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Abstract
Polyetherketoneketone (PEKK) has attracted interest for load-bearing orthopedic implants due to its favorable 
elastic modulus and radiolucency; however, its biological inertness and weak interfacial bonding limit its clinical 
application. Here, we developed a dual-reinforced PEKK composite by incorporating hydroxyapatite (HA) particles 
and silicon nitride (SN) nanowires to improve its mechanical, tribological, antibacterial, and osteogenic properties. 
The ternary PEKK/HA/SN composite (PSH) exhibited tensile, compressive, and flexural strengths of 112.23, 241.36, 
and 201.48 MPa, increased from 23.04, 92.34, and 60.23 MPa for pure PEKK, respectively. Under dry sliding 
conditions, PSH showed a friction coefficient of 0.34 and a wear rate of 0.69 × 10− 5 mm3/N·m, corresponding 
to reductions of 30.6% and 24.2% compared to PEKK, respectively. In bovine serum, the friction coefficient and 
wear rate further decreased to 0.23 and 0.63 × 10− 5 mm3/N·m, with reductions of 45.2% and 25.9%, respectively. 
Furthermore, PSH exhibited antibacterial activity, with inhibition rates of 66.81% against E. coli and 75.25% against S. 
aureus, and reduced S. aureus biofilm biomass to 48.77 ± 6.51% of pristine PEKK. Biological assays showed improved 
osteoblast proliferation, osteogenic differentiation, and peri-implant bone formation in vivo. These findings 
suggest that the combined incorporation of HA and SN nanowires may provide a feasible strategy for improving 
the mechanical strength, tribological stability, antibacterial activity, and osteogenic performance of PEKK-based 
composites. 
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​​Introduction
Polyaryletherketone (PAEK) represents a class of high-
performance semicrystalline thermoplastic polymers that 
have attracted increasing attention for orthopedic appli-
cations [1]. Compared with conventional titanium alloys, 
PAEK materials exhibit an elastic modulus closer to that 
of natural bone, which is favorable for alleviating stress 
shielding, while their inherent radiolucency enables 
artifact-free postoperative imaging [2, 3]. Quantitatively, 
titanium alloys typically exhibit an elastic modulus of 
approximately 110 GPa, whereas PAEK-based implants 
are commonly reported in the range of 3–4 GPa, which 
is closer to that of human cortical bone (approximately 
7–30 GPa) [4–6]. Polyetheretherketone (PEEK) remains 
the most extensively investigated member of this poly-
mer family. Since its approval by the U.S. Food and Drug 
Administration in 1998, PEEK has been widely used in 
spinal fusion, joint replacement, and maxillofacial recon-
struction [7]. Despite this clinical success, its application 
in high-stress skeletal regions remains restricted by its 
limited load-bearing capacity [8]. While surface modifi-
cations and structural optimizations have been explored 
to address this limitation, their overall effectiveness 

remains constrained by the intrinsic mechanical char-
acteristics of PEEK [8, 9]. Beyond inherent mechanical 
constraints, PAEK-based implants deployed in complex 
orthopedic conditions still face persistent challenges 
related to biological inertness, hydrophobicity, and insuf-
ficient multifunctional performance. Consequently, 
current material design strategies have evolved from 
single-function osteogenic enhancement to integrated 
approaches that simultaneously address bioactivity, anti-
bacterial performance, and mechanical or tribological 
reliability [10, 11].

More recently, polyetherketoneketone (PEKK) has 
emerged as another important member of the PAEK fam-
ily. Nevertheless, unmodified PEKK still faces several 
limitations in orthopedic applications. From a biological 
perspective, its bioinert surface leads to poor osseointe-
gration with host bone, particularly under pathological 
conditions, thereby compromising long-term implant 
fixation [12, 13]. From a mechanical perspective, the 
long-term cyclic reliability of PEKK remains application-
dependent, and its fatigue resistance can still be inferior 
to that of titanium in demanding fixation scenarios [14, 
15]. In addition, neat PEKK faces tribological limitations 
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under severe sliding conditions, where adhesive-fatigue 
wear and thermal-softening-related damage may occur, 
potentially leading to friction instability and debris gen-
eration [16]. Therefore, the development of PEKK-based 
implants for load-bearing bone repair requires a strategy 
that can simultaneously improve bioactivity, mechanical 
reliability, and tribological stability [17].

One widely investigated approach to address these 
limitations is the incorporation of functional fillers into 
the polymer matrix. Hydroxyapatite (HA), which closely 
resembles the main inorganic mineral phase of natural 
bone, is a representative bioactive filler. Previous stud-
ies have shown that HA incorporation can improve sur-
face hydrophilicity and provide a supportive substrate for 
osteoblast adhesion, thereby supporting bone formation 
and osseointegration [4, 18, 19]. For example, Kang et al. 
reported that HA increased osteoblast proliferation and 
bone-implant bonding in PEEK-based composites [20]. 
However, the mechanical benefits of HA-filled polymer 
systems are often limited by particle agglomeration and 
weak interfacial bonding between HA and the polymer 
matrix, which may reduce reinforcement efficiency [21].

In contrast, silicon nitride (SN) nanowires provide 
advantages that are particularly relevant to mechani-
cal reinforcement. SN is a high-performance ceramic 
with high fracture toughness, wear resistance, and load-
bearing capability [22, 23]. When introduced as high-
aspect-ratio nanowires, SN can form an interconnected 
reinforcing network within a polymer matrix [24]. Such 
a structure promotes stress transfer and increases energy 
dissipation through mechanisms including crack bridg-
ing, pull-out toughening, and crack deflection, thereby 
helping to alleviate the intrinsic brittleness of the host 
material [25–28]. In addition to these mechanical ben-
efits, SN also exhibits biological advantages. In physi-
ological environments, SN can gradually release soluble 
silicon species that participate in osteogenic regulation 
[29]. Previous studies have also shown that SN-con-
taining surfaces support osteoblast differentiation and 
exhibit intrinsic antibacterial activity by suppressing bac-
terial adhesion and biofilm formation [29–33].

Despite these multifunctional characteristics, the 
osteogenic activity of SN remains lower than that of 
bone-mimicking HA [33–35]. Based on this consider-
ation, we developed a dual-reinforcement strategy that 
combines HA nanoparticles and SN nanowires within a 
PEKK matrix. In this design, HA contributes bioactiv-
ity and a stiffness-modulating effect through its high 
modulus, whereas SN nanowires provide the dominant 
mechanical reinforcement together with antibacterial 
activity. Together, HA and SN form a dual-component 
reinforcement system that couples mechanical strength-
ening with biological function.

Herein, we report the fabrication and systematic evalu-
ation of a ternary PEKK/HA/SN (PSH) composite. The 
material was characterized in terms of microstructure, 
mechanical properties, tribological performance, and 
surface characteristics. In addition, its biological perfor-
mance was evaluated through protein adsorption, anti-
bacterial assays, and in vitro osteoblast-related responses, 
followed by in vivo assessment in a rabbit femoral defect 
model. The results show that the combined incorpora-
tion of HA and SN improves the mechanical, tribological, 
antibacterial, and osteogenic performance of PEKK, indi-
cating its potential relevance for load-bearing orthopedic 
implants.

Materials and methods
Figure  1a presents the preparation of PSH composites, 
while Fig. 1b illustrates the intended combined improve-
ment in mechanical, tribological, and biological perfor-
mance of the PSH composite.

Preparation of SN nanowires
SN nanowires were synthesized by a polymer-derived 
ceramic route. The growth mechanism of SN is shown 
in Fig. S1. Polysilazane (Aladdin Reagent Co., Ltd., 
China) and ferrocene (Aladdin Reagent Co., Ltd., China) 
were mixed at a mass ratio of 9:1, while xylene (Aladdin 
Reagent Co., Ltd., China) and polysilazane were mixed 
at a volume ratio of 4:1. The mixture was ultrasonicated 
for 2  h until a homogeneous precursor solution was 
obtained. The precursor was transferred into an alumina 
crucible and placed in a horizontal tube furnace, followed 
by heat treatment at 1440 °C for 4 h under a flowing N₂ 
atmosphere. After furnace cooling to room temperature, 
SN nanowires were collected.

