
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p :   /  / c r e a t i  
v e c  o m m  o n  s  . o  r  g /  l i c  e n s   e s  /  b y  - n c  -  n d / 4 . 0 /.

Wang et al. Journal of Orthopaedic Surgery and Research          (2025) 20:245 
https://doi.org/10.1186/s13018-025-05626-1

treatment of PJI, but its core procedure is the first-stage 
surgical removal of the prosthesis, debridement, treat-
ment with antibiotics bone cement placeholder to control 
infection [3–5]. Among them, antibiotic-loaded cement 
spacer was used as placeholder and shows obvious 
advantages. At present, bone cement with good mechani-
cal, physical and antibacterial properties is a research 
hotspot in the field of bone repair [6]. Polymethylmethac-
rylate (PMMA) bone cement has developed rapidly in the 
field of Orthopaedics replying on the good biomechani-
cal properties and shape plasticity [7]. Massimo et., al [8] 
analyzed 52 patients with thoracolumbar degenerative 
diseases with osteoporosis through a single-center obser-
vational study and found that PMMA-enhanced window 
opening screws can effectively treat patients who suffer 
from a decline in bone quality due to severe osteoporo-
sis. Siyi et., al [9] applied bone cement osteoplasty to two 
patients with spinal metastatic pheochromocytoma in 
the spine and found that bone cement osteoplasty could 

Introduction
Osteoarthritis is a common and widespread chronic 
degenerative joint disease. At present, the artificial 
joint replacement remains the gold standard for treat-
ment of advance osteoarthritis [1], periprosthetic joint 
infection(PJI) is a vital factor in determining the success 
of the operation [2]. Previous studies have shown that 
two-stage revision surgery is the gold standard for the 
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Abstract
Bone cement is a research hotspot and has been partially applied in the field of bone repair thanks to the good 
mechanical, physical and antibacterial properties. However, the easy wear and high temperature during curing 
characteristics would cause surrounding tissue necrosis, which seriously limits the wider application to some 
extent. In this work, the hexagonal boron nitride (h-BN) nano flakes were optimized to enhance the bone cement 
matrix (PMMA) via mechanical doping. The doping of h-BN into PMMA results in an improved mechanical (bending 
stress increased by 26%), thermal-conductivity (increased by 175% with the loading of 20 wt%), wear-resistance 
properties, in addition, the h-BN has no significant impact on cell activity. What’s more, the co-modification of 
PMMA with h-BN and Vancomycin (Va) endows the bone cement composites with more persistent drug release 
characteristics. This comprehensive performance evolution evaluation provides a reference for the innovative 
application of modified bone cement.
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successfully treat spinal metastatic pheochromocytoma 
in the spine. This method could relieve pain of patients, 
inactivate the body’s neuroendocrine system, reduce 
perioperative blood loss, and stabilize the spine.

Despite the successful cases mentioned above, some 
obvious drawbacks of PMMA bone cement [10], such as 
easy wear and high temperature during curing, results 
in the surrounding tissue is prone to necrosis [11, 12], 
long-term use is prone to fracture [13] and loosening 
[14]. Simultaneously, the duration of antibiotic release 
within antibiotic-loaded bone cement is limited, and the 
quantity of released antibiotics is minimal [15, 16]. These 
characteristics make its wide application to be limited 
to some extent. As we all know, the polymer nano-com-
posites achieve the “cutting”, “matching”, and “assembly” 
of their functions by leveraging the morphology, struc-
ture, and size effects of nanofillers, as well as the syner-
gistic effect between nanofillers and polymer matrices 
[17], endowing polymers with special functionalities and 
improved intrinsic properties [18]. Which inspires us 
to improve the weakness of bone cement via nano filler 
reinforcing strategy.

