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Abstract Bone defects remain a major clinical challenge due to the slow rate of recovery, complex surgical procedures, and great impact on the
lives of patients. Therefore, the development of biocompatible, durable, degradable artificial bone grafts is highly desirable. Inspired by the natu-
ral composition of human bone, this study reports the fabrication of poly(lactic acid) (PLA)/zinc-doped hydroxyapatite (Zn-HA) composite materi-
als via the melt blending method. The chemical properties, mechanical performance, degradability, and biocompatibility of the composites were
evaluated systematically. Among them, the 10 wt% PLA/Zn-HA composite exhibited optimal performance, including high tensile and flexural
strengths, superior thermal stability, and the lowest degradation rate. Controlled degradation and sustained release of zinc ions further enhance
osteoblast activity with low cytotoxicity. Furthermore, Alkaline Phosphatase (ALP) activity and Alizarin Red S (ARS) staining confirmed that the 10
wt% PLA/Zn-HA composite significantly promoted osteogenic differentiation. By simultaneously achieving mechanical reliability and enhanced
biological properties, this study provides promising design criteria for next-generation artificial bone grafts for bone defect repair.
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ited supply and possible donor site complications limited
their application.['9-12] As an effective alternative to autolo-
gous bone grafts, allogeneic bone grafts are widely used in
the treatment of bone defects, which can avoid damage to
the donor site bone structure. However, they still have disad-
vantages, such as insufficient supply, ethical controversies,
and immune rejection. Utilizing natural or synthetic materials
to simulate human bone properties, artificial bone grafts have
been optimized to reduce immune rejection and infection
risk. Although they can be easily acquired at low cost, current
artificial bone graft materials still have poor biocompatibility
and degradability, which may result from the introduction of
metallic materials or unsatisfactory mechanical performance
owing to the use of polymers.['3-16] Therefore more efforts
should be made to develop biocompatible, degradable artifi-
cial bone graft materials with appropriate strength to meet

INTRODUCTION

Bone defects have become a major health concern due to their
slow rate of recovery, complex surgical procedures, and great
impact on the lives of patients.'~* Bone grafts have predomi-
nantly been used for the treatment of bone defects>® Over
two million bone grafting surgeries are conducted annually
worldwide, making it the second most frequent tissue trans-
plantation./”#! Traditionally bone grafts are classified into autol-
ogous bone grafts, allogeneic bone grafts, and artificial bone
grafts.”)

Autologous bone grafts have always been considered the
“golden standard” for bone repair, but drawbacks such as lim-
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als, composite materials have been developed to improve the
mechanical, physicochemical, and biological properties of
bone grafts.['8-211 Composite materials primarily include a
combination of bioceramics and polymers. Diverse tech-
niques and strategies have also been utilized to modify com-
posite materials.22-251 For instance, polymers, such as colla-
gen and poly(lactic acid) (PLA), are widely used in bone tissue
engineering because of their excellent biocompatibility and
bone remodeling performance.26-291 However, they exhibit
poor mechanical properties and osteoinductivity.39-34 There-
fore, other components, such as ceramics, are often intro-
duced to improve the porosity, stability, and osteogenic ac-
tivity of composite matrices in bone regeneration.35-381

Human bones have both collagen fibers and a hydroxyap-
atite skeleton to simultaneously maintain strength and tenac-
ity. Zinc (Zn) is an essential trace element in the human body.
The incorporation of Zn into HA could help mimic the me-
chanical stability of bone and further promote cell growth
and tissue regeneration through its biological effects. Based
on the original bone formation, we selected PLA and Zinc-
doped hydroxyapatite (Zn-HA). By combining polymers with
ceramic compounds, excellent biocompatibility and mechani-
cal and controllable degradation rates have been achieved.
Additionally, the degradation of Zn can establish a mild mi-
croenvironment for osteogenesis and osteoinductivity in
bone defects. This study provides a bioinspired PLA/Zn-HA-
based strategy for bone tissue engineering and is expected to
be used for bone defect regeneration.

EXPERIMENTAL

General Considerations
PLA was purchased from Changchun SinoBiomaterials Co., Ltd.,
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and zinc-doped hydroxyapatite was purchased from Hubei
Central Medical Technology Co., Ltd.

Preparation of PLA/Zn-HA
PLA/Zn-HA composites were prepared by melt blending at 110
r/min and 180 °C for 7 min (Scheme 1).

Characterization

A NcoletiS50 Fourier transform infrared spectrometer was used
to analyze the functional groups in the materials. The sample
was heated from room temperature to 800 °C at a heating rate
of 10 °C/min under a nitrogen atmosphere.

