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Abstract: One of the most effective strategies for modifying the surface properties of nano-fillers and
enhancing their composite characteristics is through polymer grafting. In this study, a coprecipitation
method was employed to modify hydroxyapatite (HAP) with epoxidized soybean oleic acid (ESOA),
resulting in ESOA-HAP. Subsequently, oligomeric poly(lactic acid) (OPLA) was grafted onto the
surface of ESOA-HADP, yielding OPLA-ESOA-HAP. HAP, ESOA-HAP, and OPLA-ESOA-HAP were
comprehensively characterized. The results demonstrate the progressive grafting of ESOA and
OPLA onto the surface of HAP, resulting in enhanced hydrophobicity and improved dispersity in
organic solvent for OPLA-ESOA-HAP compared to HAP. The vitality and adhesion of Wistar rat
mesenchymal stem cells (MSCs) were assessed using HAP and modified HAP materials. Following
culture with MSCs for 72 h, the OPLA-ESOA-HAP showed an inhibition rate lower than 23.0% at
a relatively high concentration (1.0 mg/mL), which is three times lower compared to HAP under
similar condition. The cell number for OPLA-ESOA-HAP was 4.5 times higher compared to HAP,
indicating its superior biocompatibility. Furthermore, the mechanical properties of the OPLA-ESOA-
HAP/PLLA composite almost remained unaltered ever after undergoing two stages of thermal
processing involving melt extrusion and inject molding. The increase in the biocompatibility and
relatively high mechanical properties render OPLA-ESOA-HAP/PLLA a potential material for the
biodegradable fixation system.

Keywords: epoxidized soybean oleic acid; hydroxyapatite; surface modification; oligomeric poly(L-
lactic acid); biocompatibility; mechanical properties

1. Introduction

In recent years, there has been a surge in the number of fractures, bone defects, and
other related cases worldwide, leading to a rapid increase in patients with bone disease.
Consequently, global resources for bone transplantation are becoming increasingly scarce
while the incidence rate of bone transplant sites continues to rise [1]. The process of
bone regeneration following transplantation is a complex, dynamic, and continuous one
that commences with the migration of stem cells and subsequently involves proliferation,
differentiates, and matrix deposition promotion, ultimately culminating in the self-repair
of the bone tissue [2]. However, this regenerative capacity is inherently limited and
necessitates exogenous assistance for the repair of large-sized defects. In the early stages of
bone repair technology, autologous or homologous bone transplantation emerged as the
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predominant method due to its ability to minimize immune system rejection. However,
there has been a subsequent significant increase in the incidence rate of autologous bone
transplantation, resulting in a double burden for patients who have already suffered from
bone disease. Bioabsorbable materials are widely regarded as an optimal choice for bone
fixation and repair applications due to the metabolic degradation that occurs within the
human body [3]. This characteristic helps obviate the necessity of additional surgery for
metal implant removal. Poly(L-lactic acid) (PLLA) is a crucial material in bone regeneration
applications for contemporary biomedical implants [4], owing to its exceptional mechanical
stability, processability, cellular compatibility, and degradation properties that align with
new bone formation. Furthermore, it degrades into non-toxic and metabolizable lactic
acid [5].

The potential for PLLA application has been demonstrated in the fields of tissue engi-
neering, suture, implantation, and drug delivery [6,7]. Despite extensive research on PLLA
for its exceptional performance, its biological inertness restricts its application in bone
repair engineering due to inadequate bone conductivity and bone induction. However,
bioceramics such as hydroxyapatite (HAP) or B-tricalcium phosphate (3-TCP) are more
commonly chosen as bone repair materials due to their ability to enhance bone osteocon-
ductive and mitigate aseptic inflammation caused by the degradation product (L-lactic
acid) [8,9]. The formation of HAP/PLLA composites is confronted with two significant
challenges, namely the limited bearing capacity and the relatively low strength of the
composite. These issues arise from two factors: the accumulation of HAP in the PLLA
matrix and the weak interaction force between HAP and PLLA polymers. Those two factors
affect the mechanical strength of composites prepared by electrostatic spinning [10,11],
3D printing, injection molding, and hot-press molding. The surface modification of HAP
was conducted to enhance the interfacial adhesion between HAP and PLLA polymers,
as well as to optimize the dispersion of HAP within the PLLA matrix. Coupling agents
such as silane [12], lactic acid, and polymers are applied to tailor its surface properties;
Additionally, research has demonstrated that graphene oxide grafted onto HAP can en-
hance its mechanical properties while preserving its biological attributes. However, these
approaches may exhibit certain limitations, including biotoxicity or the requirement for
high-temperature calcination, which could potentially impact the composite properties [13].
Among all these modification methods, polymer grafting is thought to be the most effective
approach for enhancing the interaction between HAP and the PLLA matrix due to the
ability of polymers to intricately intertwine with PLLA matrix.

In our previous work, the polymer-modified HAP exhibited superior performance
compared to the unmodified HAP-filled PLLA composite prepared via hot-press molding.
While the utilization of twin-screw extrusion and injection molding for bone repair material
preparation is prevalent in the industry, the fragility of samples tend to increase after under-
going two stages of heat treatment. Therefore, our objective is to identify a coupling agent
that can enhance both the distribution of HAP within the PLLA matrix and its interaction
with PLLA. Epoxized soybean oil (ESBO) is derived from soybean oil and is known for
its non-toxicity, metabolization, accessibility, and cost-effectiveness [14]. This oil can be
applied to biological materials [15] and can be used as an effective plasticizer [16] for PLLA
which may alter its processability. Research findings also indicate that the incorporation of
ESBO into the PLA matrix leads to enhanced flexibility in plasticized PLA sheets, and as the
ESBO content increases, there is a significant improvement in the mechanical properties of
the plasticized PLA film. In this work, epoxized soybean oil acid (ESOA), which is derived
from ESBO, is selected as a coupling agent for further surface modification of HAP. It is
intended to act as a bridge between HAP and PLA matrices, enhancing their interface
compatibility by utilizing the -COOH chelate with HAP and the oleophilic part of the ESOA
that can interact with PLLA [17,18]. Consequently, the modification of HAP with ESOA
provide additional active sites for subsequent OPLA grafting, which could further im-
prove the hydrophobicity and biocampatibility of HAP. This synergistic approach enhances
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the mechanical properties of the HAP/PLLA composite, facilitating the development of
superior bone repair materials that can be efficiently produced through injection molding.

