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Study on the surface-modification for nano-hydroxyapatite
with 12-hydroxystearic acid and the reinforcing effect for
poly(lactic-o-glycolide)
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Abstract. In this paper, 12-hydroxystearic acid was used to modify the surface nano-hydroxyapatite(n-HA) by co-precipitation method or blending method. Fourier transformation infrared (FTIR), X-ray diffraction (XRD), intuitionistic dispersion,
transmission electron microscope (TEM) and thermal gravimetric analysis (TGA) showed that the blending method confirmed 12-hydroxystearic acid was successfully grafted on the surface of n-HA, which endowed n-HA with better dispersion
in hydrophobic solvents, and the dispersion was improved with the addition amount of 12-hydroxystearic acid. Correspondingly, it exhibited better improvement for poly (lactic-o-glycolide)(PLGA), owing to better interface adhesion in PLGA
matrix and promotion crystallization by investigating the tensile strength, fracture morphology, polarized optical microscopy
(POM), differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) of the composites. Especially,
the tensile strength was 23.81% higher than that of pure PLGA when 5 wt% n-HA was added, suggesting the obtained n-HA
was promising to improve the mechanical strength of PLGA. Moreover, in vitro cell culture, experimental results indicated
that n-HA/PLGA composites displayed better cell biocompatibility. Taken together, these results demonstrated that the introduction of 12-hydroxystearic acid by blending method was a novel method to modify the surface of n-HA, which has a
great potential to obtain ideal n-HA/PLGA composite as bone materials.
Keywords: polymer composites, nano-hydroxyapatite, surface modification

1. Introduction

explored to prepare n-HA/PLGA composite, as it is
a promising reinforcing filler for polymers and good
osteoconductivity in bone materials [5–9], which was
expected to possess good mechanical property and excellent cell adhesion [10–12], However, the weak interface adhesion between the hydrophilic n-HA particles and hydrophobic PLGA matrix allowed an easy
agglomeration of the n-HA particles in the PLGA
matrix, which causes poor mechanical properties
of the composite [13, 14], so that it would severely

Poly lactic(-co-glycolide) (PLGA), the most typical
synthetic biodegradable copolymer, has superior
controllable degradability by varying the ratio of
L-lactide (L-LA) and glycolide acid (GA), and it has
been approved by U.S. Food and Drug Administration (FDA) for clinical use, so it has received considerable attention in the biomedical field [1–4]. To
further improve the bioactivity, nano-hydroxyapatite
[Ca10(PO4)6(OH)2, n-HA] has been systematically
*
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restrict the application in bone materials. In consequence, a series of modification methods for n-HA
were tried out to enhance the dispersion of n-HA
[15–19]. But it is difficult to obtain ideal n-HA/PLGA
composites with improved mechanical properties.
In our previous study, many different surface
modification methods for n-HA were studied, including the use of stearic acid. However, the surface modification effect was not very satisfactory [20–22]. Luckily, 12-hydroxystearic
acid(CH3(CH2)5CH(OH)(CH2)10COOH) is a typical
surfactant with a hydrophilic carboxyl group at one
end and hydrophobic hydrocarbon chain at the other
end, which has been widely used as an industrial raw
material [23]. Additionally, the carboxyl group could
react with Ca2+, so that 12-hydroxystearic acid would
easily graft onto the surface of n-HA, correspondingly, the hydrocarbon chain of 12-hydroxystearic
acid could be an ideal hydrophobic group to improve
the dispersion in a hydrophobic solvent. Therefore,
12-hydroxystearic acid might have great potential to
be used in surface-modification for n-HA.
Besides, metal ions can coordinate with 12-hydroxystearic acid to form a self-assembled film on the surface of the materials [24]. Therefore, if 12-hydroxystearic acid was blended with HA, the 12-hydroxystearic acid would be coordinated with Ca originated from HA. Meanwhile, if 12-hydroxystearic acid
was added into the reactive system of Ca salt or P
salt, then HA and 12-hydroxystearic acid would be
co-precipitated. So the addition method of 12-hydroxystearic acid by different methods would affect
the surface-modification for n-HA. On the other hand,
the addition amount of 12-hydroxystearic acid was
also an important factor for the surface-modification
[25]. Besides, whether the surface-modified n-HA
by12-hydroxystearic acid would enhance the mechanical property and the biocompatibility of PLGA,
which was worth investigating.
Based on this, in this study, 12-hydroxystearic acid
was chosen to modify the surface of n-HA with different addition amounts through co-precipitation
method or blending method. The obtained n-HA was
comprehensively evaluated by the Fourier transformation infrared (FTIR), X-ray diffraction (XRD), intuitionistic dispersion, transmission electron microscopy (TEM) and thermal gravimetric analysis (TGA)
so that the reaction mechanism would be speculated.
Then, the n-HA nanoparticles obtained by two different methods and pure n-HA were introduced into
742

PLGA with 5 or 10 wt%, respectively. The properties
of those composites were investigated by an electromechanical universal tester, polarized optical microscopy (POM), scanning electron microscopy
(SEM), differential scanning calorimetry (DSC) and
dynamic mechanical analysis (DMA). Finally, the in
vitro cell biocompatibility of the new n-HA/PLGA
composites with different surface-modified HA contents was carried out by methyl-thiazolyl-tetrazolium
(MTT) assay and fluorescence microscopic observation. The main purpose of the study is to obtain an
ideal surface-modification method for n-HA with
12-hydroxystearic acid by comparing the two different methods of co-precipitation method and blending
method, aimed to develop n-HA/PLGA nanocomposite with superior mechanical property, which
would be used as bone materials in the future.

