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Abstract: Repair of critical bone defects is a challenge in
the orthopedic clinic. 3D printing is an advanced perso-
nalized manufacturing technology that can accurately
shape internal structures and external contours. In this
study, the composite scaffolds of polylactic acid (PLA)
and nano-hydroxyapatite (n-HA) were manufactured by
the fused deposition modeling (FDM) technique. Equal
mass PLA and n-HA were uniformly mixed to simulate
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the organic and inorganic phases of natural bone. The
suitability of the composite scaffolds was evaluated
by material characterization, mechanical property, and
in vitro biocompatibility, and the osteogenesis induction
in vitro was further tested. Finally, the printed scaffold
was implanted into the rabbit femoral defect model to
evaluate the osteogenic ability in vivo. The results showed
that the composite scaffold had sufficient mechanical
strength, appropriate pore size, and biocompatibility.
Most importantly, the osteogenic induction performance
of the composite scaffold was significantly better than
that of the pure PLA scaffold. In conclusion, the PLA/n-HA
scaffold is a promising composite biomaterial for bone
defect repair and has excellent clinical transformation
potential.

Keywords: 3D printing, polylactic acid, nano-hydroxy-
apatite, bone defect, composited biomaterials

1 Introduction

Critical bone defects cannot heal themselves, and the
current autogenous bone grafting is not ideal for repairing
critical defects [1]. Revision surgeries are usually required
to repair bone defects clinically [2,3]. In addition, the auto-
logous bone source is less, and postoperative complica-
tions are more [4]. For a long time, researchers have been
working to develop an alternative to artificial bone grafts,
known as synthetic bone graft substitutes [1]. The pri-
mary artificial scaffold was simply to fill the defect area,
but with the progress of technology, the current expecta-
tion of synthetic bone defect scaffold has become active
induction of bone regeneration and reconstruction of the
primary bone [5]. The exploration of scaffolds in bone
tissue engineering is divided into two aspects: one is to
explore and configure the scaffolds that can support and
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induce bone tissue growth, that is, to manufacture a
porous structure scaffold to fill bone defects [6]. The
pore structure is also the continuous inward growth
and material exchange channels of bone tissue [7]. Liquid
can be nourished and transported through the pores;
migrated stem cells, bone cells, macrophages, and other
cells can cross grow through the pores [8]. Regenerated
blood vessels and bone tissue can survive and develop in
these pores [9,10]; the other is to find and develop manu-
facturing methods to improve biofunctions [6,11].

Currently, porous bone scaffolds can be manufactured
by a variety of methods. Traditional methods include phase
separating, particle leaching, gas foaming, or freeze-
drying, which cannot control the pore size, shape, and
interconnection [12]. However, these techniques do not
produce the precise structure of a 3D scaffold [13]. 3D
printing shows great material fabrication ability, which
bridges the divergence between artificially engineered
tissue structures and natural tissues [9]. 3D printing
can print the scaffold layer by layer according to the
specific computer-aided design modeling [14]. 3D artifi-
cial bone tissue can be easily created using biological
ink, which exists in the form of a viscous fluid. Different
parameters are considered to develop specific bio-inks,
such as printability, mechanical integrity, and so on.
[15]. Among various 3D printing technologies, fused
deposition modeling (FDM) 3D printing technology is
portable, simple, accurate, and has great potential for
clinical use [16,17].

