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We prepared the poly-L-lactic acid (PLLA)/nanohydroxyapatite (n-HA) composite and investigated the in vitro degradation of
pure PLLA material and PLLA/n-HA composites in order to identify a suitable and ideal artificial bone tissue repair material. The
water uptake, weight loss, and changes in the PBS pH value and in the mechanical properties of material were measured during
the processes that PLLA and PLLA/n-HA biological composites were degraded in PBS. We also performed electron microscopic
scanning of the material fracture surface and observed the microscopic morphologies of materials during the degradation process.
We found that the degradation rate of the PLLA/n-HAmaterial was slower than the PLLAmaterial, and therewas a little degradation
of the PLLA/n-HA material at early stages. The PLLA/n-HA material also maintained the initial mechanical strength better than
the pure PLLA material. The PLLA/n-HA material is thus a better material for artificial bone than the pure PLLA material.

1. Introduction

The quest for an ideal artificial bone tissue repair material is a
hot topic in the bone tissue engineering research field. Poly-
lactic acid is biomedical synthetic material that is most com-
monly used in bone tissue repair, and it has good biocompat-
ibility, degradability, and processing controllability. However,
polylactic acid still has defects such as poor hydrophilicity,
generation of acidic degradation products, and insufficient
retention time for itsmechanical strength [1–3].Nanohydrox-
yapatite (n-HA) is a type of bone graft substitute material
that has similar physicochemical and biological properties as
the human skeleton and can be absorbed by the body and
gradually transformed into autologous bone component. n-
HA is strongly hydrophilic and is a mildly basic material.
Moreover, it can be degraded via the solution-mediated
process (dissolved in physiological solutions) and the cell-
mediated process (phagocytosis).The calcium and phosphate
ions released after degradation participate in the local bone
tissue calcification or enter the calcium and phosphorus
pools of the body, and they can be subsequently utilized or
discharged physiologically. However, as a scaffold material
for tissue engineering, the mechanic characteristics of n-HA

are weak and cannot match the mechanical strength of
human bone. In addition, the degradation of the n-HA is
slow [4–6]. PLLA/n-HA composites can be generated using
the poly-L-lactic acid (PLLA) as a base material and n-HA
particles as reinforcement substances, thus fully utilizing the
advantages of the two materials as biomedical engineering
materials [7, 8].The paper focused on the in vitro degradation
characteristics of pure PLLA and PLLA/n-HA composites in
order to provide the ideal bone tissue repair material for bone
tissue engineering.

2. Materials and Methods

2.1. Preparation of Composites

2.1.1. Preparation of PLLA. L-lactide (LLA) with high purity
(99.95%) was prepared by a combination of distillation
technology and washing-recrystallization with lactic acid.
PLLAwas synthesized via ring-opening polymerization using
prepared L-lactide at 140∘C for 24 hours. The solution spin-
ning method was used to obtain sheets of the PLLA material
(Figure 1).
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Figure 1: Sheets of the PLLA material.

2mm

Figure 2: n-HA powder.

2.1.2. Preparation of n-HA Powder. n-HAwas generated from
Ca(NO

3
)
2
and NH

4
PO
3
via sol flocculation. During the

chemosynthesis of n-HA, aqua ammonia was used to adjust
the PH value to 8∼13. With dispersant agent and appropriate
agitator, the n-HA deposit was separated out of the solution.
With series of processes including scouring, filtering, drying,
sinter-roasting, and milling, the n-HA powder has been pre-
pared (Figure 2).

2.1.3. Preparation of PLLA/n-HA Artificial Bone. The PLLA/
n-HA composite was jointly developed by the Tissue Engi-
neering Laboratory of the Second People’s Hospital of Shen-
zhen and the PowderMetallurgyResearch Institute of Central
South University. The PLLA/n-HA composite was prepared
via melt blending method, which includes 2 steps. Firstly,
the PLLA was heated into viscous flow state at 160∘C. Then
n-HA was mixed with PLLA. The PLLA/n-HA artificial
bone material was processed into cylinders (with a length of
10mm, diameter of 5mm, and height of 5mm) (Figure 3) and
preserved in vacuum packaging.