In recent years, boron nitride with graphite-like struc-
ture has become a research hotspot in nano filler mate-
rials, and shows prospective applications in the medical 
materials due to the excellent chemical stability, strong 
corrosion resistance and physical properties [19]. Espe-
cially, large amounts of h-BN doping PMMA works 
indicate that the h-BN obviously improve the thermal 
diffusion coefficient of the PMMA matrix [20–22], which 
shows potential to deal with the problem of high-tem-
perature tissue necrosis relying on the improved ther-
mal conductivity of the matrix. In addition, the nano 
h-BN could obviously improve the wear resistance [23, 
24] and mechanical properties [25, 26] of the polymer 
composites relying on the two-dimensional structure 
and intrinsic properties. Therefore, above features from 
h-BN doping are expected to solve the problems caused 
form easy wear and high temperature during curing for 
the bonce cement matrix. In addition, nanomaterials can 
serve as drug carriers [27] can assist in navigating trans-
porting barriers, and can effectively control drug release 
and improve drug efficacy. Herein, in this work, the h-BN 
nano flakes were employed to enhance the bone cement 
matrix via a mechanical mixing. The optimized h-BN/
PMMA composites display the improved thermal con-
ductivity, wear-resistance, antibacterial and drug release 
properties. The co-doping of nano h-BN flakes and func-
tional drugs provides an effective strategy for improving 
the postoperative side effects of bone repair, contribut-
ing from the synergistic effects between the functions of 
various components.

Methods
Preparation of h-BN nano flakes
The h-BN nanoflakes were synthesized through an effi-
cient ball milling method.20 Specifically, 5  g of micron-
sized h-BN powder were combined with a 2  M NaOH 
solution in a steel grinding bowl, maintaining a ball-to-
powder ratio of 20:1. The mixture was then subjected to a 
rotational speed of 300 rpm for 18 h, facilitating the exfo-
liation of h-BN into nanoflakes. Following this, the exfoli-
ated nanoflakes were carefully collected and subjected to 
a washing process with HCl solution to eliminate metal-
lic impurities. Subsequently, they were rinsed thoroughly 
with deionized (DI) water until the pH reached neutral-
ity, close to 7. Finally, the purified samples were dried to 
completion.

Preparation of composite bone cement
The h-BN/PMMA + Va composites were processed by 
mechanical compounding through a Lab Tech mixer at 
28  °C. Briefly, Bone cement (PALACOS R + G) is com-
posed of a powder (48 g, main constituent of poly (methyl 
acrylate, methyl methacrylate), methyl methacrylate and 
little benzoyl peroxide, zirconium dioxide, gentamicin 
base (as sulphate)) and liquid package (20 mL, main con-
stituent of methyl methacrylate and little NN-dimethyl-
p-toluidine). The powder was firstly mixed with designed 
h-BN/vancomycin, and poured into a sterilized mechani-
cal mixer, subsequently, the liquid is added. Subsequently, 
the mixture was meticulously stirred for 30  s until a 
dough-like consistency was achieved, at which point it 
ceased adhering to the mechanical rotor. The dough was 
pressed into flat samples (10 × 10 × 1.2 mm3) for further 
processing. The samples were named as x wt%-hBN/
PMMA + Va according to the h-BN loading, the x is the 
doping mass percentage.

Characterization
The phase structures of h-BN and h-BN/PMMA + Va 
composites were precisely determined using X-ray 
diffraction (XRD, Rigaku D/max-2400). The surface 
morphology and wear surface structure of the h-BN 
nanoflakes and h-BN/PMMA + Va composites were thor-
oughly characterized via scanning electron microscopy 
(SEM, Apreo S). Fourier transform infrared (FTIR) spec-
troscopy was employed to collect spectra on a Nicolet 
NEXUS 670 instrument, spanning a wavelength range 
from 4000 to 400  cm⁻¹. Thermal conductivity measure-
ments were conducted on an LFA1000 Laser Thermal 
Diffusion/Thermal Conductivity Tester, utilizing sam-
ples with a diameter of 8  mm. The mechanical proper-
ties of PMMA and the composite were evaluated using 
the 6501 desktop material testing machine from MTS, 
located in the United States. The tribological properties 
of the h-BN/PMMA + Va composites were analyzed in a 
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reciprocating mode on a tribometer (TRB3, Anton Paar, 
Netherlands). The test conditions included a recipro-
cating distance of 2 mm, a frequency ranging from 1 to 
5 Hz, a load of 1 N, 4500 test cycles, and a temperature of 
25 °C. The coefficient of friction (COF) was automatically 
recorded by a computer system connected to the tribom-
eter. Following the test, the wear volume was calculated 
using the cylinder calculation equation. The tribological 
performance was performed on a universal mechanical 
tester (UMT-3, Bruker) in ball-on-disk contact mode. A 
GCr15 steel ball (diameter = 3  mm) was selected as the 
counterpart. The wear rate of all samples was calculated 
as follows: Wear rate = V/PL. Themicro-hardness of the 
samples was investigated by Vickers hardness measure-
ment technique using Vickers hardness tester (ZHV30 Z, 
wick/Roell, Germany).