A Q2000-type DSC analyzer was used to investigate the
melting and crystallization behaviors. The samples were heat-
ed from 0 °C to 200 °C at a rate of 10 °C/min, held at 200 °C for
2 min, and finally cooled to 0 °C at a rate of 10 °C/min.

X-ray diffraction analysis was performed to study the crys-
tal properties using a German Bruker D8 Advance X-ray
diffractometer at a scanning speed of 4 (°)/min and scanning
range of 10°-60°.

A universal tensile analyzer was used to measure the ten-
sile, bending, and impact strengths and moduli of the com-
posite materials at test rates of 50 mm/min, 2 mm/min and
2.9 m/s, respectively.

The morphology of the fracture surfaces of the tensile
specimens was observed using a SIGMA 500 field-emission
scanning electron microscope at an accelerating voltage of
10 kV.

RESULTS AND DISCUSSION

Characterization
The infrared spectra of the Zn-HA and PLA/Zn-HA composites
with different formulation ratios were first evaluated (Fig. 1a). In
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PLA/Zn-HA composite

Scheme 1 Preparation of PLA/Zn-HA composite for bone repair.
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Fig. 1 Characterizations of PLA, Zn-HA and PLA/Zn-HA composites with different formulation ratios: (a) FTIR spectra, (b) XRD patterns.

the composite materials, the characteristic stretching vibrations
of C=0, C—0—C, C—H in PLA can be observed (1759,1185
and 2944 cm™, respectively), as well as the y4 vibration charac-
teristic peaks of phosphate groups in Zn-HA (563 and 605 cm™).
Furthermore, as the Zn-HA content increased, The intensity of
the y4 vibrations of the phosphate groups increased, confirm-
ing their coexistence.

XRD analysis was conducted to further elucidate the ef-
fects of Zn-HA on the crystallization of PLA (Fig. 1b). PLA, a se-
mi-crystalline polymer, typically displays a broad peak around
260=16.8°. The addition of Zn-HA enhanced the sharpness of
this peak, indicating a transition toward a highly crystalline
state. As the Zn-HA content increased, the intensity of the
characteristic peak at 26=16.8° also increased, demonstrating
that Zn-HA particles serve as heterogeneous nucleating
agents, increasing the overall crystalline fraction of the PLA
matrix. However, excessive Zn-HA content may lead to parti-
cle agglomeration, reducing crystallization efficiency.

The diffraction peaks of the Zn-HA nanoparticles aligned
with the hydroxyapatite standard (JCPDS 74-0566), confirm-
ing their crystalline structure. The incorporation of Zn-HA re-
sulted in distinct peaks in the XRD patterns of the composites.

TGA was performed to evaluate the effect of Zn-HA on the
thermal stability of PLA (Figs. 2a and 2b). All the samples were
thermally stable at temperatures below 300 °C. The tempera-
ture corresponding to 5 wt% (Tse,) mass loss in the undoped
PLA was 303.8 °C. As the Zn-HA content increased, the Tsq, of
the composites initially increased, followed by a subsequent
decrease; the respective values were 321.6, 331.8, 329.8, and
311.3 °C, (Table S2 in the electronic supplementary informa-
tion, ESI). The composite with 10 wt% Zn-HA exhibited the
highest Tsy, indicating optimal thermal stability. The im-
proved thermal stability at moderate Zn-HA concentrations
can be attributed to the nucleating effect of Zn-HA, which
promotes PLA crystallization. These results suggest that ap-
propriate Zn-HA concentrations enhance the crystallization of
the PLA matrix; however, excessive doping leads to particle
agglomeration, which degrades interfacial compatibility.

When the temperature reached 600 °C, PLA completely de-
composed, and the residue weight represented the actual
concentration of Zn-HA, with residual weights of 4.4%, 10.8%,
14.2%, and 17.5%, closely matching the theoretical propor-
tions, confirming the effective integration during melt blend-

ing.

DSC was used to assess the influence of Zn-HA on the crys-
tallization behavior of the PLA/Zn-HA composites (Fig. 2c).
The glass transition temperature (T) of the undoped PLA and
the composites ranged from 57 °C to 59 °C, indicating the ab-
sence of a chemical reaction between PLA and Zn-HA. Zn-HA
acted as a physical filler without altering the mobility of the
PLA molecular chains. The cold crystallization transition tem-
perature (T.) and melting temperature (T,,) of undoped PLA
were 107.6 and 161.9 °C, respectively. The incorporation of
Zn-HA decreased T while increasing T,, which can be at-
tributed to the nucleation effects of Zn-HA.

