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Introduction: Our objective in this study was to prepare a novel type of
polymethyl methacrylate (PMMA) bone cement, analyze its material properties,
and evaluate its safety and antibacterial efficacy.

Methods: A halamine compound methacrylate antibacterial PMMA bone cement
containing an N-Cl bond structure was formulated, and its material
characterization was determined with Fourier transform infrared spectroscopy
(FT-IR) and 1H-NMR. The antibacterial properties of the material were studied
using contact bacteriostasis and releasing-type bacteriostasis experiments.
Finally, in vitro and in vivo biocompatibility experiments were performed to
analyze the toxic effects of the material on mice and embryonic osteoblast
precursor cells (MC3T3-E1).

Results: Incorporation of the antibacterial methacrylate monomer with the
N-halamine compound in the new antibacterial PMMA bone cement
significantly increased its contact and releasing-type bacteriostatic
performance against Staphylococcus aureus. Notably, at 20% and 25%
additions of N-halamine compound, the contact and releasing-type
bacteriostasis rates of bone cement samples reached 100% (p < 0.001).
Furthermore, the new antibacterial bone cement containing 5%, 10%, and 15%
N-halamine compounds showed good biocompatibility in vitro and in vivo.

Conclusion: In this study, we found that the novel antibacterial PMMA bone
cement with N-halamine compound methacrylate demonstrated good contact
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and releasing-type bacteriostatic properties against S. aureus. In particular, bone
cement containing a 15% N-halamine monomer exhibited strong antibacterial
properties and good in vitro and in vivo biocompatibility.

KEYWORDS

antibacterial cement, bone cement modification, infection, N-halamine compound,
polymethyl methacrylate, Staphylococcus aureus

1 Introduction

Antibiotic-loaded bone cement (ALBC) has been extensively used
in the clinical treatment of periprosthetic joint infection (PJI).
Common ALBCs incorporate vancomycin, gentamicin, and
clindamycin into the bone cement. (Nau et al., 2016; Boelch et al.,
2017; Balato et al., 2019). While research on the physical doping
strategies of antibiotic bone cement has intensified, its clinical
application has also exposed several of its limitations. First, mere
physical doping of antibiotics into the bone cement leads to the
uneven distribution of antibiotics in the bone cement, thereby
hindering effective antibiotic release. Consequently, there is an
initial burst of antibiotic release on the surface of polymethyl
methacrylate (PMMA) bone cement (the release peak often occurs
within two to 3 days). The antibiotic release concentration
subsequently decreases, and the prolonged local low-dose release of
antibiotics can result in catastrophic bacterial resistance problems.
(Schnieders et al., 2011; Al Thaher et al., 2017; Miao et al., 2023).
Therefore, there is an urgent need to develop a new antibacterial
strategy for bone cement to address the challenges associated with
bacterial resistance in traditional ALBC formulations.

In non-leaching bone cement (NLBC), the antibacterial groups
are mainly attached to PMMA through covalent linkage, thereby
exerting antibacterial effects by destroying the cell membrane of
bacteria adhering to the bone cement surface. Consequently, NLBC
is not prone to bacterial resistance while effectively inhibiting
bacterial growth through contact bacteriostatic mechanisms.
(Vasilev et al., 2009; Jiao et al., 2017; Ghimire and Song, 2021;
Bhattacharjee et al., 2022). NLBCs containing heterocyclic
compounds and quaternary ammonium salts have been the most
extensively studied. (Deb et al., 2008; Chu et al., 2022). N-halamine
compounds have garnered significant attention in research and
application due to their antibacterial mechanisms, such as
contact and releasing-type bacteriostasis, as well as their
favorable biocompatibility. (Luo et al., 2011; Bai et al., 2016; Liu
et al., 2018; Ma W. et al., 2019; Ma Y. et al., 2019). However, so far,
orthopedic implant materials have remained understudied in this
context, highlighting the potential for research and development of
antibacterial PMMA bone cement containing methacrylate
monomer with halamine compounds. This is expected to open
up new prospects for clinical applications in the prevention and
treatment of orthopedic implant infections.

In this study, we designed and synthesized a new antibacterial
methacrylate monomer of an N-halamine compound containing an
N-Cl bond structure. Subsequently, we formulated a new type of
antibacterial PMMA bone cement incorporating this N-halamine
compound and analyzed its material characterization, antibacterial,
and biocompatibility properties so as to develop a safe and efficient
new antibacterial bone cement.

2 Materials and methods

2.1 Materials

The following materials were used in this study: 4-
Methylpiperidinol, methacrylic acid (MMA), sodium hypochlorite
(NaClO), dichloromethane (DCM), 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI), 4-
dimethylaminopyridine (DMAP) (Shanghai Macleane
Biochemical Co., Ltd.); Polymethyl methacrylate (PMMA)
(Sigma-Aldrich, USA; 120,000 mesh), benzoyl peroxide (BPO),
barium sulfate (BaSO4), N,N-dimethyl-p-toluidine (DMPT)
(Shanghai Macleane Biochemical Co., Ltd.); Fourier transform
infrared spectroscopy (FT-IR), Nuclear Magnetic Resonance
Spectrometer (Bruker, Germany); Staphylococcus aureus strain
(ACTT 25923) (Hefei Hospital, Anhui Medical University); and
C57 mice (SPF (Beijing) Biotechnology Co., Ltd.).

