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Non-leaching bone cement (NLBC) with immobilized antibacterial agents represents a novel approach
to fundamentally resolve the issue of burst release of antibiotic-loaded bone cement (ALBC). In this
study, a furanone-based methacrylate carbamate comonomer has been reported, which we named
FUMA. With this comonomer in hand, a new NLBC FUMA cement was manufactured. Surprisingly, the
mechanical strength of the FUMA cement increased with the monomer content, meeting the ISO 5833
requirements. Further studies showed that the antibacterial activity of the FUMA cement increased with
higher monomer content, and the 25% FUMA cement exhibited 97.57 + 2.27% antibacterial activity
against Staphylococcus aureus and 43 + 4.82% against methicillin-resistant Staphylococcus aureus
(MRSA). This cement demonstrated no hemolytic activity or acute toxicity. These findings provide new
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1 Introduction

With the intensification of population aging, the number of
total joint replacements (TJRs) continues to rise, reaching
millions of cases globally each year."* However, periprosthetic
joint infections (PJIs) remain a frequent occurrence and have
become one of the primary reasons for revision surgeries.
To prevent PJIs, antibiotic-loaded bone cement (ALBC) is widely
used in TJR.>* Nevertheless, ALBC has several limitations, such
as the degradation of mechanical properties, the burst release
of antibiotics leading to toxicity, and the release of antibiotics
below the minimum inhibitory concentration (MIC) after one
week.>® These issues may contribute to the inefficacy and lack
of confidence in ALBC for PJIs prevention. Recent studies have
also suggested that the effectiveness or cost-effectiveness of

“ Department of Orthopedics, Hefei BOE Hospital, Teaching Hospital of Shanghai
University Medical College, Hefei, Anhui 230013, China.
E-mail: hefang8@126.com

b Department of Orthopedics, The Second People’s Hospital of Hefei, Hefei Hospital,
Affiliated to Anhui Medical University, No. 246 of Heping Road, Yaohai District,
Hefei, Anhui 230011, China. E-mail: chujianj@mail.ustc.edu.cn

¢ Department of Pharmaceutical Science and Engineering, School of Food and
Biological Engineering, Hefei University of Technology, Hefei, Anhui 230009,
China. E-mail: xuyang@hfut.edu.cn

4 Huaibei Miner General Hospital, Joint and Trauma Surgery, Huaibei,
Anhui 235000, China

+ Xin Wang, Wen-Han Bu, Lu-Yang Han contributed equally to this work.

6406 | Mater. Adv, 2025, 6, 6406-6415

potential approaches for the prevention of periprosthetic joint infections (PJls).

ALBC in preventing PJIs is suboptimal, likely due to these
inherent drawbacks.”®

In recent years, numerous innovative studies have been
conducted to address these problems.'®™® Among them, non-
leaching bone cement (NLBC) with immobilized antibacterial
agents represents a novel approach to fundamentally resolve
the issue of burst release.'”” > NLBC contains antibacterial
groups that are either immobilized within the cement matrix
or physically adsorbed, preventing their leaching. This shifts
the antibacterial activity of NLBC from releasing antibacterial
molecules into body fluids to contact killing, thereby eliminating
the risk of burst release.”**® Research has primarily focused on
two major classes of antibacterial motifs: quaternary ammonium
salts and cyclic small molecules. Recently, heterocyclic structures
such as furan and thiazole have garnered attention as antibacterial
motifs. For example, Fu and Chu reported NLBC containing
nitrofuran, while He reported benzothiazole-based NLBC.
However, these NLBCs suffer from limitations such as insuffi-
cient mechanical strength or weak antibacterial activity, hin-
dering further research and application. Our previous studies
have shown that extending the chain length of monomers
can effectively enhance mechanical strength.'”*" Although this
work has improved the mechanical strength of nitrofuran
monomer-modified cement, it remains significantly below
70 MPa and fails to meet the ISO 5833 standard.