Preparation of PEKK-based composites (PSN, PHA, PSH)
PEKK powder (Arkema Co., Ltd., China) was employed 
as the polymer matrix, while HA nanopowders (Aladdin 
Reagent Co., Ltd., China) and as-prepared SN nanowires 
were used as reinforcements. The PEKK/HA composite 
(PHA) was prepared by mixing PEKK and HA powders at 
a mass ratio of 2:1. The PEKK/SN composite (PSN) was 
prepared by mixing PEKK and SN nanowires at a mass 
ratio of 2:1. The PEKK/HA/SN composite (PSH) was 
prepared by mixing PEKK, HA, and SN nanowires at a 
mass ratio of 1:1:1. For each group, the mixed powders 
were loaded into a customized stainless-steel die (15 mm 
in diameter) and cold-pressed at 4 MPa to obtain green 
compacts. The green bodies were then subjected to a 
thermal consolidation step in an oxidation furnace at 
350 °C for 20 min. This controlled consolidation process 
facilitated interparticle fusion of the PEKK phase, thereby 
improving compact integrity and reducing interfacial 
voids. Furthermore, this near-melting step promoted 
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532 nm excitation laser to probe the vibrational charac-
teristics of the composite materials. The surface chemi-
cal states and elemental bonding configurations were 
examined using X-ray photoelectron spectroscopy (XPS, 
ESCALAB 250Xi, Thermo Fisher Scientific, USA) with Al 
Kα radiation as the excitation source. Survey spectra and 
high-resolution spectra were collected with pass energies 
of 160  eV and 40  eV, respectively, and all binding ener-
gies were calibrated to the C 1s peak at 284.6 eV. Surface 
topography and roughness parameters were analyzed by 
a three-dimensional (3D) optical profilometer (Contour 
GT-K, Bruker, USA), with measurements averaged from 
at least three different areas per specimen.

The microscopic morphology of the composites was 
characterized using a scanning electron microscope 
(SEM, JSM-6701  F, JEOL, Japan). Energy-dispersive 
X-ray spectroscopy (EDS), attached to the SEM system, 
was used to analyze the elemental distribution of the 
composites.

Mechanical properties
Tensile tests were carried out on a universal testing 
machine (CMT54-30 kN, SANS, China) with samples of 
10 × 15 × 5 mm (ISO 527) at a crosshead speed of 0.5 mm/

local densification and influenced the final crystallization 
behavior of the PEKK matrix during subsequent cooling 
[36–38]. Rather than serving as a conventional full-melt 
molding process, this step functioned as a controlled 
consolidation treatment for the cold-pressed green bod-
ies [39, 40]. After naturally cooling to room temperature, 
the specimens were polished with 1500-grit abrasive 
paper, ultrasonically cleaned with ethanol and deion-
ized water, and finally dried at 60 °C for 24 h. The result-
ing composites were designated as PHA, PSN, and PSH, 
respectively.

Material characterization
The phase composition of the samples was identified by 
X-ray diffraction (XRD, D8 Advance, Bruker, Germany) 
using Cu Kα radiation (λ = 1.5406 Å), operated at 40 kV 
and 40 mA. The scanning range was set from 10° to 90° 
(2θ) with a step size of 0.02°. Fourier-transform infrared 
spectroscopy (FTIR, Nicolet iS50, Thermo Fisher Sci-
entific, USA) was employed to investigate the chemical 
bonding and functional groups in the composites, with 
spectra recorded in the range of 4000 –400  cm− 1 at a 
resolution of 4 cm− 1. Raman spectroscopy (LabRAM HR 
Evolution, Horiba, France) was further conducted using a 

Fig. 1  (a) Preparation process of PSH composites. (b) Combined improvement of mechanical, tribological, and biological properties
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min. Compression tests were performed on cylindri-
cal samples (Φ 10 × 10  mm, ISO 604) at 0.5  mm/min, 
and three-point flexural tests were conducted on bars 
(30 × 10 × 3 mm, span = 24 mm, ISO 178) at 0.5 mm/min. 
All measurements were performed at room temperature 
(25 ± 2  °C) on 5 samples per group, and average values 
were reported. Representative photographs of the tensile, 
compressive, and flexural specimens are provided in Fig. 
S5.

Nanoindentation measurements
Nanoindentation tests were carried out using a Nano 
Indenter G200 system (Agilent Technologies, USA) to 
determine the hardness and elastic modulus of the com-
posites. Prior to testing, the specimen surfaces were pol-
ished to 1500-grit using SiC abrasive paper, ultrasonically 
cleaned, and dried, as described in Sect.  "Preparation of 
PEKK-based composites (PSN, PHA, PSH)". A Berkovich 
diamond indenter tip was used under a maximum load of 
100 mN. Continuous stiffness measurement (CSM) mode 
was applied to obtain load-depth curves. To avoid pos-
sible interference between adjacent plastic deformation 
zones, the spacing between neighboring indentations was 
maintained at not less than 100  μm. At least five valid 
indentations were performed at different positions on 
each sample, and the average values were reported.

Biotribological performance
The friction and wear behavior of the composites was 
evaluated using a reciprocating friction and wear tester 
(HSR-2  M, Lanzhou Zhongke Kaihua, China). A stain-
less-steel ball (diameter: 4 mm, hardness > 60 HRC) was 
used as the counterbody, and the reciprocating stroke 
length was fixed at 5  mm. Each test was conducted for 
30 min under a normal load of 380 N at room tempera-
ture. The load of 380  N was selected because it could 
generate stable and measurable wear within a practical 
testing window, while avoiding catastrophic failure of the 
polymer-based specimens. The test duration of 30  min 
was chosen to provide sufficient sliding cycles for the 
wear behavior to become representative and compara-
ble among different material groups. A 25% fetal bovine 
serum (FBS) solution was used as the lubricant to simu-
late a protein-containing biological environment. The 
friction coefficient was continuously recorded during 
the test. The calculation formula for the wear rate is as 
follows:

	
γ = ∆V

F × L
= A

2f × F × t

Where γ  is the wear rate (mm3/N·m), ∆V is the total 
wear volume (mm3), L is the total sliding distance (mm), 
A is the cross-sectional area of the wear mark (mm2), f 

is the frequency of friction test (Hz), F is the normal load 
(N), and t is the test time (s). Although the tests were 
performed at room temperature for comparative evalua-
tion, the influence of physiological temperature and more 
complex in vivo loading conditions should be further 
investigated in future studies.

Wettability and surface energy measurements
The surface wettability of the specimens was evaluated 
by static water contact angle measurement using a con-
tact angle goniometer (JC2000DM, Shanghai Zhongchen 
Digital Technology Equipment Co., China). 5 µL of 
deionized water was gently placed onto the specimen 
surface at room temperature, and the contact angle was 
recorded after 5 s. For each sample, measurements were 
performed at 5 different positions, and the average value 
was reported. Surface free energy was calculated using 
the Owens-Wendt method based on the contact angles 
of deionized water and diiodomethane. Representative 
droplet images were collected simultaneously during the 
measurement process.

Protein adsorption on the specimens
Protein adsorption on the specimen surfaces was evalu-
ated using the Bicinchoninic Acid (BCA) Protein Assay 
Kit (New Cell & Molecular Biotech Co., Ltd, Suzhou, 
China) according to the manufacturer’s guidelines. 
Briefly, the samples were positioned in a 24-well plate, 
followed by the addition of 1 mL of 20  mg/mL bovine 
serum albumin (BSA, GlpBio Technology, USA) to each 
well, and incubation for 20  h at 37 ℃. Subsequently, 
the samples were gently rinsed twice with phosphate 
buffered saline (PBS) to eliminate any residual BSA. 
Adsorbed proteins were then eluted using 1 mL of 2% 
sodium dodecyl sulfate (SDS) with shaking for 3 h at 37 
℃. The collected eluent was analyzed for protein content 
via a BCA Protein Assay Kit, with absorbance readings 
taken at 562 nm.

Antibacterial activity of specimens in vitro
Prior to the antibacterial assays, all specimens were 
immersed in 75 vol% ethanol overnight, air-dried under a 
laminar flow hood, and sterilized by autoclaving. Calibra-
tion curves of CFU/mL versus OD600 were established as 
follows. Staphylococcus aureus (S. aureus, ATCC 29213) 
and Escherichia coli (E. coli, ATCC 25922) were cultured 
overnight to the stationary phase, diluted 1:200 into 8 mL 
of fresh medium, and incubated at 37  °C with shaking. 
During incubation, 100 µL aliquots were sampled hourly 
into a 96-well plate (n = 3) for OD600 measurement, with 
parallel CFU/mL quantification by serial dilution plating.

