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A B S T R A C T

The incorporation of hydroxyapatite (HAP) into poly-L-lactic acid (PLLA) matrix serving as bone scaffold is
expected to exhibit bioactivity and osteoconductivity to those of the living bone. While too low degradation rate
of HAP/PLLA scaffold hinders the activity because the embedded HAP in the PLLA matrix is difficult to contact
and exchange ions with body fluid. In this study, biodegradable polymer poly (glycolic acid) (PGA) was blended
into the HAP/PLLA scaffold fabricated by laser 3D printing to accelerate the degradation. The results indicated
that the incorporation of PGA enhanced the degradation rate of scaffold as indicated by the weight loss in-
creasing from 3.3% to 25.0% after immersion for 28 days, owing to the degradation of high hydrophilic PGA and
the subsequent accelerated hydrolysis of PLLA chains. Moreover, a lot of pores produced by the degradation of
the scaffold promoted the exposure of HAP from the matrix, which not only activated the deposition of bone like
apatite on scaffold but also accelerated apatite growth. Cytocompatibility tests exhibited a good osteoblast
adhesion, spreading and proliferation, suggesting the scaffold provided a suitable environment for cell culti-
vation. Furthermore, the scaffold displayed excellent bone defect repair capacity with the formation of abundant
new bone tissue and blood vessel tissue, and both ends of defect region were bridged after 8 weeks of im-
plantation.

1. Introduction

Biopolymer/bioceramic composites have attracted increasing at-
tention for their use as scaffold materials in bone tissue engineering
because they might combine good processability of biopolymer with
excellent bioactivity of bioceramic [1–3]. Among various biopolymer
materials, poly-L-lactic acid (PLLA) is one of the promising materials
because of its good biocompatibility and biodegradability [4–6]. It can
degrade by nonenzymatic hydrolysis of ester bond into lactic acid,
which is a natural intermediate in carbohydrate metabolism and can be
eventually degraded into carbon dioxide and water. Besides, PLLA has
been approved by the Food and Drug Administration (FDA) for clinical
use in human and can be easily processed into porous scaffold with
customized shape. Hydroxyapatite (HAP), a well-known bioceramic,
has been extensively used in the replacement and regeneration of bone

material because it not only has chemical composition similarity to the
inorganic component of natural bone, but also exhibits outstanding
biocompatibility, bioactivity and osteoconductivity [7,8]. Therefore,
the combination of HAP with PLLA might endow scaffold with both the
excellent bioactivity and osteoconductivity of HAP and good processi-
bility and biodegradability of PLLA.

In order for HAP to exert its bioactivity and osteoconductivity, the
presence of bone like apatite layer on HAP surface is crucial after im-
planted in vivo as it can form a bone-bonding between implant and
living bone tissue [9,10]. It has been reported that the bone like apatite
layer can provide a suitable substrate for osteoblastic growth, pro-
liferation and differentiation, and this layer together with living cells
forms new bone [11,12]. The first step for bone like apatite layer for-
mation is the direct contact between HAP and body fluid, which then
initiates ion exchange reaction. However, most of the HAP particles are
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embedded in the PLLA matrix for the HAP/PLLA composite scaffold.
Moreover, PLLA displays very slow degradation rate ranging from 6
months to 3 years for complete degradation due to the hydrophobic
methyl group in its backbone [13,14], which acts as a physical barrier
inhibiting the contact between the HAP particles and body fluid.
Therefore, how to accelerate the degradation rate of HAP/PLLA com-
posite scaffold so that the HAP particles can be exposed from the PLLA
matrix to body fluid is an urgent problem to be solved.

Some strategies including grafting and copolymerization techniques
have been adopted for improving the degradation rate of PLLA to ac-
celerate the degradation of HAP/PLLA composite scaffold [15–18].
Nugroho et al. [15] grafted polymer monomer acrylic acid (AA) on the
surface of PLLA, and found that the grafted polymer chains could in-
duce a local acidic environment, which in turn catalyzed the degrada-
tion of PLLA. Liu et al. [16] synthesized poly (hydroxyalkyl (meth)ac-
rylate)-graft-poly (L-lactic acid) (PHAA-g-PLLA) copolymer by ring-
opening polymerization of LLA and HAA, and the results indicated that
the degradation rate of the copolymer was substantially accelerated
than that of PLLA because the introduction of hydroxyl groups into
polymer chain allows easy access to water molecules. While these
methods may require more complex conditions and are difficult to
control. Blending other biodegradable polymers with fast degradation
rate has been widely used as a simple and effective way to improve the
degradation rate [19,20]. Among the biodegradable polymers, poly
(glycolic acid) (PGA) is a FDA-approved polymer with a relatively fast
degradation rate [21]. The degradation rate of PGA is typically a few
weeks for complete degradation due to its strong hydrophilicity
[22,23]. PGA might degrade rapidly and produce a lot of pores in the
polymer matrix when the HAP/PGA/PLLA scaffold is immersed in the
body fluid environment, which will be beneficial to the exposure of
HAP from matrix. Besides, the pores can increase the contact area be-
tween PLLA matrix and body fluid, thereby accelerating PLLA de-
gradation.

