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A novel acrylic monomer containing a nitrofuran motif, referred to as long-chain nitrofuran methacrylate (LNFMA), is reported. In comparison to the previously reported nitrofuran methacrylate (NFMA), LNFMA has a longer side chain, and when incorporated into bone cement, the resulting LNFMA bone cement exhibits improved mechanical strength. At the same concentration, NFMA-5% cement has only 21.6 ± 1.3 MPa, while LNFMA-5% cement has a compressive strength of 42.64 ± 0.94 MPa. LNFMA bone cements exhibit antimicrobial activity against Staphylococcus aureus, with LNFMA-30% cement reaching 57.38% ± 5.53%. Moreover, LNFMA cement demonstrates excellent biocompatibility both in vitro and in vivo. The results showed that LNFMA monomer had optimized mechanical strength compared with previously reported NFMA monomers, and LNFMA bone cement had good antibacterial activity and biocompatibility.
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1 INTRODUCTION
Antibiotic-loaded bone cement (ALBC) is widely used in surgical procedures, and polymethyl methacrylate (PMMA) is known for its excellent injectability and mechanical strength, making it the gold standard for ALBC (Galvez-Lopez et al., 2014; Ali et al., 2015; Xu et al., 2022). However, ALBC has the drawback of burst antibiotic release, resulting in a relatively short antimicrobial duration (Moojen et al., 2008). Additionally, the sustained low-level release of residual antibiotics can lead to bacterial resistance (Berberich and Sanz-Ruiz, 2019; Schwarz et al., 2021). Therefore, there is a need to develop novel antimicrobial bone cements. To optimize the release of antibiotics and other bioactive agents, cutting-edge research is exploring innovative ways to enhance bone cement properties. These include doping with degradable components and utilizing biocomposites made from PMMA blended with either ceramic or metal materials (El-Ghannam, A et al., 2010; Wu, K et al., 2016; Ploux, L et al., 2016; Eltohamy, M et al., 2018; Xu, D et al., 2021; Chen, L et al., 2021; Garcia-Garcia, J et al., 2022; Al, T. Y et al., 2022; Świeczko-Żurek, B et al., 2022; Robu, A et al., 2022; Mistry, S et al., 2022; Batista Campos, L et al., 2023; Yang, L et al., 2023; Seidenstuecker, M et al., 2024).
In recent years, research on non-leaching antimicrobial bone cement (NLBC) has become increasingly widespread (Shi et al., 2021; Chen et al., 2022a; Chen et al., 2022b). NLBC combines antimicrobial motifs with bone cement through covalent bonding or physical adsorption, where the antimicrobial components are not released in an burst manner and exhibit long-lasting antimicrobial activity on the surface of the bone cement (Wright et al., 2019; Gao et al., 2023a). There are primarily two categories of antimicrobial motifs in NLBC, quaternary ammonium salts and cyclic organic molecules (Deb et al., 2008; Mei et al., 2012; Beyth et al., 2014; Sun et al., 2016; Zhu et al., 2018b; Fu et al., 2022). While quaternary ammonium salt-based NLBC exhibit broad-spectrum antimicrobial activity, research has shown that they possess significant hemolytic properties, limiting further applications (Zhu et al., 2018b). Cyclic organic antimicrobial compounds represent a well-studied and promising new motif, such as thiazoles, furanones and benzothiazoles, all of which have been demonstrated to have antimicrobial activity in NLBC (Zhu et al., 2021; Chen et al., 2022a). In our previous studies, we developed a nitrofuran methacrylate monomer (NFMA) and prepared nitrofuran-containing NLBC through solid-phase modification, showing excellent antimicrobial activity (Chu et al., 2022; Gao et al., 2023b). It is first necessary to copolymerize NFMA with MMA to prepare p (MMA-co-NFMA) with different antibacterial NFMA contents. After complex purification and grinding, a certain proportion of radiopaque agent and initiator are added to prepare the solid phase of bone cement. These complicated operations have limited the ability of laboratories interested in antibacterial bone cement to research and apply this promising antibacterial material.