The polymer material has sufficient mechanical pro-
perties and is suitable for the repair of critical bone defects
[16,18]. Notably, osteogenic differentiation can be facili-
tated by polymer scaffolds [19]. Polycaprolactone, poly-
glycolic acid, and polylactic acid (PLA), as well as their
copolymers, are widespread synthetic biomaterials char-
acterized by their biodegradability [20,21]. Among them,
poly-lactic acid (PLA) has been defined as a biomaterial
with potential clinical applications in many studies due
to its slow degradation properties and reliable biocom-
patibility [22,23]. However, the drawback of pure polymer
scaffolds is the lack of osteogenic inducement, which is
also the main reason why researchers were chosen to
explore composite materials [24]. Hydroxyapatite (HA)
is a natural mineral form of calcium phosphate, which
is the main mineral component of vertebrate bones and
teeth [25]. HA has excellent biocompatibility and biolo-
gical activity [9]. The proliferation of osteoblasts and the
formation of chemical bonds with the natural bone were
promoted by HA in the process of bone formation [26-28].
Compared with the HA, nano-HA [n-HA] overcomes the
shortcomings of traditional HA, such as high brittleness
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[29,30]. In addition, n-HA has better dispersibility to
attach to the cell membrane and more suitable as a
filler or a coating material [31,32].

In this study, n-HA and PLA with the same mass were
fabricated into composite scaffolds. The characterization,
mechanical properties, in vitro biocompatibility, and osteo-
genic inducibility of the composite scaffold were system-
atically examined, and further in vivo experiments were
conducted in a rabbit femoral defect model for 3 months.
The results show that the PLA/n-HA composite scaffolds
have good biocompatibility and osteogenic induction
ability by simulating organic and inorganic materials
in bone tissue, simulating the natural bone matrix envir-
onment, and having the potential of clinical transforma-
tion in the repair of critical bone defects.

2 Materials and methods

2.1 Preparation of composite materials and
printing of scaffolds

n-HA powders with an average diameter of 75 + 20 nm
(NERCB, Chengdu, China) were dissolved in acetone by
magnetic stirring for 48 h, while PLA (Daigang Biomaterial,
Jinan, China) with an average molecular weight of 200,000
was dissolved in dichloromethane. Then, the two solu-
tions were mixed and stirred under ultrasonic for 2h to
obtain the compound solution. The composite solution
was volatilized for a week at room temperature (24-26°C)
in the fume hood and then put into a vacuum drying
oven with the temperature set at 50°C. After vacuum
drying for 48 h, the PLA/n-HA composite material was
obtained. The dry composite material was put into the
high-speed crusher, and the grinding stopped after the
sample was completely crushed into powder. The tem-
perature of the material bin of the drawing machine
was set at 160°C, and the temperature of the extruder
was set at 165°C. The composite material powder was
poured into the material bin, the filament with a diameter
of 1.75 + 0.05 mm was extruded, and the extruded fila-
ment material was collected. The 3D model was built
using SolidWorks software (Dassault Systems, France),
and then the print path was planned using Simplify 3D
(Cincinnati, USA). The thickness of each layer was
0.2mm, and the printing speed was 60 mm/s. Finally,
after applying the washable printing glue on the FDM
printer platform, the composite filament material was
put into the FDM printer to obtain the 3D printing
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scaffold. The ratio used in the composite material group in
this study was 5:5 mass ratio of PLA to n-HA. The control
group was pure PLA.

2.2 Characterization and observation of
scaffolds

The morphology of the composite material, filament, and
3D printed cell scaffold under natural light was recorded
using a Leica (Germany) camera. The transmission elec-
tron microscope (TEM; Tecnai G2 F20 S-TWIN, FEI, USA)
and atomic force microscope (AFM; SPA400, NSK Ltd,
Japan) were used to observe n-HA particles. Scanning
electron microscopy (SEM; JSE-5900LV, Japan) was used
to evaluate the morphology of the gold sputter-coated
particles, filaments, and the 3D-printed scaffolds. Energy-
dispersive X-ray spectroscopy (EDS) detection was used
to analyze the distribution in the material by Phenom
ProX-SE (Netherlands). The 3D-printed blocks and cylin-
ders were scanned by micro-computerized tomography
(CT; Quantum GX, San Diego, USA) and reconstructed
in three dimensions. The mechanical properties of the
printed support were tested by an electronic universal
testing machine (INSTRON, USA). The standard cylinder
(® 6.5 mm x 13 mm) was stressed at a speed of 1 mm/min.
The maximum compression stress described in this study
referred to the compression stress when the specimen
breaks (brittle material) or yields (elastic material) during
the compression test.