In this work, PGA was incorporated into the HAP/PLLA scaffold to
accelerate degradation so that the bioactivity and osteoconductivity of
HAP could be fully displayed. And the composite scaffolds based on
PGA, PLLA and HAP were fabricated by laser 3D printing technology.
The effect of PLLA/PGA ratio on the hydrophilicity (including water
absorption and water contact angle) and degradability (surface mor-
phology change, weight loss and pH variation) of the scaffolds were
investigated. The bioactivity was assessed by detecting bone like apatite
layer formation from simulated body fluid (SBF) immersion tests and
the cytocompatibility was analyzed by studying cell adhesion,
spreading and proliferation in cell culture experiments. The bone re-
generation ability of the scaffolds was evaluated by radiographic,
micro-CT and histological analysis using rabbit radius defect mode.

2. Materials and methods

2.1. Materials

PLLA (Mw = 150,000, average particle size: 25–75 μm) and PGA
(Mw = 100,000, average particle size: 5–20 μm) powder were pur-
chased from Shenzhen Polymtek Biomaterial Co., Ltd (Shenzhen,
China). HAP nanoparticles (average particle size: 20 nm in width and
150 nm in length) were purchased from Nanjing Emperor Nano
Material Co., Ltd. (Nanjing, China). Phosphate buffered saline (PBS)
and fetal bovine serum (FBS) solution were obtained from Cellgro-
Mediatech Inc. Dulbecco's Modifed Eagle's Medium (DMEM), peni-
cillin/streptomycin, simulated body fluid (SBF), calcein acetox-
ymethylester (calcein AM) and propidium iodide (PI) were purchased
from Sigma-Aldrich.

2.2. Preparation of composite scaffold

Composite scaffolds were prepared with varying PLLA and PGA

content and keeping the amount of HAP constant at 10 wt% as listed in
Table 1 via laser 3D printing technology as described previously
[24,25]. Our previous study indicated that the content of bioceramic
phase beyond 12.5 wt% would result in poor mechanical properties
[26]. Taking 1PLLA/1PGA/HAP scaffold as an example, the detailed
preparation was described as follows: 4.5 g of PLLA powder and 4.5 g of
PGA powder were mixed together with distilled water, and then the
mixture was stirred and sonicated at 37 °C for 30 min. At the same time,
1.0 g of HAP powder was added into distilled water, and the solution
was subjected to ultrasound and stirred for 30 min to reach a uniform
suspension. The mixture suspension was obtained by adding the HAP
suspension into the PLLA/PGA suspension and continuously sonicated
for another 30 min. Thereafter, the suspension was centrifuged and the
composite powder was obtained by drying at 37 °C for 24 h. Finally, the
composite powder was spread on the build platform of laser 3D printing
system to prepare composite scaffold by layer by layer processing. The
processing parameters were optimized as: laser power of 2.2 W, scan-
ning speed of 120 mm/min, spot diameter of 300 μm, layer thickness of
0.15 mm and scanning distance of 1.0 mm. The other types of scaffolds
were prepared by varying compositions of PLLA and PGA according to
the above procedure.

2.3. Physical and chemical characterization

Surface morphologies of composite powder and scaffolds were in-
vestigated using a scanning electron microscope (SEM, Phenom ProX
desktop SEM, Phenom World, Netherlands) after the specimens were
sputter coated with gold-palladium. The elements composition and
distribution were analyzed with an energy dispersive X-ray spectro-
scopy (EDS) attached to the SEM. Phase composition of the composite
scaffolds was recorded using an X-ray diffraction (XRD, D8 Advance,
German Bruker Co., German) in the 2θ range of 10°–50° with scan speed
of 8°/min. For the analysis, thin film samples were prepared in size of
1 cm × 1 cm and coated on glass substrates. Chemical characteristics
were carried out using a Fourier transform infrared spectroscopy (FTIR,
NicoletteTM 6700, Thermo Electron Corp., USA) in the 500-4000 cm−1

range.
Thermal analysis including differential scanning calorimeter (DSC)

and thermogravimetric analysis (TGA) were carried out using a syn-
chronous thermal analyzer (Nanjing Dazhan institute of electro-
mechanical technology, China) in nitrogen atmosphere at a heating rate
of 10 °C/min. Specimens (about 8 mg) enclosed in aluminum pans were
heated from 50 to 500 °C. Compressive properties including compres-
sive strength and modulus of the scaffolds were tested using an uni-
versal testing machine (Shanghai Zhuoji Instruments Co., Ltd, China) in
ambient atmospheric condition at a strain rate of 0.5 mm/min. The
specimens were cylinders (13 mm in diameter and 15 mm in thickness),
and the compressive modulus were obtained from the initial slope of
the stress-strain curve. Five specimens were tested for each type and the
average results were recorded.

