. With
the increase of culture time, the optical density values increased,
and PCL, PCL/nHA and PCL/nHA/MWCNTs showed an increasing
trend of cell proliferation. As expected, BMSCs seeded on the PCL/
nHA/MWCNTs scaffold exhibited the highest proliferation rate,
reaching 464% at day 7 (Fig. 4B), and BMSCs proliferation in late
stage was significantly faster than that in early stage.

Cell viability and density are much important for osteogenic
differentiation. The Live/Dead staining assay also gave the same
results as CCK-8. Fluorescence images exhibited that BMSCs sur-
vived and spread well on all scaffolds (Fig. 4C). However, some
BMSCs shed through larger pores of the 3D scaffold during initial
seeding, rather than sticking to the filaments. With the increase
of culture time, due to the existence of electrospun fibers, the ef-
fective surface area for BMSCs to attach was increased and the
BMSCs bridging between 3D printed filaments was promoted.
Compared with PCL and PCL/nHA, there were fewer dead cells

Figure 3. Characterization of the 3D printed-electrospun scaffolds. (A) Representative SEM images, (B) EDS spectrum and (C) elemental distribution
mapping images of PCL and PCL/nHA/MWCNTs scaffolds, including oxygen (O), carbon (C), phosphorus (P) and calcium (Ca).

Table 2. The morphology and physical properties of the 3D printed-electrospun scaffolds

Sample Electrospun 3D printing Porosity (%)

Fiber diameter (lm) Filament width (lm) Pore size (lm)

PCL 1.47 6 0.38 200.07 6 19.89 504.54 6 117.50 71.09 6 8.97
PCL/nHA 1.74 6 0.29 209.20 6 15.81 494.89 6 41.03 73.44 6 7.37
PCL/nHA/MWCNTs 1.68 6 0.62 239.45 6 41.96 472.83 6 59.79 75.78 6 7.00
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(red) and larger quantity of living cells (green) on PCL/nHA/
MWCNTs membrane and 3D printed scaffold, indicating that
BMSCs showed better activity on 3D printed-electrospun PCL/
nHA/MWCNTs scaffolds.

Moreover, the top view of F-actin cytoskeleton staining
revealed that BMSCs were anchored on the PCL/nHA/MWCNTs
electrospun membrane and connected with each other, and the
infiltration depth was significantly deeper than that of PCL and
PCL/nHA membrane (Fig. 5A). Due to the presence of nanoscale
electrospun fibers, the cytoskeletal structures of BMSCs were
stretched and elongated, forming a spindle or polygon shape. The
bottom view of cytoskeleton staining demonstrated that BMSCs
were better distributed along the rough filaments of the 3D
printed PCL/nHA/MWCNTs and PCL/nHA scaffolds than PCL
(Fig. 5A). BMSCs attached to the surface of the 3D printed

filaments grew along the printing direction on day 7 and bridged
on day 14. The SEM images illustrated that more BMSCs closely
attached and fully spread across the PCL/nHA/MWCNTs and
PCL/nHA electrospun membrane than those seeded on the pris-
tine PCL membrane after 14 days of culture (Fig. 5B). On the sur-
face of 3D printed PCL/nHA/MWCNTs and PCL/nHA scaffold,
BMSCs were fusiform with prominent filamentous pseudopods
stretching into the surrounding pores. Consistent with cytoskele-
ton staining, the multi-scale topographical structure of the 3D
printed-electrospun scaffolds served as physical cues affecting
cell mechanotransduction, promoting BMSCs migration, growth
and proliferation, and making BMSCs more easily adhere to the
inside of the scaffolds. Cell adhesion is important for subsequent
differentiation [40]. The incorporation of nHA and MWCNTs pro-
moted the communication between MSCs and the interaction

Figure 4. The cytocompatibility of the 3D printed-electrospun PCL, PCL/nHA and PCL/nHA/MWCNTs scaffolds. (A) The BMSCs viability using CCK-8
assay and (B) relative cell proliferation after 1, 3, 5 and 7 days of culture. (C) Live/dead staining of BMSCs cultured on the scaffolds at day 1, 3 and 7.
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between MSCs and biomaterials [41]. Collectively, all of these
results demonstrated that the 3D printed-electrospun PCL/nHA/
MWCNTs scaffolds possessed excellent biocompatibility.