Antibacterial performance testing
During the experiment, staphylococcus aureus (S. 
aureus) (ATCC 29213) was cultured in the LB medium 
at 37 °C for 24 h. Take an appropriate amount of mature 
bacterial colonies and incubate them in 10 ml TSB liquid 
medium at 37 ℃ for 6–8 h, reaching an OD600 of about 
0.6. After adjusting to 0.6 with TSB, dilute 100 times to 
1.5 × 107  cfu, and co culture 5  ml of bacterial solution 
with the material. Incubate at 37 ℃ for 24 h. Collect bac-
terial liquid on the surface of the material and dilute it 
in gradient: Take several centrifuge tubes labeled with 
numbers 1-n, add 900 µL of physiological saline to each 

tube, take 100 µL of the original solution and add it to 
tube 1, which is a 10 folds dilution solution. After mix-
ing, take 100 µL from tube 1 and add it to tube 2. Dilute it 
sequentially to tube n, and then take 100 µL of the liquid 
from appropriate dilution gradient tubes and apply it to 
the TSA plate. Incubate at 37 ℃ for 18 h and take pho-
tos for counting. Select one suitable dilution gradient for 
each group to calculate the antibacterial rate, which was 
counted via fully automatic colony counter (Interscience, 
SCAN1200).

Biological properties
In vitro cellular assays were performed by osteoblas cell 
line (MC-3T3) [28] according to ISO 10,993 − 1994 to 
evaluate the biological properties of bone cements(ISO 
10993-11:1994, Biological evaluation of medical devices-
Part 11:Tests for systemic toxicity.2003.). For culture of 
MC-3T3 cell line, DMEM medium containing 10% FBS 
and 1% penicillin-streptomycin was prepared. MC-3T3 
cell was incubated in a constant temperature incuba-
tor of 5% CO2 at 37  °C. The samples were exposed to 
ultraviolet light for 30  min and soaked in complete 
medium. Five different concentrations of diluents which 
385 mg/ml(100%), 192.5 mg/ml(50%), 96.25 mg/ml(25%), 
48.125  mg/ml(12.5%) and 24.0625  mg/ml(6.25%) were 
prepared. The study was divided into 37 groups: control 
group(cell culture medium), samples of different con-
centrations and blank group. Then, the cells were sub-
cultured or used for the cell viability assays. The above 
samples were soaked in the proportion of 0.2  g/mL for 
24 h to prepare the extract. The effect of bone cement on 
the proliferation of MC3T3 cells was detected by MTT 
method. The cells were inoculated in 96-well plate at the 
density of 4 × 103-well. After the cells were attached, PBS 
extract was added respectively. 10 µL CCK-8 solution 
was added to each well at 1d, 3d, 5d and 7d, respectively, 
and incubated at 37℃ for 2  h in 5%CO2 incubator. the 
ELISA reader was used to measure the light absorption at 
450 nm. The (OD control) represents the average optical 
density measured for untreated cells across three plates, 
whereas (OD treated) signifies the mean optical density 
recorded for treated cells in three separate plates.

 
Cytotoxicity% = (ODcontrol − ODtreated)

ODcontroal × 100

Results and discussions
X-ray diffraction (XRD) pattern of h-BN displays an 
obvious characteristic peak that centered at 26.8o and 
41.6 o, which are assigned to the (002) and (100) crys-
talline planes of h-BN (PDF# 34–0421), respectively 
(Fig.  1a). The additive zirconium dioxide in PMMA 
shows three sharp characteristic peaks that centered at 

Fig. 1 Structure characterization. The XRD patterns (a) and SEM images of 
the pure h-BN (b), SEM micrograph of fractured surface of PMMA (c) and 
SEM micrograph of fractured surface of based nanocomposite containing 
3wt.% h-BN/PMMA nanocomposites (d)
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34.9o, 40.5o [29], assigned to the (101) and (110) crystal-
line planes. With the increasing of the h-BN percent in 
PMMA matrix, the characteristic peak of h-BN on XRD 
patterns gradually becomes stronger without the chang-
ing of the phase structure and shifting of characteristic 
peak of PMMA, which demonstrates that the h-BN was 
uniformly dispersed into the PMMA matrix and didn’t 
change the crystalline structure of the PMMA. The scan-
ning electron microscopy (SEM) graphic shows the pure 
h-BN own a smooth layered structure (Fig.  1b), after 
compounding into the PMMA matrix, compared to pure 
PMMA (Fig. 1c), As evident in Fig. 1d, the h-BN exhib-
its a remarkably uniform dispersion within the PMMA 
matrix, resulting in a neater and smoother cross-section 
of the h-BN/PMMA composite.