Water absorption capacity was determined after immersion of pre-
weighted cylindrical scaffold in 10 ml water at 37 °C for 24 h. Then the
scaffold specimens were wiped with filter paper to remove surface li-
quid, and the wet weights of the specimens were recorded. The water
absorption was calculated by the following equation [27]: water ab-
sorption =(Mw-Mdry)/Md × 100%, where Mw and Md were the wet and

Table 1
Composition of the composite scaffolds.

Label Scaffold PLLA (wt%) PGA (wt%) HAP (wt%)

1# PLLA/HAP 90 0 10
2# 3PLLA/1PGA/HAP 67.5 22.5 10
3# 1PLLA/1PGA/HAP 45 45 10
4# 1PLLA/3PGA/HAP 22.5 67.5 10
5# PGA/HAP 0 90 10
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Fig. 1. (a) Raw powder of PLLA, PGA and HAP, (b) SEM micrographs and the corresponding EDS elemental mapping images of the prepared PLLA/HAP, 1PLLA/
1PGA/HAP and PGA/HAP composite powder, (c) Typical optical images of the PLLA/HAP, 1PLLA/1PGA/HAP and PGA/HAP scaffolds seen from the top.
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dry weights of scaffold specimens, respectively. Hydrophilicity of the
scaffolds was qualitatively determined by measuring the water contact
angle with distilled water using a Theta Optical Tensiometer (KSV in-
struments, Ltd., Finland). A drop of water dripped from syringe on
scaffold specimens, and the drop shape on the specimen surface was
recorded using a camera attached with system. The contact angle was
detected from five different places and with three types of specimens.

2.4. Biodegradability and bioactivity of the scaffolds

Biodegradability of scaffolds was studied by immersing the speci-
mens in PBS solution (pH = 7.4, 37 °C) for a period of 28 d by mon-
itoring the weight loss, pH variation and morphology change. For the
experiment, the scaffolds were cut to size (13 mm in diameter and
10 mm in thickness) and were prewetted with PBS to ensure permeation
through the specimens. Each specimen was submerged in a 15-ml
centrifuge tube that contained 10 ml PBS solution, and the tubes were
maintained at 37 °C in an incubator. After being incubated for various
time duration (7, 14, 21 and 28 d), the specimens were taken out from
the solution, rinsed with distilled water, and dried in a vacuum oven at
40 °C for 12 h. The weight loss was calculated by the following equation
[28]: weight loss =(W0-W1)/W0 × 100%, where W0 and Wt were the
original weight and the weight of the specimen after immersing in PBS
up to day t, respectively. The pH of the degradation solution was
measured once 7 d for 28 d. The morphologies of the specimens after
degradation at different time intervals were studied using SEM.
Bioactivity was evaluated by immersing the scaffold specimens in SBF
solution at 37 °C for various time duration (7, 14, 21 and 28 d). After

the specified times, the specimens were removed, rinsed with distilled
water to remove adsorbed minerals, and then dried in a vacuum oven at
40 °C for 12 h. Finally, the specimens were viewed and analyzed using
SEM and EDS.

2.5. Cell culture of the scaffolds

Prior to cell seeding, scaffold specimens (13 mm in diameter and
15 mm in thickness) were processed using the following steps: (1) 70%
ethanol for 30 min, (2) rinsed three times with PBS solution and ex-
posed to UV light for sterilization, (3) incubated in cell culture medium
for 30 min. MG-63 human osteoblast-like cells were used for cell
seeding, and they were cultured and maintained in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin at 37 °C in a
humidified atmosphere of 5% CO2. Cells were seeded on to the speci-
mens at a concentration of 1 × 105 cells/ml and incubated in the
culture medium for 1, 3, 5 and 7 d. The adhesion and spreading
properties of MG-63 cells on the specimens were evaluated using SEM.
Before observing, the specimens were fixed in 2.5% glutaraldehyde,
sterilized with a series of gradient alcohol concentration, dried in a
vacuum oven and sputter-coated with platinum.

For live/dead cell staining, cell morphologies on the specimens were
visualized by staining with calcein AM and PI, which could label live
cells and dead cells, respectively. The specimens were examined by
using a fluorescence microscope (Olympus Corporation, Japan). The
living cells were stained as green and the dead as red. Cell proliferation
was evaluated using cell counting kit-8 (CCK-8, Sigma-Aldrich Co.,
USA) assay. At different predetermined time points, CCK-8 solution was

Fig. 2. (a) XRD patterns, (b) FTIR spectra, (c) DSC and (d) TGA curves of the composite scaffolds. 1# represents the PLLA/HAP scaffold, 2# represents the 3PLLA/
1PGA/HAP scaffold, 3# represents the 1PLLA/1PGA/HAP scaffold, 4# represents the 1PLLA/3PGA/HAP scaffold, 5# represents the PGA/HAP scaffold.
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introduced to each well and incubated for 4 h at 37 °C in a CO2 in-
cubator. The optical density (OD) value at 450 nm of the mixed solution
was measured using a microplate reader.