2. Materials and methods
2.1. Materials
12-hydroxystearic acid was supplied by Xilong
Chemical Co., Ltd., Shantou. PLGA was prepared in
our laboratory, and the copolymer composition (LA:
GA) was 95:05 (mol: mol) and Mw = 3.6·105–
3.9·105. Na3PO4·12H2O (AR), Ca(NO3)2·4H2O (AR),
and NaOH (AR) were all bought from Tianjin
Fengchuan Chemical Reagent Technologies Co., Ltd.
Tianjin. All other reagents were of the analytical
grade.

2.2. Methods
2.2.1. Preparation of surface-modified n-HA
with 12-hydroxystearic acid
A series of surface-modified n-HA nanoparticles
with 12-hydroxystearic acid were prepared by coprecipitation method or solution blending methods
as follows.
Co-precipitation method: Firstly, 12-hydroxystearic
acid was dissolved in ethanol in a flask, and
Ca(NO3)2·4H2O dissolved in deionized water was
slowly dripped into the above solution to react 2 hours
with magnetic stirring at 70°C. Then, Na3PO4·12H2O
dissolved in deionized water was added drop-wise in
the mixture solution according to the Ca/P molar ratio
is 1.67. Subsequently, the mixture pH was adjusted to
over 10 during the reaction for more than 4 hours at
70 °C, and then aged for 48 hours. The precipitates
were washed with distilled water and ethanol several
times before dried. According to the specific weight
amount of 12-hydroxystearic acid, the products were
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noted as Co-HA (3 wt%), Co-HA (10 wt%) and
Co-HA (20 wt%), respectively.
Solution blending method: Pure n-HA was dispersed
in the distilled water by ultrasonic treatment, in which
12-hydroxystearic acid dissolved in ethanol was
added with the high rate stirring at 70 °C for more
than 4 hours, and the three samples were denoted as
Bl-HA (3 wt%), Bl-HA (10 wt%) and Bl-HA
(20 wt%), respectively.
Besides, pure n-HA powder was synthesized according to the traditional precipitation method, noted as
n-HA [26].
2.2.2. Fabrication of n-HA/PLGA composites
Ten composites containing five different n-HA nanoparticles of unmodified n-HA, Co-HA (10 wt%),
Co-HA (20 wt%), Bl-HA (10 wt%), Bl-HA (20 wt%)
with the weight of 5 and 10 wt%, respectively, were
fabricated by solution mixing method. Firstly, the
pre-calculated n-HA nanoparticles were dispersed in
absolute ethanol and dichloromethane with ultrasonic treatment. Then, the above suspension of n-HA
was slowly added into 4% (w/v) PLGA dichloromethane solution, kept stirring for over 4 hours with
magnetic stirring and ultrasonic treatment. Finally, the
obtained mixtures were precipitated by slowly adding
the mixtures solution into a large amount of absolute
ethanol with the high-speed stirring, and washed
with absolute ethanol, then the products were dried
in a vacuum oven at 40 °C until they were completely dried, which were separately named as n-HA/
PLGA-5 wt%, Co-HA (10 wt%)/PLGA-5 wt%,
Co-HA (20 wt%)/PLGA-5 wt%, Bl-HA (10 wt%)/
PLGA-5 wt%, Bl-HA (20 wt%)/PLGA-5 wt%,
n-HA/PLGA-10 wt%, Co-HA (10 wt%)/PLGA10 wt%, Co-HA (20 wt%)/PLGA-10 wt%, Bl-HA
(10 wt%)/PLGA-10 wt%, and Bl-HA (20 wt%)/
PLGA-10 wt%.
2.2.3. Characterization of surface-modified
n-HA
To verify the 12-hydroxystearic acid grafting reaction happened, the IR analysis of all n-HA samples
were studied by a Thermo Nicolet 670 spectrometer
in KBr disks. The spectra range of scanning was over
4000–500 cm–1 with a spectral resolution of 4 cm–1.
X-ray diffraction (XRD, Bruker AXS, Germany)
analyses of all n-HA samples were performed in the
following conditions: Cu Kα radiation (λ = 1.5405 Å),
10–70° of 2θ, step size 0.01°, scan speed 0.02°·s–1.
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Besides, the crystallinity, the mean crystal sizes and
the crystal cell parameters of samples were calculated by software Jade 5.0 and Scherrer’s formula [27].
The dispersion of all n-HA samples was observed by
intuitionistic dispersion pictures, in which a small
amount of sample was dispersed in dichloromethane
by the same ultrasonication condition with the power
of 50 watts and the time of 10 min, and the dispersion pictures of samples’ suspension were taken by
a conventional camera at different time periods.
TGA (STA 409PC, Netzsch, Germany) was used to
investigate the amount of grafting amount of 12-hydroxystearic acid on the n-HA samples. The powders
of n-HA, Co-HA (20 wt%), and Bl-HA (20 wt%)
were heated up to 800 °C, at a heating rate of
10 °C/min in N2 conditions. The grafting ratios were
calculated with the weight loss percentage during the
heating process.
The morphology, size of pure n-HA, Co-HA
(20 wt%), Bl-HA (20 wt%) were investigated by
transmission electron microscopy (TEM, JME-2100,
JEOL, Japan) at an acceleration voltage of 200 kV.
The samples were dispersed in dichloromethane by
the ultrasonication, respectively and one drop of the
suspension was dropped onto a TEM grid covered
with carbon film. The TEM observation was performed after the solvent was naturally volatilized at
room temperature completely.
2.2.4. Properties of n-HA/PLGA composites
The tensile strengths of PLGA and the PLGA-based
composites were measured by electromechanical
universal testing machine (WDW-20, China). The
samples were hot-pressed into the size of 0.5 mm×
4 mm×60 mm with a platen vulcanizing heater at
180 °C, which were measured at a speed of 5 mm/min
at room temperature with the relative humidity of
60%. The mean value of five parallel samples of
each specimen was given.
The fracture surfaces of the composites n-HA/
PLGA-5 wt%, Co-HA (20 wt%)/PLGA-5 wt%,
Bl-HA (20 wt%)/PLGA-5 wt%, n-HA/PLGA10 wt%, Co-HA (20 wt%)/PLGA-10 wt%, Bl-HA
(20 wt%)/PLGA-10 wt% were observed by a scanning electron microscopy (SEM, S-450, FEM, Chech)
at an acceleration voltage of 20 kV after a gold layer
was uniformly sputtered on all samples.
The spherulitic morphology and its growth process
were observed by polarized optical microscopy
(POM) equipped with a hot stage (model XPV-880E).
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The samples of PLGA and the PLGA-based composites with 5 wt% surface-modified HA or unmodified n-HA were heated to melting at 210 °C with
10 °C/min heating rate and then cooled to crystallization temperature of 120 °C with 30 °C/min cooling rate, separately. Finally, the isothermal crystallization behavior was observed by a polarizing microscope at different time periods.
Differential scanning calorimetric (DSC) analyzer
(DSC 200 F3, Netzsch, Germany) was used to measure the thermal properties of PLGA, n-HA/PLGA,
Co-HA (20 wt%)/PLGA-5 wt%, Bl-HA (20 wt%)/
PLGA-5 wt% and Bl-HA (20 wt%)/PLGA-10 wt%
composites. The sample was heated from room temperature to 190 °C with 10 °C/min heating rate and
kept constant at the temperature for 5 minutes under
N2 condition, then cooled to 20 °C with the cooling
rate of 10 °C/min under N2 condition. After all previous thermal history was erased, the sample was
heated again to 190 °C at the same heating rate under
N2 condition. The crystallinity (Xc) was calculated
by the following formula of Equation (1):
Xc =