2.2. Preparation of the In Vitro Degradation Medium, Phos-
phate Buffered Saline (PBS). The preparation of PBS solution
was carried out according to the following steps:

5mm

(a)

5mm

(b)

Figure 3: Sample strips after being mold-pressed: (a) PLLA; (b)
PLLA/n-HA.

(1) prepare 1/15mol/L KH
2
PO
4
, that is, 9.078 g KH

2
PO
4

per liter of water;
(2) prepare 1/15mol/L Na

2
HPO
4
⋅2H
2
O, that is, 11.876 g

Na
2
HPO
4
⋅2H
2
O per liter of water;

(3) mix 18.2% (volume fraction) of the KH
2
PO
4
solution

and 81.8% of the Na
2
HPO
4
⋅2H
2
O solution;

(4) adjust the pH of the PBS solution to be about 7.4 by
using acid/base solution.

2.3. In Vitro Degradation Experiments. Weused the compres-
sionmoldingmethod to prepare strips of PLLA and PLLA/n-
HA composite materials (10mm × 5mm × 5mm with a n-
HA content of 20wt%) (Figure 3). The prepared biological
material was cleaned with deionized water and placed in a
40∘C vacuum oven. After being sufficiently dried, the sample
stripes were weighed, and the weight was recorded as 𝑚

0
.

The weighted and dry strips were divided into two categories
based on the material composition (PLLA and PLLA/n-HA).
Each category of material was further divided into 10 groups
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Figure 4: (a) XRD curves of PLLA; (b) XRD curves of HA powder; (c) XRD curves of PLLA/n-HA composite.

based on the degradation time (2 weeks, 4 weeks, 6 weeks, 8
weeks, 10 weeks, 12 weeks, 14 weeks, 16 weeks, 18 weeks, and
20 weeks), and each group contained three samples.

All the samples were placed in clean glass bottles con-
taining PBS, which were then sealed and placed in an electric
thermostatic shaker. The shaker temperature was 37 ± 0.5∘C,
and the vibration speed was 100 rpm.

2.4. Evaluation Indicators

2.4.1. Assessing the PLLA, n-HA Powder, and PLLA/n-HA
Composite Using X-Ray Diffraction (XRD). The crystal struc-
ture of PLLA, n-HA, and PLLA/n-HA composite was mea-
sured by X-ray diffraction system (D/max 2550, Japan). The
scanning range is from 0 to 80 degree and the scanning speed
is 8.0∘/min.Datawere acquired using aCuK

𝛼1
source at 40 kV

and 300mA.

2.4.2. Assessing the PLLA/n-HA Composite Using Transmis-
sion ElectronMicroscope (TEM). ThePLLA/n-HA composite
was cut into blocks measuring about 1mm wide, 1mm long,
and 1mm thick. The blocks and n-HA powder were post-
fixed in 1% osmium tetroxide for 2 h at 4∘C.They were rinsed
in distilled water for several times, dehydrated in graded
series (20∼100%) of ethanol and then in propylene oxide,
infiltrated with Epon 812, and finally polymerized in pure
Epon 812 for 48 h at 65∘C. Ultrathin sections were cut on an
ultramicrotome using diamond knives, collected on copper

grids, and stained with 4% uranyl acetate and Reynolds, lead
citrate. Sections were observed under a transmission electron
microscope.

2.4.3. Calculation of the Biological Material Water Uptake
Ratio and Weight Loss Ratio. One group was taken for each
type of material at various degradation time points (2 weeks,
4 weeks, 6 weeks, 8 weeks, 10 weeks, 12 weeks, 14 weeks,
16 weeks, 18 weeks, and 20 weeks). The sample weight was
measured in accordance with the following steps.

The weight of the sample before degradation is called the
initial weight (𝑚

0
). After a certain period of degradation, the

samples were removed, blotted gently with paper to remove
the water on the surface, and weighed to get the wet weight
(𝑚
1
). The degraded experimental samples were vacuum-

dried for 24 h at 40∘C, and the residual weight (𝑚
2
) was then

obtained.The sample water uptake ratio (𝑚
𝐴
) and the weight

loss ratio (𝑚
𝐿
) were calculated as follows [9]:

𝑚

𝐴
(%) =
100 (𝑚

1
− 𝑚

2
)

𝑚

2

(1)

𝑚

𝐿
(%) =
100 (𝑚

0
− 𝑚

2
)

𝑚

0

. (2)

2.4.4. pH of the PBS Solution. Adigital pHmeter (pHS-25 pH
meterwith digital display, Shanghai REX Instrument Factory)
was used to measure the pH value of the PBS solution at
different degradation stages.
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Figure 5: (a) TEMmicrograph of the n-HA powder; (b) TEMmicrograph of PLLA/n-HA composites.