2.3 Cell culture and biocompatibility test

Rabbit bone marrow mesenchymal stem cells (BMSCs)
were cultured at 37°C in a humidified atmosphere of
5% CO,. When the cells were passed to the fourth gene-
ration, they were seeded on a printed scaffold. Cell
Counting Kit-8 (SolarBio, Beijing, China) was used to
detect the influence of scaffolds on cell activity. To detect
the effect of scaffold on cell activity, CCK8 experiment in
this study was divided into three groups: negative control
(NC) group without scaffold, PLA scaffold group, and com-
posite material group. CCK8 solution of 10 uL. was added
to each well of a 96-well plate and incubated at 37°C for
2h. The absorbance was measured at 450 nm using a
microplate analyzer (Thermo Scientific, MA, USA). The
cell-laden scaffolds dehydrated by gradient (70, 80, 90,
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and 100%) alcohol were observed under an electron
microscope (JSE-5900LV). On the 1st, 4th, and 7th day,
the cells were measured by the Live/Dead Cell Staining
Kit (Abbkine, Wuhan, China) and photographed with a
laser confocal microscope (Carl Zeiss, Germany). On the
1st, 4th, and 7th day, the cells were permeabilized with
0.1% Triton X-100 in PBS for 10 min, then F-actin staining
reagent was added (Abbkine) after 30 min, and cells were
photographed with alaser confocal microscope (Carl Zeiss).

2.4 Osteogenesis induction test

BMSCs were cultured in an osteogenesis induction medium
for 7 days. The formulation of osteogenic induction medium
was DMEM medium with 10% FBS, 10 mmol/L B-sodium
glycerophosphate, 0.05 mmol/L vitamin C, 100 mmol/L
dexamethasone, and 100 IU/mL penicillin-streptomycin.
The alkaline phosphatase (ALP) activity was evaluated
with the ALP Assay Kit (Beyotime, Shanghai, China). The
cells were fixed with 4% paraformaldehyde solution,
Alizarin Red S Staining reagent (Beyotime) was added
for 30 min at room temperature, and cells were washed
with distilled water. Images of ALP and Alizarin Red S
stained scaffolds were acquired with a stereoscopic
microscope (Carl Zeiss). BMSCs induced by osteogen-
esis for 7 days were used to collect total RNA. Total
RNA was extracted from cultured BMSCs using the RNA
extraction reagent (Servicebio, Wuhan, China). After
the concentration and purity of RNA were tested with
a spectrophotometer (Nanodrop 2000, Thermo Scientific,
MA, USA), reverse transcription (RT) was performed. A 20-
pL reaction system RT kit (Servicebio) was used for reverse
transcription, and the reaction procedure was as follows:
25°C; 5min, 42°C; 30 min, and 85°C; 5s. qRT-PCR was
performed using SYBR Green PCR kit (Servicebio) on an
Applied Biosystems System. The PCR amplification proce-
dure consisted of 95°C for 10 min, 40 cycles of 95°C for 15 s
and 60°C for 30 s, and finally from 65 to 95°C. The signal
was collected once for each temperature rise of 0.5°C. The
study was performed in triplicate. The primer sequences
were as follows:

OPN: F-GGCTAAACCCTGACCCATCTC, R-ATGGCTTTC
AATGGACTTACTCG; Runx2 F-CCAGAAGGCACAGACAGA
AGC, R-ATGAGGAATGCGCCCTAAATC; COL1al F-TGGT
GAATCTGGACGTGAGGG, R-TTATGCCTCTGTCGCCCTGTT;
BMP2 F-ACCATGGGTTTGTGGTGGAA, R-CCGCTGTTTGTG
TTTCGCTT; GAPDH F-TGAAGGTCGGAGTGAACGGAT, R-
CGTTCTCAGCCTTGACCGTG.
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2.5 In vivo experiment