DHm
~ $ DHm, 100%

(1)

where the ∆Hm and ∆Hm,100% in the above formula
were the melting enthalpy and the theoretical enthalpy of completely crystalline poly(L-lactic acid),
respectively, and the theoretical enthalpy value was
93.7 J/g. And the ω was the mass fraction of PLGA
in the composite [28].
The storage moduli (E′) and loss factor (tan δ) of
PLGA and PLGA-based composites with n-HA,
Co-HA (20 wt%) or Bl-HA (20 wt%) in the weight
ratio of 5 wt% were measured in tensile mode by a
dynamic mechanical analyzer (DMA 242E, Netzsch,
Germany). The composite strips with the size of
0.2 mm×4 mm×30 mm were tested in the temperature range from 25 to 90 °C, and the constant frequency was 2.5 Hz, the heating rate was 3 °C/min.
The cell biocompatibility of PLGA, n-HA/PLGA
and two Bl-HA/PLGA composites containing 5 and
10% BL-HA were investigated by bone mesenchymal stem cells (BMSC), and BMSC was extracted
from a week-old SD rat neonatal by the sequential
enzymatic digestive process. The Dulbecco’s Modified Eagle medium (D-MEM) was contained, containing 10% fetal bovine serum (FBS), 200 mg/ml
penicillin, and 200 mg/ml streptomycin. The third
passage BMSCs were removed into the culture
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medium with osteogenic reagents [29]. The samples
with the size of ø6×0.2 mm were cleaned with 75%
ethanol solution and sterilized under an ultraviolet
lamp. The treated samples with the cell density of
8000 every well were placed in a 96-well plate,
undisturbed in an incubator for 3 h, then an additional 1 ml of culture medium was added.
Cell proliferation was evaluated by MTT (3-{4,5-dimethylthiazol-2yl}-2,5-diphenyl-2H-tetrazoliumbromide) assay [30]. The medium in the cell-seeded
nanoparticles were discarded after designating 1, 2
and 3 days, and 100 µl MTT solution with 3 mg/ml
was added, incubated for the last 4 h at 37 °C in an
air atmosphere containing 5% CO2, and 100 µl dimethyl sulphoxide (DMSO) was added to dissolve
the formazan crystals. Then the 200 µl purple solution was absorbed and transferred into a new 96-well
plate, the optical density (OD) values of solution
were measured in a microplate reader (Synergy
HTX, BIOTEK, USA) at 492 nm.
The adhesion and proliferation of BMSCs on the surface of composites were more intuitively given by
the fluorescent pictures. The samples were taken out
after incubation for 1, 2 and 3 days, dyed for 10 minutes and rinsed with phosphate buffer solution (PBS)
twice, 1 ml acridine orange (AO) solution (0.1 mg/ml)
was added to the surface of the samples, then rinsed
with PBS twice again, and the fluorescence microscope (Axioskop 2, ZEISS, Germany) was used to
observe the morphology and growth of cells.