In this study, we designed and synthesized a novel furanone-
based methacrylate carbamate comonomer, which we named

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FUMA. This new monomer integrates three functional motifs:
acrylic for polymerization, antibacterial furanone, and a long-
chain linker enhancing mechanical stability. We hypothesize
that this long-chain structure will promote mechanical
strength. By incorporating FUMA into the liquid phase of bone
cement, we develop a new type of NLBC, named FUMA bone
cement. This study comprehensively evaluated FUMA cement’s
antibacterial activity, mechanical strength, and biocompatibil-
ity. Compared to existing ALBCs, FUMA cement demonstrates
significant advantages in terms of preventing burst antibiotic
release. Moreover, FUMA is the first monomer that simulta-
neously enhances the mechanical strength of cement and
provides superior antibacterial activity both against Staphylo-
coccus aureus and MRSA. This represents a new milestone in the
field of advanced NLBCs reported to date. Its exceptional
performance highlights its promising clinical application
potential, offering new insights and pathways for the develop-
ment and clinical practice in the field of orthopedics.

2 Materials and methods
2.1 Materials

PMMA bone cement (OSTEOPAL™V) and ALBC (PALACOS™R +
G) were purchased from Heraeus Medical GmbH; 3,4-dichloro-
5-hydroxyfuran-2(5H)-one (DHF) was sourced from Guangzhou
Danao’an Biotechnology Co., Ltd; 2-isocyanatoethyl meth-
acrylate (IEM) and dibutyltin dilaurate were obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd. Anhydrous
sodium sulfate was purchased from Guangzhou Caisheng
Biotechnology Co., Ltd; C57 mice were provided by the Animal
Experiment Center of Anhui Medical University; MC3T3-E1
cells were sourced from Hunan Fenghui Biotechnology;
reagents such as fetal bovine serum and trypsin were purchased
from Bertin Instruments (USA); the CCK-8 kit was sourced from
Beijing Transgen Biotech Co., Ltd; Staphylococcus aureus (ATCC
25923), MRSA (ATCC 43300) strains, clinical isolated multiple-
resistant Staphylococcus aureus (hereafter referred to as clinical
isolated MRSA; this strain is resistant to methicillin, various
other antibiotics, and gentamicin; see Table S2 for details),
centrifuges, CO, incubators, and clean benches were provided
by the Clinical Laboratory of Hefei No. 2 People’s Hospital;
the MTS809 materials testing machine was provided by the
University of Science and Technology of China; the spectro-
photometer (Nanodrop One) was provided by the Central
Laboratory of Anhui Medical University; reagents required for
histological staining, including anhydrous ethanol, xylene,
hematoxylin staining solution, eosin staining solution, as well
as instruments such as a paraffin microtome and a tissue dryer,
were provided by the Pathology Department of Hefei No. 2
People’s Hospital.

2.2 Synthesis of FUMA comonomer

DHF (30 mmol, 1.0 equiv.) and IEM (36 mmol, 1.2 equiv.) were
added to DCM (50 mL) and stirred thoroughly. Dibutyltin
dilaurate (0.5 mL) was then added dropwise, and the mixture
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was stirred at room temperature for 3 hours. The reaction
progress was monitored by thin-layer chromatography. After
completion, the solvent was removed under reduced pressure
at 40 °C using a rotary evaporator. The residue was dissolved in
ethyl acetate (350 mL) and extracted with water (3 x 400 mL).
The organic layer was dried over anhydrous sodium sulfate
(200 g), and the solvent was removed by rotary evaporation at
50 °C. The crude product was purified by silica gel column
chromatography to give the final product FUMA. The molecular
design and synthesis route of FUMA are illustrated in Fig. 1.
'H NMR (400 MHz, CDCl;) 6 6.93-6.88 (m, 1H), 6.14 (d, J =
0.9 Hz, 1H), 5.65-5.60 (m, 1H), 5.45 (s, 1H), 4.37-4.18 (m, 2H),
3.64-3.49 (m, 2H), 1.95 (d, J = 1.0 Hz, 3H).