2. Materials and Methods
2.1. Materials

Reactants: CaCly, NazPO4-12H,0, NaOH, and epoxidized soybean oil (ESBO) were
purchased from Aladdin Chemical Reagent Company (Shanghai, China). Oligomeric
poly(lactic acid) (OPLA) was synthesized following our previous work [19], with a viscosity
average molecular weight of the OPLA being about 6000. Commercial Poly(L-lactide)
(PLLA) was purchased, and the brand name was Natural Work 4032D.

Solvents: Xylene and CH3Cl were obtained from Sinopharm Chemical Reagent Com-
pany (Shanghai, China), dried using calcium dihydride, and then distilled under a re-
duced pressure.

2.2. Synthesis of the Materials
2.2.1. Synthesis of Nano-Hydroxyapatite (HAP) and Epoxidized Soybean Oil-Grafted
Hydroxyapatite (ESOA-HAP)

The aqueous CaCl; solution (500 mL, 0.4 M) was adjusted to a pH range of 9.0-10.0
using the 0.1 M NaOH solution and subsequently heated at 60 °C. Then, 300 mL of a
0.3 M NagPOy solution was added dropwise to the aforementioned CaCl, solution and
stirred for 30 min. By adding an aqueous solution of 0.1 M NaOH, the pH of the reaction
mixture was maintained within the range of 9.0 and 10.0. Subsequently, the solution was
stirred at a temperature of 60 °C for a duration of 30 min, followed by an aging period of
24 h. The mixture undergoes filtration, followed by the repeated rinsing of the filtrate with
deionized water five times to eliminate any non-grafted ESOA. Subsequently, the mixture
was freeze-dried for a duration of 24 h. The resulting filtrate was designated as HAP.

The hydrolysis of 0.6 g epoxidized soybean oil was conducted in a NaOH alcohol-water
solution to obtained neutralized epoxidized soybean oleic acid (Na-ESOA). Subsequently,
it was mixed with a NazPOy4 (300 mL, 0.3 M) aqueous solution and co-precipitated with
CaCl; (500 mL 0.4 M) following the aforementioned procedure. The resulting filtrate was
referred to as ESOA-HAP.

2.2.2. Synthesis of OPLA-Grafted HAP (OPLA-HAP) and OPLA-Grafted ESOA-HAP
(OPLA-ESOA-HAP)

Then, 1.0 g of HAP, 2.0 g of OPLA (M,, = ca. 6, 000), 0.02 g of triethylamine, and 20 mL
of dried xylene were added into a flask. The resulting mixture was stirred and refluxed at a
temperature of 130 °C for a duration of 24 h. The free OPLA was completely removed from
the mixture through centrifugation and dichloromethane washing after it cooled to room
temperature. Subsequently, the obtained solid was vacuum dried at 40 °C for 10 h. This
resulting powder was designated as OPLA-HAP.

The ESOA-HAP was modified following the same procedures employed for the
preparation of OPLA-HADP, thereby yielding a powder denoted as OPLA-ESOA-HAP.

2.2.3. Preparation of the Blends Comprised of the HAP or Modified HAP with PLLA

The HAPs (HAP, ESOA-HAP, and OPLA-ESOA-HAP) were incorporated into PLLA
to synthesize HAPs/PLLA blends through melt mixing and inject molding techniques. The
composites containing 2.5%, 5.0%, and 7.5% of HAP, ESOA-HAP, and OPLA-ESOA-HAP
were prepared, respectively. These composites were referred to as HAP/PLLA, ESOA-
HAP/PLLA, and OPLA-ESOA-HAP/PLLA. The PLLA pellets and HAPs were subjected
to vacuum drying at 80 °C for 3 h before compounding. A co-rotating twin-screw extruder
(Giant SHJ-20) equipped with volumetric feeder was employed for the compounding of
HAP/PLLA composites. The extruder was equipped with six controlled temperature
sections, set as 150 °C, 160 °C, 180 °C, 190 °C, 190 °C, and 190 °C (die adaptor). Following
air cooling, the extruded substance was granulated using a strand pelletizer. Composites
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molding was carried out using an injecting molding machine (Jinying GEK-80, Zhoushan,
China). The obtained composites pellets undergo vacuum drying at 90 °C for a duration of
5 h before inject molding. The barrel temperature was set at 195 °C (feeding section), 190 °C,
185 °C, and 180 °C (nozzle). The mold temperature was 30 °C, mold time was 15 s, and
mold pressure was 60 MPa. The molded sample was rapidly cooled to room temperature
within a span of 30 s. PLLA strand pelletizer was prepared directly via injecting molding
without the melt mixing process.

2.3. Characterizations

X-ray diffraction (XRD) experiments were conducted using a Bruker D8 Advance
X-ray diffractometer under the following situations: Cu target Ko radiation (A = 1.54187 A);
scanning voltage of 40 kV; scanning current of 40 mA; scanning speed of 60 min !
step of 0.02°.

Fourier-transform infrared spectroscopy (FI-IR) analysis was performed using a Var-
ian 3100 instrument, encompassing a total of 32 scans, ranging from 400 cm ! to 4000 cm ™!,
with a resolution of 2 cm 1, thereby generating the composite spectrum.

Thermal gravimetric analysis (TGA) was conducted using a TA SDT Q500 device, with
air employed as the carrier gas. The sample underwent heating from ambient temperature
to 800 °C at a rate of 10 °C-min 1.

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6700F instrument
operated at an accelerating voltage of 20 kV. Prior to characterization, the particle samples
were dispersed in dichloromethane and deposited onto a silicon chip. To create a randomly
brittle cracked surface, the composite samples were immersed in illiquid nitrogen for five
minutes. Subsequently, all samples underwent uniform gold coating.

Differential scanning calorimeter (DSC) measurements were carried out using a Perkin
Elmer DSC-7, with the temperature increased at a rate of 10 °C-min~! from 20 °C to
180 °C, followed by a subsequent decrease at the same rate from 180 °C to 0 °C. Then, the
temperature increased from 0 °C to 180 °C at a rate of 10 °C-min~!. The crystallinity of
PLLA in the composites was determined using Equation (1).