For antibacterial evaluation, each specimen was incu-
bated with 0.8 mL of the bacterial suspension (1 × 107 
CFU/mL) for 24 h at 37 °C. Post-incubation, the OD600 
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of the supernatant was measured in triplicate using a 
microplate reader (BioTek Synergy Neo2 Hybrid, Agi-
lent, USA). To quantify adherent bacteria, specimens 
were aseptically transferred to tubes containing 5 mL of 
PBS and vortexed vigorously (HMS-350, HengAo Tech-
nology Co., China) to dislodge the cells. Finally, 50 µL of 
the serially diluted suspensions were plated on nutrient 
agar, incubated for 24 h at 37 °C, and evaluated for viable 
colony counts following the National Standard of China 
(GB/T 4789.2–2010), with pristine PEKK serving as the 
control.

Biofilm formation on the specimen surfaces was fur-
ther evaluated by crystal violet staining against S. aureus. 
Sterilized specimens were placed in 24-well plates, each 
well containing 1 mL of S. aureus suspension (1 × 108 
CFU/mL) in brain heart infusion broth (BHI; Solarbio, 
China) supplemented with 1% (w/v) glucose. After static 
incubation at 37  °C for 48 h, the specimens were rinsed 
three times with sterile PBS to remove non-adherent bac-
teria. The adherent biofilms were fixed with methanol 
for 15  min, air-dried, and stained with 0.5% (w/v) crys-
tal violet for 20 min at room temperature. Excess dye was 
removed by repeated rinsing with deionized water, and 
the stained biofilms were photographed. The bound dye 
was solubilized in 33% (v/v) acetic acid, and the absor-
bance of the eluent was measured at 570  nm using a 
microplate reader. Pristine PEKK served as the control 
for calculating relative biofilm biomass. Four indepen-
dent replicates were performed for each group.

Cell responses to specimens in vitro
MC3T3-E1 mouse preosteoblasts were obtained from 
Procell Life Science & Technology Co., Ltd. (China). Cells 
were routinely grown in α-Minimum Essential Medium 
(α-MEM, Gibco, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Cell-box, Chang-
sha, China) and 1% penicillin-streptomycin solution 
(HyClone, USA), maintained at 37 °C in a humidified 5% 
CO₂ atmosphere (Thermo, USA). Prior to cell seeding, all 
specimens underwent sterilization via overnight immer-
sion in absolute ethanol followed by autoclaving. The 
sterilized samples were then positioned in 24-well culture 
plates. For subsequent investigations into cellular adhe-
sion, proliferative activity, and differentiation potential, 
MC3T3-E1 cells were plated directly onto the material 
surfaces at a density of 2 × 104 cells per well. Throughout 
the culture period, half of the spent medium was replaced 
with fresh medium every 48 h.

Cell adhesion and morphology
To assess cellular adhesion, MC3T3-E1 cells were grown 
on the material surfaces for 24 h. Following this incuba-
tion period, the medium was aspirated and each sample 
was carefully washed twice with phosphate-buffered 

saline (PBS), then subjected to fixation with 4% parafor-
maldehyde solution for 12–16  h. The fixed specimens 
were subsequently stained in darkness with fluorescein 
isothiocyanate-phalloidin (FITC-phalloidin, Solarbio 
Science & Technology, Beijing, China) for 25  min and 
2-(4-amidinophenyl)-6-indolecarbamidine dihydro-
chloride (DAPI, Solarbio Science & Technology, Beijing, 
China) for 5 min at ambient temperature. Cellular archi-
tecture was examined through a confocal laser-scan-
ning microscope (A1R HD25, Nikon, Japan) to visualize 
nuclear and cytoskeletal organization. For ultrastructural 
analysis, the specimens underwent sequential dehydra-
tion in an ethanol gradient (30%, 50%, 75%, 90%, 95%, 
and 100% v/v), spending 10  min at each concentration, 
followed by air-drying at 25 °C before examination under 
a scanning electron microscope (SEM).

Cell proliferation and cell cycle
The cell proliferation assay was conducted using the 
high-sensitivity CCK-8 kit (KeyGEN BioTECH, China) 
following the manufacturer’s instructions after 1, 3, 5, 
and 7 days of culturing. Additionally, on Day 5, cells were 
harvested for flow cytometry to analyze the cell cycle. 
The cells were preserved in 70% cold ethanol at 4 °C over-
night. Following a PBS wash, they were incubated with 
propidium iodide and RNaseA (Beyotime, Shanghai, 
China) for 30 min at room temperature. Flow cytometry 
was used to analyze the samples, and FlowJo software 
(FlowJo, LLC, Ashland, OR, USA) was employed to ana-
lyze the cell cycle distribution.

Quantitative real-time PCR analysis (qRT-PCR)
qRT-PCR analysis was performed at particular stages 
of proliferation and differentiation. Total RNA was iso-
lated from MC3T3-E1 cells using RNAiso Plus (Takara, 
Osaka, Japan), and complementary DNA (cDNA) was 
synthesized using the PrimeScript™ RT reagent Kit with 
gDNA Eraser (Takara, Osaka, Japan). The Bio-Rad real-
time PCR system (Bio-Rad, CA, USA) was used to con-
duct qRT-PCR analysis of genes related to the cell cycle 
and osteogenesis, with GAPDH serving as the reference 
gene for normalization. All experiments were performed 
in triplicate.

Western blotting
Cyclin protein levels were measured by extracting total 
cell protein on Day 5, while osteogenic protein levels 
were assessed by extracting total cell protein on Day 7. 
Equal amounts of protein samples were separated by 10% 
SDS-PAGE and then transferred to PVDF membranes. 
The membranes were treated with BSA, exposed to 
the primary antibody at 4  °C for 16 h, and then treated 
with the secondary antibody for 2  h at room tempera-
ture. The immunoblot bands were visualized with Ultra 
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High Sensitivity ECL Kit (MedChemExpress, New Jer-
sey, USA) on a BG-gdsAUTO 730 (Shanghai Baygene 
Biotechnologies Co., Ltd., Shanghai, China). Antibodies 
against Cyclin D1, Cyclin A2, Cyclin E1, PCNA, Bmp-
2, OPN, OC, Col1a1, RUNX2 and β-actin were pur-
chased from Abcam plc (Cambridge, UK). ImageJ (NIH, 
Bethesda, MD, USA) was used to quantify the intensity of 
the protein bands.

Cell differentiation
Following a 48-hour incubation period in 24-well plates 
to ensure cellular attachment and achieve approximately 
70% confluence, the culture medium was replaced with 
osteogenic induction medium consisting of α-MEM sup-
plemented with 10 nmol/L dexamethasone, 10 mmol/L 
β-glycerophosphate, and 50 mg/L ascorbic acid (Solarbio 
Science & Technology, Beijing, China). Alkaline phos-
phatase (ALP) activity was evaluated on days 7, 14, and 
21 after induction using a commercial ALP detection kit 
(Beyotime, China). Concurrently, intracellular calcium 
deposition was quantified through a Calcium Colorimet-
ric Assay Kit (abcam, UK).

For assessment of extracellular matrix mineraliza-
tion, the cultured cells were fixed with 4% parafor-
maldehyde for 30  min at the termination of the culture 
period. After three PBS washing cycles, the fixed cells 
were treated with 1% Alizarin Red S solution (Solarbio 
Science & Technology, Beijing, China) for 30 min. Unin-
corporated dye was eliminated through multiple distilled 
water rinses prior to image acquisition. For quantitative 
analysis, the bound dye was solubilized with 500 µL of 
1% cetylpyridinium chloride (CPC, MedChemExpress, 
New Jersey, USA) during 1  h of continuous agitation at 
37  °C, and the absorbance of the resultant solution was 
recorded at 562 nm.

Immunofluorescence
On day 7 of osteogenic differentiation, the cells were 
gently rinsed with PBS for 3  min, followed by fixation 
with 4% paraformaldehyde for 20  min and permeabili-
zation in 0.2% Triton X-100 for 30  min. Thereafter, the 
samples were washed and blocked with 5% normal goat 
serum in PBS for 30  min and incubated with primary 
antibodies against BMP-2 (Abcam, Cambridge, UK) at 
4℃ overnight, followed by incubation with the secondary 
antibody CoraLite488-conjugated Goat Anti-Rabbit IgG 
(H + L) (Proteintech) for 1 h. The cells were then counter-
stained with 2-(4Amidinophenyl)-6-indolecarbamidine 
dihydrochloride (DAPI, Solarbio Science & Technol-
ogy, Beijing, China) for 5  min, washed with PBS gently 
for 3 min, and observed using a confocal laser-scanning 
microscope (A1R HD25, Nikon, Japan).