2.6. In vivo animal experiments

Animal experiment was approved by the Institutional Animal Care
and Use Committee at Xiangya Hospital of Central South University
(Changsha, China). Eighteen New Zealand white rabbits aged five
months weighting 2.5–3 kg were used for the animal experiment, and
they were evenly divided into three groups. Considering the fact that
the results obtained from mechanical and degradation properties tests,
we selected the scaffold with the optimal overall performances for in
vivo bone defect repair test. For the implantation surgery, the rabbits
were administered anesthesia through intramuscular injection of so-
dium pentobarbital. Then, a 15 mm segmental defect was produced in
rabbit radius using a reciprocating saw supplemented by copious irri-
gation with sterile saline solution. The segmental defects in first group
were implanted with the 1PLLA/1PGA/HAP scaffold specimens (4 mm
in diameter and 15 mm in thickness), and defects in second group were
implanted with the PLLA/HAP scaffold specimens (4 mm in diameter
and 15 mm in thickness). The defects in the third group were kept
empty as control. The incision was sutured, and the incision was su-
tured layer by layer and disinfected with iodophor following surgery,
and wrapped with gauze without applying external fixation. The ani-
mals were injected penicillin to prevent infection. Rabbits were eu-
thanatized with overdose pentobarbital injection at 4 and 8 weeks post-
implantation, and the harvested specimens were collected for histolo-
gical examination.

X-ray and micro-CT analysis were performed to evaluate bone for-
mation after surgery using an IVIS Lumina XR instrument (PerkinElmer,
USA) and a micro-CT imaging system (SkyScan, Bruker, Belgium), re-
spectively. After scanning, the defective radiuses were scanned and
reconstructed by software, and the bone volume fraction and mineral
density were calculated. The harvested specimens were fixed overnight
in formaldehyde, dehydrated, embedded in paraffin, sectioned in 5 μm
slices and then mounted on glass slides. After being stained with
Hematoxylin and eosin (HE) and Masson trichrome (MT), the speci-
mens were viewed under an optical microscope for histological ob-
servations.

2.7. Statistical analysis

Quantitative data were statistically analyzed to express as mean ±
standard deviation. The results were analyzed using one way ANOVA

to evaluate the statistical significance. The data was considered sig-
nificant only if the p < 0.05, * indicates p < 0.05 and ** indicates
p < 0.01.

3. Results and discussion

SEM images of the raw PLLA, PGA and HAP powder were shown in
Fig. 1(a). The raw PLLA and PGA powder were irregular shape, and the
HAP powder was needle shaped with a length of about 150 nm and a
width of about 20 nm. The prepared composite powder was char-
acterized by SEM and EDS analysis, and the porous scaffolds were im-
aged by digital camera. SEM micrographs and the corresponding EDS
elemental mapping images of the prepared PLLA/HAP, 1PLLA/1PGA/
HAP and PGA/HAP composite powder were shown in Fig. 1(b). It could
be seen that some small particles were attached to the surface of the
relatively large particles. The EDS elemental maps confirmed that Ca
and P elements were mainly distributed in the relatively large particles.
These indicated that the small particles were HAP nanoparticles, and
they formed aggregates on the polymer particles due to the large spe-
cific surface area and high surface energy. Porous scaffolds with well-
interconnected open-pore structure were successfully fabricated via
laser 3D printing technology by controlling laser scanning distance and
path, as shown in Fig. 1(c). Laser 3D printing technology, an additive
manufacturing process, used a laser to sinter powder materials for
producing parts with individual shape and complex internal pore
structure [29,30]. It could fabricate smaller tissues by enabling drop-
on-demand patterning of different types of cells and biomaterials on the
same planar surface to enhance the cell-matrix interactions [31–33].
The pore size of the scaffolds was approximately 500 μm, and it had
been reported that scaffold with a pore size ranging from 100 to 500 μm
was beneficial to cell growth and osteoconductivity [34,35].