2.3 Preparation of FUMA bone cement

The formulations of bone cement at various concentrations are
presented in Table 1. According to the concentrations, FUMA
was weighed based on its mass ratio in the liquid phase and
added to the liquid component of the bone cement. The
mixture was thoroughly shaken to ensure complete dissolution,
then combined with the solid phase of the bone cement and
stirred evenly for 30 seconds. During the dough stage, the
mixture was filled into molds. After complete hardening, the
molds were removed to obtain cylindrical bone cement samples
with a diameter of (6.0 £+ 0.1) mm and a height of (12.0 & 0.1) mm.
These samples will be subjected to mechanical property and
antibacterial activity studies. The bone cement saline extract and
complete culture medium (containing 89% DMEM/F12 basic
medium, 10% fetal bovine serum, and 1% penicillin-streptomy-
cin antibiotic mixture) extract are obtained by soaking each
type of bone cement in saline and complete culture medium
respectively, at a ratio of 5 mL g '. The soaking process is
conducted in a 37 °C, 5% CO, incubator with static conditions
for 24 hours, followed by their use in leaching test and biocom-
patibility testing.

2.4 Characterization of FUMA bone cement

Fully mix PMMA cement and FUMA cement powders at con-
centrations of 5%, 15%, and 25% respectively with potassium
bromide at a ratio of approximately 1:50. Grind the mixtures
and then press them into pellets. Use Fourier Transform
Infrared (FT-IR) spectrometer to record the prepared samples
on a spectrophotometer (BRUKER VECTOR-22), with a fre-
quency range of 4000-400 cm ™ ". Utilize the software Origin to
plot the FT-IR spectra.

2.5 Mechanical properties of FUMA bone cement

The synthesized PMMA cement and FUMA bone cement speci-
mens of various concentrations (5 specimens per group) were
polished with 1000-grit sandpaper to ensure parallelism of the
top and bottom surfaces. After incubation at 37 °C and 100%
humidity for 24 hours, the specimens were compressed using
a computer-controlled materials testing machine (MTS809,
Bose Corporation, USA) at a crosshead displacement rate of
20 mm min ' under conditions of an ambient temperature
of 24 + 1 °C and a relative humidity of 40 £ 5%. Stress-strain

Mater. Adv., 2025, 6, 6406-6415 | 6407
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(A) Synthetic route of FUMA (see Section 2.2 for details); (B) the FUMA cement was fabricated by mixing the solid phase with the liquid phase

containing FUMA. The mixture was stirred until it reached the dough phase, then filled into the mold. After curing, the cement was removed from

the mold.

Table 1 Formulation of PMMA bone cement and FUMA bone cement
(percentage by mass of each component)

Powder (%) Liquid (%)

Formulation PMMA ZrO, BPO MMA DMPT FUMA
PMMA bone cement 34.83 28.71 0.24 35.43 0.77 0

5% FUMA bone cement 34.83 28.71 0.24 34.54 0.75 0.91
10% FUMA bone cement 34.83 28.71 0.24 33.66 0.73 1.81
15% FUMA bone cement 34.83 28.71 0.24 32.77 0.71 2.72
20% FUMA bone cement 34.83 28.71 0.24 31.89 0.69 3.62
25% FUMA bone cement 34.83 28.71 0.24 31.00 0.67 4.53

curves for each bone cement specimen were plotted. The
compressive strength was obtained from the recorded stress—
strain curves, and the elastic modulus was calculated based on
the slope of the linear portion of the recorded stress-strain
curves. Finally, the mechanical strength of the specimens in
each group was evaluated according to ISO 5833 standards.

2.6 SEM of FUMA bone cement

Two square samples, each with a thickness of (2.0 &+ 0.1) mm
and a side length of (20.0 £ 0.2) mm, were prepared for PMMA
bone cement, 5% FUMA bone cement, 25% FUMA bone
cement, and ALBC (the formula of ALBC as shown in the Table
S1). From each group, one sample was selected and soaked in
physiological saline at 37 °C for 14 days. The prepared bone

6408 | Mater. Adv, 2025, 6, 6406-6415

cement samples were subjected to brittle fracture in liquid
nitrogen, followed by gold plating. Finally, SEM was used to
observe the fracture surface morphology and assess the micro-
structural changes in the bone cement samples before and after
soaking.