The cooling curves of the PLA/Zn-HA composites exhibit a
distinct crystallization peak compared to that of undoped PLA
(Fig. 2d), further confirming that Zn-HA acts as an efficient nu-
cleating agent. According to the DSC results, the crystallinity
of the undoped PLA was calculated to be 31.4%. The highest
crystallinity (39.5%) occurred at 10 wt% Zn-HA, indicating
that optimal doping enhances the physicochemical proper-
ties of the composite by providing abundant nucleation sites
that facilitate the crystalline order throughout the matrix,
consistent with formulation ratios and thermogravimetric
analysis.

SEM images of the fracture surface of undoped PLA ap-
peared relatively smooth and flat (Fig. 3a). At a low Zn-HA
loading of 5 wt% (Fig. 3b), the Zn-HA particles were homoge-
neously dispersed and remained well embedded after frac-
ture. This uniform dispersion enhances the toughening effect
of the inorganic rigid particles. At a Zn-HA concentration of
10 wt% (Fig. 3¢), a uniform dispersion of Zn-HA was achieved.
When the Zn-HA content continued to increase (Figs. 3d and
3e), pronounced particle agglomeration and non-uniform
filler distribution became evident. These agglomerates act as
stress concentration sites, potentially inducing stress concen-
tration and subsequent crack propagation.

Tensile, bending, and impact tests were conducted to com-
prehensively evaluate the mechanical properties of the
PLA/Zn-HA composites (Fig. 4). All experiments were per-
formed in triplicates to ensure reproducibility. The tensile
strength, flexural strength, and impact strength of undoped
PLA were 61.5 MPa, 63.3 MPa, and 3.8 kJ/m?, respectively. The
addition of Zn-HA resulted in the initial enhancement of
these properties, followed by a subsequent decline. For 10
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Fig. 2 Thermal analysis of PLA, Zn-HA and PLA/Zn-HA composites with different formulation ratios: (a) TG curves, (b) DTG curves, (c) DSC heating
curves, (d) DSC cooling curves.

a

Fig. 3 Tensile fracture surface morphology of PLA/Zn-HA with different zinc-doped hydroxyapatite contents: (a) 0 wt%, (b) 5 wt%, (c) 10 wt%, (d)
15 wt%, (e) 20 wt%.

wt% Zn-HA, the composites achieved the highest tensile strength. Upon reaching an optimal loading of 10 wt%, a uni-

strength (63.2 MPa), flexural strength (64.7 MPa), and impact
strength (4.3 kJ/m?). At lower Zn-HA concentrations, owing to
the interfacial incompatibility between PLA and Zn-HA, Zn-
HA primarily functions as a microscopic defect and stress con-
centrator, leading to an initial decrease in tensile and flexural

form dispersion of Zn-HA was achieved, which facilitated effi-
cient stress transfer and dissipation throughout the polymer
matrix. Above this optimum concentration (>10 wt%), the
mechanical performance undergoes a subsequent decline.
This decline can be attributed to the severe agglomeration of

https://doi.org/10.1007/510118-026-3761-z
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Zn-HA, as corroborated by SEM observations. These substan-
tial agglomerates not only weaken the structural integrity of
the PLA matrix but also serve as intense stress concentration
sites. Under the effect of external forces, cracks occur at these
agglomerate interfaces and propagate rapidly, ultimately
leading to a steady deterioration in the mechanical perfor-
mance.

In bone grafting, materials degrade in vivo, and new bone
tissue grows and gradually replaces the degraded portions.
Ideally, the degradation rate of the scaffold should match the
growth of the bone tissue. Therefore, in vitro degradation ex-
periments are necessary to assess the suitability of PLA/Zn-HA
composites for bone-repair applications. The flexural proper-
ties of the PLA/Zn-HA composites at different formulation ra-
tios after 0, 5, 10, and 20 days of degradation were assessed
(Fig. 5a). After 20 days, the tensile strength of undoped PLA
decreased by 6.9%, from 62.1 MPa to 57.8 MPa. The flexural
strength reductions for composites with 5 wt%, 10 wt%, 15
wt%, and 20 wt% Zn-HA were 7.5%, 5.5%, 7.1%, and 9.5%, re-
spectively, demonstrating a trend of initial reduction fol-
lowed by recovery. The composite with 10 wt% Zn-HA exhib-
ited the best mechanical performance retention after degra-
dation. Variations in the reduction rates among different Zn-
HA contents indicate that the degradation rate of PLA can be
modified by adjusting the Zn-HA content, allowing for tai-
lored performance to meet specific requirements of the im-
plantation site.