Liquid-phase modification is a convenient strategy for bone cement modification. It only requires adding antibacterial monomers into the liquid phase and stirring evenly, then NLBC containing novel antibacterial agents can be prepared according to the normal preparation steps. We note that most reported NLBCs are prepared through liquid-phase modification (Abid et al., 2022; Wang et al., 2021). We conducted a study to investigate the potential of NFMA in the liquid-phase modification of bone cement. However, we observed a significant reduction in the compressive strength of the bone cement. This may be attributed to the steric hindrance of the furan within the side chain of NFMA, which has an adverse impact on the polymerization and consequently led to a decrease in the mechanical properties of the polymer. Therefore, we suspect that the mechanical strength of nitrofuran-containing NLBC can be improved through the optimization of the side chain structure of the antibacterial monomer.
In this study, we designed and synthesized a new antibacterial long-chain nitrofuran methacrylate (LNFMA) and used it for liquid-phase modification to create antimicrobial NLBC containing nitrofuran (Figure 1). We assessed the mechanical strength, antimicrobial activity, in vitro cytotoxicity and in vivo biocompatibility of this new type of bone cement. The hypothesis was that the LNFMA could enhance the compressive strength of the bone cement compared to the previously reported NFMA monomer.
[image: Figure 1]FIGURE 1 | LNFMA based bone cement shows better compressive strength.
2 MATERIALS AND METHODS
2.1 Materials
Methyl methacrylate (MMA), benzoyl peroxide (BPO) and N, N-Dimethyl-p-toluidine (DMPT) were purchased from J&K Scientific Ltd., China. (5-Nitrofuran-2-yl) methanol was purchased from Bide Pharmatech Ltd., China. 2-Isocyanatoethyl methacrylate was purchased from Shanghai Acmec Biochemical Co., Ltd., China. Barium sulfate was purchased from Macklin Biochemical Technology Co., Ltd., China. Poly (methyl methacrylate) (Mw = 120,000 by GPC) was a product of Sigma-Aldrich Co., USA. NMR solvent dimethyl sulfoxide (DMSO-d6) was purchased from Cambridge Isotope Laboratories, Inc. Staphylococcus aureus (ACTT 25923) was obtained from the Laboratory Department of The Second People’s Hospital of Hefei. MC3T3-E1 cells were provided by Fenghbio Ltd., China. BPO was dried under vacuum at room temperature for 24 h before being used. Grind PMMA powder to a particle size that is fine enough to pass through an 80-mesh screen but coarse enough to be retained on a 100-mesh screen before use. The other chemicals were used without further purification.
2.2 Synthesis of LNFMA monomer
First, (5-nitrofuran-2-yl) methanol (30 mmol, 1.0 eq) and methyl prop-2-ynoate isocyanate (36 mmol, 1.2 eq) was added to 50 mL DCM, followed by the addition of two drops of lauric acid. Stir the reaction mixture at room temperature overnight. Dilute the reaction mixture with DCM, and extract the organic layer with distilled water. Subsequently, extract the aqueous phase with DCM for a reverse-phase extraction. Dry the organic layer over sodium sulfate and process it to obtain the crude product through rotary evaporation. Purify the crude product by silica gel column chromatography to obtain the purified LNFMA monomer compound.
2.3 Preparation of LNFMA bone cement
The formulas of bone cements for each experiment are shown in Table 1. The mixture of solid and liquid components of each cement was prepared separately to ensure homogeneity. The two bone cement components were manually mixed at 23°C ± 1°C, then filled into molds of different sizes during the dough stage, and demoulded after 1 h. Cylindrical cement samples with a diameter of 6 mm and a height of 12 mm were used to study mechanical properties, antibacterial properties, and to prepare leach solutions for biocompatibility studies.
TABLE 1 | Formulations of cements.
[image: Table 1]Place the cylindrical cement sample in a container filled with cell culture medium or physiological saline. The ratio of cement sample to liquid is 0.2 g/mL. Incubate the material in a constant temperature incubator at 37°C and with 5% CO2, 24 h for the cell culture medium group and 48 h for the physiological saline group. After incubation, remove the sample, adjust the pH value of the extract to 7.4, and store it in a 4°C refrigerator for later use. The cell culture medium extract is intended to be used for examining cell toxicity.