New Zealand white rabbits (2—-3 kg, male) were obtained
from the Dossy Experimental Animals (Chengdu, China).
All the experiments were approved by the Ethics Committee
of Sichuan University. The rabbits were anesthetized with
pentobarbital (40 mg/kg) injection and cut layer by layer
to expose the femoral shaft. A trephine (Tiantian Dental
Equipment, Changsha, China) with an inner diameter of
5mm was used to drill the femoral shaft, and a 3D
printed scaffold was implanted. After suturing, the rab-
bits were placed on a heating mat and returned to the
cage after resuscitation. Femur samples were taken at
1 month, 2 months, and 3 months after surgery and
fixed in 4% paraformaldehyde solution. 3D data were
collected by micro-CT (Quantum GX, USA). The fixed
samples were dehydrated with gradient (70, 80, 90,
and 100%) ethyl alcohol and then embedding with
resin. The embedded tissue was sliced into 5um tissue
sections and stained with hematoxylin and eosin (HE).

2.6 Statistical analysis

Statistical analysis was conducted using GraphPad Prism
Software (GraphPad Software Inc, USA), and data were
expressed as mean + standard deviation (SD). Statistical
significance between the two groups was assessed using
independent-samples t-test, while analysis of variance
(ANOVA) with post hoc Dunnett’s corrections was per-
formed for comparison between two or more groups.
p < 0.05 was considered statistically significant.

0 100 200 300 nm
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3 Results

3.1 Characterization of PLA/n-HA composite
and scaffolds

After drying, the n-HA suspension was observed under
SEM. The dried n-HA particles were aggregated into
clusters (Figure 1a and b). Further observation by TEM
showed that the diameter of n-HA particles was 50 and
80 nm (Figure 1c). The PLA/n-HA complex solution was
dried at room temperature to obtain the composite blocks
(Figure 2a), and then, the composite blocks were crushed
into powder and processed into the filament (Figure 2b).
The filament was a uniform white cylinder with a dia-
meter of 1.75mm (Figure 2c and d). The filament was
processed into porous scaffolds with a diameter of 9 mm
for in vitro experiment (Figure 2e) and cylinder for
mechanical testing by an FDM 3D printer (Figure 2f).
The forward, diagonal, and honeycomb printed cubes
were CT scanned to test the printability of the composite
filament. CT scan showed that the printed block had com-
plete structure, regular shape, and clear pore structure
(Figure 2g). EDS was used to detect the composition and
element distribution in the rectangular area marked on
the surface of the composite material. Carbon (C), phos-
phorus (P), calcium (Ca), and oxygen (O) were detected,
demonstrating that no other components were mixed into
the composite and no residual dichloromethane used in
the processing was present (Figure 3a and b). The homo-
geneous distribution of n-HA in the composite material
was confirmed by the uniform distribution of each ele-
ment in the selected region (Figure 3c—f). Furthermore,
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Figure 1: The morphology of the n-HA powders, based on the calculation of image ] processing software, the average diameter of the HA
powders was 75 + 20 nm. (a) AFM image of the n-HA powders; (b) SEM image of the n-HA powders; and (c) TEM image of n-HA powders.
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Figure 2: Manufacture of PLA/n-HA composites. (a) Dry raw PLA/n-HA material; (b) crushed raw PLA/n-HA materials; (c and d) PLA/n-HA
composite filament; (e) 3D-printed PLA/n-HA composite cell scaffolds; (f) CT reconstruction of a 3D-printed composite cylinder; and (g) CT

reconstruction of a 3D-printed (forward, diagonal, honeycomb) blocks.