2.7 Evaluation of the antibacterial activity of FUMA bone
cement

Contact antibacterial activity. Bone cement specimens were
soaked in 3 mL of distilled water for 18 hours to remove
unpolymerized FUMA monomers from the surface. A bacterial
suspension with a concentration of (0.5 x 10%) CFU mL " was
prepared using resuscitated Staphylococcus aureus (ATCC
25923). Each bone cement specimen was immersed in 1 mL
of the bacterial suspension and incubated in a 37 °C CO,
incubator for 6 hours before being removed with sterile twee-
zers. The surface of the bone cement was then gently rinsed
with 100 mL of distilled water to remove non-adherent bacteria.
The bone cement specimens were then added to 5 mL of
physiological saline and subjected to ultrasonic vibration for
3 minutes to dislodge bacteria adhering to the surface. Subse-
quently, the bone cement specimens were removed, and the
remaining liquid was retained. From this liquid, 40 pL was
diluted 100 times and thoroughly mixed. Then, 40 pL of the
diluted bacterial suspension was evenly spread onto a bacterial
culture plate. The plates were incubated in a CO, incubator at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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37 °C for one day before counting. The antibacterial rate of
bone cement containing different concentrations of FUMA was
calculated using the following formula. Five replicate experi-
ments were conducted for each concentration of bone cement.

Antibacterial rate = x 100%

In the above equation, A represents the number of colonies
on the Petri dishes with PMMA cement group, while B repre-
sents the number of colonies on the Petri dishes with different
concentrations of FUMA bone cement group.

Leaching test. To compare with traditional ALBC and verify
whether there is a release phenomenon in FUMA bone cement,
we prepared 5 samples each of PMMA bone cement, 10% FUMA
bone cement, 25% FUMA bone cement, and ALBC (the formula
of ALBC as shown in the Table S1). Then, we prepared saline
extracts of each group of bone cements. Subsequently, 1 mL of
extract from each sample was mixed with 1 mL of Staphylococcus
aureus suspension containing (0.5 x 10%) CFU mL~'. Meanwhile,
a mixture of 1 mL of saline and 1 mL of bacterial suspension was
prepared as the control group. All were incubated in a constant
temperature incubator at 37 °C with 5% CO, for 24 hours. After
thorough mixing, the obtained bacterial solution was diluted
2500 times and evenly spread onto Petri dishes. These were then
incubated in a 37 °C incubator with 5% CO, for 1 day to count
the bacterial colonies. By comparing the colony counts between
the control group and the saline extracts of each group of
bone cements, we evaluated the antibacterial effect of the saline
extracts and verified whether FUMA bone cement exhibits
release properties.

2.8 Determination of biocompatibility of FUMA bone cement

Hemolysis test. New Zealand white rabbits arterial blood
was collected and centrifuged in a 10 mL centrifuge tube at
1000 rpm for 15 minutes. The supernatant plasma and other
liquids were removed, and the precipitated red blood cells were
resuspended in saline and centrifuged again at 1000 rpm for
15 minutes to further enhance purity. Finally, saline was added
to prepare a 2% concentration of rabbit RBC suspension. The
saline extracts of bone cement from various groups were mixed
with the 2% rabbit red blood cell suspension at a ratio of 9:1
and incubated in an electromagnetic thermostat at 37 °C for
1 hour. The mixtures were then centrifuged at 3000 rpm for
5 minutes, and the supernatant was collected to measure its
optical density (OD value) using a spectrophotometer. Simulta-
neously, OD values were measured for the negative control
group (saline mixed at the same ratio) and the positive control
group (pure water), based on which the hemolysis rates of the
bone cement extracts of each group were calculated.

ODt — ODn

2OT = PON 100
oD, —0Dy * 100%

Hemolysis rate =

In the above equation, ODr represents the OD of the
experimental group, ODy represents the OD of the negative

© 2025 The Author(s). Published by the Royal Society of Chemistry
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control group (saline), and ODp represents the OD of the
positive control group (distilled water).