Phase structures and functional groups of the composite scaffolds
were characterized by XRD patterns and FTIR spectra, respectively. The
characteristic peak at around 17° in the XRD spectra could be ascribed
to PLLA [36], as shown in Fig. 2(a). Two main characteristic peaks at
around 22° and 29° corresponding to the (110) and (020) planes of the
crystal structure were ascribed to PGA [20]. The characteristic peak of
PLLA decreased in intensity whereas the characteristic peak of PGA
increased as the content of PGA in the scaffolds increased. The peak
could be ascribed to HAP with the major peak at around 32° corre-
sponding to the (211) diffraction plane of crystalline HAP [37]. From
the FTIR spectra in Fig. 2(b), the peaks at around 1752 cm−1 and
1038 cm−1 could be assigned to the -C=O stretching vibration and -C-
C-O stretching vibration [38], respectively. The peak at around
1457 cm−1 corresponded to the -CH3 bending vibration, and the peaks
at around 2998 cm−1 and 2946 cm−1 corresponded to the -CH2

stretching vibration [39]. The absorption peaks at around 3571 cm−1

and 563 cm−1 corresponded to the stretching vibration of -OH- and
bending vibration of -PO4

3- [40], respectively. The characteristic peaks
of -PO4

3- and -OH- belonging to HAP were presented in all the spectra of

Fig. 3. (a) The typical stress-strain curves, (b) Compressive strength and
modulus of the composite scaffolds (*P < 0.05 and **P < 0.01). 1# re-
presents the PLLA/HAP scaffold, 2# represents the 3PLLA/1PGA/HAP scaffold,
3# represents the 1PLLA/1PGA/HAP scaffold, 4# represents the 1PLLA/3PGA/
HAP scaffold, 5# represents the PGA/HAP scaffold. Data were presented as
mean ± standard deviation.
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composite scaffolds. The characteristic vibrations of the groups of PLLA
and PGA occurred at around 1383 cm−1 (-CH3) and 1423 cm−1 (-CH2),
respectively. The peak at around 1383 cm−1 disappeared while the
peak at around 1423 cm−1 appeared as the content of PGA in the
scaffolds increased.

Thermal properties of the composite scaffolds were investigated by
DSC and TGA, and the results were presented in Fig. 2(c) and (d), re-
spectively. The melting peaks of the PLLA/HAP and PGA/HAP scaffolds
were observed at around 182 °C and 215 °C, respectively. For the
3PLLA/1PGA/HAP, 1PLLA/1PGA/HAP and 1PLLA/3PGA/HAP scaf-
folds, two melting peaks were observed in the DSC curves. The melting
peak of PLLA became weak while the melting peak of PGA became
strong as the content of PGA increased. When PGA content increased
from 22.5% to 67.5%, the first melting peak of the scaffolds decreased
from 179 °C to 174 °C, which indicated that the addition of PGA de-
creased the melting temperature of scaffolds. The reason was that the
regularity of chain segment in the scaffolds decreased with the increase
of PGA content, as a result, the chain structure became loose and chain
mobility was enhanced. The thermogravimetric behavior of the com-
posite scaffolds was almost the same from the TGA curves. The de-
composition temperature at 5 wt% weight loss of the PLLA/HAP and
PGA/HAP scaffolds were 345 °C and 286 °C, respectively. The initial
decomposition temperature of the composite scaffolds decreased

gradually with the increase of PGA content, indicating that the addition
of PGA decreased the thermal stability. The residual weight ratio of the
PLLA/HAP, 3PLLA/1PGA/HAP and 1PLLA/1PGA/HAP scaffolds were
around 10%, which belonged to the residual weight of HAP. While the
residual weight ratio of the 1PLLA/3PGA/HAP and PGA/HAP scaffolds
was around 13%, which belonged to the residual weight of HAP and
carbon.

Scaffold for bone defect repair should possessed good mechanical
properties so that to provide enough support for cell and tissue [41]. In
the present study, compressive properties of the composite scaffolds
were examined. The typical stress-strain curves were illustrated in
Fig. 3(a), as a function of PLLA/PGA rations. It could be seen that all the
scaffolds exhibited a similar stress-strain behavior, and the increasing of
PGA weight caused the decreasing of compressive properties. The
compressive strength and modulus of the scaffolds were shown in
Fig. 3(b). With regard to the PLLA/HAP scaffold, it displayed strong
ability to resist deformation with the maximum strength and modulus
high up to 16.6 ± 0.9 MPa and 155.3 ± 3.3 MPa, respectively.
Conversely, the PGA/HAP scaffold possessed the lowest compressive
strength and modulus. The compressive properties of other types of
scaffolds were intermediated between the PLLA/HAP and PGA/HAP
scaffolds, which exhibited a trend of decline with PGA content in-
creasing. The strength and modulus of the 1PLLA/1PGA/HAP scaffold

Fig. 4. SEM micrographs for fracture surface of the (a) PLLA/HAP scaffold, (b) 3PLLA/1PGA/HAP scaffold, (c) 1PLLA/1PGA/HAP scaffold, (d) 1PLLA/3PGA/HAP
scaffold, (e) PGA/HAP scaffold.
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were 12.9 ± 0.8 MPa and 95.7 ± 5.2 MPa, respectively, which were
higher than that of the 1PLLA/3PGA/HAP and PGA/HAP scaffolds
(*P < 0.05 or **P < 0.01).