The changes in the component properties of h-BN 
modified PMMA composite are further investigated via 
FT-IR. The graph prominently displays strong absorption 
peaks at 1370  cm⁻¹ and 805  cm⁻¹, as depicted in Fig.  2. 
These peaks correspond to the in-plane stretching vibra-
tion and out-of-plane bending vibration of B-N bonds, 
respectively [30]. There is no obvious peak on the h-BN 
FT-IR spectra, indicating the complete structure and 
clean surface. After incorporated into the PMMA matix, 
the characteristic peaks of the h-BN gradually increased 
with the increasing of the h-BN loadinds, indicating a 
unifrom dispersion of the h-BN in bone cement matix, 
which agrees well with the XRD and SEM results.

The mechanical properties of h-BN/PMMA + Va com-
posites were tested via the Instron testing system shown 
in Fig.  3. After mixing the Va and h-BN, the bending 
strength of the composites gradually decreases with the 

increasing of the h-BN content (Fig.  3a). The fracture 
bending stress shows a slightly increase when the h-BN 
loading is 1wt.%, but the whole trend is similar with 
the changing of bending strength (Fig.  3b). The flexural 
modulus (Fig.  3c) and bending stress (Fig.  3d) show a 
typical “volcanic trend” with the changing of the h-BN 
doping content, the 1wt.%-hBN/PMMA displays the 
maximized mechanical property. Above results dem-
onstrate the h-BN nano flakes perform the significant 
improvement in the modulus and stress, showing an 
obvious nano-enhancing effect at a low content dop-
ing. When the loadings of h-BN further increasing, the 
mechanical properties of the PMMA matrix would obvi-
ously decreased due to the sacrifice of polymer structural 
performance [31].

To assess the abrasion resistance of h-BN doped 
PMMA composites, the following experimental proce-
dure was adopted for all prepared samples. Abrasion 
tests were conducted using a Taber model 5130 abrader, 
with sample specimens measuring 1 × 10 × 10  mm³. The 
samples underwent 5000 cycles of abrasion testing. As 
shown in Fig.  4a, the pure PMMA presents a relatively 
low friction coefficient, as the increasing of h-BN load-
ing, the friction coefficient of the composites shows a 
trend of first increasing and then decreasing. But the 
wear rate of the composites gradually decreased with the 
increasing of h-BN loading (Fig. 4b), which was evaluated 
as the loss of sample weight. As obviously observed, the 
presence of nano h-BN particles obviously improves wear 
resistance [32]. To investigate this evolution mechanism, 
the wear marks were analysis via SEM characterization. 
As show in Fig. 4c, under a low h-BN loading of 1 wt%, 
the presence of nanoparticles increases the resistance to 
the probe, which may cause an increase of friction coeffi-
cient. With the adding of h-BN nanoparticles loadings in 
PMMA matrix, the surface wear marks gradually become 
smooth, gradually reflecting the properties of boron 
nitride continuous phase, which is reflected in the test 
data as the friction coefficient gradually decreases after 
reaching its peak, while the wear resistance gradually 
increases. Above results demonstrates that the doping 
of h-BN nano flakes into PMMA matrix can significantly 
improve the wear resistance. The VH hardness values of 
3%-h BN/P reached 1625 MPa, which increased by 90% 
compared to pure PMMA (854 MPa).

To investigate the interface heat release performance of 
the bone cement composites, As depicted in Fig.  5, the 
thermal conductivity tests were conducted on samples 
with a thickness of 2  mm. At low h-BN loadings, mini-
mal impact on the thermal conductivity of the compos-
ites was observed. However, a notable increase in thermal 
conductivity was achieved with the incorporation of 
5–10 wt% of h-BN, indicating the significant contribution 
of h-BN to enhancing thermal conductivity. As reflected Fig. 2 FT-IR spectra of h-BN, PMMA, and h-BN doping PMMA composites
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in previous work, the improved thermal conductivity is 
originated from the high thermal stability and thermal 
conductivity of BN [33, 34]. This obviously enhanced 
thermal conductivity for the bone cement composites 
is undoubtedly a very favorable signal for alleviating or 
even solving the problem of peripheral tissue necrosis 
caused by local high temperature during curing.