Cytotoxicity test. The complete medium extracts of each
group of bone cement were filtered and sterilized for later
use. The resuscitated MC3T3-E1 cells were seeded into 96-well
cell culture plates at a density of 5 x 10> cells per well, with
100 pL of complete medium pre-added to each well. After
24 hours, when the cells had adhered and stabilized, the
medium was replaced with experimental group media contain-
ing 100 pL of the complete medium extracts of each group of
bone cement. At the same time, a control group (complete
medium) and a no-cell medium group were set up. After 1, 3,
and 5 days of coculture, 10% volume of CCK-8 reagent was
added to each well, and incubation was continued for 2 hours.
The OD values were measured using a microplate reader at a
primary wavelength of 450 nm and a reference wavelength of
630 nm. Three samples were prepared for each group of bone
cement, and the experiment was repeated three times. The
relative growth rate (RGR) of the cells was calculated using the
following formula.

ODy — ODg

RGR= 1 —""R
G ODy — ODg

x 100%

In the above equation, ODy represents the OD of the experi-
mental group, ODy represents the OD of the control group
(complete medium), and ODg, represents the OD of the cell-free
medium.

Acute toxicity test in mice. Thirty-five 8-week-old male C57
mice were randomly divided into 7 groups, with 5 mice in each
group. The experimental groups (saline extract of bone cement
at various concentrations) and the control group (saline)
were injected intraperitoneally into the C57 mice at a dose of
50 mL kg~ '. The mice were maintained under room tempera-
ture conditions with adequate food for 3 days before being
euthanized, and their livers and kidneys were subsequently
harvested. The mouse livers and kidneys were fixed in formalin
solution for 1 day, followed by dehydration with ethanol,
embedding in wax, sectioning, and drying. The sections were
then stained with hematoxylin—eosin staining. By observing
the liver and kidney sections and adhering to the guidelines
of GB/T 16886, it was assessed whether the FUMA bone cement
extracts induced acute toxicity in the mice.

2.9 Data statistics and analysis

The results obtained from the experiment were expressed in the
form of mean =+ standard deviation and the data were analyzed
using the software SPSS 27. Statistical methods of one-
way ANOVA and post hoc test of LSD were used for multiple
comparisons to analyze the inhibition rate, mechanical
strength, and hemolysis rate. The relative cell proliferation rate
and in vivo acute toxicity test in mice were analyzed using
repeated measures ANOVA and post hoc test of LSD. Statistical
significance was defined with p < 0.05 indicating a signifi-
cant difference and p < 0.01 indicating a highly significant
difference.

Mater. Adv., 2025, 6, 6406-6415 | 6409
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3 Results and discussion

The FT-IR results for PMMA cement and FUMA bone cement
with 5%, 15%, and 25% additions are presented in Fig. 2. These
samples had the same signal peaks at 2950, 1730, 1244, and
1150 cm ' that represented the characteristic peaks of the
acrylic bone cement. Compared to PMMA cement, the FUMA
cement exhibits a characteristic peak at 1810 cm ™" attributed to
the C=O0 bond in the carbamate structure. As the amount of
FUMA added increases, the intensity of this characteristic peak
also increases. These results indicate that FUMA monomer was
successfully incorporated into the cement.

The compressive strength of PMMA cement and FUMA bone
cements are shown in the Fig. 3. Compared to PMMA cement,
the compressive strength of 15% and 20% FUMA bone cement
showed significant improvements (p < 0.05), while that of 25%
FUMA bone cement exhibited highly significant improvement
(p < 0.001). Additionally, 20% FUMA bone cement demon-
strated significant enhancement in compressive strength