The Zn ion release amounts from the 10 wt% PLA/Zn-HA

composite over 0, 5, 10, and 20 days of degradation were as-
sessed (Fig. 5b). The Zn ion release initially increased with
degradation time before and exhibited a subsequent plateau
or downward trend. This decline is attributed to the deple-
tion of surface-accessible Zn ions. Once the surface Zn was
exhausted, the release of ions from the internal matrix was re-
stricted by the surrounding PLA matrix, resulting in a reduc-
tion in the overall release rate.

Biocompatibility and Bioactivity

Osteoblasts, the primary functional cells of bone tissue, play a
crucial role in bone formation and repair. Therefore, we select-
ed the mouse osteoblast cell line (MC3T3) to evaluate its cyto-
compatibility. The viability of MC3T3 cells in the extract of the 10
wt% PLA/Zn-HA composite ranged from 99.5% to 91.0% at ex-
tract concentrations of 0.1 mg/mL to 0.8 mg/mL (Fig. 50c),
demonstrating excellent cytocompatibility.

Alkaline Phosphatase (ALP) and Alizarin Red S (ARS) stain-
ing assays were performed to comprehensively evaluate the
osteogenic capacity and bone regeneration potential of the
composite material (Figs. 6a—6d). Alkaline Phosphatase, an
early marker of osteogenic differentiation during cellular min-
eralization, was used to evaluate the osteogenic potential of
the materials using ALP staining and activity assays. ALP anal-
ysis on days 7 and 14 revealed that the composite material
containing 10 wt% PLA/Zn-HA exhibited the highest enzyme
activity at both time points (Fig. 6¢c), which was significantly
higher than that of the pure PLA, 10 wt% PLA/HA, and other
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Fig. 4 Mechanical properties of PLA/Zn-HA composites with different formulation ratios: (a) tensile strength, (b) flexural strength, (c) impact
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Fig. 6 Osteogenic differentiation of MC3T3 cells cultured on PLA and composite films. (a) Representative alkaline phosphatase (ALP) staining
images on day 7 and day 14; (b) Representative Alizarin Red S (ARS) staining images of mineralized nodules on day 14 and day 21; (c) ALP activity on
day 7 and day 14; (d) OD values of ARS staining on day 14 and day 21. All quantitative data are presented as mean * SD (n=3). *** p< 0.001.

control groups (***p<0.001). Notably, at the same 10 wt%
doping concentration, the Zn-doped composite material
markedly enhanced ALP expression compared to the HA con-
trol without Zn, further confirming that Zn incorporation ef-
fectively promotes osteogenic differentiation.

Alizarin Red S staining was used to assess calcium deposi-
tion. These results demonstrated markedly enhanced calci-
um deposition in the Zn-HA groups (Fig. 6d). The 10 wt% Zn-
HA formulation produced the highest absorbance values on
days 14 and 21 (***p<0.001). The corresponding microscopic
images of the stained cultures further supported the quanti-

tative findings. The 10 wt% PLA/Zn-HA group exhibited
denser cell clusters and more intense red staining than PLA
and 10 wt% PLA/HA, indicating accelerated nodule forma-
tion and matrix mineralization. These results demonstrated
that the 10 wt% PLA/Zn-HA composite provided optimal os-
teogenic induction, positioning it as a promising candidate
for bone repair applications.

CONCLUSIONS

In summary, a series of PLA/Zn-HA composite materials with dif-
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ferent amounts of Zn-HA were precisely fabricated and tailored,
and their physicochemical and mechanical properties, degrad-
ability, and biocompatibility were comprehensively evaluated.
In vitro degradation experiments demonstrated that the me-
chanical properties and degradation rate of the PLA/Zn-HA
composite material could be modulated by varying the content
of Zn-HA to accommaodate the specific requirements of various
implantation sites. The 10 wt% PLA/Zn-HA composite material
emerged as the optimal composite, exhibiting the best thermal
stability, the highest mechanical properties (tensile strength of
63.2 MPa, flexural strength of 64.7 MPa, and impact strength of
4.3 kJ/m?), the lowest decrease in flexural performance after
degradation (5.5%). Biocompatibility evaluations confirmed that
the 10 wt% PLA/Zn-HA composite exhibited better cell prolifer-
ation, differentiation, and osteogenic ability. The PLA/Zn-HA
composite could achieve favorable mechanical performance,
bioactivity, and adjustable degradability, providing a potent
platform for the repair of critical bone defects.
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