Fracture surface morphologies of the scaffold with different PLLA/
PGA rations were observed by SEM, and the micrographs were shown in
Fig. 4. The PLLA/HAP scaffold had a homogeneous and smooth fracture
surface, which exhibited a typical brittle fracture behavior (Fig. 4a).
The fracture surface exhibited much roughness and increased tough
failure with the increase in mass fraction of PGA (Fig. 4b–d). The results
indicated that the incorporation of PGA into PLLA could change the
fracture mode from obvious brittle to tough fracture. There was no
obvious interface in the polymer matrix, indicating that the good
compatibility between PLLA and PGA. It was noted that the fracture
surface of the PGA/HAP scaffold had some large plastic deformation,
indicating a typical tough fracture behavior (Fig. 4e).

Water absorption was considered to be particularly important for
bone scaffold, because it could reflect the efficiency of body fluid ab-
sorption and nutrient transport. It could be seen that the PLLA/HAP
scaffold had the lowest water absorption whereas the PGA/HAP scaf-
fold had the highest water absorption, as shown in Fig. 5(a). Previous
studies indicated that PLLA was a relatively hydrophobic material with
a very low water uptake [42], while PGA was relatively hydrophilic
material with a very high water uptake [43]. The water absorption of
the PLLA/PGA/HAP scaffolds changed with ratios of PLLA/PGA, and it
increased with increasing content of PGA. The water absorption of the
1PLLA/1PGA/HAP scaffold was significantly higher than that of the
PLLA/HAP and 3PLLA/1PGA/HAP scaffold (**P < 0.01). The varia-
tion of water absorption of the scaffolds was evaluated by measuring
the water contact angle, and the results were presented in Fig. 5(b). The
water contact angle of the scaffolds decreased with the increase in mass
fraction of PGA, demonstrating an improved hydrophilicity of scaffolds.
These results indicated that the water absorption and contact angle of
the scaffold could be adjusted by changing the PLLA/PGA ratio.

Degradation properties of the composite scaffolds were assessed by
weight loss, pH variation and morphological observation. Weight loss of
the scaffolds after immersion in PBS solution was tested every 7 d to
track the degradation rate for each scaffold type, and the results were

presented in Fig. 5(c). Obviously, all the scaffolds lost mass over the
time of degradation. The PLLA/HAP scaffold underwent the slowest
degradation rate with only around 3.3 ± 2.6% weight loss. Aydin et al.
[44] had indicated that PLLA composite fibers with 10% HAP in weight
did not exhibit a significant weight loss during in vitro degradation
studies. It was worth noting that the degradation rate of scaffold was
greatly accelerated with the increase of PGA. Specifically, the 1PLLA/
1PGA/HAP scaffold had 25.0 ± 4.2% weight loss, which was a little
lower than that of the poly (D,L lactide-coglycolide (PLGA)/HAP scaf-
fold or composite [45,46]. The results indicated that PGA regulated the
degradation rate of scaffolds, which could be attributed to the fact that
PGA's strong hydrophilicity leaded to self-degradation and increased
the contact area between water molecules and PLLA chains, thus cat-
alyzed the hydrolysis of PLLA. The pH of the solution after degradation
was tested every 7 d, as shown in Fig. 5(d). It could be seen that the pH
of the solution decreased rapidly from the initial value with the increase
in mass fraction of PGA in the scaffolds. The decreasing in pH was at-
tributed to the increase in lactic acid and glycolic acid from polymer
hydrolysis. Particularly, the pH changed very little for the PLLA/HAP
scaffold, which was similar to the reported PLLA/HAP fiber or PLLA/
HAP scaffold [47,48].

The surface morphologies of scaffold before and after PBS immer-
sion were showed in Fig. 6. Before PBS immersion, all the scaffolds
exhibited a smooth and dense surface without any noticeable pore,
crack and surface defect (Fig. 6a). After PBS immersion for 28 d, the
surface morphologies of the composite scaffolds changed significantly.
For the PLLA/HAP scaffold, some tiny pores were observed on the
surface (Fig. 6b). The number of tiny pores increased, and some tiny
pores became incorporated into larger pores with small amounts of
defects for the 3PLLA/1PGA/HAP scaffold (Fig. 6c). The surface be-
came rougher, and some cracks were observed for the 1PLLA/1PGA/
HAP scaffold (Fig. 6d). The 1PLLA/3PGA/HAP and PGA/HAP scaffolds
exhibited obvious degradation with increase of corrosion (Fig. 6e and
f). It could be clearly seen that some HAP particles exposed from the
polymer matrix after degradation, which would be beneficial to display
the bioactivity and osteoconductivity of HAP. Our previous study in-
dicated that the degradation of biopolymer could expose the wrapped

Fig. 5. (a) Water absorption and (b) water contact
angle of the scaffolds (**P < 0.01), (c) Weight loss
of the scaffolds and (d) pH of the solution. 1# re-
presents the PLLA/HAP scaffold, 2# represents the
3PLLA/1PGA/HAP scaffold, 3# represents the
1PLLA/1PGA/HAP scaffold, 4# represents the
1PLLA/3PGA/HAP scaffold, 5# represents the PGA/
HAP scaffold. Data were presented as mean ±
standard deviation.
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bioceramic from polymer matrix to body fluid [49]. As a result, bio-
ceramic could contact and exchange ion with body fluid.