SEM was used to observe the composite filament and
scaffold. The surface and cross section of the filament
materials in the PLA group was smooth, while the surface
of the PLA + 50% n-HA group was rough (Figure 4a—d).
The surface of the scaffold was similar to that of the fila-
ment. The PLA group was still smooth, while the surface
of the PLA + 50% n-HA group was obviously uneven.
When the surface of the scaffold was magnified 5,000
times, evenly distributed n-HA particles on the surface

of the PLA + 50% n-HA group particles were clearly
visible (Figure 4e and f). Subsequently, mechanical tests
were conducted on the two groups of printed scaffolds.
The PLA group was elastic material, and no cracking
occurred after compression. However, the PLA + 50% n-
HA group was brittle material, and the scaffold ruptured
after compression (Figure 5a and b). After the addition of
n-HA, the compressive strength of the composite scaffold
decreased from 35.41 to 17.80 MPa.
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Figure 3: Composition of composite material. (a) EDS was used to detect the composition and element distribution in the rectangular area
(marked in red) on the surface of the composite material; (b) carbon (C), calcium (Ca), phosphorus (P), and oxygen (O) were detected in the
composite material; and (c-f) the distribution of C, Ca, P, and O (bar = 30 pm).
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Figure 4: Filaments and 3D printed scaffolds under SEM. SEM images of the surface (a) and the cross section (b) of PLA filament; SEM
images of the surface (c) and the cross section (d) of PLA/n-HA composite filament; (e) SEM image of 3D printed PLA scaffolds and its
magnification image (right); and (f) SEM image of 3D printed PLA/n-HA composite scaffolds and its magnification image (right) (bars,
yellow =1 mm; red =10 pm).



1366 —— Wenzhao Wang et al.

(@) Pre-stress Post-stress

DE GRUYTER

(c

N’

S
o
1

[
o
1

=
o
1

o

Compressive Strength (Mpa)
N
o

PLA PLA+50%n-HA

Group(n=4) PLA PLA+50%n-HA
Compressive 35.41+£2.07 17.8£1.92
Strength (Mpa)

Figure 5: Mechanical test of 3D-printed samples. (a) 3D-printed PLA cylinder before pressure test and after pressure test; (b) 3D-printed
PLA/n-HA cylinder before pressure test and after pressure test; and (c) pressure test results. ***p < 0.001.

3.2 Biocompatibility of 3D-printed PLA/n-HA
scaffolds

In vitro scaffolds incubated with BMSCs were used to test
the biocompatibility of the composites. SEM images showed
that the cells in both the PLA and PLA + 50% n-HA groups
could grow and pave on the scaffold, the cells were well
attached, and the pseudopod could be seen sticking out
(Figure 6a). Cell activity and toxicity tests were performed
on days 1, 4, and 7. The results revealed no significant dif-
ferences among the NC, PLA, and PLA + 50% n-HA groups
on days 1, 4, and 7, but significant differences were found
between the time points (Figure 6b). Living dead dyeing and
F-actin staining were stained on the 1, 4, and 7th day. It can
be seen that within 7 days, the cells gradually proliferated
on the scaffold and the cell gaps were gradually filled. The
3D image shows that the cells gradually overlap with the
outline of the scaffold in three dimensions (Figure 6c). No
dead cells stained red was found in the live staining, which
proved that the scaffold had good biocompatibility. The
complete absence of red dead cells in live death staining
might be due to the fact that a small number of dead cells
had been eluted during the PBS washing process. F-actin
staining clearly indicated the spreading state of the BMSCs
with red staining of the cytoskeleton and blue staining of the
nucleus. Sporadic dispersal of cells was observed on the first
day, and the cells were small and not fully spread out

(Figure 6d). On day 4, the cells were more numerous and
spread out, and the intercellular space became smaller. By
day 7, the cells had grown and were pushing against each
other. In addition, the growth state of cells along the outline
of the scaffold was clearly shown in the 3D images.