1810cm-!
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Fig. 2 FT-IR spectra of PMMA bone cement and FUMA bone cements.
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Fig. 3 Compressive strength of PMMA bone cement and FUMA bone
cements (*. p < 0.05, indicates a significant difference compared to 25%
FUMA bone cement, **. p < 0.01, indicates a highly significant difference.
A p < 0.05, indicates a significant difference compared to 20% FUMA
bone cement).
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compared to 5% and 10% FUMA bone cement (p < 0.05).
The improvement in compressive strength of 25% FUMA bone
cement was highly significant compared to 5% and 10% FUMA
bone cement (p < 0.001), and also significant compared to 15%
FUMA bone cement (p < 0.05). There were no significant
differences among the other comparisons. The compressive
strength of all bone cement groups met the requirements of the
national standard ISO 5833, exceeding 70 MPa, and increased
with higher concentrations. The elastic modulus of PMMA
cement and FUMA bone cement at various concentrations are
shown in the Fig. 4. In comparisons of elastic modulus, 20%
FUMA bone cement showed significant improvement com-
pared to PMMA cement and 10% FUMA bone cement (p <
0.05). Meanwhile, 25% FUMA bone cement demonstrated sig-
nificant enhancement compared to PMMA cement, 5% FUMA
bone cement, and 10% FUMA bone cement (p < 0.05). In our
previous study on DHF-MAA bone cement,* high concentra-
tions of DHF-MAA led to reduce the mechanical strength,
potentially due to alkyl chains in the monomers weakening
intermolecular forces, promoting molecular mobility, and
affecting cement polymerization.”” The FUMA in this study,
compared to DHF-MAA which we previously reported, pos-
sesses longer side chain structures, which may result in smaller
steric hindrance, thereby reducing their impact on the poly-
merization reaction.”’ These may be the reasons why the
addition of FUMA monomer improves the mechanical proper-
ties. He reported a comonomer referred to as BTTMA, which,
when added, can enhance the mechanical strength of bone
cement; this constitutes a significant advancement in the field
of NLBC.?® Both FUMA and BTTMA are capable of improving
the mechanical strength of bone cement, while the antibacter-
ial activity of FUMA cement is superior to that of BTTMA
cement. In conclusion, these results indicate that the FUMA
bone cement has good mechanical properties.

The SEM images of PMMA bone cement, 5% FUMA bone
cement, 25% FUMA bone cement, and ALBC before and after
soaking are presented in Fig. 5 and 6. In the SEM images,
we found that the fracture surfaces of all bone cements were
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Fig. 4 Elastic modulus of PMMA bone cement and FUMA bone cements
(*. p < 0.05, indicates a significant difference compared to 25% FUMA
bone cement, . p < 0.05, indicates a significant difference compared to
20% FUMA bone cement).
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Fig. 5 SEM images at 100x and 1000x magnifications of PMMA bone cement, 5% and 25% FUMA bone cement, and ALBC before soaking.
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x100

PMMA

100pm:

Fig. 6 SEM images at 100x and 1000x magnifications of PMMA bone cement, 5% and 25% FUMA bone cement, and ALBC after soaking.

uniform and dense before soaking, with some air bubbles
formed during the mixing process of the bone cement. After
soaking, there were no changes on the surfaces of PMMA and
FUMU bone cements. Surprisingly, many small pores appeared
on the fracture surface of the ALBC bone cement after soaking.
We speculate that these pores were originally occupied by
gentamicin, and they formed pores after the drug was eluted.
These dense small pores are obviously different from the
cavities formed by the air bubbles introduced during the
mixing process. In Fig. S1 and S2, we provide SEM images of
PMMA, all concentrations of FUMA cement, and ALBC at 100 x
and 1000x magnification. These results are similar to those
of previous studies,”® and indicate that the FUMA monomer
has not been eluted. In addition, we provide more detailed
SEM images of all bone cement before and after soaking at
different magnifications for a more unambiguous representa-
tion (Fig. S3-S9).