The 3D printed-electrospun PCL/nHA/MWCNTs
scaffolds accelerate osteogenic differentiation of
BMSCs
Based on the aforementioned results of cytocompatibility, the 3D
printed-electrospun PCL/nHA/MWCNTs scaffolds possessed the
highest BMSCs proliferation rate and excellent activity.
Subsequently, the osteogenic ability of PCL/nHA/MWCNTs scaf-
folds was evaluated with PCL as the control group.

The osteogenic capacity of BMSCs was observed by ALP stain-
ing and ALP activity assay at days 7 and 14. ALP is an essential
marker of early-stage osteogenic differentiation of MSCs medi-
ated by biomaterials in vitro [42]. ALP staining (Fig. 6A) demon-
strated that there were more ALP-positive cells in the nanoscale
electrospun fibers and 3D printed filaments of PCL/nHA/
MWCNTs group than in the PCL group, indicating that osteogenic
differentiation was significantly enhanced. As displayed in

Fig. 6B, the normalized ALP activity (6.20 6 1.28 U/mg protein) of
the 3D printed-electrospun PCL/nHA/MWCNTs group was higher
than that of PCL group (4.49 6 2.37 U/mg protein) on day 7, and
was still obviously greater than that of PCL group on day 14, up to
11.92 6 3.43 U/mg protein. This corresponds to a previous re-
search that the introduction of MWCNTs played a leading role in
the generation of ALP [41].

Additionally, ARS Staining was performed to detect ECM min-
eralization after 7 and 14 days of culture. As detected, both
groups exhibited very weak ARS staining on day 7 (Fig. 6C).
Compared with the PCL group, the de-staining level of ARS in the
PCL/nHA/MWCNTs scaffold was the highest on day 14, confirm-
ing that the existence of Haps particles within the 3D printed-
electrospun PCL/nHA/MWCNTs scaffold. The calcium-rich Haps
particles were dyed dark red and evenly integrated throughout
the PCL/nHA/MWCNTs construct, further facilitating calcium de-
position. As reported in a study, the anisotropic characteristic of
the dual-scale scaffolds also seem to facilitate the stimulation of
osteogenic differentiation [43]. Quantitative analysis of calcium
deposition was shown in Fig. 6D. The mineralization capacity of

Figure 5. The morphology of BMSCS seeded on the 3D printed-electrospun PCL, PCL/nHA and PCL/nHA/MWCNTs scaffolds. (A) Cytoskeletal staining
images of BMSCs seeded on scaffolds after 7 and 14 days of culture. (B) SEM images of BMSCs seeded on scaffolds after 14 days of culture.
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PCL/nHA/MWCNTs group was statistically higher than that of
PCL group. The osteoblastic differentiation of BMSCs produced
calcium, which then bound to proteins in the ECM to mineralize
it. Thus, the 3D printed-electrospun PCL/nHA/MWCNTs scaffolds
expedited and promoted the mineralization process.