3. Results and discussion
3.1. Characterization of surface-modified
n-HA
3.1.1. IR analysis
FT-IR spectra of the samples of pure n-HA and all
surface-modified n-HA were shown in Figure 1.
Some of the main absorption peaks were identified,
including PO43– groups vibration bands (1095.1,
1041.3, 962.3, 874.2, 604.1, 563.7 cm–1), CO32–
groups vibration (1417.2 cm–1) and the H-bonded
associated with –OH groups (3566.8 cm–1), and
these results were in accordance with that of n-HA
in literature [31]. Besides, the stretching modes of
H2O (3404.9 and 1637.8 cm–1) were found in each
sample. However, for the samples of HA surfacemodified with 12-hydroxystearic acid, the peaks of
2922.5, 2851.2, 1466.7 and 1384.7 cm–1 were
found, which were assigned to the stretching vibration and bending vibration of C–H, indicating that
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Figure 1. FTIR spectra of samples. (a) HA, (b) Co-HA
(3 wt%), (c) Co-HA (10 wt%), (d) Co-HA
(20 wt%), (e) Bl-HA (3 wt%), (f) Bl-HA
(10 wt%), (g) Bl-HA (20 wt%).

Figure 2. XRD spectra of samples. (a) HA, (b) Co-HA
(10 wt%), (c) Co-HA (20 wt%), (d) Bl-HA
(10 wt%), (e) Bl-HA (20 wt%).

the fact that the more 12-hydroxystearic acid would
distort the lattice of HA and decreased the crystallinity obviously. However, for Bl-HA (10 wt%) and
Bl-HA(20 wt%) samples, their characteristic peaks
had no obvious decrease. To further discuss the crystal structural difference of all n-HA samples, the degree of crystallinity and the mean crystallite sizes,
cell parameters of samples were obtained by the
Scherrer’s formula and software Jade 6.0, which
were listed in Table 1. From the data in the table, it
could be found that the degree of crystallinity and
the mean crystallite size of Co-HA (10 wt%) and
Co-HA(20 wt%) samples obtained by the co-precipitation method decreased and the cell parameters
also decreased correspondingly. While the Bl-HA
(10 wt%) and Bl-HA (20 wt%) samples had no obvious change. The result showed that the co-precipitation method had a great influence on HA particles,
which could make 12-hydroxystearic acid enter the
HA lattice and changed the crystal structure, to decrease the crystallinity of n-HA, and the change was
more obvious with the increasing of the addition
amount of 12-hydroxystearic acid. However, for the
blending method, most of the 12-hydroxystearic acid
could only be grafted onto the surface of HA.

12-hydroxystearic acid was grafted onto HA nanoparticles. Additionally, the characteristic peaks of
–COO– also appeared at 1558.0 cm–1, which further
demonstrated the formation of 12-hydroxystearic
acid-HA nanoparticles [32], and there was no obvious difference between the Co-HA and Bl-HA, except for the peak intensity difference. Moreover, the
more 12-hydroxystearic acid amount was added, a
stronger the new peak was found, meaning the higher grafting rate was obtained on the surface of HA.
3.1.2. XRD investigation
Figure 2 gave XRD patterns of all HA samples. They
displayed characteristic intense peaks at
25.87°(002), 31.81°(211), 32.17°(112), 32.86°(300),
34.04°(202), 39.85°(310), 46.74°(222), 49.50°(213)
and 53.24°(004) without the other diffraction pattern
phases being detected, consisting with the crystalline
nature of pure n-HA(JCPDS 09-0432) [33]. By comparison, we could see that the characteristic peaks of
Co-HA (20 wt%) sample with the addition amount
of 12-hydroxystearic acid of 20 wt% became flatter
and its intensity became weaker, while the peaks of
Co-HA (10 wt%) sample were no obvious change,
compared with pure n-HA, which was resulted from
Table. 1. Crystallite sizes and crystallinity of samples.
Mean crystallite size
[nm]