; scanning

X (%) = (AHm/93.7) x 100% (1)

X: crystallinity; AHp: the melting enthalpy (J-g~!). The theoretical enthalpy of com-
pletely crystalline PLLA is 93.7J-g 1.

The water contact angles of all samples were measured with a contact angle analyzer
(SDC-350; Dongguan Shengding Precision Instrument Co., Ltd., Dongguan, China) at
room temperature.

2.4. Biocompatibility Test

The specimen was prepared as follows. The sample (HAP, ESOA-HAP, or OPLA-
ESOA-HAP), prepared in Section 2.2, was initially mixed with ethanol to form a suspension
with a concentration of 1.0 mg/mL~!. Subsequently, the suspension was carefully applied
onto a clean cover slide (24 x 24 mm) and left to air-dry at 25 °C. For subsequent biocom-
patibility testing, the specimen collected using this method undergoes sterilization through
exposure to UV radiation for a duration of 30 min.

2.4.1. Cultivation of the MSCs

Wistar rat mesenchymal stem cells (MSCs) were provided by the National Collection of
Authenticated Cell Cultures. The identifier of this cell was CSTR:19375.09.3101RATSCSP401.
These MSC cells were cultured in a flask containing DMEM/F12 = 1:1 (Hyclone) and
maintained at 37 °C in a humidified incubator with a 5% CO, atmosphere. The cell culture
density was maintained at 2.0 x 10 cells-cm 3. The culture medium was replaced every
three days. Once cell coverage reached approximately 80-90% on the flask surface, a trypsin
solution (2.5 mg-mL’l) and an EDTA solution (0.2 mg-mL’l), mixed in equal volumes,
were used to detach adherent cells from the task. The cells were subjected to three washes
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with a 0.1 mol-mL~! phosphate-buffered solution (PBS) and subsequently centrifuged at
1000 rpm for five minutes. Wistar rat MSC cells were suspended in the medium at a cell
density of 1.0 x 10° cells per milliliter.

The cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetr-
azolium bromide (MTT) assay. Then, 200 pL of HAP, ESOA-HAP, or OPLA-ESOA-HAP
at a concentration of 20 mg-mL~! was added to individual wells of a 96-well plate and
dried under an infrared lamp in a laminar flow clean bench. Wistar rat MSC cells were
then seeded into these wells at a density of 1.0 x 10* cells-cm 2. After synchronization, the
cells were incubated with HAP, ESOA-HAP, and OPLA-ESOA-HAP for 24, 48, and 72 h.
Subsequently, the medium in each well was aspirated and replaced with a solution of MTT
(5 mg-mL~1). Prior to this step, the cells were rinsed with 200 mL of PBS per well.

After a two-hour incubation at 37 °C, the MTT solution in each well was aspirated and
replaced with 150 mL of dimethylsulphoxide (DMSO) to dissolve formazan crystals. The
plate was agitated, and the optical density (OD) at 570 nm for each well was measured using
a Tecan multiplate reader (XDS-18, Chongqing, China). The absorbance associated with
control cells was used as the viability value of 100%. The inhibition rate was determined
using Equation (2).

Inhibition rate = [1 — (Ay — Ag)/(A1 — Ag)] x 100% (2)

Ag: The absorbance of the well with no material in it;
A1: The absorbance of the control well;
Aj: The absorbance of the experimental group.

2.4.2. The Adhesion Test of MSCs on the Materials

The MSC cells were seeded onto cover slides coated with HAP, ESOA-HAP, and OPLA-
ESOA-HAP, respectively, at a density of 1.0 x 10° cells-well~! (Costar, Corning, NY, USA)
in 6-well cell culture plates. Subsequently, 3 mL of medium was added to each well and
combined with the MSCs for a cultivation period of 45 min. Following 3 times of rinsing
with PBS, the cover slides were fixed for 8 min using a solution of 3% glutaraldehyde in
PBS. After thorough washing, crystal violet (0.1 mL, 9%) was employed for cellular staining.
The OD at 570 nm for each well was determined using a Tecan multiplate reader (XDS-18,
Chonggqing, China).

The cell adhesion evaluation was conducted following the aforementioned protocol,
with the exception that cells were cultivated with the sample for 24 h. Subsequently, the cell
attachment and morphology of various samples were examined using a reverse microscope
(TE2000U, NIKON, Tokyo, Japan). Nine photographs capturing different positions on the
cover slide were then captured using a digital camera (DXM1200F).

2.5. Mechanical Test

The properties of tensile strength, tensile modulus, breaking elongation, bending
strength, and bending modulus were measured in accordance with the GB/T 1040.2-2022
standard (China) [20] using an electromechanical universal testing machine (CMT6000,
Sans, Shenzhen, China). Each specimen was evaluated using 5 parallel samples, and the
mean values along with their corresponding standard error were provided.

3. Results and Discussion
3.1. Materials Characterization

The XRD patterns of HAP, ESOA-HAP, OPLA-HAP, and OPLA-ESOA-HAP are pre-
sented in Figure 1. These synthetic samples exhibit similar characteristic diffraction patterns
and exhibit diffraction patterns that are consistent with hexagonal Cajo(PO4)s(OH); in the
P63m space group (JCPDS: 09-0432). Upon the modification of HAP, the major diffraction
peaks, including (100), (002), (211), (112), (300), (202), (310), (222), (213), and (004), remain
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virtually unchanged. This observation suggests that the modification does not alter the
crystal structure of HAP.

JCPDS: 09-0432
‘\ \‘I \\\'\“\Im‘\'\h;\\Hl. In\'\\\

10 20 30 40 50 60 70 80
2 theta (degree)

Figure 1. XRD spectra of HAP (a), ESOA-HAP (b), OPLA-HAP (c), and OPLA-ESOA-HAP (d).

The FT-IR results of OPLA, HAP, OPLA-HAP, and OPLA-ESOA-HAP are presented in
Figure 2. The peaks observed at 962 and 1028 cm ™! correspond to the stretching vibrations
attributed to the phosphate group (PO43—), while the peaks detected at 562 cm~! and
603 cm~! could be ascribed to the deformation vibrations of PO43—. The constancy of
these peaks across all samples provides compelling evidence that the structural integrity of
HAP remains unaltered following its adjustment.