2.4 Characterization of LNFMA bone cement
The FTIR spectra for the functional group analysis of the composites were recorded using a spectrometer (BRUKER VECTOR-22) over the frequency range of 4,000–400 cm−1. The samples were prepared in the form of pellets after mixing with potassium bromide. The morphologies of the synthetic bone cement materials were characterized by Scanning electron microscope (SEM) (JSM 6700, OLYMPUS, Tokyo, Japan) after coating with gold particles in a sputter coater. The mixed bone cement is filled into the polymerization temperature measuring mold, and the time-temperature change during the polymerization process is recorded by an infrared thermal imager. The temperature of the polymerization reaction is recorded every 30 s. Each group of samples is tested three times, and the average value of the maximum polymerization temperature is calculated. The setting time is calculated according to the formula Tset = (Tmax + Tabm)/2. Tmax is the maximum polymerization temperature, and Tamb is the ambient temperature.
2.5 Measurement of mechanical strength
The compressive strength and the elastic modulus of the bone cement were also determined by ISO 5833. The cylindrical samples were polished with a sandpaper of 1,000 mesh to guarantee that the two surfaces are completely parallel and incubated at 37°C in 100% humidity for 1 day. The test was conducted using the computer control material testing machine (BOSE company in the United States) at a loading rate of 20 mm min−1 until sample failure at 23°C. For each cement formulation, five samples were tested. The compressive strength was obtained from the recorded stress–strain curves and the elastic modulus could be calculated from the slope of the linear section of the stress–strain curve.
2.6 Evaluation of antibacterial activity
The cylindrical bone cement sample, with a diameter of 6 mm and a height of 12 mm, was soaked in distilled water at a ratio of 0.2 g/mL−1 at 37 °C for 24 h to eliminate residual unreacted monomers. Subsequently, surface disinfection was performed using ultraviolet light for 60 min. The individual samples were immersed in 1 mL of S. aureus bacterial suspension (0.5 MacFarland turbidity standard) and cultured at 37°C for 6 h. Afterward, the samples were washed to remove non-adherent bacteria, and then subjected to ultrasonic shaking in 5 mL of physiological saline (180 W, 40 kHz) for 3 min to separate the bacteria attached to the sample surface. Next, the above bacterial solution was diluted 100 times with physiological saline, and 40 μL of the diluted bacterial solution was inoculated on agar culture medium. After incubating at 37°C in a constant temperature incubator for 24 h, the bacterial count was determined. Each group was tested with three samples. The formula for calculating the contact inhibition rate is as follows:
[image: image]
in the formula, A represents the colony-forming units of the PMMA bone cement group, and B represents the colony-forming units of the various experimental groups.
2.7 Measurement of cell toxicity (CCK-8 assay using mouse embryo osteoblast precursor cells (MC3T3-E1))
Approximately 5 × 103 cells (MC3T3-E1) were seeded per well in a 96-well plate and cultured in MEM supplemented with 10% FBS as described above. The original culture medium was then removed and one hundred microliters of the different dilutions of the test material extract were co-cultured with MC3T3-E1, in three replicates. Cells cultured with 10% serum alone (i.e., cells unexposed to test material) were considered as the cell control. The morphological changes, OD values, and relative growth rate (RGR) of the osteoblasts were observed and recorded on days 1, 3, and 5 to evaluate the in vitro biocompatibility of the cement. The absorbance at 450 nm of every well was measured by a microplate reader. RGR was calculated according to equation:
[image: image]
in the formula, ODT is the absorbance of the experimental group, ODN is the absorbance of the negative control group, and ODR is the absorbance of the cell-free medium.
2.8 Histopathological examination
Fifteen healthy SPF C57 mice of about 20 g were divided into three groups. Normal saline extracts of the PMMA, and LNFMA-20% cements were injected into the abdominal cavity at a dosage of 50 mL/kg, respectively, and saline was used as a negative control group. General state (temperature, respiration, appetite, and exercise, etc.), mice weight changes and toxic manifestations (vomiting, diarrhea, convulsions, etc.) of the animals were observed before administration and on day 1, 2, and 3 after administration. On the third day (72 h later), the animals were sacrificed, and the liver and kidney were taken out for pathological observation. Experimental procedures were approved by the Biomedical Ethics Committee of Hefei University of Technology (approval no. HFUT20220522-001; approval date. “22 May 2022”).