Cell parameters
[Å]

Degree of
crystallinity
[%]

c axis

a axis

a

b

c

Pure n-HA

82.14

31.241

11.406

9.4630

9.4630

6.9227

Co-HA (10 wt%)

76.18

26.782

9.783

9.4101

9.4101

6.8761

Co-HA (20 wt%)

73.52

22.147

8.294

9.3822

9.382

6.8600

Bl-HA (10 wt%)

80.12

29.527

10.907

9.4342

9.4342

6.9092

Bl-HA (20 wt%)

80.33

29.421

10.583

9.4400

9.4400

6.8730

Samples
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3.1.3. Dispersion effect
Figure 3 displayed the intuitional dispersion photos
of all the samples. The samples were dispersed in
dichloromethane by the same ultrasonic treatment,
and the different suspensions were photographed by
a conventional camera at different time periods after
ultrasonication. From the photos, it could be found
that the dispersion of surface-modified HA nanoparticles obviously got better and better with the increasing amount of 12-hydroxystearic acid, compared to pure n-HA, and the results were in good
consistent with the FT-IR spectra. Besides, it must
also be mentioned that the dispersion of Bl-HA
nanoparticles displayed better than that of Co-HA
nanoparticles. The possible reason was that the
blending method caused more 12-hydroxystearic
acid to be surface-grafted on the surface of n-HA,
compared to the co-precipitation method.
3.1.4. TGA
The TGA analysis for pure n-HA, Bl-HA (20 wt%)
and Co-HA (20 wt%) samples was presented in Figure 4. From the TGA curves, during the course of
heating, it can be seen that the samples of pure
n-HA, Bl-HA (20 wt%) and Co-HA (20 wt%) had
different weight losses of 4.00, 11.63, and 22.15%,
respectively. So the grafted amounts of 12-hydroxystearic acid in the n-HA particles can be calculated
roughly by the following equation: The grafting
amounts = weight loss% (Bl-HA or Co-HA)-weight
loss% (n-HA). And the corresponding data are 7.63

and 18.15% for the samples Bl-HA (20 wt%) and
Co-HA (20 wt%), respectively. Obviously, it is further proved that n-HA was successfuly modified by
12-hydroxystearic acid quantitatively, and the total
grafting amount of Co-HA (20 wt%) was higher than
that Bl-HA (20 wt%). The main difference in weight
loss was attributed to the varying amounts of in the
n-HA particles, which showed that the co-precipitation method was more conducive to graft 12-hydroxystearic acid than the blending method. However, at
lower temperature, Bl-HA (20 wt%) had a more
weight loss than Co-HA (20 wt%), while at higher
temperature of 320~500 °C, Co-HA (20 wt%) had
more outstanding weight loss than Bl-HA (20 wt%),
and the weight loss came from the decompose of
the12-hydroxystearic acid, which further demonstrated that more 12-hydroxystearic acid was grafted
on the surface of Bl-HA, which would bring about
better dispersion than Co-HA (20 wt%), while for
Co-HA, most of the 12-hydroxystearic acid was incorporated into lattice of n-HA effectively, so it displayed poor dispersion.
3.1.5. TEM
To further demonstrate the difference between the
two surface-modification methods of co-precipitation and blending method, the TEM images of pure
n-HA and two surface-modified HA with 20 wt%
12-hydroxystearic acid were shown in Figure 4.
From the pictures, we could see that the morphology
and size of the Bl-HA (20 wt%) did not change,

Figure 3. The intuitionistic of samples.(a) HA, (b) Co-HA (3 wt%), (c) Co-HA (10 wt%), (d) Co-HA (20 wt%), (e) Bl-HA
(3 wt%), (f) Bl-HA (10 wt%), (g) Bl-HA (20 wt%).
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Figure 4. TGA curves of n-HA and n-HA modified by different methods. (a) HA, (b) Bl-HA (20 wt%), (c) Co-HA (20 wt%).

carboxyl of 12-hydroxystearic acid (Equation (a) in
Figure 5), then 12-hydroxystearic acid was successfully grafted onto the surface of n-HA. However, for
the co-precipitation method, owing to the addition of
poor solvents, the surface of the 12-hydroxystearic
acid particles precipitated from mixed solvents bound
a large amount of Ca2+ to form Ca carboxylate bonds,
then, with the addition of phosphate ions and hydroxide ions, HA crystals grew on the surface of 12-hydroxystearic acid continually (Equation (b) in Figure 5). That is to say, most of the 12-hydroxystearic
acid was incorporated into HA. This also explained
why Co-HA (20 wt%) sample had a higher total grafting rate, but its dispersion was not well.