B —N— L

w

2800-3000
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Figure 2. FT-IR spectrum of the OPLA (a), HAP (b), ESOA-HAP (c), OPLA-ESOA-HAP (d), and
OPLA-HAP (e).

The peak observed at 2800-3000 cm ! in the spectra of ESOA-HAP and OPLA-ESOA-
HAP is attributed to the vibration of the methylene group and the methyl group on
the surface of OPLA-ESOA-HAP. Additionally, the ester group vibration in the OPLA is
assigned to the prominent adsorption peak at 1750 cm~!. The adsorption peaks observed
at 1570 cm~! and 1480 cm~! in the OPLA-ESOA-HAP spectra could be attributed to
the vibration of the carboxyl group in the calcium carboxylate. Furthermore, the weak
adsorption at 1200 cm~! is ascribed to the C-O vibration in OPLA.
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The FT-IR spectra revealed the formation of an ionic interaction between the carboxyl
group of ESOA and the Ca®* on the surface of HAP. In contrast, none of the four peaks
(1200 cm~1, 1480 ecm ™!, 1570 em ™!, and 1750 cm 1) were observed in the OPLA-HAP
spectrum, indicating that the direct grafting of OPLA onto HAP was not feasible under the
given reaction conditions. The use of ESOA was crucial for modulating HAP.

The thermogravimetric analysis (TGA) curves of HAP, ESOA-HAP, OPLA-HAP, and
OPLA-ESOA-HAP are shown in Figure 3. The graft amounts of these materials are pre-
sented in Table 1. Upon increasing the temperature from 25 °C to 700 °C, distinct weight
losses were observed for all the samples. The mass of the HAP sample for the unmodified
HAP sample gradually dropped until a weight loss of 5.31% was achieved. The weight loss
for the ESOA-HAP sample is 8.31, of which 3.1% is due to the breakdown of epoxidized
soybean oil. For the OPLA-ESOA-HAP sample, the weight loss is 10.57 wt%, among
which 2.26% was from the decomposition of OPLA. Through co-precipitation, the ESOA
grafted onto the HAP surface. The results of XRD, FTIR, and TGA showed that the OPLA
connected to ESOA-HAP successfully.

98 7] 'OPLA-ESOA-HA AIIlLSAO-IIA AmOPLArHA AmllA
a 10.57% 8.31% 7.98% 5.31%
s ! : :
=
- 96 4
-
-]
o Ly NN M =
3 r IS
Z 944 ¢ -
mOPLA-ESOA mESOA mOPLA

1 5.26% 3.00% 2;»7%

100 200 300 400 500 600 700
Temperature (°C)
Figure 3. TGA curves of n-HA (a), ESBO-HA (b), OPLA-ESBO-HA (c), and OPLA-HA (d).

Table 1. Thermal properties of three kinds of HA/PLLA composites.

Entry Tg/°C T/°C Tm/°C  AHp/Jlg X/%
HAP/PLLA 54.37 104.87 165.69 36.58 39.4
ESOA-HAP/PLLA 54.50 108.36 166.20 35.16 37.5
OPLA-ESOA-HAP/PLLA 55.76 109.14 166.73 32.94 35.2

Tg: glass transition temperature; Tc: crystallization temperature; Tr,: melting temperature; AHm: melting enthalpy;
X: crystallinity. The filler content is 5 wt%.

The scanning electron microscope (SEM) images of HAP, OPLA-HAP, ESOA-HAP,
and OPLA-ESOA-HAP are presented in Figure 4. In Figure 4a, the HAP particles exhibit an
aggregated morphology. It can be observed that the grafting amount of ESOA is relatively
low in these samples; however, the grafting of ESOA does decrease its aggregation to some
extent. Conversely, both OPLA-HAP and OPLA-ESOA-HAP demonstrate significantly
improved dispersity, as shown in Figure 4c,d. When grafted with ESOA and OPLA,
HAP particles show minimal aggregation along with an overlaying layer composed of
OPLA polymers. To evaluate the presence of polymers on the surface of OPLA-ESAO-
HAP, samples were evenly dispersed onto a silicon plate followed by elemental analysis
through an EDS line scan. The results confirm the existence of carbon atoms on particle
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surfaces, which is further supported by the statistical data presented in Figure S1 and
Table S1, indicating relatively substantial levels of organic material (OPLA). Collectively,
these findings provide strong evidence supporting the successful achievement of grafting
involving both ESOA and OPLA onto HAP’s surface.

Figure 4. SEM images of HAP (a), ESOA-HAP (b), OPLA-HAP (c), and OPLA-ESOA-HAP (d).

A comprehensive investigation was conducted to examine the wettability of four dis-
tinct particle types, and the corresponding results are illustrated in Figure 5. These findings
unequivocally demonstrate that surface modification effectively enhances the hydropho-
bicity of HADP, as evidenced by the significantly augmented contact angle (27.8 4= 1.22°)
observed for OPLA-ESOA-HAP, surpassing that of all other samples.

34
32
20 —
25 — %
26 ] /
24
[—
22
207 e
18 - /}
| ]
16
14
12 T T T T
HAP ESOA-HAP OPLA-HAP OPLA-ESOA-HAP

Figure 5. Water contact angle of HAP, ESOA-HAP, OPLA-HAP, and OPLA-ESOA-HAP.

3.2. The Biocompatibility of the HAP and Modified HAP

Biocompatibility is a crucial property for bioresorbable materials, particularly in
the context of bone tissue engineering, where the transformation of mesenchymal stem
cells (MSCs) into osteoblasts holds significant importance [21,22]. The success of an
MSC /biomaterial composite for osteogenesis may rely on the survival ability and ini-
tial adherence capability of MSCs to the biomaterial. Ensuring a high viability and strong
adhesion of MSCs onto the biomaterial is crucial for subsequent differentiation and growth
of new bones.

The biocompatibility of the synthesized materials was characterized by conducting
a cell adhesion experiment using MSCs from Wistar rats in this study. A commercially
available MTT assay was employed to determine the cell viability of the HAP, ESOA-HAP,
and OPLA-ESOA-HAP at different time intervals, as shown in Figure 6. The viability of
MSCs co-cultured with HAP exhibited a decrease of 30.6% as the incubation time extended
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from 24 h to 72 h. The viability of MSCs co-cultured with OPLA-ESOA-HAP remained
above 89% throughout various culture intervals, which is comparatively higher than that
observed for ESOA-HAP and HAP. It should be noted that the concentration of OPLA-
ESOA-HAP applied in this work (1.0 mg-mL~!) exceeds the typical concentration reported
in the literature (usual 0.1 mg/mL) [23,24]. These findings suggest that incorporating ESOA
and OPLA onto the HAP surface significantly increases its biocompatibility.