2.4.5. Measurement of Flexural Strength and Modulus. The
flexural strength and modulus of each dried sample strip
were measured using the three-point bending method on a
universal testing machine (Instron-1121, UK).

2.4.6. Scanning Electron Microscopy (SEM) Morphological
Features of the Fracture Surface. After measuring the flexural
strength, the fracture surface of the sample strip was sprayed
with gold, and SEM (field emission scanning electron micro-
scope, Tescan, Czech) was used to observe the changes in the
bending fracture microscopic morphology of samples in the
degradation process.

3. Results

3.1. XRD Analysis of the PLLA, n-HA Powder, and PLLA/n-
HA Composite. Figure 4 shows the XRD curves of PLLA, n-
HA, and PLLA/n-HA composite. From Figure 4(a), we can
see that PLLA shows its most intense diffraction peaks at 2𝜃
values of 16.6 and 18.96, which is in agreement with 2013
international center for diffraction data (PDF no. 54-1917).
Figure 4(b) shows the XRD curve of n-HA. n-HA shows its
most intense diffraction peaks at 2𝜃 values of 31.74, 32.12,
and 32.9, which coincides with 2013 international center for
diffraction data (PDF no. 9-432). Figure 4(c) shows XRD
curve of PLLA/n-HA composite. PLLA/n-HA composite
shows its most intense diffraction peaks at 2𝜃 values of 16.6
and 18.96, which is in agreement with the PLLA data in PDF
no. 54-1917. In addition, PLLA/n-HA shows its most intense
diffraction peaks at 2𝜃 values of 31.74, 32.12, and 32.9, which
coincides with the n-HA data in PDF no. 9-432.

3.2. TEM Analysis of the n-HA Morphology in the PLLA/n-
HA Composite. Results of TEM showed that n-HA presents
needle-like structure, which is similar to humanbone compo-
nents (Figure 5(a)). In addition, n-HAwas distributed evenly
in n-HA/PLLA composite (Figure 5(b)).
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Figure 6: Variation of water uptake of biomaterials with degrada-
tion time.

3.3. Changes in the Material Water Uptake Ratio and Weight
Loss Ratio. Figure 6 showed that with the extension of the
degradation time, the water uptake ratios of the two samples
were gradually increased, but the rate of increase in the water
uptake ratio became slower. During the entire degradation
period, the water uptake ratios of the PLLA/n-HA samples
were significantly higher than those of the PLLA samples.

As seen from the curves in Figure 7, the weight loss ratios
of the PLLA and PLLA/n-HA materials were relatively low
before the 6th week of degradation, and they were 1.038% and
0.698%, respectively. After 6 weeks of degradation, with the
rapid increase of the water uptake ratio, the weight loss ratio
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Figure 7: Change of sample weight loss as a function of degradation
time.

of the pure PLLA material was also increased sharply and
showed a linear upward trend with the degradation time. In
contrast, the weight loss ratio of PLLA/n-HA composite did
not increase with the degradation time until the degradation
time reached 10 weeks, and the extent of increase was smaller
than the pure PLLA material.

3.4. pH Changes of the PBS Solution. Figure 8 showed the
curve that the pH value of the PBS solution changed with
the degradation time. It demonstrated that prior to 4 weeks
of degradation, the decrease in the pH value was small
for all PBS solution. After 4 weeks, the pH value of the
PBS solutions containing the PLLA samples began to show
the phenomenon of accelerated decrease. This phenomenon
became even more significant after the pH value dropped
below 6. At the 10th week, the pH value was reduced to
about 3. After 10 weeks, the decrease in the pH value became
slow andbasically stoppeddecreasing. Before the degradation
time reached six weeks, the pH value of the PBS solution con-
taining the PLLA/n-HA sample almost showed no changes.
And between 6∼12 weeks, the pH value of the buffer was
slightly decreased with the extension of degradation time.
After 12 weeks, the decrease in the buffer pH was intensified.
The pH value at 16 weeks was about 4.2, and after 16 weeks,
the decrease in the pH value started to slow down.