3.3 In vitro osteogenic induction of the
3D-printed PLA/n-HA scaffolds

Alizarin Red S Staining identified calcium nodules forma-
tion of BMSCs on the composite scaffold and pure PLA
scaffold. Calcium nodules stained red were sporadically
distributed in the PLA scaffold group, while the number
of calcium nodules in the composite group was signifi-
cantly more than that in the PLA group (Figure 7a and b).
ALP staining was performed to determine an early stage
osteogenic differentiation of BMSCs on the composite
scaffold and pure PLA scaffold. Stains in the composite
scaffold group were darker and showed more color areas
than those in the PLA group (Figure 7c and d). To inves-
tigate the osteogenic differentiation of BMSCs on pure
PLA and composite scaffold, the expressions of Runt-
related transcription factor 2 (Runx2), type I collagen al
(Collal), osteopontin (OPN), and bone morphogenetic
protein-2 (BMP2) were examined. PCR results showed
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Figure 6: Biocompatibility of 3D-printed scaffolds. (a) 3D printing PLA and PLA/n-HA scaffolds loaded with BMSCs under SEM (bar, low
power =50 pm; high power = 10 pm); (b) cell activity and cytotoxicity tests of BMSCs on PLA and PLA/n-HA scaffolds for 1, 4, and 7 days; (c)
live/dead cell staining of BMSCs on 3D printing PLA and PLA/n-HA scaffolds for 1, 4, and 7 days; and (d) cytoskeleton F-actin-stained BMSCs

on scaffolds on day 1, 4, and 7. ***p < 0.001.

that the expression levels of the four osteogenic related
genes in the composite material group were significantly
higher than that in the PLA group (Figure 7e-h).

3.4 In vivo osteogenic induction of
3D-printed PLA/n-HA scaffolds

A rabbit model of the femoral defect was used to test the
osteogenic ability of the scaffold in vivo (Figure S1).
Rabbit femur and inserted PLA or composite scaffold
were stained with HE at 1, 2, and 3 months after implan-
tation. HE staining showed that the 3D-printed scaffold
after implantation could be well embedded into the bone
defect site, indicating that the scaffold had a good ability
of osteointegration. No inflammatory cell aggregation
was observed around the printed scaffold, indicating
that the PLA scaffold and the composite scaffold had
good biocompatibility and did not cause an inflammatory
reaction and tissue necrosis. HE images showed the
growth of new bone marked by the red arrow. At 1-3
months after surgery, the amount of new bone tissue in
the PLA scaffold group and the composite material group
increased gradually, indicating that the pore connectivity
of the printed scaffold was suitable and new bone tissue

could grow through the pore of the scaffold. The new
bone in the PLA group was sporadically distributed and
increased gradually with time, but the increase rate was
slower than that of the composite material group. In the
first month of the composite material group, the new
bone tissue was closely distributed to the material. Over
the next 2 months, the new bone in the composite group’s
outer layer gradually closed and thickened (Figure 8). 3D
CT reconstruction images intuitively demonstrated the
osteogenic ability of different materials in vivo. The defect
in the surgical area of the PLA group was apparent, but
the defect in the composite group was not visible in the
appearance at the third month after surgery (Figure 9a).
Then, a cortical region with a diameter of 0.5 cm of the
implanted scaffold was separately 3D reconstructed. The
reconstructed images showed that the results were con-
sistent with the HE. The PLA group was porous with
obvious surface vacancy. Meanwhile, the new bone in
the outer layer showed compactness from the second
month postoperatively in the composite group (Figure
9b). The quantized density of the material area (MD)
and the volume of bone growth (BV/TV) also proved
that the osteogenic ability of the composite group was
better than that of the PLA group in vivo (Figures 9c
and d and 10).
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Figure 7: Osteogenic induction of 3D-printed scaffolds. (a) Mineralized extracellular matrix production of BMSCs on PLA scaffolds; (b)
alizarin red S staining of BMSCs on PLA/n-HA composites scaffolds; (c) alkaline phosphatase activity of BMSCs was conducted on PLA
scaffolds; (d) results of induction effect of BMSCs of alkaline phosphatase staining on PLA/n-HA composites scaffolds (bar, low power =
0.5 mm; high power = 0.2 mm); and (e—h) the expression of osteogenic genes in BMSCs on PLA and PLA/n-HA composites scaffolds. Runt-
related transcription factor 2 (Runx2), type | collagen a1 (Collal), osteopontin (OPN), and bone morphogenetic protein-2 (BMP2), **p < 0.05.