HAP
1207 ESOA-HAP
OPLA-ESOA-HAP
100 [ T
T : T
! I
_ T
§ 80 T
£ T
2 o0 L
: |
40
20
0 T T T
24h 48h 72h

Figure 6. Viability of the MSC cells co-cultured with HAP, ESOA-HAP, and OPLA-ESOA-HAP at
different time intervals. The concentration of the samples are 1000 pg-mL~ 1.

The optical microscope images in Figure 7a—f depict the cellular adherence to the
materials (HAP, ESOA-HAP, and OPLA-ESOA-HAP). The initial optical density (OD)
after cultivating for a 45 min cultivation period is presented in Figure 7g. Statistical data
regarding cell numbers are displayed in Figure 7h. As illustrated in Figure 7a-d, HAP
particles exhibit minimal cell adhesion, whereas an increased number of cells can be
observed surrounding ESOA-HAP particles. A substantial number of MSCs adhered to the
particles in the OPLA-ESOA-HAP group, with a cell count of 94, nearly three times higher
than that of ESOA-HAP and six times greater than that of HAP. Figure 7g demonstrates that
the OD of the OPLA-ESOA-HAP sample was higher compared to HAP and ESOA-HAP
after a cultivation period of 45 min. The results demonstrate a higher adhesion of MSCs
on the OPLA-ESOA-HAP composite with just 45 min of contact. Incorporating ESOA into
HAP slightly enhances cell adhesion to MSCs, while the addition of OPLA significantly
improves both cell survival and adhesion on these materials.
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Figure 7. The cells adhesion experiments of the samples. Optical micrographs of HAP (a,b), ESOA-
HAP (c,d), and OPLA-ESOA-HAP (e,f); the MSCs are cultivated with the samples for 24 h (a—f). OD
of the different sample after cultivated for 45 min (g). The statistical number of the cells in the image
for 100 um (h). The red particles are these HA and modified HA particles. The blue one presents the
cells stained by crystal violet.
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Based on the results of the biocompatibility test, the addition of ESOA and OPLA
significantly enhances the vitality and adhesion of OPLA-ESOA-HAP to MSCs, potentially
attributed to their increased cellular contact sites. The sample from OPLA-ESOA-HAP
exhibited superior adhesion to MSCs compared to other samples, as depicted in Figure 7e f.
These findings demonstrate that polydopamine (p-DA)-coated HAP effectively enhances
cell attachment on polymer-based cement by providing a side-range surface for peptide
conjugation [25]. In this work, the ESOA and OPLA could serve a similar function to
the p-DA by providing a more active surface for cell attachment. The OPLA-ESOA-HAP
composite exhibits promising bioceramic properties for bone fixation materials due to
its favorable cell adhesion properties and low toxicity. Given that MSCs demonstrate
high viability on this material and exhibit strong adhesion to its surface, these properties
collectively contribute to promoting new bone formation in the initial stage.

3.3. Mechanical Properties

In previous studies, the modified HAP was blended with PLLA through co-precipitation
in a solution or an internal mixer at 170 °C. Subsequently, the resulting composites were
subjected to hot pressing above 10 MPa to achieve a regular shape [26-28]. The composites
prepared through these blending and shaping methods exhibited relatively high mechani-
cal properties. However, irregular shapes, such as the screw or plate used for bone fixation,
render them somewhat unsuitable for the industrial manufacture of internal fixation device.
On the contrary, the twin crew extrusion and injection molding method is considered
to be a suitable blending and shaping technology for the industrial manufacture of the
HAP/PLLA composite. However, it should be noted that the mechanical strength may
decrease during the manufacturing process due to the thermal degradation of the polymer
caused by prolonged exposure under high temperatures. In this study, we fabricated
HAP/PLLA samples by incorporating OPLA-ESOA-HA into the PLLA matrix through
twin-screw extrusion and injection molding techniques to assess the mechanical properties
of these blended composites.

The results of the mechanical properties of the three types of blended composites
are presented in Figure 8. It can be observed that there were no significant differences in
the tensile strength (Figure 8a), tensile modulus (Figure 8b), bending strength (Figure 8d),
and bending modulus (Figure 8e) among the HAP/PLLA, ESOA-HAP/PLLA, and OPLA-
ESOA-HAP/PLLA composites. The tensile strength was all above 57 MPa, while the
bending strength values for all three composites exceeded 84 MPa, which is relatively high
compared to some previous studies [29,30]. The break elongation (Figure 7c) of HAP/PLLA,
ESOA-HAP/PLLA, and OPLA-ESOA-HAP/PLLA is 6.16%, 6.92%, and 7.78%, respectively.
The observed increase in break elongation for all three blended composites aligns with our
design objectives. The introduction of organic polymer and ESOA modified on the HAP
surface promotes entanglement with the PLLA matrix, leading to a debonding effect during
the mechanical testing and, consequently, an increase in break elongation. Additionally, the
ESOA incorporated in the blended composites could act as plasticizer in the preparation
process and enhanced its break elongation. These findings suggest that the introduction
of OPLA and ESOA did not adversely affect the mechanical properties but rather slightly
improved the ductility of the composites.
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Figure 8. Effect of the filler kind on the mechanical properties: (a) tensile strength, (b) tensile
modulus, (c) break elongation, (d) bending strength, and (e) bending modulus. (x) HA/PLLA, (y)
OPLA-ESOA-HA/PLLA, (z) OPLA-ESOA-HA /PLLA, The filler content is 5 wt%.