2.9 Statistical analysis
All the results were expressed in mean ± standard deviation and were statistically analyzed using one-way ANOVA at the significance level of p < 0.05 by SPSS13.0 (SPSS Inc., Chicago, CA, United States, 2004). Subsequent multiple comparisons were conducted using Duncan’s post hoc analysis. The use of different lowercase letters on the bar graphs in Figures 5A, B, Figures 6B, C, Figure 2A and Figure 7B signifies statistically significant differences (p < 0.05) in the test values among the various cements being compared.
[image: Figure 2]FIGURE 2 | Antibacterial effect of PMMA and LNFMA cement on Staphylococcus aureus. (A) The inhibition rate of LNFMA cement at different concentrations; (B) Staphylococcus aureus colonies under the action of PMMA and LNFMA-30% cement, 1: PMMA cement group, 2: LNFMA-30% cement group. Different lowercase letters indicate significant differences in the inhibition rate of different cements (p < 0.05).
3 RESULTS
3.1 Characterization of LNFMA bone cement
The FTIR spectra of PMMA cement and LNFMA cements containing different concentrations of LNFMA monomer are shown in Figure 3. The solid-phase of bone cement remains commercially available PMMA in solid phase modification. Therefore, we also observed characteristic peaks of acrylic bone cement in LNFMA bone cement. These samples had the same signal peaks at 2,950, 1730, and 1,244 cm−1 that represented the characteristic peaks of the acrylic bone cement. The peak around 811 cm−1 represented C–N stretching, and the peak at 1,353 and 1,507 cm−1 represented the O=N=O symmetric and asymmetric vibration modes, respectively. By comparing the FTIR spectra of the LNFMA cements, it can be observed that with the increase in the LNFMA monomer incorporation amount, the peak intensities of O=N=O and C–N in the furan ring were significantly enhanced (Figure 3). As depicted in Figure 4, the fracture surfaces produced by brittle fracture in liquid nitrogen were very smooth. As indicated by the arrows, all these types of bone cement contained uniformly shaped pores, which were air bubbles mixed in during the production of the cement. The scanning electron microscope (SEM) study of modified bone cement confirms that despite the increase in LNFMA monomer content, the microstructure remains largely unchanged.
[image: Figure 3]FIGURE 3 | FT-IR spectra of the LNFMA bone cements.
[image: Figure 4]FIGURE 4 | SEM images of the NFMA and LNFMA bone cements. 1: PMMA cement group, 2: LNFMA-2.5% cement group, 3: LNFMA-5% cement group, 4: NFMA-5% cement group, 5: LNFMA-15% cement group, 3: LNFMA-30% cement group.
As shown in Figure 5, both the polymerization temperature and the setting time decrease with the addition of LNFMA. We believe that this may be because the relative molecular mass of the LNFMA monomer is larger than that of MMA. Therefore, the molar amount of LNFMA is lower than that of MMA under the same mass, which makes the polymerization reaction less intense. At the same time, the steric hindrance of the side chain of LNFMA is relatively large, which further slows down the polymerization reaction rate.
[image: Figure 5]FIGURE 5 | The polymerization properties of PMMA cement and LNFMA cement. (A) Maximum temperature; (B) Setting time. Different lowercase letters indicate significant differences in the maximum temperature or setting time among different cements (p < 0.05).
3.2 Mechanical strength
Based on our speculation, LNFMA with long side chains is less impactful on the compressive strength of bone cement during liquid-phase modification compared to NFMA with short side chains. As shown in Figure 6, we compared the compressive strengths of two types of bone cement, LNFMA-5% and NFMA-5%, and found that the compressive strength of LNFMA-5% cement is approximately 197% higher than that of NFMA-5% cement. Additionally, we tested bone cement with 2.5% and 10% LNFMA content, and discovered that the compressive strength and elastic modulus of bone cement decreases as the LNFMA content increases. The compressive strength of LNFMA-10% is only 19.8 ± 0.8 MPa. Since the compressive strength is already below the ISO 5833 standard, we did not proceed with further testing of the mechanical properties of bone cement with higher LNFMA content.
[image: Figure 6]FIGURE 6 | The mechanical properties of PMMA cement, LNFMA and NFMA cement. (A) Stress–strain curve; (B) Compressive strength; (C) Elastic modulus. Different lowercase letters indicate significant differences in the compressive strength or elastic modulus among different cements (p < 0.05).