In vivo animal study
The Animal Research Committee of Xi’an Jiaotong Uni-
versity approved all animal experiments, which were 
conducted in accordance with the regulations for the 
Administration of Affairs Concerning Experimental Ani-
mals of China. Twenty-four male New Zealand rabbits, 
weighing 2–2.5  kg, provided by the Animal Experiment 
Center of Xi’an Jiaotong University, were included in 
the in vivo study. Bilateral femoral condyle defects were 
established in each animal, yielding a total of 48 femora. 
The rabbits were randomly and equally divided into three 
endpoint groups according to implantation duration (4, 
8, and 12 weeks; 8 rabbits per time point). Within each 
time-point group, the 16 femora were randomly and 
evenly assigned to four material groups (PEKK, PHA, 
PSN, and PSH), with 4 femora in each group (n = 4). To 
reduce bias arising from individual variability, the same 
material was not implanted into both femora of the same 
rabbit.

Surgical procedure
The animals were fasted for 4  h preoperatively before 
surgery. Preoperative analgesia was provided by subcu-
taneous injection of vitacoxib (0.1  mg/kg, Orbiepharm, 
China). Anesthesia was induced by intravenous propofol 
(3–5 mg/kg, Petsun Therapeutics, China) and maintained 
with 1.5% isoflurane (BUCOLIC, China) via inhalation. 
Local infiltration of 0.5% lidocaine (BUCOLIC, China) 
was performed at the operative site prior to incision. 
Continuous respiratory support and vital sign monitor-
ing were provided throughout the procedure using a ded-
icated animal ventilator system (Mindray, China).

After aseptic preparation, a 2.5 cm longitudinal incision 
was made along the medial aspect of the femoral condyle. 
Tissue layers were dissected to expose the underlying 
bone. A critical-sized (Φ 4  mm) defect was then cre-
ated, into which the implants (sterilized as described in 
Sect.  "Antibacterial activity of specimens in vitro") were 
placed. The surgical site was irrigated with sterile saline 
before layered closure of the wound and final antiseptic 
treatment.

Postoperative care included daily intramuscular injec-
tions of cefazolin sodium (10 mg/kg) for antibiotic pro-
phylaxis and topical application of iodophor for wound 
disinfection, both maintained for 7 days. Following 
euthanasia at predetermined intervals (4, 8, and 12 
weeks), femoral specimens were harvested and immedi-
ately preserved in 4% paraformaldehyde solution for sub-
sequent histological and microstructural analyses.

Micro-CT analysis
Bone regeneration around the implants was evaluated 
by micro-computed tomography (micro-CT) imag-
ing. The scanning procedure was conducted under the 
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following operational parameters: 80 kV X-ray tube volt-
age, 70 µA beam current, and an isometric voxel size of 
15 μm. A cylindrical volume of interest (VOI) was estab-
lished surrounding each implant, extending from 1  mm 
beneath the growth plate to a distal boundary defined 
by 100 consecutive slices, while maintaining a radial off-
set of 100  μm from the implant interface. The acquired 
data sets were reconstructed and quantitatively analyzed 
using VGStudioMAX 3.0 software. The morphometric 
parameters included bone volume fraction (BV/TV), rep-
resenting the proportion of mineralized tissue volume to 
total VOI volume; trabecular number (Tb. N); trabecular 
thickness (Tb. Th); and trabecular separation (Tb. Sp), 
indicating the average inter-trabecular distance.

Histological evaluation
Femoral condyle samples were embedded using methyl 
methacrylate (Sigma-Aldrich, St. Louis, MO, USA). The 
hard tissue sectioning system (Leica SP1600, Germany) 
was used to cut the samples into approximately 50  μm 
sections along the long axis of the implants. The tis-
sue sections underwent histological staining with both 
Goldner’s trichrome (incorporating Weigert’s iron hema-
toxylin, Acid Ponceau, Orange G, and Light Green) and 
Methylene blue-acid fuchsin staining protocols before 
being subsequently examined under an optical micro-
scope (OLYMPUS, Japan).

Bone formation fluorescence labeling
A sequential fluorescent labeling protocol was imple-
mented to monitor osteogenic activity. Calcein green 
(30  mg/kg; Sigma-Aldrich, USA) and Alizarin complex-
one red (100  mg/kg; Sigma-Aldrich, USA) were admin-
istered by intramuscular injection at Week 4 and Week 
8, respectively. Following histological sectioning, the 
spatiotemporal pattern of bone formation at the implant 
interface was visualized and assessed using laser confocal 
microscope (Leica TCS SP8, Germany).

Statistical analysis
Quantitative data are presented as mean ± standard 
deviation (SD). Statistical analysis was performed using 
GraphPad Prism software (v9.0, GraphPad Software 
Inc., USA). For comparisons among four independent 
material groups at a single time point, ordinary one-
way ANOVA followed by Tukey’s multiple-comparisons 
test was used. For datasets involving two factors, such as 
material group and culture time, two-way ANOVA fol-
lowed by Tukey’s multiple-comparisons test was applied. 
When the assumption of homogeneity of variance was 
not met, Brown-Forsythe and Welch ANOVA followed 
by Dunnett’s T3 multiple-comparisons test was used. A 
value of p < 0.05 was considered statistically significant.

Results and discussion
Material characterization
Surface characterization
Figure 2 shows the characterization of PEKK-based com-
posites with different modifications. The SEM image 
indicates that pristine PEKK (Fig.  2a) exhibits a rela-
tively smooth and uniform surface. After the incorpora-
tion of HA (Fig.  2c), the surface becomes rougher with 
more irregular features. Subsequently, SN was intro-
duced into the PEKK matrix. The SN nanowires exhib-
ited a 3D interconnected network with smooth surfaces; 
the corresponding TEM, XRD, and EDS characterization 
(Fig. S2 and Fig. S3) was consistent with pure α-Si3N4 
and uniform elemental distribution. PSN (Fig.  2b) and 
PSH (Fig.  2d) exhibit rough surfaces due to the incor-
poration of HA and SN networks into PEKK, which 
increases the surface irregularities. This roughened sur-
face morphology may provide additional anchoring sites 
for cell attachment and facilitate subsequent cell spread-
ing and osteogenic differentiation. The EDS elemental 
mappings (Fig. 2e-l) showed uniform distribution of Ca, 
P, and O in PHA and uniform distribution of Si and N 
in PSN and PSH, consistent with the presence of HA 
and SN within the corresponding composites. The 3D 
surface profilometry (Fig.  2m-p, and Fig. S6) reveals 
that pristine PEKK has a relatively smooth and flat sur-
face, whereas the modified composites exhibit increased 
surface roughness and height variations, with the PSH 
sample showing more evident topographical variations. 
Figure  2q-y illustrates the structural and chemical state 
analysis of PEKK-based composites. All samples exhibit 
characteristic Raman bands of the aromatic PEKK back-
bone at ~ 1590 cm− 1 (C = C stretching) and ~ 1640 cm− 1 
(C = O stretching), indicating that the molecular struc-
ture of PEKK is retained after modification (Fig.  2q). 
The Raman spectra of PHA, PSN, and PSH are similar 
to those of PEKK, suggesting no detectable chemical 
decomposition or structural disruption occurred during 
the modification process. However, the gradual increase 
in background intensity and the broadening of Raman 
bands in PSH may reflect changes in the local interfacial 
microenvironment and possible inorganic-organic cou-
pling within the composite, although direct interfacial 
bonding requires further characterization. In the FTIR 
spectra (Fig.  2r), all samples exhibit the characteristic 
absorption bands of the PEKK matrix, including the aro-
matic C = C stretching at ~ 1590  cm− 1 and the carbonyl 
(C = O) stretching at ~ 1640  cm− 1, confirming that the 
polymer backbone is well preserved. For the PHA com-
posite, an additional broad absorption around 560 cm− 1 
is attributed to the P–O bending vibration of HA, indi-
cating the presence of HA in the composite. In PSH, a 
Si–N stretching band near 850 cm− 1 is detected, support-
ing the incorporation of SN. The XRD patterns (Fig. 2s) 
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Fig. 2  Characterization of PEKK-based composites: (a-d) SEM images of surface morphology for PEKK, PSN, PHA, and PSH; (e-l) EDS elemental mapping 
showing C, Ca, Si, O, P, and N distributions; (m-p) 3D surface profilometry of PEKK, PSN, PHA, and PSH; (q) Raman spectra; (r) FTIR spectra; (s) XRD patterns; 
(t) XPS spectra with peak fitting; (u-y) High resolution XPS spectra of PSH
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show characteristic diffraction peaks of PEKK at 18.3° 
and 22.4° for PEKK, while distinct reflections appear in 
PHA at 25.9° and 35.4°, which correspond to the (002) 
and (302) crystal planes of HA. In PSN, distinct reflec-
tions at 31.0°, 34.6°, and 42.3° correspond to the (201), 
(102), and (301) crystal planes of α-Si3N4. The PSH com-
posite exhibits both HA and SN diffraction peaks, indi-
cating the coexistence of these crystalline phases. The 
XPS survey spectrum of PSH reveals characteristic peaks 
of C, N, O, Ca, and P (Fig. 2t), with the high-resolution 
spectrum displaying Ca 2p and Ca 2s peaks located at 
346.4 eV and 438.6 eV, respectively. Meanwhile, the P 2p 
and P 2s peaks at 133.3 eV and 189.9 eV are attributed to 
the phosphate species in the HA phase. The high-resolu-
tion Si 2p spectrum of the PSH composite (Fig. 2u) shows 
a dominant peak centered at 98.2 eV, which corresponds 
to the Si–N bonding characteristic of SN, indicating that 
the SN phase was retained within the PSH composite. 
The N 1s spectrum of PSH (Fig.  2v) shows two peaks 
at 395.6  eV and ~ 398.1  eV, assigned to Si–N and N–H 
bonds, respectively, confirming the presence of SN in 
the PSH matrix. The O 1s spectrum of PSH (Fig. 2w) can 
be deconvoluted into two peaks located at ~ 527.8  eV 