Subsequently, qRT-PCR analysis was performed on days 7 and
14 to detect the regulation of gene expression and verify osteo-
genesis at the gene expression level (Fig. 7). All osteogenic related
genes presented an apparent upregulation with the increase of
culture time in both groups. On day 7, the PCL/nHA/MWCNTs
group showed greater mRNA expression of ALP, RUNX2, OCN and

OPN than PCL group. ALP, RUNX2 and COL1 are early-stage osteo-
genic expression genes, where ALP represents proliferation, and
RUNX2 expression stimulates the activity of COL1 promoter frag-
ment and increases matrix deposition [44–46]. On day 14, the ex-
pression levels of ALP, COL1 and RUNX2 were 1.54, 3.31 and 1.98
times higher in the PCL/nHA/MWCNTs group than in the PCL
group, respectively. OCN and OPN are genes expressed in the late
stage of osteogenic differentiation, which are crucial to the for-
mation, metabolism and mineralization of bone matrix [47, 48].
On day 14, the expression levels of OCN and OPN were 1.03 and
2.21 times higher in the PCL/nHA/MWCNTs group than in the

Figure 6. The osteogenic properties of BMSCs seeded on the 3D printed-electrospun PCL and PCL/nHA/MWCNTs scaffolds at days 7 and 14. (A) ALP
staining images of BMSCs. (B) ALP activity of BMSCs normalized to total protein. (C) Alizarin Red staining images of BMSCs. (D) Quantitative analysis of
Alizarin Red staining at OD 570 nm.

Figure 7. The expression of osteogenic marker genes in BMSCs seeded on the 3D printed-electrospun PCL and PCL/nHA/MWCNTs scaffolds determined
by RT-PCR tests at day 7 and 14. (A) ALP, (B) COLI, (C) RUNX2, (D) OCN and (E) OPN.
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PCL group, respectively. Correspondingly, immunofluorescence
images on the 14th day further confirmed that BMSCs on PCL/
nHA/MWCNTs scaffolds secreted much more of osteogenic
marker proteins, i.e. ALP, COL1, OPN and OCN, than those on PCL
scaffolds (Fig. 8). Collectively, these results indicated that PCL/
nHA/MWCNTs scaffold presented the most positive impact on
the osteogenic differentiation of BMSCs in vitro.

Conclusion
In this study, the 3D printed-electrospun PCL/nHA/MWCNTs
scaffolds were successfully constructed by electrospinning com-
bined with layer-by-layer 3D printing. The upper nanoscale
electrospun membrane was tightly coupled with the lower 3D-
printed scaffold to prevent stratification. The resulting dual-scale
PCL/nHA/MWCNTs scaffold was compounded from a dense layer
of disordered nanospun fibers and a porous 3D-printed scaffold
layer for enabling and promoting the ingrowth of subchondral
bone. Herein, the biomimetic PCL/nHA/MWCNTs scaffolds en-
hanced cell seeding efficiency and allowed for higher cell–cell
interactions that supported BMSCs adhesion and proliferation,
subsequently promoted osteogenic differentiation in vitro.
Together, this study provides a functional biomimetic subchon-
dral bone scaffold, which lays a foundation for subsequent stud-
ies, such as immobilizing different bioactive factors on nanoscale
electrospun fibers and 3D-printed filaments, and combining with

hydrogel to promote osteochondral tissue regeneration in vivo,

particularly subchondral bone repair.

Supplementary data
Supplementary data are available at Regenerative Biomaterials online.
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Menaszek E. Layered gelatin/PLLA scaffolds fabricated by elec-

trospinning and 3D printing for nasal cartilages and subchon-

dral bone reconstruction. Mater Design 2018;155:297–306.

11. Chen DY, Liu P, Li MN, Zhang CQ, Gao YS, Guo YP. Nacre-mi-

metic hydroxyapatite/chitosan/gelatin layered scaffolds

modifying substance P for subchondral bone regeneration.

Carbohydr Polym 2022;291:119575.

12. Yang YW, Wang GY, Liang HX, Gao CD, Peng SP, Shen LD, Shuai

CJ. Additive manufacturing of bone scaffolds. Int J Bioprint

2019;5:148.

13. Yan YF, Chen H, Zhang HB, Guo CJ, Yang K, Chen KZ, Cheng RY,

Qian ND, Sandler N, Zhang YS, Shen HK, Qi J, Cui WG, Deng LF.

Vascularized 3D printed scaffolds for promoting bone regenera-

tion. Biomaterials 2019;190–191:97–110.