3.5. Changes in the Material Mechanical Properties in the
Degradation Process. Figures 9 and 10, respectively, demon-
strate the curves by which the bending strength and bending
modulus of each sample of biological material changes with
the degradation time in the process of degradation. As
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Figure 8: Effect of degradation time on pH value of PBS.

seen from Figure 9, in the early stages of degradation (0–6
weeks), the strengths of all materials showed little reduction.
The strength of the pure PLLA material decreased abruptly
between 6∼12 weeks, and the decrease of strength was
alleviated after 12 weeks. The strength of the PLLA/n-HA
composite started to show significant decrease after eight
weeks and lasted until the end of the degradation experiment.
The curves in Figure 10 that depicted the changes of material
flexural over the degradation time revealed similar changes
as the curves in Figure 9.

3.6. Analysis of the Fracture Morphology of Biological Mate-
rials in the Degradation Process. Figure 11 shows the SEM
images of the morphologies of the bending fracture of the
pure PLLA biological material in the degradation process
(×8000). Figure 12 shows the SEM images of the morpholo-
gies of the bending fracture of the PLLA/n-HA composite
biomaterial in the degradation process (×8000).

Before degradation, the fractures of each biological
material sample showed dense structures. After 4 weeks of
degradation, the fracture surface of the pure PLLA material
did not show significant changes, and the fracture surface
was smooth without cracks (Figure 11(b)). After 6 weeks of
degradation, a small amount of cracks could be observed
in the middle of the fracture, although the fracture edge
still showed compact structures (Figure 11(c)). It might be
related to that fact that the polymericmaterial first underwent
autocatalytic degradation. After 8 weeks of degradation, the
cracks extended to peripheral areas and a large number of
the small holes could be observed in the fracture surface
(Figure 11(d)), which might be caused by the degradation of
the interior of the material. This suggested that the PLLA
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Figure 9: Variations of bending strength of biomaterials with degra-
dation time.
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Figure 10: Effects of the degradation time on the bending modulus
of biomaterials.

materials had undergone partial degradation. After 12 weeks
of degradation, the cracks of the material expanded to form
slits, providing passage for the water molecules, thus accel-
erating the degradation of the PLLA materials. Many holes
generated by the degradation process could be observed in

the material fracture surface (Figure 11(e)). When the degra-
dation time was further extended, the slits continued to
expand, and 18 weeks later, the PLLA material had collapsed,
and the material was destructed as a whole (Figure 11(f)).

Figure 12 shows the SEM images of the fracture surfaces
of the PLLA/n-HAmaterial. Compared with themorphology
of the fracture surface of the pure PLLAmaterial, the fracture
surface of the PLLA/n-HA material showed dense structures
with only a small amount of cracks prior to 10 weeks of
degradation. After 14 weeks, the fracture surface showed
a large number of mesh-like holes, accompanied by the
generation of large cracks. In addition, exposed HA particles
could also be clearly seen, suggesting the occurrence of the
degradation and absorption of the PLLA/n-HA materials.
With the extension of the degradation time, the PLLA/n-
HA material underwent accelerated degradation, and criss-
cross cracks appeared on the fracture surface, although
exposed HA particles were not found. It suggested that with
the progress of the degradation, HA particles were already
dissolved in the PBS solution. After 20 weeks, the fracture
surface presented more depression, widened and deepened
cracks, and loose structures. Large amounts of degradation
fragments could not be decomposed in a timely manner and
were thus filled into the cracks in the interior of thematerials.
The composite materials showed significant degradation.

4. Discussion

Thebiggest advantage of biomedical polymericmaterials is its
biodegradability and bioresorbabilty. Biocomposite materials
not only keep the features of the component materials, but
also can acquire new properties that individual compo-
nent materials do not have. Therefore, the comprehensive
properties of the composite materials are better than those
of the original component materials [10]. Biodegradability
refers to the process that the polymeric chains of solid-
state polymeric materials or devices are broken by the
complex physiological environment in vivo, leading to the
generation of large quantities of small molecule fragments
and the complete destruction of the polymeric materials
or devices. Bioresorbabilty refers to the process that solid-
state polymeric materials or devices are biodegraded in vivo
and that the resulting degradation products are absorbed or
excreted via metabolism.