Scaffold for bone regeneration must possessed the ability to form an
apatite layer on its surface for bonding to living bone tissue upon im-
plantation in the body [50]. The apatite layer formation ability of the
composite scaffolds was assessed by soaking the specimens in SBF so-
lution up to 28 d under normal physiological conditions. The SEM
micrographs and the corresponding EDS spectra of the scaffolds after
soaking in SBF were shown in Fig. 7. A large number of spherical
particles deposited on the surface of the scaffolds from SEM observa-
tion. The amount of deposited particles increased obviously and formed
a dense particle layer with the increase in mass fraction of PGA in the
scaffolds. EDS results demonstrated that Ca and P element peaks in
addition to C, O and Au peaks were detected within the composite
scaffolds. The Ca/P ratio of the deposited particle layer increased from
1.56 to 1.67, which was near to that of HAP. These results indicated
that all the scaffolds had the ability to induce bone like apatite layer
formation, and more PGA content would be beneficial to apatite layer
formation. Previous studies have indicated that the degradation and
apatite formation of bioactivity materials in body fluid environment
occurred simultaneously [51–53]. From the degradation experiment, it

could be seen that the degradation rate of the scaffolds increased with
the increase in mass fraction of PGA. The degradation of PGA produced
a lot of pores in the matrix, resulting in the exposion of HAP from the
matrix. And the produced pores could also increase the contact area
between PLLA and body fluid which accelerated PLLA degradation and
resulted in a further increase of the HAP exposion. When the exposed
HAP contacted with body fluid, HAP would dissolve and release Ca2+

and PO4
3−, which provided favorable sites for apatite nucleation and

crystallization. The release of Ca2+ and PO4
3− ions increased the local

concentration around HAP particle surface and promoted surface nu-
cleation. And then, OH− and CO3

2− were absorbed on HAP surface
through electrostatic attraction and chemical bonding, thereby forming
bone like apatite on the scaffold [54,55].

Based on the above mechanical properties, degradation properties
and bioactivity analysis, the 1PLLA/1PGA/HAP scaffold exhibited
moderate mechanical and degradation properties as well as good apa-
tite layer formation ability. Therefore, the 1PLLA/1PGA/HAP scaffold
was chosen for the following investigations including cytocompatibility
and bone defect repair experiments since it possessed optimal com-
prehensive properties for cell growth and bone regeneration. Cell via-
bility, adhesion and proliferation were important properties to display

Fig. 6. SEM micrographs of surface morphologies of the 1PLLA/1PGA/HAP scaffold (a) before PBS immersion and (b–f) after PBS immersion for 28 d, (b) the PLLA/
HAP scaffold, (c) the 3PLLA/1PGA/HAP scaffold, (d) the 1PLLA/1PGA/HAP scaffold, (e) the 1PLLA/3PGA/HAP scaffold, (f) the PGA/HAP scaffold.
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Fig. 7. SEM micrographs and the corresponding EDS spectra of the scaffolds (magnification × 2000, × 5000) incubated in SBF solution for 28 d (a1, a2, a3) the
PLLA/HAP scaffold, (b1, b2, b3) the 3PLLA/1PGA/HAP scaffold, (c1, c2, c3) the 1PLLA/1PGA/HAP scaffold, (d1, d2, d3) the 1PLLA/3PGA/HAP scaffold, (e1, e2, e3)
the PGA/HAP scaffold.
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the cytocompatibility of bone scaffold [56–58], and MG-63 cells were
used for cell experiments in this study. Fluorescence images of MG-
63 cells cultured on the 1PLLA/1PGA/HAP scaffold for 1, 3, 5 and 7 d
were shown in Fig. 8(a1-a4). The results indicated that live cells were
bright and well pronounced elongated filopodia, and a higher number
of live cells were adhered to the scaffold on increasing days of cell
culture time. Cell morphologies on the scaffold after different times of
culture were shown in Fig. 8(b1-b4). The cells presented a polygonal
morphology and spread well on the scaffold with interconnected filo-
podia. The number of lamellipodia and filopodia extensions from the
cells was increased with progress in cell culture time. The proliferation
of MG-63 cells on the scaffold was investigated using CCK-8 assay, and
the results were presented in Fig. 8c. A increasing trend of cell pro-
liferation was observed with progress in cell culture time, and the cell

number at 3, 5 and 7 d were significantly higher than that at 1 d
(**P < 0.01). These results suggested that the 1PLLA/1PGA/HAP
scaffold had good cytocompatibility for cell adhesion, spreading and
proliferation, which might be attributed to the presence of HAP in the
scaffold. Studies had indicated that HAP was a natural bone mineral
component, and the incorporation of HAP could provide a suitable
environment for cell growth and proliferation.