The influence of the filler content on the mechanical properties is illustrated in Figure 9.
In this figure, the tensile strength (Figure 9a), tensile modulus (Figure 9b), break elongation
(Figure 9c¢), bending strength (Figure 9d), and bending modulus (Figure 9e) of the OPLA-
ESOA-HAP/PLLA composite with varying amounts of OPLA-ESOA-HAP filler (0.0 wt%,
2.5 wt%, 5.0 wt%, and 7.5 wt%) are presented. The tensile strength of the pure PLLA (0 wt%
filler content) was measured to be 61.89 MPa, slightly surpassing that of the composites
with 2.5 wt%, 5.0 wt%, and 7.5 wt% filler contents. Among the three composites filled
with OPLA-ESOA-HAP, the highest tensile strength of 59.56 MPa was observed in the
composite containing a 2.5 wt% filler. The tensile strength decreases as the filler content
increases, possibly due to the aggregation of the filler particles. In composites with large
filler particles, stress concentration may occur under a mechanical load. The tensile strength
is slightly lower than that of pure PLLA due to the absence of the screw extrusion process
under relatively high temperatures with a filler. When the filler amount is 7.5 wt% in this
work, the tensile strength of OPLA-ESOA-HAP/PLLA exceeds 56.0 MPa, surpassing the
values reported in previous studies [29-31]. According to Figure 9¢,d, the break elongation
and bending strength exhibit a similar trend to tensile strength. This phenomenon can be
attributed to the aggregation of modified filler. Fortunately, an increase in the amount of
filler leads to an enhanced tensile modulus and bending modulus. Both the tensile and
bending moduli increased proportionally with increasing filler amounts. The OPLA-ESOA-
HAP/PLLA composite exhibited the highest tensile modulus and bending modulus at
a filler content of 2.5 wt%, surpassing that of PLLA. The mechanical properties of these
composites did not exhibit a significant increase with increasing filler content; however,
relatively favorable mechanical properties can be achieved after subjecting the materials to
two high-temperature manufacturing processes.
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Figure 9. The effect of OPLA-ESOA-HAP amount on the mechanical properties of composite.
(a) tensile strength, (b) tensile modulus, (c) break elongation, (d) bending strength, and (e) bending
modulus.

The SEM image in Figure 10 illustrates the fracture of the PLLA, ESOA-HAP/PLLA,
and OPLA-ESOA-HAP/PLLA composites. It is evident that the fracture region of the
composite exhibits a relatively smooth surface. No notable presence of large, aggregated
HAP particles, holes, or cracks was observed. The incorporation of OPLA-ESOA-HAP
particles into the PLLA matrix did not result in the formation of larger aggregates, indicating
that OPLA-ESOA-HAP serves as an effective filler for preparing PLLA-based composites
using screw extrusion and injection molding processes.

Figure 10. The SEM image of the fracture of the composites PLLA (a); HAP/PLLA (b); ESOA-
HAP/PLLA (c); and OPLA-ESOA-HAP (d). The content of the filler in the composite (b—d) was
5 wt%.
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The DSC curves of the three composites are presented in Figure S2. Table 1 displays the
thermal characteristics of HAP/PLLA, ESOA-HAP/PLLA, and OPLA-ESOA-HAP/PLLA,
as determined by DSC analysis. It is observed that the addition of OPLA-ESOA-HAP parti-
cles to the PLLA composite leads to a slight increase in the glass transition temperature (Tg).
The order of crystallization temperature (T.) and crystallinity (X) for the three composite
is as follows: HAP/PLLA < ESOA-HAP/PLLA < OPLA-ESOA-HAP/PLLA. According
our previous research, incorporating inorganic rigid fillers into the composite leads to an
increase in its Tg [32]. Although it is expected that the incorporation of ESOA would lead
to a decrease in the Tg of the composite [16], our experimental results demonstrate that
the Ty of OPLA-ESOA-HAP/PLLA remains unchanged. Firstly, the content of ESOA in
the OPLA-ESOA-HAP is about 3 wt%, which is relatively low. Additionally, due to its
connection with OPLA and HAP, ESOA exhibits restricted mobility within the matrix and
cannot functional plasticizer.

The proposed modification mechanism is illustrated in Scheme 1. The significantly
enhanced biocompatibility of OPLA-ESOA-HAP, along with its relatively high mechanical
properties, renders it a promising bioresorbable material for bone fixation and repair.
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Scheme 1. The probable modification mechanism of the composite.

4. Conclusions

The present study investigates the surface modification of HAP using ESOA, followed
by grafting OPLA. By means of a co-precipitation reaction involving CaCl,, NazPOy, and
ESOA, additional active groups are introduced onto the surface of HAP. Subsequently,
the surface of ESOA-HAP is grafted with OPLA. The hydrophilicity of this modified
OPLA-ESOA-HAP was reduced, leading to an enhanced wettability of these particles.
It is noteworthy that the introduction of OPLA-ESOA-HA significantly enhances both
the viability and cell adhesion of MSCs compared to unmodified HAP. The utilization of
HAP/PLLA, ESOA-HAP/PLLA, and OPLA-ESOA-HAP/PLLA composites prepared via
melt extrusion and injecting mold is advantageous for osteogenesis in the initial stage.
However, the incorporation of OPLA and ESOA onto the surface of HAP has minimal
impact on the mechanical properties of the composite. The incorporation of OPLA-ESOA-
HAP resulted in a slight enhancement in the ductility of the OPLA-ESOA-HAP/PLLA
composite. The excellent biocompatibility exhibited by OPLA-ESOA-HAP, coupled with
the relatively high mechanical properties when combined with PLLA, renders it a promising
filler for the bioresorbable material.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ma17112620/s1. Figure S1: The line scan image of the
OPLA-ESOA-HA and the element dispersity of different positions. Table S1: The element amount
of the particle measured by EDS. Figure S2: DSC curves of n-HAP/PLLA, ESOA-HAP/PLLA, and
OPL-ESOA-HAP/PLLA.


https://www.mdpi.com/article/10.3390/ma17112620/s1

Materials 2024, 17, 2620 14 of 15

Author Contributions: Methodology, L.-].L. and Z.Z.; validation, W.-].Y. and Y.-EZ.; formal analysis,
C.H., X.-Y.L. and Y.-EZ,; writing—original draft preparation, C.H., X.-Y.L. and W.-].Y.; writing—review
and editing, Z.Z., K.L. and Z.-5.C.; funding acquisition, W.-].Y., K.L., Z.-S.C. and L.-J.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by Changsha Municipal Natural Science Foundation (Grant No.
kq2208219), Scientific Research Fund of Hunan Provincial Education Department (Grant No. 23B0293)
the Natural Science Foundation of Hunan Province (Grant No. 2022]]30279).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: There is no new data were create.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Lee,],; Byun, H.; Madhurakkat Perikamana, S.K.; Lee, S.; Shin, H. Current Advances in Inmunomodulatory Biomaterials for
Bone Regeneration. Adv. Healthc. Mater. 2019, 8, 1801106. [CrossRef] [PubMed]