14. Bandyopadhyay A, Mitra I, Bose S. 3D printing for bone regener-

ation. Curr Osteoporos Rep 2020;18:505–14.

15. Wang C, Huang W, Zhou Y, He LB, He Z, Chen ZL, He X, Tian S,

Liao JM, Lu BH, Wei Y, Wang M. 3D printing of bone tissue engi-

neering scaffolds. Bioact Mater 2020;5:82–91.

16. Kim JI, Kim JY, Kook SH, Lee JC. A novel electrospinning method

for self-assembled tree-like fibrous scaffolds:

microenvironment-associated regulation of MSC behavior and

bone regeneration. J Mater Sci Technol 2022;115:52–70.

17. Mohammadi M, Shaegh SAM, Alibolandi M, Ebrahimzadeh MH,

Tamayol A, Jaafari MR, Ramezani M. Micro and nanotechnolo-

gies for bone regeneration: recent advances and emerging

designs. J Control Release 2018;274:35–55.

18. Yeo M, Kim G. Micro/nano-hierarchical scaffold fabricated using

a cell electrospinning/3D printing process for co-culturing myo-

blasts and HUVECs to induce myoblast alignment and differen-

tiation. Acta Biomater 2020;107:102–14.

19. Liu DH, Nie W, Li DJ, Wang WZ, Zheng LX, Zhang JT, Zhang JL,

Peng C, Mo XM, He CL. 3D printed PCL/SrHA scaffold for en-

hanced bone regeneration. Chem Eng J 2019;362:269–79.

20. Bhattacharjee P, Naskar D, Kim H-W, Maiti TK, Bhattacharya D,

Kundu SC. Non-mulberry silk fibroin grafted PCL nanofibrous

scaffold: promising ECM for bone tissue engineering. Eur Polym J

2015;71:490–509.

21. Samavedi S, Whittington AR, Goldstein AS. Calcium phosphate

ceramics in bone tissue engineering: a review of properties and

their influence on cell behavior. Acta Biomater 2013;9:8037–45.

22. Trakoolwannachai V, Kheolamai P, Ummartyotin S.

Characterization of hydroxyapatite from eggshell waste and

polycaprolactone (PCL) composite for scaffold material. Compos

Part B Eng 2019;173:106974.

23. Diaz-Gomez L, Garc�ıa-González CA, Wang J, Yang F, Aznar-
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24. Gonçalves EM, Oliveira FJ, Silva RF, Neto MA, Fernandes MH,

Amaral M, Vallet-Reg�ı M, Vila M. Three-dimensional printed

PCL-hydroxyapatite scaffolds filled with CNTs for bone cell

growth stimulation. J Biomed Mater Res B Appl Biomater

2016;104:1210–9.

25. Zhao B, Hu H, Mandal SK, Haddon RC. A bone mimic based on

the self-assembly of hydroxyapatite on chemically functional-

ized single-walled carbon nanotubes. Chem Mater

2005;17:3235–41.

26. Al Thaher Y, Khalil R, Abdelghany S, Salem MS. Antimicrobial

PMMA bone cement containing long releasing multi-walled car-

bon nanotubes. Nanomaterials 2022;12:1381.

27. Yang M, Ren XN, Yang TT, Xu C, Ye YQ, Sun ZW, Kong LH, Wang

B, Luo ZQ. Polypyrrole/sulfonated multi-walled carbon nano-

tubes conductive hydrogel for electrochemical sensing of living

cells. Chem Eng J 2021;418:129483.

28. Andrade VB, Sa MA, Mendes RM, Martins-Junior PA, Silva GAB,

Sousa BR, Caliari MV, Avila ES, Ladeira LO, Resende RR, Ferreira

AJ. Enhancement of bone healing by local administration of car-

bon nanotubes functionalized with sodium hyaluronate in rat

tibiae. Cells Tissues Organs 2017;204:137–49.