and ~ 531.5 eV, corresponding to O–Si and O–P bonds, 
respectively, which indicates the presence of HA in the 
PSH composites. For the PSH composite, the Ca 2p 
spectrum exhibits two distinct peaks at ~ 344.1  eV and 
~ 349.4  eV, corresponding to the Ca 2p1/2 and Ca 2p2/3 
states of HA (Fig.  2x). In addition, the P 2p spectrum 
shows a characteristic peak at ~ 130.2 eV, which is attrib-
uted to the PO4

3− group (Fig. 2y). These findings indicate 
the presence and chemical stability of HA and SN within 
the PSH matrix.

Figure 3 shows the tribological performance of PEKK-
based composites under dry sliding and bovine serum 
lubrication. As shown in Fig. 3a-c, under dry conditions, 
pristine PEKK exhibited a friction coefficient of 0.49 and 
a wear rate of 0.91 × 10− 5 mm3/N·m. For PHA, these val-
ues decreased to 0.45 and 0.89 × 10− 5 mm3/N·m. A fur-
ther decrease was observed in PSN, reaching 0.38 and 
0.80 × 10− 5 mm3/N·m, while the PSH composite exhib-
ited the lowest values of 0.34 and 0.69 × 10− 5 mm3/N·m, 
representing reductions of 30.6% and 24.2%, respec-
tively, compared with PEKK. Under bovine serum lubri-
cation, all samples showed significantly lower friction 
and wear (Fig. 3d-f ). PEKK recorded values of 0.42 and 

Fig. 3  Tribological performance of PEKK-based composites. Friction coefficients and wear rates (a-c) under dry sliding and (d-f) under bovine serum 
lubrication; (g-j) Friction surface SEM images of PEKK, PSN, PHA, and PSH
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0.85 × 10− 5 mm3/N·m. For PHA, these values decreased 
to 0.37 and 0.75 × 10− 5 mm3/N·m, and a further reduc-
tion was observed in PSN, reaching 0.29 and 0.74 × 10− 5 
mm3/N·m. The PSH composite showed the lowest fric-
tion coefficient of 0.23 and the lowest wear rate of 
0.63 × 10− 5 mm3/N·m, corresponding to 45.2% and 25.9% 
reductions relative to PEKK. As shown in Fig.  3g-j, the 
SEM images of the worn surfaces are consistent with 
these results. PEKK exhibited grooves accompanied by 
scattered abrasive debris. In general, wear debris from 
implant materials has been associated with local inflam-
matory responses, fibrous tissue formation, and impaired 
bone regeneration [41–43]. PHA and PSN showed 
grooves with some abrasive debris, while PSH presented 
a smoother surface with less abrasive debris, which was 
consistent with its lower friction coefficient and wear rate 
provided by the incorporation of HA and SN in PEKK. 
A more wear-resistant surface may help reduce local fric-
tional damage and limit debris generation under sliding 
conditions, which could be beneficial for long-term inter-
facial stability in load-bearing applications. The improved 
performance of PSH is also consistent with a cooperative 
filler mechanism. In polymer composites, wear resistance 
is closely associated with load-bearing capacity, subsur-
face crack suppression, debris size reduction, and the sta-
bility of the interfacial transfer film [44, 45]. The addition 
of hard ceramic phases can reduce local plastic deforma-
tion and ploughing, while a mechanically more stable 
near-surface region helps maintain a more uniform slid-
ing interface [46]. In this study, HA alone produced only 
a limited reduction in friction and wear, suggesting that 
its primary role was not tribological reinforcement. By 
contrast, SN nanowires likely contributed more directly 
to load support and resistance to groove development, 
which is consistent with the milder wear track morpholo-
gies observed in PSN and PSH. When combined in PSH, 
HA and SN appear to stabilize the near-surface micro-
structure through distinct but complementary physical 
mechanisms. Such a cooperative effect may help reduce 
severe abrasive damage, stabilize the sliding interface, 
and limit debris generation, which may explain the lower 
friction coefficient and wear rate observed in the PSH 
group.

The elastic modulus of pure PEKK remains lower 
than that of cortical bone. A reduced elastic modulus 
can result in insufficient stress stimulation around the 
implant, leading to bone resorption and osteoporosis, 
thereby increasing healing difficulty and fracture risk 
[47, 48]. The nanoindentation results (Fig. 4a-c) reveal a 
clear enhancement in both hardness and elastic modu-
lus after the incorporation of HA and SN nanowires 
into the PEKK matrix. The load-depth curves (Fig.  4a) 
indicate that PSH exhibits the lowest penetration depth 
under identical loading, indicating a higher resistance 

to deformation. Correspondingly, the hardness of PEKK 
was 0.33 GPa, which increased to 0.65 GPa for PHA, 0.76 
GPa for PSN, and reached 0.91 GPa for PSH, while the 
elastic modulus increased from 3.94 GPa to 8.65 GPa 
(PHA), 10.74 GPa (PSN), and 12.92 GPa (PSH). This 
dual-reinforcement strategy also enables PSH to achieve 
an elastic modulus within the reported range of corti-
cal bone. After implantation, a modulus closer to that of 
cortical bone may help improve mechanical compatibil-
ity with the surrounding bone and provide a more com-
patible stress-transfer environment, although functional 
load-bearing behavior requires further validation under 
physiological loading conditions [49]. In terms of tensile 
strength, PEKK exhibited a value of 23.04  MPa, which 
increased to 65.42 MPa, 91.39 MPa, and 112.23 MPa for 
PHA, PSN, and PSH, respectively (Fig.  4d-e). The com-
pressive strength increased from 92.34 MPa for PEKK to 
113.48 MPa, 195.63 MPa, and 241.36 MPa for PHA, PSN, 
and PSH, respectively (Fig.  4f-g). The flexural strength 
increased from approximately 60.23  MPa for PEKK 
to 94.28  MPa, 164.56  MPa, and 201.48  MPa for PHA, 
PSN, and PSH, respectively (Fig.  4h-i). These results 
showed that the addition of HA nanoparticles provides 
only limited reinforcement, while SN nanowires mark-
edly increased the load-bearing capability of the PEKK 
matrix. Figure  4j-l shows the tensile fracture surface 
morphologies of PHA, PSN, and PSH composites. PHA 
(Fig. 4j) presents a relatively smooth surface, suggesting 
a more brittle fracture pattern and possible limited filler-
matrix interaction between HA and the PEKK matrix. 
PSN (Fig.  4k) shows a rougher surface with evident SN 
nanowire pull-out and bridging, suggesting improved 
stress transfer and crack deflection. PSH (Fig. 4l) exhib-
its a compact and entangled morphology with relatively 
uniform distribution of SN nanowires and HA, suggest-
ing improved filler-matrix integration and more effective 
stress transfer within the composite. These features sup-
port a cooperative reinforcement effect between HA and 
SN in improving the mechanical strength of the compos-
ite. The combination of HA and SN nanowires appears 
to shift the fracture morphology toward a more tortu-
ous and energy-dissipating pattern, which is consistent 
with the improved mechanical properties of PEKK. This 
reinforcement effect can be understood from the distinct 
yet complementary roles of HA and SN within the PEKK 
matrix. In polymer nanocomposites, reinforcement effi-
ciency is governed not only by filler stiffness, but also by 
filler aspect ratio, dispersion state, and interfacial stress 
transfer. High-aspect-ratio one-dimensional nanofillers 
are particularly effective in carrying applied loads and 
redistributing stress, while controlled interfacial debond-
ing can promote crack deflection, frictional sliding, 
pull-out, and crack bridging, thereby increasing energy 
dissipation during fracture [50]. In the present system, 
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HA mainly contributes stiffness enhancement and inter-
facial bioactivity [46], whereas SN nanowires provide a 
continuous reinforcing framework that bears load more 
efficiently and retards crack propagation [45]. This inter-
pretation is consistent with the fracture morphologies, 
where PSN exhibits evident nanowire pull-out and bridg-
ing, and PSH shows a more compact fracture surface 
with fewer signs of catastrophic brittle separation. Nota-
bly, previous studies on HA/PEEK-type composites have 
shown that well-dispersed HA can improve stiffness and 