3.3 Antibacterial activity
LNFMA-2.5% shows no significant inhibitory effect on S. aureus (p > 0.05). The inhibition rate of LNFMA-5% is 15.05% ± 0.5%, and the inhibition rate of LNFMA-10% is significantly higher than 5%, reaching 29%. When the addition amount of LNFMA is 20%, the inhibition rate is 53.9% ± 6.99%, and it increases to 57.38% ± 5.53% at 30% (Figure 2B). In summary, LNFMA bone cement exhibits good antimicrobial activity.
3.4 CCK-8 assay
The cell state of PMMA cement and bone cement with LNFMA content of 20% or less is normal (Figure 7A). However, under the microscope, most cells in the LNFMA-30% group are dead and in a suspended state. The CCK-8 test results (Figure 7) show that, except for the LNFMA-30% cement group, where the cell proliferation rate significantly decreases, exhibiting pronounced cytotoxicity (p < 0.05) with most cells dead and in a suspended state under the microscope; all other groups show no cytotoxicity, with good cell morphology.
[image: Figure 7]FIGURE 7 | Cytotoxicity of the different fabricated cements. (A) Image of MC3T3-E1 cells incubated with different extracts (observed on the fifth day), 1: PMMA cement group, 2: LNFMA-20% cement group, 3: LNFMA-30% cement group; (B) Relative growth rate of cells. Different lowercase letters indicate significant differences in the relative growth rate of different cements (p < 0.05).
3.5 Histopathological examination
In the in vivo biocompatibility studies, we observed that mice in all groups were generally in good condition, showing no signs of toxicity or mortality. When sacrificing the mice, no abdominal adhesions were observed. Histological examination of the liver and kidneys of the mice revealed normal cellular and tissue morphology in all groups, with no apparent degeneration or necrosis (Figure 8).
[image: Figure 8]FIGURE 8 | Liver and kidney sections of C57 mice injected with high-dose antibiotic-loaded NFBC extract. (A) Liver, PMMA cement group; (B) kidney, PMMA cement group; (C) liver, LNFMA-20% cement group; (D) kidney, LNFMA-20% cement group; (E) liver, negative control group; (F) kidney, negative control group.
4 DISCUSSION
In order to overcome the burst release defects of traditional ALBC, researchers have optimized the release of antibiotics or other bioactive agents using technologies including nanotechnology, to create novel ALBC. As another complementary solution, NLBC has also been studied recently. The liquid-phase modification strategy provides a rapid and convenient way to obtain NLBC, among others, with enhanced biological activity (Deb et al., 2008; Mei et al., 2012; Beyth et al., 2014; Sun et al., 2016; Zhu et al., 2018a; Fu et al., 2022; Xu et al., 2024). We previously reported an antibacterial monomer NFMA, and we tried to use liquid-phase modification to produce antibacterial bone cement. However, we found that the mechanical strength of NFMA bone cement with liquid-phase modification is low. In this work, we designed a new antibacterial monomer LNFMA with a longer side chain structure. The longer side chain structure may help reduce the impact on mechanical strength.
Similar to the NFMA cement based on solid-phase modification reported previously, we observed some characteristic peaks of acrylic bone cement and nitrofuran in the FTIR spectra (Figure 3). Testing infrared requires grinding cement into powder, but cement containing LNFMA has low mechanical strength and is difficult to grind. Considering that the current experimental results can already explain that the cement contains nitrofuran groups, cement with LNFMA content exceeding 15% was not tested. Through SEM observation of the fracture surface of bone cement, we believe that the addition of LNFMA has little effect on the microstructure of bone cement. However, one observable change is the increase in the number of bubbles and, consequently, the enhanced porosity within the LNFMA cement. These oval inclusions are bubble cross sections of cement after liquid nitrogen brittle fracture treatment. In addition, we found that both the polymerization temperature and operating time decreased with the addition of LNFMA. We believe that this may be because the relative molecular mass of the LNFMA monomer is larger than that of MMA. Therefore, under the same mass, the molar amount of LNFMA is lower than that of MMA, which results in a less intense polymerization reaction. At the same time, the steric hindrance of the side chain of LNFMA is relatively large, which further slows down the polymerization reaction rate. Considering that the addition of LNFMA leads to a reduction in the polymerization rate, we believe that the increase in bubbles is also related to the incorporation of LNFMA. This could be attributed to the fact that with the addition of LNFMA, longer stirring times are required to facilitate setting, which results in the incorporation of more bubbles, thereby enhancing the porosity of the LNFMA bone cement.