In order to evaluate the bone regeneration ability, the 1PLLA/
1PGA/HAP and PLLA/HAP scaffolds were implanted in the bone defect
site whereas the blank group was used as control, and the results were
presented in Fig. 9. All the rabbits survived during and after surgery,
and no sign of inflammatory reactions and fractures were observed at
the site of bone defect. Large blank region were observed in the blank
group from the X-ray radiographs, demonstrating that there was a small

Fig. 8. Fluorescence images of cell skeletons on the 1PLLA/1PGA/HAP scaffold for (a1) 1 d, (a2) 3 d, (a3) 5 d and (a4) 7 d, SEM micrographs of cell morphology on
the 1PLLA/1PGA/HAP scaffold for (b1) 1 d, (b2) 3 d, (b3) 5 d and (b4) 7 d, (c) Proliferation of cells on the 1PLLA/1PGA/HAP scaffold for different times
(**P < 0.01). Data were presented as mean ± standard deviation.
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amount of new bone formation. In the PLLA/HAP scaffold group, little
radiopacity was observed around the defects at 4 weeks after the op-
eration, and both ends of the bone defects were partially bridged at 8
weeks. Conversely, radio-opaque images were observed in the 1PLLA/
1PGA/HAP scaffold group, demonstrating that considerable new bone
formed in the defect region. The new bone tissue grew from the margin
of defect toward the center, and both ends of defect region were par-
tially bridged at 8 weeks. The 1PLLA/1PGA/HAP scaffold exhibited
evidently more bone formation in the defect region compared to the
PLLA/HAP scaffold and the blank group from the micro-CT images.
Remarkably, no interfaces could be identified between the scaffold and
the host bone after 8 weeks implantation, indicating that the 1PLLA/
1PGA/HAP scaffold accelerated the mineralization of new bone tissue
and promoted tissue integration.

Bone volume fraction and bone mineral density of the 1PLLA/
1PGA/HAP scaffold at 8 weeks were extremely higher than that at 4
weeks in the quantitative analysis of micro-CT scanning (**P < 0.01).
Histological examinations of new bone formation of the 1PLLA/1PGA/
HAP scaffold were analyzed using HE and MT staining, and the results
showed that there was a small amount of new bone tissues and fibrous
tissues appeared in the defect region with the scaffold without any in-
flammatory response after 4 weeks. After 8 weeks, a large number of
new bone tissue were observed accompanied by scaffold materials de-
graded, substantial osteoblasts and new vessels appeared. These in-
dicated that the 1PLLA/1PGA/HAP scaffold could promote bone for-
mation and bone defect repair. One possible reason for the good bone
regeneration ability was the bioactivity and osteoconductivity of in-
corporated HAP. HAP nanoparticles exposed from the polymer matrix
during the degradation of scaffold, and then provided an ideal micro-
environment for osteoblasts growth and reproduction, thereby pro-
moting new bone formation. Similar results were obtained when HAP
was incorporated into PLGA scaffold, indicating that the incorporation
of HAP into scaffold significantly enhanced the expressions of osteo-
genic differentiation-related genes, and the scaffold could provide sa-
tisfactory microenvironment for the regeneration of bone defect [59].

4. Conclusions

In the present study, biodegradable polymer PGA was blended into
the HAP/PLLA scaffold to accelerate degradation so that the bioactivity
and osteoconductivity could be fully displayed, and the composite
scaffolds were fabricated by laser 3D printing technology. The results
revealed that the incorporation of PGA could improve the hydrophilic
of the scaffold with up-regulated water uptake capacity and the de-
gradation rate by PGA degradation increasing the contact area between
PLLA and body fluid. As a result, the embedded HAP exposed from the
PLLA matrix, contacted and exchanged ions with body fluid, which
facilitated bone like apatite deposition and then provided a suitable
environment for osteoblastic growth and proliferation. In vivo bone
defect repair experiments revealed that the PLLA/PGA/HAP scaffold
could effectively support new bone tissue and blood vessel tissue
growth, while the blank group had little effect on diminishing the bone
defect area. In a word, the PLLA/PGA/HAP scaffold possess desirable
biodegradability, bioactivity and osteogenesis ability, and hold great
potential for bone tissue engineering application.
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