2. Sivaraj, KK.; Adams, R.H. Blood vessel formation and function in bone. Development 2016, 143, 2706-2715. [CrossRef] [PubMed]

3. Russias, ].; Saiz, E.; Nalla, R.K,; Gryn, K ; Ritchie, R.O.; Tomsia, A.P. Fabrication and mechanical properties of PLA /HA composites:
A study of in vitro degradation. Mater. Sci. Eng. C 2006, 26, 1289-1295. [CrossRef] [PubMed]

4. Yang, L.; Xu, M,; Jin, X;; Xu, J.; Lu, J.; Zhang, C; Li, S.; Teng, L. Skeletal stability of bioresorbable fixation in orthognathic surgery:
A systemic review. J. Craniomaxillofac. Surg. 2014, 42, e176—e181. [CrossRef] [PubMed]

5. Tsuji, H. Hydrolytic Degradation. In Poly(Lactic Acid); Grossman, R.F., Nwabunma, D., Auras, R., Lim, L.-T., Selke, S.E.M., Tsuji,
H., Eds.; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2010; pp. 343-381.

6. Liu, S;; Zheng, Y.; Wu, Z; Hu, J.; Liu, R. Preparation and characterization of aspirin-loaded polylactic acid/graphene oxide
biomimetic nanofibrous scaffolds. Polymer 2020, 211, 123093. [CrossRef]

7. Yang, Z.; Sun, C.; Wang, L.; Chen, H.; He, ]J.; Chen, Y. Novel Poly(l-lactide) /graphene oxide films with improved mechanical
flexibility and antibacterial activity. J. Colloid Interface Sci. 2017, 507, 344-352. [CrossRef]

8. Ji, M,; Li, H;; Guo, H.; Xie, A.; Wang, S.; Huang, F,; Li, S.; Shen, Y.; He, J. A novel porous aspirin-loaded (GO/CTS-HA)n
nanocomposite films: Synthesis and multifunction for bone tissue engineering. Carbohydr. Polym. 2016, 153, 124-132. [CrossRef]
[PubMed]

9. Marcacci, M.; Kon, E.; Zaffagnini, S.; Giardino, R.; Rocca, M.; Corsi, A.; Benvenuti, A.; Bianco, P.; Quarto, R.; Martin, I.
Reconstruction of Extensive Long-Bone Defects in Sheep Using Porous Hydroxyapatite Sponges. Calcif. Tissue Int. 1999, 64, 83-90.
[CrossRef] [PubMed]

10. Charernsriwilaiwat, N.; Opanasopit, P.; Rojanarata, T.; Ngawhirunpat, T. Lysozyme-loaded, electrospun chitosan-based nanofiber
mats for wound healing. Int. J. Pharm. 2012, 427, 379-384. [CrossRef] [PubMed]

11. Girdo, A.F; Semitela, A.; Ramalho, G.; Completo, A.; Marques, P.A. Mimicking nature: Fabrication of 3D anisotropic electrospun
polycaprolactone scaffolds for cartilage tissue engineering applications. Compos. Part B Eng. 2018, 154, 99-107. [CrossRef]

12. Zhang, S.M.; Liu, J.; Zhou, W.; Cheng, L.; Guo, X.D. Interfacial fabrication and property of hydroxyapatite/polylactide resorbable
bone fixation composites. Curr. Appl. Phys. 2005, 5, 516-518. [CrossRef]

13. Hammari, L.E.; Merroun, H.; Coradin, T.; Cassaignon, S.; Laghzizil, A.; Saoiabi, A. Mesoporous hydroxyapatites prepared in
ethanol-water media: Structure and surface properties. Mater. Chem. Phys. 2007, 104, 448-453. [CrossRef]

14. Pan, G.; Feng, Z.; Wei, ].; Yu, Y. Synthesis and Self-assembly Behavior of a Thermo-/photo-dual Responsive Triblock Copolymer.
Acta Chim. Sin. 2013, 71, 733-738. [CrossRef]

15. Behera, D.; Banthia, A K. Synthesis, characterization, and kinetics study of thermal decomposition of epoxidized soybean oil
acrylate. J. Appl. Polym. Sci. 2008, 109, 2583-2590. [CrossRef]

16. Vijayarajan, S.; Selke, S.E.M.; Matuana, L.M. Continuous Blending Approach in the Manufacture of Epoxidized Soybean-
Plasticized Poly(lactic acid) Sheets and Films. Macromol. Mater. Eng. 2014, 299, 622—-630. [CrossRef]

17.  Brostr, M.].; Boss, A.; Chronakis, I.S. Biodegradable films of partly branched poly(l-lactide)-co-poly(epsilon-caprolactone)
copolymer: Modulation of phase morphology, plasticization properties and thermal depolymerization. Biomacromolecules 2004, 5,
1124-1134. [CrossRef]

18. Jiang, L.X. Effect of a new surface-grafting method for nano-hydroxyapatite on the dispersion and the mechanical enhancement
for poly(lactide-co-glycolide). Polym. Lett. 2013, 8, 133-141. [CrossRef]

19. Yi, W-],; Li, L.-].; Hao, Z,; Jiang, M.; Lu, C.; Shen, Y.; Chao, Z.-S. Synthesis of 1-Lactide via Degradation of Various Telechelic
Oligomeric Poly(l-lactic acid) Intermediates. Ind. Eng. Chem. Res. 2017, 56, 4867—4877. [CrossRef]

20. GB/T 1040.2-2022; Plastics—Determination of Tensile Properties—Part 2: Test Conditions for Moulding and Extrusion Plastics.