Besides the general characteristics such as good bio-
compatibility and the lack of antigenicity, rejection reaction,
teratogenicity, carcinogenicity, and toxicity and side effects,
biodegradable polymeric composites that can be used as an
artificial bone tissue repair materials also need to have other
features as follows: (1) moderate degradation rate, that is, the
degradation rate of the artificial bone tissue repair material
must match the rate of bone healing, (2) appropriate biome-
chanical properties, that is, the biomechanical properties of
the implanted artificial bone tissue repair material have to
match the mechanical properties of the implant site [11].

Hydroxyapatite (HA), whose chemical formula is
Ca
10
(PO
4
)
6
(OH)
2
, is the major inorganic component of

human bone. Sixty percent of HA in bone is needle-like
and less than 100 nm in size [12]. TEM results demonstrated
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Figure 11: SEM images of fracture surfaces of degraded PLLA biomaterials (×8000) ((a)-0w; (b)-4w; (c)-6w; (d)-8w; (e)-12 w; (f)-18 w). (a)
and (b) smooth fracture surface without substantial cracks; (c) Surfaces showed a small amount of cracks as red arrows indicated, and the
fracture edges still had compact structure; (d) the cracks in material surface extended to the peripheral area, and a large number of small
holes appeared in the fracture surface as red arrows indicated; (e) the cracks of the material expanded to form slits, and the fracture surface
was covered with holes as red arrows indicated; (f) materials had collapsed, and the material was destructed as a whole.

that the n-HA in this study was 50∼200 nm in size and
showed needle-like appearance, which was close to that
of human bone. Results of XRD showed that PLLA and
n-HA manufactured in this study are of good degree of
crystallization. Furthermore, both PLLA and n-HA keep the
integrated structure of crystal in the PLLA/n-HA composite.

Several methods have been used to prepare the PLLA/n-
HA composite, such as coating method [13], solvent cast-
ing/particulate leaching [14], supercritical CO

2
foaming [15],

solution blending method [16], and melt blending method.
Organic solvent is often used in the preparation of composites
via the above methods except melt blending method. Besides
its unfavorable effect on grafted tissues, organic solvent may
inactivate biological growth factors and negatively influence
cell adherence and proliferation. In order to avoid the
negative effect of organic solvent, melt blending method was
used in this study.

Varila et al. compared in vitro the reactivity of the
composites in simulated body fluid, Tris-buffered solution,
and phosphate buffered saline (PBS). They concluded that
degradation of the composites containing the bioactive
glasses was faster in PBS than in the two other solutions
[17]. Furthermore, PBS was often used as in vitro degradation
system in other studies [9, 18–26]. In consistent with previous

studies, PLLA/n-HA was put into PBS to observe the water
uptake ratio, weight loss ratio, and other biological properties.

There are multiple interfaces between the respective
components of the PLLA/n-HA composite material. The
interfaces exposed in the medium present the “suction effect”
due to the capillary action. As a result, water molecules
are prone to diffuse along the interfaces and enter into the
inside of the material. Therefore, the water uptake ratio of
the PLLA/n-HA composite material is higher than that of the
non-interfaced and closely combined pure PLLAmaterial. In
addition, the hydrophilic n-HA particles are more conducive
for absorption and lead to the increase in the water uptake
ratio of the composite material.

As compared to the pure polymeric materials, composite
materials have a slower degradation rate.The specific reasons
might include the following aspects. First, micropores among
the pure PLLA material molecules provide channels for the
penetration of water molecules, so that water molecules can
easily get access to the interior of the material and accel-
erate the material degradation. Second, as to the PLLA/n-
HA composite material, although the water uptake of the
composite material is greater than that of the pure PLLA
material, the basic ions released by HA into the PBS buffer
can neutralize the acidic substances generated in the PLLA