The antibacterial activity of FUMA bone cement at various
concentrations is illustrated in Fig. 7. In the surface antibac-
terial test, the antibacterial rate of 10% FUMA bone cement
showed a significant increase compared to 5% FUMA bone
cement (p < 0.05). The improvement in antibacterial rate for
15% FUMA bone cement was highly significant compared to
both 5% and 10% FUMA bone cement (p < 0.001). Similarly,
20% FUMA bone cement demonstrated highly significant
increases in antibacterial rate compared to 5% and 10% FUMA
bone cement (p < 0.001), and a significant difference com-
pared to 15% FUMA bone cement (p < 0.05). Notably, 25%
FUMA bone cement exhibited highly significant increases in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Antibacterial rate of FUMA bone cements (**. p < 0.01, indicates a
highly significant difference compared to 25% FUMA bone cement. A. p <
0.05, indicates a significant difference compared to 20% FUMA bone
cement, and M. p < 0.01, indicates a highly significant difference between
5% and 10%).

antibacterial rate compared to all other concentrations of
FUMA bone cement (5%, 10%, 15%, and 20%) (p < 0.001).
These results indicate a trend of increasing antibacterial rate
with higher FUMA concentrations. We also observed a sharp
increase in antibacterial rate when the concentration reached
25%, jumping from 47.60 * 5.57% to 97.57 & 2.27%. This may
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be related to the antibacterial mechanism of furanone motif,
which is not fully understood but may include several aspects:
furanone motif interfere with bacterial quorum sensing systems,
inhibiting their communication signal molecules and thus
preventing bacterial adhesion. Alternatively, furanone motif
may induce the production of reactive oxygen species, leading
to oxidative damage to bacterial cellular proteins and DNA,
ultimately causing cell death.** Therefore, low-concentration
FUMA bone cement samples allow some bacterial growth,
whereas high concentrations exhibit high antibacterial activity.
In order to further verify that the FUMA cement will not release
antibacterial components, we carried out a leaching test.
As shown in Table 2, different concentrations of FUMA bone
cement, PMMA cement, and the control group all showed
highly significant differences in colony counts compared to
the ALBC group (p < 0.001). There were no statistical differ-
ences in antibacterial rates among the various concentrations
of FUMA bone cement, PMMA cement, and the control group
(p > 0.05). These results indicate that, similar to the drug-free
PMMA cement, the FUMA cement does not release antibacterial
components. In contrast, ALBC mainly relies on the release of
antibiotics to kill bacteria, and this result is similar to that of
the SEM analysis. Moreover, there have been few studies on the
antibacterial activity of NLBC against drug-resistant bacteria.
To confirm the boundaries of FUMA cement, we tested its
antibacterial activity against MRSA. The results showed that
25% FUMA cement had 43 + 4.82% antibacterial activity
against MRSA (Fig. S10). In addition, to further explore the
antibacterial activity of FUMA against MRSA, we tested the
antibacterial activity of 20% and 25% FUMA cement against
clinically isolated MRSA (Fig. S11). The antibacterial rate of
FUMA against clinically isolated MRSA is lower than that
against MRSA. FUMA belongs to non-leaching acrylic mono-
mers and is a cyclic organic molecule. Although some progress
has been made, its antibacterial mechanism remains unclear.’
Overall, the study demonstrates that FUMA bone cement pos-
sesses decent antibacterial activity without leaching antibacterial
agents.

We conducted hemolysis experiments with saline extracts
of PMMA bone cement and FUMA bone cement at various
concentrations. The observation results are shown in Fig. 8(A).
It can be observed that, except for the positive control group,
all the FUMA bone cement groups at various concentrations,
the PMMA group, and the negative control group exhibited
relatively clear and transparent liquids with no apparent

Table 2 The colony count in the leaching test for normal saline (NS)
group, PMMA bone cement group, 10% FUMA bone cement group, 25%
FUMA bone cement group and ALBC group (*p < 0.01, indicates a highly
significant difference compared to the NS group)

Group Colony count
NS 357.8 £+ 26.1
PMMA bone cement 337.4 +15.7
10% FUMA bone cement 339.4 + 34.1
25% FUMA bone cement 336.6 = 14.4
ALBC 4.8 + 2.4*
6412 | Mater. Adv., 2025, 6, 6406-6415

View Article Online

Paper
(-) PMMA 5% 10% 15% 20% 25% (+)
A
-4 - g - AT W .
B 10%
8%
Z 6%
E 4%
0%
PMMA 5% 10% 15% 20% 25%
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hemolysis rates for the PMMA group and FUMA bone cement group.