4 Discussion

As a temporary scaffold, the implant provides a suitable
environment for cell adhesion and growth and has the
ability of bone conduction and osteoinduction to guide
bone regeneration and growth [8,33]. The materials and
the structure of the scaffold affect the mechanical proper-
ties, biological reactions, oxygen, nutrients, and waste
transport of the entire scaffold [34]. Although a wide
variety of materials have been used in the design of
tissue-engineered scaffolds, including metals [35] and
ceramics [36]. Polymer materials are the most common,
largely because they are easy to manufacture, their struc-
tural chemistry and mechanical properties are very similar
to the natural extracellular matrix of many tissue types
[37,38]. Polymers provide adequate mechanical support,
but lack osteogenic induction [16,18]. Ca;o(PO,)s(OH),
with a calcium to phosphorus ratio of 1.67 is also known
as HA. HA is the main inorganic part of human bones and
teeth and is widely used as the raw material for bone and

tooth filling [33,39]. Although the mechanical strength of
sintered ceramic scaffolds is usually only 0.17-0.64 MPa,
which cannot bear the load, they have good cell activity
[7]. HA is suggested to be used as bone fillers rather than
scaffolds for the fabrication of load-bearing bone repair
scaffolds [31,32]. In this study, the composites were
first prepared, and the composition was analyzed. The
absence of chlorine in the composites proved that the
organic solution had been completely removed during
the processing. The composite was printable and could
be printed out of various shapes, including squares and
cylinders, according to the printing blueprint. To clearly
present the precision of printing, CT scan and 3D recon-
struction were carried out on the printed samples, and
the laminated structure of the inner layer, which naked
eyes could not see, could also be observed. Then, the
microstructure of the composite was further observed.
According to the SEM results, both the cross section of
the filament and the surface of the scaffold, the composite
scaffold with n-HA was significantly rougher than the
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Figure 8: Hematoxylin—eosin (HE) staining of the implanted scaffolds. New bone growth of PLA and PLA/n-HA composite scaffolds were
observed at 1, 2, and 3 months after implantation. The observation of the whole interface are shown in the first and third columns.

PLA scaffold. The rough surface increased the surface
area of the scaffold, and the space for cell growth was
enlarged accordingly.

Natural bone contains an equal proportion of organic
phase and inorganic phase (calcium phosphates) [11]. We
tried to simulate collagen with PLA, mixed with 50%
n-HA, corresponding to the organic and inorganic phases
in natural bone. Our previous study proved that the pro-
portion of 50% n-HA was also the highest proportion that
could be used for FDM printing. When the n-HA is higher
than 50%, the filament is too brittle to pass through
the FDM printing nozzle continuously [40]. Then, the
mechanical test was carried out on the printed scaffold,
and the results showed that the material’s mechanical
properties decreased after adding n-HA. The decrease of
mechanical properties was related to the brittleness of
Ca-P and the ductility of PLA. The addition of a large
number of HA particles significantly changed the mor-
phology of PLA and damaged the continuity. Although

some studies have reported that the addition of HA leads
to a mechanical improvement, the amount of HA added
in those studies was small (less than 15%), which was far
lower than the 50% used in this study [41]. We did not
pursue the strongest mechanical properties because even
if the mechanics were reduced, the mechanical effects of
the composites were still sufficient. The ultimate stress of
the scaffold after the addition of n-HA was still 17.8 MPa,
which is higher than that of the natural human cancel-
lous bone (1-12 MPa) [42]. In addition, n-HA can signifi-
cantly increase the osteoinductivity of the scaffold [9]
and neutralize the acidity of the lactic acid produced after
PLA degradation [43,44].