biointerfacial affinity but often provides limited strength-
ening when interfacial bonding is insufficient or particle 
agglomeration occurs. By contrast, the introduction of 
high-aspect-ratio SN nanowires in PSH likely improved 
stress transfer efficiency and stabilized the local fracture 
process, enabling HA and SN to act in a complemen-
tary manner rather than as isolated fillers. Therefore, the 
enhanced tensile, compressive, and flexural properties of 
PSH may be associated with a reinforcement mechanism 
involving HA-assisted stiffness increase, SN-mediated 

Fig. 4  Mechanical properties and fracture morphology of PEKK composites: (a) Nanoindentation load–depth curves; (b) Hardness; (c) Modulus; (d) 
Tensile stress-strain curves; (e) Tensile strength; (f) Compressive stress-strain curves; (g) Compressive strength; (h) Flexural stress-strain curves; (i) Flexural 
strength. The SEM images of fracture surfaces for (j) PHA, (k) PSN, and (l) PSH
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load transfer, and crack-growth resistance through bridg-
ing and pull-out mechanisms.

Antibacterial activity, wettability, and surface energy
Figure  5a presents representative colony images of E. 
coli and S. aureus after 24  h of culture on agar plates. 
Extensive bacterial growth on pristine PEKK indicated 
limited antibacterial activity under the tested condition. 
While the PHA group demonstrated only marginal inhi-
bition, the PSN and PSH composites exhibited markedly 
reduced bacterial proliferation. Quantitative analysis via 
colony counting revealed that compared to the PEKK 
control, PHA achieved modest inhibition rates of 16.59% 

against E. coli and 23.88% against S. aureus (Fig. 5b). The 
PSN composite showed the highest antibacterial activity 
(83.76% for E. coli and 84.58% for S. aureus). PSH also 
showed appreciable antibacterial performance (66.81% 
and 75.25%, respectively), though slightly lower than that 
of PSN. This is likely due to the lower mass fraction of SN 
nanowires in the PSH ternary system [33]. The antibacte-
rial activity conferred by SN is important for orthopedic 
implant materials because it may help reduce postop-
erative infection risk [51, 52]. To assess bacterial colo-
nization under biofilm-forming conditions, S. aureus, a 
representative biofilm-associated pathogen in implant-
related infections was cultured on the specimens in BHI 

Fig. 5  (a) Representative photographs of E. coli and S. aureus colonies cultured on different sample surfaces, and (b) the corresponding percentage 
reduction in bacterial viability and colony count. (c) Representative crystal violet-stained images of S. aureus biofilm formation. (d) Representative water 
droplet images on PEKK, PSN, PHA, and PSH surfaces. (e) Quantitative analysis of relative biofilm biomass (normalized to pristine PEKK). (f) Water contact 
angle. (g) Surface energy. (h) Protein adsorption capacity. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PEKK, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PHA, &p < 0.05, 
&&p < 0.01, &&&p < 0.001 vs. PSH
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broth supplemented with 1% glucose, followed by crys-
tal violet quantification (Fig. 5c). Pristine PEKK showed 
the highest biofilm biomass and was used as the refer-
ence for normalization. Both SN-containing composites 
reduced S. aureus biofilm formation, with PSN exhibit-
ing the strongest inhibition (relative biofilm biomass: 
43.28 ± 5.20% of PEKK) and PSH showing a comparable 
but slightly weaker reduction (48.77 ± 6.51% of PEKK) 
(Fig.  5e). The greater inhibition observed in PSN com-
pared with PSH is consistent with its higher SN content. 
These results indicate that SN nanowires contribute to 
the anti-biofilm activity of the composites under the 
tested conditions.

Based on previous studies, the antibacterial activity of 
SN-containing materials may involve contact-mediated 
bacterial membrane disturbance and local physicochemi-
cal changes at the material-bacteria interface [53, 54]. In 
the present study, the stronger antibacterial and biofilm-
inhibitory effects of PSN than PSH are likely related to 
the higher SN content in PSN. However, because ion 
release, local pH variation, bacterial membrane integrity, 
and molecular-level biofilm regulatory pathways were 
not directly measured, the exact antibacterial mechanism 
of the SN-containing composites remains to be further 
investigated.

Surface wettability and surface energy directly influ-
ence early biological responses (Fig. 5d, f, g). Pure PEKK 
exhibited a highly hydrophobic character with a water 
contact angle of 129.52° and a minimal surface energy of 
11.21 mN/m. The incorporation of SN nanowires (PSN) 
yielded a modest improvement, reducing the contact 
angle to 117.92° and increasing surface energy to 14.38 
mN/m. Conversely, HA integration significantly shifted 
the surface toward hydrophilicity, with the PHA group 
recording a contact angle of 85.20° and a surface energy 
of 28.13 mN/m. Notably, the PSH composite showed the 
lowest contact angle (66.71°) and highest surface energy 
(56.72 mN/m) [55], which was visually corroborated by 
the pronounced droplet spreading (Fig. 5d).

These findings indicate that while both SN and HA 
individually enhance the hydrophilicity of the PEKK 
matrix, HA dictates the primary shift due to its highly 
polar surface chemistry. SN nanowires contribute in 
combination to surface wettability, improving surface 
characteristics relevant to protein adsorption and initial 
cell attachment (Fig. 5h), which may support subsequent 
osteogenic differentiation and in vivo osseointegration 
[56, 57].

In summary, PSN exhibited the strongest antibacterial 
and biofilm-inhibitory effects among the tested groups, 
whereas PSH retained clear antibacterial activity while 
showing more favorable wettability, surface energy, pro-
tein adsorption, and osteogenic potential. This balance 
suggests that PSH may be advantageous for applications 

requiring combined mechanical reinforcement, antibac-
terial performance, and osteogenic activity.

In vitro cell behavior
Cell adhesion, proliferation and cell cycle
Morphological evaluation by SEM and confocal laser 
scanning microscope (CLSM) (Fig.  6a) revealed distinct 
cell-material interaction patterns. Cells cultured on pris-
tine PEKK displayed a predominantly elongated mor-
phology and attached to the surface mainly through thin 
filopodia. In contrast, the introduction of SN nanowires 
(PSN) promoted the extension of broader pseudopodia 
and increased the overall spreading area. More impor-
tantly, cells seeded on the HA-incorporated surfaces 
(PHA and PSH) adopted a flattened polygonal morphol-
ogy with well-developed lamellipodia extending across 
the roughened and heterogeneous surface topogra-
phy, including local micro-depressions and groove-like 
features. Quantitative morphometric analysis further 
confirmed that the PHA and PSH groups exhibited sig-
nificantly larger spreading areas together with relatively 
smaller cell volumes. Such a morphological state, char-
acterized by extensive cytoskeletal spreading and flatten-
ing, is widely considered favorable for early osteogenic 
commitment and subsequent differentiation [58]. These 
results suggest that the HA-containing interfaces, partic-
ularly PSH, provide a more conducive microenvironment 
for early cell attachment and anchorage.