Figure  6 illustrates the antibacterial activities of both 
control and nanocomposite samples, as assessed through 
a disc-diffusion test against E. coli bacteria after a 24-hour 
incubation period. As clearly demonstrated in Fig.  6 
(insert image), the inhibition zone dimeter is 14.4  mm 
for pure PMMA sample, after adding Va into PMMA, 
the inhibition zone dimeter increased to 28.7  mm with 
a growth of 99%, demonstrating that the Va in PMMA 
matrix retain an excellent antibacterial property. When 
the h-BN nanosheets were mixed with Va and com-
pounded into PMMA, the inhibition zone dimeter of the 
1.wt% h-BN/PMMA + Va composites further increased 
to 30.4 mm, all the composites with different h-BN dop-
ing ratio displays no decrease at all, indicating the anti-
bacterial activity induced by h-BN nanosheets [35]. In 

addition, the increased inhibition zone of h-BN doped 
PMMA + Va composites also reflects the continuous drug 
release ability compared with PMMA + Va sample.

To investigate the biocompatibility and potential cyto-
toxicity of h-BN doped PMMA + Va composites, an in 
vitro study was conducted utilizing an MTT assay. This 
assay aimed to evaluate the response of cultured osteo-
blas cells to the nanocomposites, providing insights into 
their safety for biomedical applications. Figure  7 shows 
the results of co culture of h-BN doping PMMA com-
posites in different concentrations. As shown in Fig.  7a 
the high concentrations, there was no significant differ-
ence in the cell proliferation rate of PMMA composites 
on the first day compared to the control group. With time 
increasing, the cell proliferation rate of all samples gradu-
ally decreases, however, the h-BN doped PMMA samples 
all display the higher cell proliferation rate compared to 
the non-doped PMMA, which indicates the doping of 
nano h-BN is beneficial for improving the biocompat-
ibility of the PMMA matrix. Simultaneously, as shown 
in Fig.  7b, the cell proliferation rate of PMMA is close 
to 99% at all detection concentrations in the first day, 

Fig. 3 The mechanical test of the composites and control samples. (a) Bending strength; (b) Fracture bending strength; (c) Flexural modulus; (d) Bending 
stress. Repeat the sample testing five times for all samples according to ASTM D7264 standard
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indicating that the PMMA and h-BN doping PMMA are 
non-toxic at low concentrations and exhibit the good 
biocompatibility [36, 37]. With the further extension of 
evaluation time (Fig. 7c and d), all composites exhibited 

Fig. 6 Antibacterial activity of control and nanocomposite samples with 
different ratios against E. coli. Bacteria. The photos from left to right are 
designed to PMMA, PMMA + Va, 3 wt%-hBN/PMMA + Va and 10 wt%-hBN/
PMMA + Va, respectively

 

Fig. 5 Thermal conductivity of composites and control samples

 

Fig. 4 The COF curve of the composites and control samples from the first to the 4500th time; (b) Ware rates; (c) SEM micrographs of worn surfaces of 
h-BN/PMMA composites with different loadings, tested under the load of 1 N. the scale bar is 200 μm
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a gradually increased cell proliferation rate with the 
decreasing of relative concentration, it’s noted, the h-BN 
doped PMMA samples all show much higher cell prolif-
eration rate than the non-doped PMMA control samples, 
demonstrating the enhancing effect of the nano h-BN. 
The low toxicity and good biocompatibility of PMMA 
and h-BN doped PMMA provide an effective theoretical 
basis for their use as biomedical materials.

Conclusion
In this work, the h-BN nano flakes and Va was co-doped 
into the PMMA matrix via a mechanical mixing in RT. 
The composites demonstrate improved physical and bio-
logical properties, especially the enhanced wear-resis-
tance and thermal conductivity, which is expected to 
improve the problem of surrounding tissue necrosis as a 
result from the easy wear and high temperature during 
curing characteristics. Besides, the high biocompatibil-
ity and enhanced drug release characteristics of h-BN/
PMMA + Va composite lays a theoretical foundation for 
its further clinical application. This multifunctional col-
laborative strategy provides new route for improving the 
performance of medical materials.
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