The selection and shaping of the pore structure is a
critical step in the fabrication of 3D scaffolds. In the struc-
ture of the natural bone, cortical bone, which is the dense
outer layer of the bone, has a porosity of less than 10%.
Meanwhile, the cancellous bone is spongy and has a
porosity of 50-90% [11]. The pore structure affects
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Figure 9: Micro-CT analysis of the implanted scaffolds. The PLA and PLA/n-HA composite scaffolds were implanted into the defect of the
rabbit femoral. (a) At 1, 2, and 3 months after scaffold implantation, the bone defect area was scanned using micro-CT, and 3D recon-
struction was performed. The reconstructed scaffold was shown in red and the bone in gold; (b) the scaffold-implanted area of the cortical
bone (5 mm in diameter and 2 mm in depth) was reconstructed in 3D; and (c and d) quantitative calculation of new bone growth based on CT
data, mineral density (MD), and bone tissue volume (BV)/total tissue volume/(TV). *p < 0.05; **p < 0.01, ***p < 0.001.
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Figure 10: Schematic illustration of the experimental process. PLA and n-HA were uniformly mixed in a 50:50% ratio to make the composite
material. Composite scaffolds were printed for material characterization and in vitro and in vivo experiments.



DE GRUYTER

mechanical properties. The compressive strength and
Young’s modulus of the cortical bone are significantly
stronger than that of the cancellous bone [45]. The pore
structure is also the continuous inward growth and mate-
rial exchange channels of bone tissue. Liquid can be
nourished and transported through the pores. Migrated
stem cells, bone cells, macrophages, and other cells can
cross grow through the pores [7,45]. The artificial porous
scaffolds used to repair bone defects can promote nutrient
transport, new bone growth, and blood vessel growth
when the macropore size of the scaffolds is 100-500 pm
[46,47]. It can be clearly seen from the SEM images that
the macropore size of the scaffold manufactured in this
study was between 300 and 400 pm, which met the
requirements. In vitro experiments were used to demon-
strate the biocompatibility and osteogenic inducibility of
the scaffolds. BMSCs could attach, grow, proliferate, and
extend pseudopods on the printed scaffold. The markers
of each stage of osteogenesis were also detected. In the
composite scaffold group, Runx2 of osteoprogenitor [48],
COL1al and ALP of pre-osteoblast and mature osteoblast
[49], and OPN of osteocyte were significantly overex-
pressed of the PLA scaffold group [50]. It proved that
BMSCs were all promoted by composite in the osteogenic
lineage commitment, matrix maturation, mineralization,
and terminal differentiation stages. Finally, in the in vivo
experiment, the new bone growth of the composite mate-
rial group was significantly higher than that of the PLA
group. The new bone data of the PLA group at the third
month after surgery could be similar to that of the com-
posite material group at the first month after surgery.
However, PLA/n-HA composite scaffolds have some dis-
advantages, such as the active ingredients of the raw
materials may be destroyed due to the heating process
during FDM printing. It is difficult to modify raw materials
by directly adding growth factors and proteins [13,51,52].
In the future, we will carry out the secondary processing of
the printed scaffold, including the bioactive coating on the
surface.

In conclusion, the composite material with high n-HA
content was manufactured, and the composite scaffold
was printed by the FDM 3D printing technology in this
study. The composite scaffold has printability, biocom-
patibility, and osteogenic induction and can induce new
bone growth in vivo. The PLA/n-HA composite scaffold
has a high potential for use as implants for the critical
bone defect. Composite materials can combine the
advantages and make up for the shortcomings of each
material. The development of composite materials has a
guiding significance for the application of personalized
biomaterials.
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