According to ISO 5833, we tested the mechanical strength of LNFMA bone cement. We found that both LNFMA and NFMA monomers reduced the compressive strength and elastic modulus of acrylic cement (Figure 6). This is because they belong to the nitrofurantoin-based heterocyclic compounds, and the furan ring introduces certain steric hindrance during polymerization. The decrease in mechanical strength is proportional to the addition of antimicrobial monomers, possibly due to the alkyl chains in the monomers weakening intermolecular forces, promoting molecular mobility, and affecting cement polymerization, ultimately leading to the reduction in mechanical properties (Zhu et al., 2018a). In addition, we believe that there may be other factors influencing the mechanical strength with the increase of chain length. Zhu et al. believed that at the same mass, the number of monomer molecules in longer chains is smaller, which may reduce the adverse effects on the polymerization reaction, thereby improving the mechanical strength (Zhu et al., 2018b). Despite the reduction in mechanical strength caused by both LNFMA and NFMA, we observed that, at the same mass fraction (5%), the mechanical properties of LNFMA bone cement were significantly higher than NFMA bone cement. This improvement may be attributed to the smaller steric hindrance generated by LNFMA monomers with longer side chains during cement polymerization, reducing their impact on the polymerization reaction. Although LNFMA bone cement exhibits superior mechanical strength, the compressive strength and elastic modulus of bone cement decrease with the increase of LNFMA content (p < 0.05). When the LNFMA content is 2.5%, the compressive strength of the bone cement is 74.4 MPa. When the LNFMA content is 10%, the compressive strength is lower than the ISO 5833 standard, so we did not further test the mechanical strength of bone cement with higher LNFMA content. These results indicate that the LNFMA cement’s compressive strength generally struggles to reach 70 MPa, making it more suitable for clinical applications as a filler for bone defects or as a layer for implants rather than for use in weight-bearing bone (No et al., 2014).
Previously reported NFMA bone cement is a non-leaching antimicrobial bone cement, meaning that the antimicrobial motifs carried on the side chains do not leach out from the bone cement. The antimicrobial mechanism of NFMA bone cement may involve hydrophobic interactions between the nitrofuran structure and the bacterial membrane. It is also possible that the nitrofuran motif affects some enzymes on the surface of bacteria (Gao et al., 2023b; Chu et al., 2022; Alharthi et al., 2021).
In this study, we developed a long-chain LNFMA monomer with improved mechanical strength, and we need to further test the antibacterial activity of bone cement. Different detection methods have significant differences in presenting the antibacterial activity data. In our previous report, we used the direct contact test (DCT) as in literature X, to test the antibacterial activity. In this protocol, we dripped the liquid containing bacteria on the sample and incubated it for a period of time. Then we tested the number of bacteria in the droplet and compared it with the number of bacteria in the original bacterial liquid. However, when using this protocol to present the antibacterial activity data, PMMA bone cement also exhibits high antibacterial activity. Therefore, in subsequent studies, we proposed a new DCT protocol for testing the antibacterial activity (Gao et al., 2023a). In this protocol, PMMA is considered as a material with a antibacterial activity of 0, so this comparison makes the data more intuitive. To verify whether bone cement containing this new monomer possesses antimicrobial activity, we conducted a DCT protocol to observe the antibacterial activity of different LNFMA content bone cements against S. aureus which is a common clinical pathogenic bacterium. Among them, LNFMA-2.5% has almost no antibacterial activity, while LNFMA-30% has the strongest antibacterial activity. The antibacterial activity increases with the increase of LNFMA content. In summary, LNFMA bone cement exhibits good antimicrobial activity.