8 Journal of Nanomaterials

(a) (b) (c)
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Figure 12: SEM images of fracture surfaces of degraded PLLA/n-HA biomaterials (×8000) ((a)-0w; (b)-6w; (c)-10 w; (d)-14w; (e)-18 w; (f)-
20w). (a) and (b) No significant changes on the fracture surface, which had no substantial cracks; (c)The fracture showed compact structure
with only a small number of cracks as red arrows indicated; (d) Fracture surface showed a large number of mesh-like holes, accompanied
by the generation of large cracks as red arrows indicated; (e) Criss-cross cracks on the fracture surface as red arrows indicated; (f) Fracture
surface showed more depression, widened and deepened cracks as red arrows indicated, loose structure, and significant degradation.

degradation process, slowing the autocatalytically accelerated
degradation of the polymeric material in acidic environment
and inhibiting the degradation of the polymeric material.
As compared to the pure PLLA biological material, the
degradation rate of the PLLA/n-HA composite material in
the initial stages of degradation is slower, thus delaying the
degradation of the PLLA/n-HA composite. Therefore, the
weight loss of the composite material is smaller than that of
the pure polymer materials in the same period.

The incorporation of n-HA particles successfully reduces
the acidity caused by the acidic products of polylactic acid
degradation generated in the early phase of degradation. It
thus can reduce or avoid the aseptic inflammation caused by
the acidic substance, and it can improve the biocompatibility
of the polymeric biomaterial. In addition, in the early phase
of degradation, due to the slowing down of the degradation
rate, the PLLA/n-HA composite material can maintain high
initial mechanical strength and provide sufficient supporting
effect for newbone tissue. In the late phase of degradation, the
degradation of the PLLA/n-HA composite material acceler-
ates, which is conducive to new bone tissue ingrowth in order
to achieve good therapeutic effect. Therefore, the prepared

polymeric PLLA/n-HA composite material has wide applica-
tion prospect and practical value.

The ions released from the dissolution of n-HA in the
PLLA/n-HA composite material are basic and can neutralize
the acidic degradable substances generated during the PLLA
degradation process. The autocatalytic degradation effect
of acids on the polymeric material can be alleviated, thus
slowing down the degradation rate. In the early phases
of degradation, the composite material can still maintain
relatively high strength. After 6 weeks of degradation, the
decrease rate in the composite material flexural strength and
modulus accelerated. After 10 weeks of degradation, the com-
posite material had a flexural strength of 151MPa, equivalent
to that of the fresh adult bone (160Mpa), and it could still
provide a good supporting role for the newly generated bone
tissue.Thus, the PLLA/n-HA compositematerial prepared by
the addition of n-HA can maintain relatively high flexural
strength and modulus in the early and middle phases of
degradation. After 16 weeks of degradation, it was still able
to maintain a flexural strength of 100MPa, higher than the
minimum flexural strength of the human bones (96Mpa),
thus providing a reliable support for the regeneration of new
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bone tissue. In addition, the improvement in the acidic envi-
ronment can reduce or avoid the occurrence of inflammatory
reaction caused by the acidic degradation products. In the late
phase of degradation, due to the degradation of the polymeric
substance in the compositematerial, the amount of composite
material is gradually reduced, leaving space for newgenerated
bone tissue.

Changes in the material fracture surface morphology
revealed that the degradation rate of the PLLA/n-HAmaterial
was slower than that of the PLLAmaterial. Most importantly,
before the degradation time reached 14 weeks, there was little
degradation of the PLLA/n-HA material, and its mechanical
strength loss was also small. It thus is able to maintain a
highmechanical strength and provide a good supporting role
for new bone tissue. This is mainly related to the following
reasons. (1) The addition of n-HA particles neutralizes the
acidic products generated during the degradation process of
polymeric materials and slows down the PLLA autocatalytic
degradation. (2) It also effectively reduces the inflammatory
response caused by the acidic products and improves the
biocompatibility of the composite materials.

The in vitro degradation characteristics of our PLLA/n-
HA composite material as mentioned above might be benefi-
cial for its application in bone tissue repair.However, since the
body’s osteogenic process is very complicated, investigation
of the physicochemical properties of in vitro degradation
alone cannot confirm its value in application. It is thus neces-
sary to carry out a series of follow-up experiments focusing
on the in vivo bone tissue repair and construction, coupling
with the bone growth factors and co-culture with osteoblasts
in vitro.
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