differences and no hemolysis occurred. Furthermore, the
supernatant after centrifugation was analyzed by using a spec-
trophotometer to determine its OD value, and the hemolysis
rates of each group of bone cements were calculated as shown
in Fig. 8(B). The experiments demonstrated that the hemolysis
rates of the saline extracts of FUMA bone cement at all
concentrations were less than 5%, and there was no statistically
significant difference in hemolysis rates regarding the FUMA
concentration (p > 0.05). However, we were puzzled why the
hemolysis rate was not proportional to the amount of FUMA
added, so we repeated the hemolysis experiment. The results
are shown in Fig. S12, the hemolysis rates of all FUMA cements
were below 5%, but the changing trend differed from that of the
first experiment. The conclusion that the hemolysis rate was
less than 5% in both tests was confirmable and reproducible,
but the different trends observed in the experiments may be
related to the experimental environment, blood batches, and
operating techniques. Therefore, the experiments proved that
FUMA bone cement does not cause hemolysis in rabbit red
blood cells.

The results of the RGR of FUMA bone cement at different
concentrations, measured by the CCK-8 method, are presented
in Fig. 9. Based on the analysis according to the GB/T 16886
standard, the RGR of all bone cement groups exceeded 75% in
the first three days, indicating no cytotoxicity. However, on the
fifth day, except for the control group, the RGR of all bone
cement concentrations decreased compared to previous days
(p < 0.001). The RGR of the PMMA bone cement group and the
FUMA bone cement groups at various concentrations ranged
between 50-75%, exhibiting mild cytotoxicity. The similar mild
cytotoxicity observed in all groups except the control group may
be attributed to the fact that the radiopaque agent (such as ZrO,
used in the bone cement in this experiment) led to incomplete

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 RGR on the first day, third day, and fifth day for the control group,
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significant difference compared to the control group on the same day,
** p < 0.01, indicates a highly significant difference. . p < 0.05, indicates
a significant difference compared to the PMMA group on the same day).

polymerization of some monomers and thus caused a certain
degree of cytotoxicity.>" Notably, on the fifth day of this experi-
ment, the RGR of 10%, and 20% FUMA bone cement groups
was statistically significantly increased compared to the PMMA
bone cement group (p < 0.05). Therefore, we conclude that the
addition of FUMA does not increase the cytotoxicity of the bone
cement.

We further carried out an acute toxicity experiment, all mice
showed no signs of coma, shock, vomiting, diarrhea, or other
special symptoms during the injection of saline extracts from
each group and in the following three-day observation period.
Upon examination through HE staining (Fig. 10), it was found
that the hepatic lobules and glomeruli of mice injected with

Fig. 10
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saline, saline extracts of PMMA bone cement, and saline
extracts of FUMA bone cement at various concentrations were
all normal and undamaged, with no inflammatory cells or
necrotic hepatocytes and renal cells observed in the field of
view. Therefore, the result demonstrates that FUMA bone
cement does not cause acute toxicity in mice.

4 Conclusions

We synthesized a novel furanone-based comonomer, called
FUMA. This comonomer has a furan-based antibacterial motif
which is connected to a methacrylate motif of the bone cement
skeleton through a linker. Upon the addition of the FUMA, both
the compressive strength and antibacterial activity of the bone
cement were significantly enhanced. The 25% FUMA cement
has 97.57 &+ 2.27% antibacterial activity against Staphylococcus
aureus and its compressive strength reaches 90 MPa. Further
research has found that its antibacterial activity against MRSA
reaches 43 + 4.82%. At the same time, the FUMA cement has
good biocompatibility, without hemolytic activity and toxicity to
the liver and kidneys. All these findings indicate that the long-
chain furanone based comonomer we designed can be used to
fabricate high-performance antibacterial NLBC. This progress
has increased the confidence and broadened the horizons for
the clinical application of NLBC.

Ethics statement

The animal study was approved by this study was conducted
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