29. Khanal SP, Mahfuz H, Rondinone AJ, Leventouri T.

Improvement of the fracture toughness of hydroxyapatite

(HAp) by incorporation of carboxyl functionalized single walled

carbon nanotubes (CfSWCNTs) and nylon. Mater Sci Eng C Mater

Biol Appl 2016;60:204–10.

30. Mikael PE, Amini AR, Basu J, Arellano-Jimenez MJ, Laurencin CT,

Sanders MM, Carter CB, Nukavarapu SP. Functionalized carbon

nanotube reinforced scaffolds for bone regenerative engineer-

ing: fabrication, in vitro and in vivo evaluation. Biomed Mater

2014;9:035001.

31. Du ZP, Feng XX, Cao GX, She ZD, Tan RW, Aifantis KE, Zhang

RH, Li XM. The effect of carbon nanotubes on osteogenic func-

tions of adipose-derived mesenchymal stem cells in vitro and

bone formation in vivo compared with that of nano-

hydroxyapatite and the possible mechanism. Bioact Mater

2021;6:333–45.

32. Liu J, Zou Q, Wang CX, Lin MY, Li YF, Zhang R, Li YB.

Electrospinning and 3D printed hybrid bi-layer scaffold for

guided bone regeneration. Mater Design 2021;210:110047.

33. Cao YY, Cheng P, Sang SB, Xiang C, An Y, Wei XC, Yan YY, Li PC.

3D printed PCL/GelMA biphasic scaffold boosts cartilage regen-

eration using co-culture of mesenchymal stem cells and chon-

drocytes: in vivo study. Mater Design 2021;210:110065.

34. Zadehnajar P, Akbari B, Karbasi S, Mirmusavi MH. Preparation

and characterization of poly e-caprolactone-gelatin/multi-

Regenerative Biomaterials, 2023, Vol. 10, rbac104 | 11



walled carbon nanotubes electrospun scaffolds for cartilage tis-

sue engineering applications. Int J Polym Mater 2020;69:326–37.

35. Appel EA, Tibbitt MW, Webber MJ, Mattix BA, Veiseh O, Langer

R. Self-assembled hydrogels utilizing polymer-nanoparticle

interactions. Nat Commun 2015;6:6295.

36. Wang WZ, Zhang BQ, Li MX, Li J, Zhang CY, Han YL, Wang L,

Wang KF, Zhou CC, Liu L, Fan YJ, Zhang XD. 3D printing of PLA/

n-HA composite scaffolds with customized mechanical proper-

ties and biological functions for bone tissue engineering. Compos

Part B Eng 2021;224:109192.

37. Pattanashetti NA, Viana T, Alves N, Mitchell GR, Kariduraganavar

MY. Development of novel 3D scaffolds using BioExtruder by vary-

ing the content of hydroxyapatite and silica in PCL matrix for bone

tissue engineering. J Polym Res 2020;27:87.

38. Kim JW, Shin KH, Koh YH, Hah MJ, Moon J, Kim HE. Production

of poly(epsilon-caprolactone)/hydroxyapatite composite scaf-

folds with a tailored macro/micro-porous structure, high

mechanical properties, and excellent bioactivity. Materials

2017;10:1123.

39. Zhao CQ, Xu XC, Lu YJ, Wu SQ, Xu ZY, Huang TT, Lin JX. Doping

lithium element to enhance compressive strength of beta-TCP

scaffolds manufactured by 3D printing for bone tissue engineer-

ing. J Alloy Compd 2020;814:152327.

40. Dang HP, Vaquette C, Shabab T, Perez RA, Yang Y, Dargaville

TR, Shafiee A, Tran PA. Porous 3D printed scaffolds for guided

bone regeneration in a rat calvarial defect model. Appl Mater

Today 2020;20:100706.

41. Huang B, Vyas C, Byun JJ, El-Newehy M, Huang Z, Bártolo P.
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