Cell proliferation was assessed via CCK-8 assay at Day 
1, 3, 5, and 7 (Fig. 6b). All experimental groups exhibited 
a time-dependent increase in metabolic activity through-
out the experimental period, with statistically distinct 
variations becoming apparent among the groups by Day 
7. Subsequent experiments were conducted using cells 
harvested on Day 5 to further investigate these observed 
differences. Western blot analysis of intracellular pro-
teins confirmed significantly elevated levels of Cyclin 
D1, Cyclin E1, Cyclin A2, and PCNA in the PHA and 
PSH groups compared with the PEKK group (Fig. 6c-d). 
As illustrated in Fig.  6e, cell cycle distribution analysis 
via flow cytometry demonstrated that HA-containing 
materials promoted a significant shift in cell cycle pro-
gression, characterized by an elevated proportion of cells 
in S phase and a corresponding reduction in G1 phase 
population. To investigate the molecular mechanisms 
underlying these phenotypic changes, we performed 
transcriptional profiling of key cell cycle regulators 
using qRT-PCR (Fig.  6f ). The results revealed substan-
tial upregulation of proliferation-associated genes (Pcna, 
Ccna, Ccnd1, Ccne1, Cdk2, and Cdk4) in HA-incor-
porated samples compared to other material groups. 
Concurrently, expression of Cdkn1a, a known media-
tor of G1 phase arrest, was significantly downregulated 
in these samples. Moreover, PSN also showed increased 
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Fig. 6 (See legend on next page.)
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expression of these genes compared with PEKK. These 
results are consistent with western blotting results. In 
summary, the incorporation of HA and SN nanowires 
improved the biological response of PEKK-based sur-
faces, as reflected by enhanced cell cycle progression and 
proliferation under the tested in vitro conditions.

Osteogenic differentiation
ALP activity, calcium concentrations and calcium nod-
ules are key indicators for evaluating osteogenic dif-
ferentiation (Figs.  7a and S4) [59]. ALP activity showed 
significant differences between day 7 and day 14, and sig-
nificantly increased on day 21 as intergroup differences 
widened. The ALP activities of PHA and PSH were sig-
nificantly higher than those of the other two groups at 
all three time points. However, the differences between 
the PEKK and PSN groups, as well as between the PSH 
and PHA groups, became significant on day 21. In con-
trast, on day 7, the calcium ion concentration was nota-
bly lower in the PSN group compared to the PHA and 
PSH groups. On day 14, the most significant inter-group 
difference emerged, whereas on day 21, the PEKK group 
exhibited a significantly lower concentration than the 
other three groups. Notably, the PHA and PSH groups 
containing HA showed significantly higher concentra-
tions than those without HA, and the incorporation of 
SN also led to a significant increase in concentration. 
Subsequently, we examined the transcriptional levels 
of key osteogenic differentiation markers in MC3T3-
E1 cells cultured on different materials (Fig.  7b). Quan-
titative analysis revealed marked upregulation of these 
osteogenic genes in both PHA and PSH groups com-
pared to PEKK and PSN groups. While PSN demon-
strated marginally elevated expression of certain markers 
relative to PEKK, these differences aligned with our ear-
lier observations. Complementary protein-level analysis 
was performed using samples collected on day 7 of differ-
entiation (Fig. 7d-e). Western blot results were consistent 
with increased expression of osteoblast-specific proteins 
in PHA and PSH groups, with PSN also showing mod-
erately increased protein expression compared to PEKK, 
in agreement with the mRNA-level changes. Bmp-2, 
RUNX2, and Opn are mainly expressed in the early stages 
of osteogenesis, while OC, Col1a1, and ALP are mainly 
expressed in the late stages of osteogenesis. They all play 
important roles in the process of osteogenesis [60, 61].

To further evaluate osteogenic protein expression, 
we performed BMP-2 immunofluorescence staining 
on day 7. Bmp-2 immunofluorescence staining showed 
a consistent trend (Fig.  7c). Quantitative fluorescence 
analysis showed increased Bmp-2 expression in HA-con-
taining groups. While the addition of SN nanowires also 
enhanced osteogenic protein levels, the co-incorporation 
of both fillers produced a stronger response than either 
individual modification, suggesting a cooperative contri-
bution to osteogenic differentiation.

In vivo animal study
Micro-CT analysis
Micro-CT was used to evaluate the implant position 
within the femoral condyle and the growth of new bone 
within a 100 μm region surrounding the implant at weeks 
4, 8 and 12. Two-dimensional (2D) reconstructed images 
showed that the implants were stably positioned within 
the femoral condyle (Fig.  8a), while 3D reconstruc-
tions (Fig.  8b) showed evident bone formation on the 
implant surfaces (yellow zone). However, only a small 
amount of newly formed bone appeared at the interface 
of the PEKK group. In contrast, extensive bone forma-
tion was observed at the interface in both the PHA and 
PSH groups, with PSH exhibiting slightly greater cov-
erage than PHA. The PSN group also showed slightly 
higher bone coverage compared to PEKK. The differ-
ences became more evident by week 12. Quantitative 
assessment of peri-implant osteogenesis was conducted 
at postoperative intervals of 4, 8 and 12 weeks (Fig. 8c). 
The evaluation included bone volume fraction (BV/TV), 
trabecular thickness (Tb. Th), trabecular separation (Tb. 
Sp), and trabecular number (Tb. N). Both PHA and PSH 
showed significantly higher BV/TV, Tb. Th, and Tb. N 
and lower Tb. Sp than PEKK and PSN, with the differ-
ences most evident at 12 weeks. Longitudinal tracking 
revealed a progressive increase in bone volume at the 
bone-implant interface, with the PHA and PSH groups 
showing higher and comparable levels of new bone for-
mation. This comparable bone mass may be related to 
differences in early proliferation and later osteogenic 
differentiation between PHA and PSH. In addition, the 
improved modulus and lower wear rate of PSH under in 
vitro tests may be beneficial for mechanical compatibility 
and interfacial durability. Reduced wear under the pres-
ent sliding conditions may also suggest a lower tendency 
for wear-particle generation.

(See figure on previous page.)
Fig. 6  Cell adhesion, proliferation and cell proliferation-related gene and cyclin analysis. (a) SEM images and confocal laser scanning microscope (CLSM) 
observations of MC3T3-E1 cells on different samples. (Actin filaments are stained green, while the cell nuclei are stained blue). (b) Quantitative analysis 
of cell proliferation. (c) The protein levels of PCNA, Cyclin A2, Cyclin D1 and Cyclin E1 in MC3T3-E1 cells at day 5 were determined by western blotting. 
(d) The quantitative analysis of WB. (e) Cell cycle analysis by flow cytometry shows the typical cell cycle image. (f) The mRNA levels of cell cycle-related 
genes in MC3T3-E1 cells at day 5 detected by quantitative real-time PCR. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PEKK, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 
PHA, &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. PSH
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Histological evaluation
Figure  8d presents Goldner staining of the implanted 
specimens at 4, 8, and 12 weeks after surgery. New bone 
formation was observed at the bone-implant interface 
in all groups; however, only a limited amount of bone 
was present around the PEKK implants. A distinct gap 
remained between PEKK and the newly formed bone, 
whereas the gap around PSN was smaller. In contrast, 
the PHA and PSH groups exhibited much tighter contact 
with the surrounding bone tissue. This difference may be 
attributed to the relatively poor early bioactivity of PEKK, 
which is associated with fibrous tissue proliferation at the 
interface and leads to fibrous capsule formation [62–64]. 
Moreover, osteoid tissue was observed extending into the 
surface concavities of the HA-containing composites, 
further indicating more favorable bone-implant contact 
in the PHA and PSH groups.

Figure  8e shows Methylene Blue-Acid Fuchsin stain-
ing at 4, 8 and 12 weeks after surgery. In this staining, 
osteoblasts appear deep blue, whereas the bone matrix is 
stained red. The distribution of osteoblasts provides his-
tological information on local osteogenic activity. Osteo-
blasts were observed around all four types of implants. 
More new bone tissue was present around the PHA and 
PSH implants, and dense osteoblasts were found within 
the spaces between bone trabeculae. Some new bone was 
also present around the PSN surface, indicating a mod-
erate osteogenic response. In contrast, fewer osteoblasts 
and limited apparent bone formation were observed near 
the PEKK surface.

These results suggest that the combined incorpora-
tion of HA and SN improves the bioactive interface of 
PSH and supports peri-implant bone formation. The 
observed histological features are consistent with the in 
vitro osteogenic results and indicate closer bone-material 
contact in the PHA and PSH groups.