Petroleum and Chemical Industry Federation: Beijing, China, 2022; Chinese Standard.


https://doi.org/10.1002/adhm.201801106
https://www.ncbi.nlm.nih.gov/pubmed/30328293
https://doi.org/10.1242/dev.136861
https://www.ncbi.nlm.nih.gov/pubmed/27486231
https://doi.org/10.1016/j.msec.2005.08.004
https://www.ncbi.nlm.nih.gov/pubmed/26301264
https://doi.org/10.1016/j.jcms.2013.08.003
https://www.ncbi.nlm.nih.gov/pubmed/24210896
https://doi.org/10.1016/j.polymer.2020.123093
https://doi.org/10.1016/j.jcis.2017.08.013
https://doi.org/10.1016/j.carbpol.2016.07.078
https://www.ncbi.nlm.nih.gov/pubmed/27561479
https://doi.org/10.1007/s002239900583
https://www.ncbi.nlm.nih.gov/pubmed/9868289
https://doi.org/10.1016/j.ijpharm.2012.02.010
https://www.ncbi.nlm.nih.gov/pubmed/22353400
https://doi.org/10.1016/j.compositesb.2018.08.001
https://doi.org/10.1016/j.cap.2005.01.023
https://doi.org/10.1016/j.matchemphys.2007.04.002
https://doi.org/10.6023/A13010117
https://doi.org/10.1002/app.28350
https://doi.org/10.1002/mame.201300226
https://doi.org/10.1021/bm049920q
https://doi.org/10.3144/expresspolymlett.2014.16
https://doi.org/10.1021/acs.iecr.6b04082

Materials 2024, 17, 2620 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pittenger, M.F.; Mackay, A.M.; Beck, S.C,; Jaiswal, R.K.; Douglas, R.; Mosca, ].D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143-147. [CrossRef]

Bianco, P.; Riminucci, M.; Gronthos, S.; Robey, P.G. Bone marrow stromal stem cells: Nature, biology, and potential applications.
Stem Cells 2001, 19, 180-192. [CrossRef]

Ruckh, T.T.; Kumar, K.; Kipper, M.].; Popat, K.C. Osteogenic differentiation of bone marrow stromal cells on poly (e-caprolactone)
nanofiber scaffolds. Acta Biomater. 2010, 6, 2949-2959. [CrossRef] [PubMed]

Dey, S.; Das, M.; Balla, V.K. Effect of hydroxyapatite particle size, morphology and crystallinity on proliferation of colon cancer
HCT116 cells. Mater. Sci. Eng. C 2014, 39, 336-339. [CrossRef] [PubMed]

Kang, T.; Hua, X,; Liang, P.; Rao, M.; Wang, Q.; Quan, C.; Zhang, C.; Jiang, Q. Synergistic reinforcement of polydopamine-coated
hydroxyapatite and BMP2 biomimetic peptide on the bioactivity of PMMA-based cement. Compos. Sci. Technol. 2016, 123, 232-240.
[CrossRef]

Liuyun, J.; Chengdong, X.; Lixin, J.; Lijuan, X. Effect of HA with different grain size range on the crystallization behaviors and
mechanical property of HA/PLGA composite. Thermochim. Acta 2013, 565, 52-57. [CrossRef]

Jiang, L.; Xiong, C.; Chen, D.; Jiang, L.; Pang, X. Effect of n-HA with different surface-modified on the properties of n-HA /PLGA
composite. Appl. Surf. Sci. 2012, 259, 72-78. [CrossRef]

Diao, H;; Si, Y;; Zhu, A,; Ji, L.; Shi, H. Surface modified nano-hydroxyapatite/poly(lactide acid) composite and its osteocyte
compatibility. Mater. Sci. Eng. C 2012, 32, 1796-1801. [CrossRef] [PubMed]

Wang, T.; Chow, L.C.; Frukhtbeyn, S.A.; Ting, A H.; Dong, Q.; Yang, M.; Mitchell, ] W. Improve the strength of PLA/HA composite
through the use of surface initiated polymerization and phosphonic acid coupling agent. J. Res. Natl. Inst. Stand. Technol. 2011,
116, 785. [CrossRef] [PubMed]

Li, J.; Lu, X.L.; Zheng, Y.F. Effect of surface modified hydroxyapatite on the tensile property improvement of HA/PLA composite.
Appl. Surf. Sci. 2008, 255, 494-497. [CrossRef]

Hong, Z.; Qiu, X.; Sun, J.; Deng, M.; Chen, X.; Jing, X. Grafting polymerization of L-lactide on the surface of hydroxyapatite
nano-crystals. Polymer 2004, 45, 6699-6706. [CrossRef]

Yi, W-J; Li, L-].; He, H,; Hao, Z.; Liu, B.; Shen, Y.; Chao, Z.-S. Poly(L-lactide)/cyclodextrin/citrate networks modified
hydroxyapatite and its role as filler in the promotion to the properties of poly(L-lactide) biomaterials. Polymer 2018, 145, 1-10.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1634/stemcells.19-3-180
https://doi.org/10.1016/j.actbio.2010.02.006
https://www.ncbi.nlm.nih.gov/pubmed/20144747
https://doi.org/10.1016/j.msec.2014.03.022
https://www.ncbi.nlm.nih.gov/pubmed/24863233
https://doi.org/10.1016/j.compscitech.2016.01.002
https://doi.org/10.1016/j.tca.2013.05.004
https://doi.org/10.1016/j.apsusc.2012.06.091
https://doi.org/10.1016/j.msec.2012.04.065
https://www.ncbi.nlm.nih.gov/pubmed/34062658
https://doi.org/10.6028/jres.116.021
https://www.ncbi.nlm.nih.gov/pubmed/22399838
https://doi.org/10.1016/j.apsusc.2008.06.067
https://doi.org/10.1016/j.polymer.2004.07.036
https://doi.org/10.1016/j.polymer.2018.04.034

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of the Materials 
	Synthesis of Nano-Hydroxyapatite (HAP) and Epoxidized Soybean Oil-Grafted Hydroxyapatite (ESOA-HAP) 
	Synthesis of OPLA-Grafted HAP (OPLA-HAP) and OPLA-Grafted ESOA-HAP (OPLA-ESOA-HAP) 
	Preparation of the Blends Comprised of the HAP or Modified HAP with PLLA 

	Characterizations 
	Biocompatibility Test 
	Cultivation of the MSCs 
	The Adhesion Test of MSCs on the Materials 

	Mechanical Test 

	Results and Discussion 
	Materials Characterization 
	The Biocompatibility of the HAP and Modified HAP 
	Mechanical Properties 

	Conclusions 
	References