compared with n-HA. They were all needle-like with
a size of 110–130 nm in length and 10–20 nm in
width. However, the morphology and size of the
Co-HA (20 wt%) sample had a big change, it looked
like whiskers with a size of 60–80 nm in length and
6-8 nm in width. On the other hand, it could be found
that n-HA and 12-hydroxystearic acid were both interconnected well by two different methods (seen in
the red circles). However, for Co-HA (20 wt%) sample, the n-HA particles seemed to separate from
12-hydroxystearic acid, and n-HA particles grew on
the surface of 12-hydroxystearic acid, which was
caused by the fact that 12-hydroxystearic acid matrix precipitated continuously before the growth of
HA crystal, because of the addition of poor solvents
(the aqueous solution of Ca (NO3)2·4H2O and
Na3PO4·12H2O).
Based on the above results, the modification reaction
with 12-hydroxystearic acid for n-HA by two different methods could be described as shown in Figure 5.
First, for the blending method, the Ca carboxylate
bond was formed by Ca2+ on the surface of n-HA and

3.2. Effect of surface-modified n-HA on the
mechanical property of PLGA
3.2.1. Tensile strength
In order to study the reinforce effect of four surfacemodified n-HA nanoparticles of Co-HA (10 wt%),
Co-HA (20 wt%), Bl-HA (20 wt%) and Bl-HA
(20 wt%) for PLGA, the tensile strength of pure
747
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Figure 5. Illustration of the surface modification of n-HA. (a) Blending method, (b) Co-precipitation method.

even decreased markedly for the Co-HA/PLGA
(10 wt%) composite. The main reason may be ascribed to the fact the blending method was more conducive to obtain much 12-hydroxystearic acid on the
surface of n-HA, which might improve the interface
adhesion between Bl-HA nanoparticles and PLGA
polymer, while the Co-HA nanoparticles obtained by
the co-precipitation method contained higher graft
amount of 12-hydroxystearic acid due to the intercalation, but these organic components was not completely grafted on the surface of n-HA, so it did not
improve the dispersion of particles, on the contrary,
it reduced the enhancement of the particles themselves as a rigid particle filler.

PLGA and ten HA/PLGA composites with 5 or
10 wt% nanoparticles were given in Figure 6. Obviously, it could be found that the tensile strength of
HA/PLGA composites with 5 wt% addition content
significantly increased, compared with PLGA. Especially, when 5 wt% Bl-HA (20 wt%) was added,
the tensile strength of the composite was over 23%
higher than that of pure PLGA. However, when
10 wt% nanoparticles were added, the tensile strength
of all the composites had no enhancement effect,

3.2.2. SEM observation
To understand the relation between the tensile strength
of the composites and the dispersion of the surfacemodified HA particles in PLGA matrix, the fractured
surfaces of the six n-HA/PLGA composites were observed by SEM, which was shown in Figure 7. From
the photographs, we could see that there was a serious agglomeration in the PLGA matrix for the unmodified n-HA nanoparticles, when the filler amount

Figure 6. Tensile strength of pure PLGA and the three composites. (a) pure PLGA, (b) n-HA/PLGA, (c) CoHA (10 wt%)/PLGA, (d) Co-HA (20 wt%)/PLGA,
(e) Bl-HA (10 wt%)/PLGA, (f) Bl-HA (20 wt%)/
PLGA.
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Figure 7. SEM micrographs of pure PLGA and the three composites. (a) n-HA/PLGA-5 wt%, (b) Co-HA (20 wt%)/PLGA5 wt%, (c) Bl-HA (20 wt%)/PLGA-5 wt%, (d) n-HA/PLGA-10 wt%, (e) Co-HA (20 wt%)/PLGA-10 wt%, (f) BlHA (20 wt%)/PLGA-10 wt%.