Fluorescent labeling of new bone formation
For sequential monitoring of bone regeneration dynam-
ics, calcein and alizarin complexone were employed as 
temporal markers administered at weeks 4 and 8, respec-
tively, to distinguish newly formed bone tissue (NR 
bone). Sequential fluorochrome deposition generated 
distinct fluorescent bands, allowing for the precise spa-
tiotemporal tracking of mineralization dynamics at the 
bone-implant interface [65]. The new bone formation on 
the surface of the material was observed using a confocal 
laser microscope (Fig. 9). NR bone grew on the material 
surface and continued to mineralize and mature progres-
sively on the previously formed bone layer. The osteo-
genic ability of the materials was evaluated based on the 
width of NR bone labeled with different fluorochrome 
markers. The NR bone exhibited the greatest width on 
the PHA and PSH substrates, was slightly narrower on 

PSN, and appeared narrow and discontinuous on PEKK. 
At Week 4, the overall fluorescence intensity of PSN was 
weak, and partial discontinuity of the newly formed bone 
was also observed on PSH. By Week 8, the fluorescence 
intensity of PEKK and PSN was significantly lower than 
that of PHA and PSH, indicating differences in their 
late-stage osteogenic performance. The presence of HA 
was associated with enhanced new bone formation and 
mineralization, indicating a more favorable osteogenic 
response in the HA-containing materials. These results 
are consistent with the in vitro findings. Although early 
bone formation around the PSH implant appeared 
slightly slower than that around PHA at week 4, PSH sup-
ported osteogenic differentiation and later new bone for-
mation within the observation period.

Comparison with previous studies
Compared with many previously reported modified 
PEEK/PEKK systems, PSH was designed to improve mul-
tiple performance dimensions simultaneously rather than 
maximizing a single property. HA-based modifications 
have been widely shown to improve hydrophilicity, cell 
adhesion, and osteogenic activity in PEEK/PEKK plat-
forms, particularly in porous or surface-functionalized 
constructs, but their contribution to mechanical rein-
forcement is often limited by particle agglomeration, 
interfacial incompatibility, or structural trade-offs asso-
ciated with porous design [13, 19, 66]. In contrast, SN-
containing PEEK systems have been reported to show 
advantages in antibacterial regulation, osteogenic stimu-
lation, and mechanical optimization, especially in addi-
tively manufactured spinal or porous scaffold contexts 
[33, 67]. In PEKK-specific studies, multifunctional bio-
activation has also been achieved through microporous 
or bioactive-particle-modified surfaces, which improved 
antibacterial behavior and osseointegration, although 
such approaches were more focused on surface bioactiv-
ity than on the integrated reinforcement of dense load-
bearing composites [66, 68]. In this study, the PSH system 
combined HA-enabled bioactivity with SN-mediated 
reinforcement and resulted in concurrent improvements 
in mechanical, tribological, antibacterial, and osteogenic 
performance under the present experimental conditions.

Limitations
Several limitations should be acknowledged in the pres-
ent study. First, although the improved mechanical 
properties, fracture morphologies, and microstructural 
observations suggest improved filler–matrix integration 
and stress transfer in the PSH composite, the interfacial 
bonding among PEKK, HA, and SN nanowires was not 
directly quantified. More specific interfacial characteriza-
tion, such as interfacial shear testing, nanoscale mechani-
cal mapping, high-resolution cross-sectional analysis, 
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Fig. 7  Osteogenic differentiation-related gene and protein expression and immunofluorescence staining. (a) Detection of alkaline phosphatase (ALP) 
and calcium concentration level. (b) qRT-PCR detection of osteogenesis-related genes. (c) Cells were stained for Bmp-2 (green), nuclei (blue). (d) The 
protein levels of OC, Bmp-2, RUNX2, Opn, Col1a1 in MC3T3-E1 cells on day 7 were determined by western blotting. (e) The quantitative analysis of WB. 
*p < 0.05, **p < 0.01, ***p < 0.001 vs. PEKK, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PHA, &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. PSH
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or in situ mechanical observation, would be valuable for 
further clarifying the load-transfer mechanism in future 
studies.

Second, although PSH exhibited a lower wear rate 
under the present in vitro sliding conditions, the bio-
logical effects of composite wear debris were not directly 
evaluated. In particular, the size distribution, chemical 
composition, and dose-dependent biological responses 

of wear particles were not analyzed, and macrophage-
mediated inflammatory responses were not assessed. 
Therefore, the current wear data should be interpreted 
as evidence of improved tribological performance under 
defined in vitro conditions, rather than as direct proof of 
long-term wear-debris-related biosafety.

Third, the present study observed antibacterial activ-
ity against E. coli and S. aureus, and the S. aureus biofilm 

Fig. 8  Osteogenesis analysis by Micro-CT and Histological staining. (a) 2D and (b) 3D reconstructed Micro-CT images of the implant-bone interface after 
implantation. (c) Quantitative analysis of new bone around implants at 4, 8, and 12 weeks after surgery, including bone volume/total volume (BV/TV), 
trabecular thickness (Tb. Th), trabecular separation (Tb. Sp) and trabecular number (Tb. N). (d) The observation of Goldner staining at 4, 8 and 12 weeks 
after the operation, respectively. Mineralized bone: blue-green; Osteoid: orange; 10X bar: 200 μm; 20X bar: 100 μm; (e) The observation of Methylene 
blue acid fuchsin staining at 4, 8 and 12 weeks after the operation, respectively. Bar: 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PEKK, #p < 0.05, ##p < 0.01, 
###p < 0.001 vs. PHA, &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. PSH
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assay further showed that SN-containing composites 
reduced biofilm formation under an in vitro biofilm-
forming condition. However, this assay characterized 
biofilm formation under static in vitro conditions rather 
than the disruption or eradication of pre-formed mature 
biofilms in dynamic environments. In addition, ion 
release, local pH variation, bacterial membrane integ-
rity, and molecular-level biofilm regulatory pathways 
were not directly measured. Therefore, the antibacterial 
and biofilm-inhibitory mechanisms of the SN-containing 
composites require further investigation.

Fourth, although SN nanowires contributed to mechan-
ical reinforcement and antibacterial performance, the 
long-term structural stability and possible degradation 
behavior of SN nanowires within the PEKK matrix were 
not investigated. These aspects are important for evaluat-
ing the durability and long-term biological performance 
of the composite under clinically relevant conditions.

Finally, the in vivo study was conducted in a rabbit 
femoral condyle model with a relatively limited obser-
vation period and sample size. This model is useful for 
evaluating peri-implant bone formation but may not fully 
reproduce the complex mechanical loading, long-term 
bone remodeling, and wear environment of load-bearing 

orthopedic implants in clinical practice. Future studies 
should further investigate long-term interfacial stability, 
wear-debris-related biosafety, antibacterial mechanisms, 
and functional performance under more physiologically 
relevant loading and implantation conditions.

Conclusion
In this study, a dual-reinforced PEKK-based composite 
was developed by incorporating hydroxyapatite (HA) 
particles and silicon nitride (SN) nanowires into the 
PEKK matrix. The ternary PEKK/HA/SN composite 
(PSH) exhibited improved mechanical strength, tribolog-
ical performance, antibacterial activity, and osteogenic 
response compared with pristine PEKK. PSH achieved 
tensile, compressive, and flexural strengths of 112.23, 
241.36, and 201.48  MPa, respectively, and showed the 
lowest friction coefficient and wear rate under both 
dry and bovine-serum-lubricated conditions among 
the tested groups. In addition, PSH retained antibacte-
rial activity against E. coli and S. aureus and reduced 
S. aureus biofilm formation under an in vitro biofilm-
forming condition. The improved wettability, surface 
energy, and protein adsorption of PSH were accompa-
nied by enhanced osteoblast proliferation and osteogenic 

Fig. 9  Observation of fluorescent markers of newly regenerated bone on the implants at different periods. Fluorescent labeling patterns were character-
ized using laser confocal microscopy after the sequential administration of calcein (week 4) and alizarin complexone (week 8)
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differentiation in vitro. In vivo, PHA and PSH supported 
improved peri-implant bone formation in a rabbit femo-
ral condyle model, with comparable bone mass and den-
sity at week 12. Overall, these findings suggest that the 
combined incorporation of HA and SN nanowires is a 
feasible strategy for improving the mechanical, tribologi-
cal, antibacterial, and osteogenic performance of PEKK. 
Further work, including direct interfacial characteriza-
tion, wear-debris biological evaluation, and longer-term 
in vivo assessment under physiologically relevant load-
ing, is needed to clarify the underlying mechanisms and 
translational relevance of the present findings.
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