When an implant is applied clinically, the primary consideration is the biocompatibility of the material. It should meet requirements such as being non-toxic, free from carcinogenic or teratogenic risks, and not causing immune rejection (Helmus et al., 2008). The RGR of LNFMA-5%, 10%, 15%, and 20% are higher than that of PMMA bone cement, indicating no cytotoxicity. However, unexpectedly, the RGR of LNFMA-30% drop dramatically (Figure 7), exhibiting pronounced cytotoxicity (p < 0.05) with most cells dead and in a suspended state under the microscope. This may be because when the concentration of LNFMA is too high, the monomers are difficult to fully polymerize. Therefore, in the preparation of the bone cement leaching solution, residual monomers are released into the liquid, resulting in higher cell toxicity (Kostić et al., 2020). To validate this hypothesis, we conducted agar diffusion test on two types of LNFMA bone cement with 20% and 30% content, as shown in Supplementary Figure S2. Compared to LNFMA-20% cement, the LNFMA-30% cement samples exhibited a more pronounced partial inhibition zone against S. aureus, confirming the presence of unreacted monomers in samples with excessively high concentrations, which are released from the bone cement. Liquid-phase modification is easy to operate, but compared with solid-phase modification, it has to deal with the toxicity of unpolymerized monomers. Therefore, a careful assessment of the addition of novel monomers is necessary.
To further test the biocompatibility of the cement containing LNFMA monomer, we conducted histopathological examination. Since the unpolymerized monomer of LNFMA-30% caused higher cell toxicity, it was excluded from the in vivo study, and we conducted an in vivo experiment to compare the PMMA and LNFMA-20%. Liver and kidney cells and tissues in all groups displayed normal morphology, with no evident degeneration or necrosis, indicating the absence of acute toxicity in the experimental animals (Figure 8). At the same time, the body weight of mice in the LNFMA-20% group did not differ significantly from that of the PMMA group and the control group (Supplementary Table S1). These findings align with the results of the cytotoxicity study, confirming the good biocompatibility of LNFMA bone cement.
5 CONCLUSION
This study reported a long-chain nitrofuran methacrylate monomer and employed a liquid-phase modification strategy to modify acrylic bone cement, resulting in a new non-leaching antimicrobial LNFMA bone cement. In comparison to previously reported NFMA antimicrobial monomers, LNFMA exhibited optimized mechanical strength and demonstrated excellent antimicrobial activity. We found that the compressive strength of LNFMA-5% bone cement with long side chains is approximately 197% higher than that of previously reported NFMA-5% cement with short side chains. However, the compressive strength of LNFMA-5% cement and those with higher addition percentages falls below 70 MPa, indicating that it was suitable for non-bearing bones. We believe that the longer side chains of LNFMA may reduce the steric hindrance during the polymerization reaction, thereby promoting the elongation of the polymer. Additionally, when the same mass of new monomers is added, the molar number of long-chain monomers is smaller, making it easier for the monomers to diffuse and facilitate the occurrence of bone cement polymerization (Zhu et al., 2018a). These properties contribute to the enhanced compressive strength of LNFMA cement compared to NFMA cement. Biocompatibility studies in vitro revealed good biocompatibility when the LNFMA content did not exceed 20%.
To sum up, if there is a need for bone cement to balance both antibacterial activity and mechanical strength, we believe that LNFMA-5% is a suitable choice, with an antibacterial rate of 15.05% ± 0.5% and a compressive strength of 42.64 ± 0.94 MPa. If the primary consideration is solely the antibacterial property of the bone cement, we recommend using a higher LNFMA content, such as LNFMA-20%, which achieves an antibacterial rate of 53.9% ± 6.99% while also demonstrating good biocompatibility. This liquid-phase modification using the new LNFMA monomer represents a simple and efficient method for preparing antimicrobial bone cement, with potential clinical applications to prevent bacterial colonization on implant surfaces.
6 LIMITATION
In this study, we designed bone cement containing long-chain LNFMA monomer, which demonstrated improved mechanical strength compared to previously reported NFMA bone cement. However, at the concentration that exhibits good antibacterial activity, the compressive strength of LNFMA cement falls below the 70 MPa standard specified in the national standard (ISO 5833:2002). Future research will focus on enhancing the mechanical strength of this material. While the LNFMA cement in this study exhibited excellent antibacterial properties against S. aureus, which is the most common bacterial strain involved in orthopedic infections, other bacterial species such as Escherichia coli and Staphylococcus epidermidis are also prevalent in orthopedic infections. Unfortunately, the antibacterial activity of LNFMA cement against these bacteria was not tested in this study. Moreover, the investigation into the biocompatibility of this novel antibacterial bone cement remains preliminary. Further research is planned to explore its potential as an implant material in terms of its biocompatibility within animal models.
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