was 5 wt% (shown in Figure 7a). On the contrary,
for the surface-modified n-HA nanoparticles, there
were no similar phenomena in fractured surface for
Co-HA/PLGA-5 wt% and Bl-HA/PLGA-5 wt% composites (shown in Figure 7b and 7c), illustrating that
the interfacial bonding was evidently improved between the two kinds of surface-modified n-HA nanoparticles and the PLGA matrix. More importantly,
the results were obviously better than that of the
n-HA surface-modified by stearic acid [21], and the
reason was attributed to the structural difference of
12-hydroxystearic acid and stearic acid, and the excess hydroxyl of 12-hydroxystearic acid would be
more advantageous to grafted on the n-HA, which
correspondingly would improve the interfacial bonding. Therefore, it could be concluded that the n-HA
nanoparticles modified by the co-precipitation method
or blending method had a better dispersion effect
than n-HA in PLGA matrix. However, when the filler
amount was increased to 10 wt%, the compatibility
and dispersion decreased rapidly, and it was inevitable
that there existed agglomeration for the three composites. However, the agglomeration size of Bl-HA
(20 wt%) was by far smaller than Co-HA (20 wt%)
in PLGA matrix (shown in Figure 7e and 7f), which
was one of the reasons for the mechanical property
difference [34].
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3.2.3. POM observation
To further understand the crystalline nucleation effect of the surface-modified n-HA nanoparticles on
the mechanical behavior of the composites, the isothermal crystallization process of pure PLGA and
five n-HA/PLGA composites at 120 °C were taken
at different time periods. In Figure 8, the spherulite
morphologies of all samples did not display remarkable differences, but their sizes and numbers of
spherulites were different. It could be seen that the
number of spherulites formed of pure PLGA was
very seldom at the early stage of crystallization, and
the subsequent growth process of the spherulites was
also extremely slow. However, after the different
n-HA nanoparticles were added, the numbers of
spherulites of the Co-HA/PLGA or Bl-HA/PLGA
composites got more, and the crystallization time of
growing to full screen became shorter, compared to
the n-HA/PLGA composite and pure PLGA, which
was caused by the reason that surface-modified HA
nanoparticles played a role as heterogeneous nucleating agents in the crystallization process. It could
be concluded that the promotion crystalline rate was
in accord with the order as Bl-HA (20 wt%) > Bl-HA
(10 wt%)> Co-HA (20 wt%) > Co-HA (10 wt%) >
n-HA, which indicated that the heterogeneous nucleation of modified nanoparticles by the blending
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Figure 8. POM photographs of samples at 120 °C. (a) Pure PLGA, (b) n-HA/PLGA-5 wt%, (c) Co-HA (10 wt%)/
PLGA-5 wt%, (d) Co-HA (20 wt%)/PLGA-5 wt%, (e) Bl-HA (10 wt%)/PLGA-5 wt%, (f) Bl-HA (20 wt%)/PLGA5 wt%.
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Table. 2. Thermal properties of composites determined by
DSC.

method was evidently better than the co-precipitation method.
Commonly, the larger size of spherulites would be
brought about more defects of materials, and the performance of materials would be worse, while the
smaller size of the spherulite would make the performance of materials better. For Bl-HA (20 wt)/
PLGA-5 wt% nanocomposites, the numbers of crystal nuclei formed were more and denser. It took less
time for the material to crystallize completely, so the
spherulite size was limited. As a result, there were
fewer defects in the material and its performance
would be improved. Maybe that was the reason for
the best mechanical property for Bl-HA (20 wt)/
PLGA-5 wt% nanocomposites.

Samples

Tg
[°C]

Tm
[°C]

ΔHm
[J/g]

Xc
[%]

PLGA

60.69 165.09 01.806 02.142

n-HA/PLGA

61.49 167.98 16.860 18.940

Co-HA (20 wt%)/PLGA-5 wt%

61.16 165.92 28.160 31.640

Bl-HA (20 wt%)/PLGA-5 wt%

61.32 167.40 24.420 27.430

Bl-HA (20 wt%)/PLGA-10 wt% 62.31 166.54 27.040 32.060

Thus, the improvement of mechanical property was
also not obvious, because a large number of organic
components reduced the reinforcing effect of fillers
on polymers [35].

3.2.4. Thermal properties
Figure 9 showed the DSC curves of pure PLGA and
four n-HA/PLGA composites, and their thermal property data were calculated and given in Table 2. We
could find that the glass transition temperature (Tg)
and the melting temperature(Tm) of four HA/PLGA
composites were higher than that of pure PLGA.
Moreover, Tg and Tm of the Bl-HA (20 wt%)/PLGA
was higher than that of the Co-HA (20 wt%)/PLGA
composite, and it could be seen that the more inorganic components in the filler were, the greater increase of Tg and Tm was. The possible reason was that
12-hydroxystearic acid was more conducive to the
combination of the interface of n-HA and PLGA matrix. However, the melting enthalpy (∆Hm) and relative crystallinity (Xc) of Co-HA (20 wt%)/PLGA
was higher than that of Bl-HA (20 wt%)/PLGA composite. The cause might be that a large part of the increase in crystallinity was due to the peeled organic
components from fillers, rather than HA particles.

Figure 9. DSC thermograms of (a) pure PLGA, (b) n-HA/
PLGA-5 wt%,(c) Co-HA (20 wt%)/PLGA-5 wt%,
(d) Bl-HA (20 wt%)/PLGA-5 wt%, (e) Bl-HA
(20 wt%)/PLGA-10 wt%.
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3.2.5. Dynamic mechanical property.
The DMA energy storage modulus (E′) curves and
the loss factor (tan δ) curves of pure PLGA, n-HA/
PLGA, Co-HA (20 wt%)/PLGA and Bl-HA Bl-HA
(20 wt%)/PLGA composites were shown in the Figure 10. According to the curves of E′, at the low-temperature region, we could see that the E′ of all the
samples decreased slightly with the increase of temperature, and the E′ decreased sharply at the temperature range of 50–70 °C. This was because the glass
transition of all samples occurred with the increase
in temperature. Meanwhile, the addition of n-HA,
Co-HA (20 wt%) or Bl-HA (20 wt%) obviously improved the storage modulus of PLGA. The cause was
that the rigid interface would be introduced when the
nanoparticles were combined with the polymer matrix, and the rigid interface would absorb more energy and increase the E′ of the nanocomposites when
the materials were broken and damaged. Besides, the
E′ of Bl-HA (20 wt%)/PLGA-5 wt% composite was
higher than that of Co-HA (20 wt%)/PLGA-5 wt%
composite. This was because the Bl-HA (20 wt%)
nanoparticles had the best dispersion and interfacial
adhesion in PLGA matrix than Co-HA (20 wt%) and
unmodified n-HA [36].
On the other hand, the tan δ curves of all samples
showed an obvious peak in Figure 10, which was corresponded to the glass transition of the samples. Based
on the curve, it could be seen that the significant peak
position of the tan δ curves of each composite had a
small movement to the high-temperature direction
with the addition of HA, which indicated that the Tg
of the three n-HA/PLGA nanocomposites was slightly
higher than that of pure PLGA. This was because the
addition of HA restricted the mobility of PLGA chain
to a certain degree. Additionally, the Tg of the three
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Figure 10. Storage modulus (E′) versus temperature of samples. (a) Pure PLGA, (b) n-HA/PLGA-5 wt%, (c) Co-HA
(20 wt%)/PLGA-5 wt%, (d) Bl-HA (20 wt%)/PLGA-5 wt%.

n-HA/PLGA composites obeyed the change order as
Bl-HA (20 wt%)/PLGA-5 wt% > Co-HA (20 wt%)/P
LGA-5 wt% > n-HA/ PLGA-5 wt%, which also indicated that the Bl-HA (20 wt%) had the best dispersion
and interfacial adhesion in PLGA matrix than Co-HA
(20 wt%), and the result was in accord with the previous discussion, which further explained the reason
for the enhanced mechanical property.

3.3. Effect of BL-HA on cell biocompatibility
of PLGA
3.3.1. MTT assay
Figure 11 gave the OD values with culture time. It
could be seen that the OD values of the composite

samples were significantly higher than that of pure
PLGA at 1, 2 and 3 days. The OD values of BL-HA/
PLGA-5 wt% and BL-HA/PLGA-10wt% were
slightly higher than n-HA/PLGA after cultured for
3 days. Besides, the higher the content of BL-HA in
composite materials was, the higher the OD value of
the sample was. It could be concluded that the addition of BL-HA was favorable to improve the cell biocompatibility of PLGA.
3.2.2. In vitro cell attachment
The fluorescence pictures of cells cultured on pure
PLGA, n-HA/PLGA-5 wt%, BL-HA/PLGA-5 wt%
and BL-HA/PLGA-10 wt% for 1, 2 and 3 days were

752

Ding et al. – eXPRESS Polymer Letters Vol.14, No.8 (2020) 741–756

4. Conclusions

also shown in Figure 11. According to the fluorescence pictures, it could be found that the adhered
cells numbers significantly increased with the prolonging of time. Similarly, the cell density on the surface of the sample was accord with the order of
BL-HA/PLGA-10 wt% > BL-HA/PLGA-5 wt% >
n-HA/PLGA-5 wt% > PLGA, which further demonstrated the BL-HA surface-modified with 12-hydroxystearic acid was nontoxic, and the result was
consistent with the MTT assay result.

In conclusion, 12-hydroxystearic acid was used to
surface-modify n-HA by co-precipitation or blending
method. The results showed that both of the methods
ensured 12-hydroxystearic acid was successfully
grafted on the n-HA, and the blending method confirmed 12-hydroxystearic acid was grafted on the
surface of Bl-HA, which endowed n-HA with better
dispersion in hydrophobic solvents, while the co-precipitation method was more advantageous to obtain

Figure 11. The absorption coefficient of samples by MTT method and fluorescence picture of samples. (a) PLGA,
(b) n-HA/PLGA-5 wt%, (c) BL-HA/PLGA-5 wt%, (d) BL-HA/PLGA-10 wt%. (The magnificítion was 40 times).
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higher grafting amount of 12-hydroxystearic acid,
but most of 12-hydroxystearic acid was effectively
incorporated into lattice of Co-HA, which was not
conducive for the dispersion of n-HA. Correspondingly, Bl-HA displayed better mechanical enhancement for PLGA than Co-HA did. Especially, when
the addition amount of Bl-HA (20 wt%) was 5 wt%,
the tensile strength of the corresponding PLGAbased composite was 23.81% higher than that of
pure PLGA. Additionally, the in vitro cell culture experimental results indicated that Bl-HA endowed
PLGA with better cell biocompatibility, and the biocompatibility was improved with the addition amount
of Bl-HA. Therefore, the study suggested that n-HA
surface-modified with 12-hydroxystearic acid by the
blending method was a new strategy to obtain nHA/PLGA composite, aimed to be used as bone repair materials in the future.
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