This study was approved by the Biomedical Ethics Committee of
the institution.

2.2 Methods

2.2.1 Synthesis of the antibacterial methacrylate
monomer with an N-halamine compound
containing an N-Cl bond structure

The synthesis path of the antibacterial methacrylate monomer
with an N-halamine compound containing an N-Cl bond structure
is shown in Figure 1. Initially, 50 mL of dichloromethane (DCM)
was added to the round-bottom flask, then 3.15 g (20 mmol) of 4-
methylpiperidinol and a slight excess of methacrylic acid (MMA)
(24 mmol) were added and stirred until the raw materials were
completely dissolved. After this, 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI)/4-
dimethylaminopyridine (DMAP) (4 mmol) was added as the
reaction catalyst and stirring was continued at room temperature
for 24 h. When the reaction was complete, the product was obtained
via extraction, concentration, and purification processes. The
product was mixed with excess sodium hypochlorite (30 mmol),
4 mL of distilled water, and 16 mL of tert-butanol and stirred at
room temperature for 24 h. The final product obtained after
decompression was a light yellow and transparent viscous liquid
with a yield of 80%.

2.2.2 Fourier transform infrared spectroscopy (FT-
IR) analysis of the novel antibacterial bone cement

The samples to be tested were prepared in the form of granules
by mixing PMMA bone cement and bone cement with varying
concentrations (5%, 15%, and 25%) of the N-halamine compound
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monomer with potassium bromide. Functional group analysis of
novel antibacterial cement composites containing different
concentrations of the N-halamine compound was performed
using FT-IR spectroscopy and recorded on a spectrometer
(BRUKER VECTOR-22) with a frequency range of 4,000–400 cm−1.

2.2.3 1H-NMR analysis of the methacrylate
monomer containing the N-halamine compound

Deuterated chloroform (CDCl3) was used as the solvent, and a
small amount of methacrylate monomer containing the N-halamine
compound was added to CDCl3 to ensure complete dissolution.
Tetramethylsilane was added as an internal standard, and 1H-NMR
determination was performed using a nuclear magnetic resonance
spectrometer (BRUKER-400 MHz).

2.2.4 Preparation of antibacterial PMMA bone
cement samples with the halamine compound
containing the N-Cl bond structure

PMMA particles were ground into a powder with a mesh size of
160–200, mixed with BPO and barium sulfate to obtain the solid-
phase powder of the bone cement. The liquid-phase preparation was
a mixture of the N-halamine compound antimicrobial monomer
and MMA. The solid and liquid phases were mixed in specific ratios
as detailed in Table 1 and poured into molds to create cylindrical
samples with a length of (12.0 ± 0.1) mm and a diameter of (6.0 ±
0.1) mm. This process yielded six distinct groups: a blank control
group (PMMA group) and bone cement formulation groups

containing 5%, 10%, 15%, 20%, and 25% N-halamine compound
monomers, respectively.

2.2.5 Preparation and grouping of sample extracts
The bone cement samples, that is, cylindrical specimens with a

length of (12.0 ± 0.1) mm and a diameter of (6.0 ± 0.1) mm, were
immersed in cell culture medium or normal saline (0.2 g/mL) and
subsequently incubated at 37°C and 5% CO2 for 24 h. The extract
was obtained and stored in a 4°C freezer for later use, with the
pH value adjusted to 7.4. (Li, 2014). Additionally, untreated cell
culture medium and normal saline were used as the blank control
group. The extracts obtained from the cell culture medium and
normal saline were intended for use in cell proliferation and toxicity
experiments and acute toxicity tests, respectively.

2.2.6 Determination of the antibacterial properties
of the new antibacterial bone cement

Using aseptic procedures, S. aureus cultures were retrieved and
passaged to obtain a bacterial solution with a concentration of 0.5 ×
108 CFU/mL. The six groups of bone cement samples, that is,
cylindrical specimens with a length of (12.0 ± 0.1) mm and a
diameter of (6.0 ± 0.1) mm, were soaked in glass test tubes filled
with 1 mL of bacterial solution and incubated at 37°C for 6 h. The
samples were removed (the residual bacterial solution was retained
for later use), rinsed with normal saline, and subjected to ultrasonic
vibrations for 3 min. A 40-μL aliquot of the vibrated liquid was
diluted and plated. After culture for 24 h, this was followed by

FIGURE 1
Synthesis of a methacrylate antimicrobial monomer with halamine containing an N-Cl bond structure.

TABLE 1 Composition of the antibacterial PMMA bone cement with halamine compounds containing N-Cl bond structures (based on a total mass of 1 g).

Formulation Powder(mg) Liquid(mg)

PMMA BaSO4 BPO MMA/N-Cl DMPT

Plain cement 525 100 13 355/0 7

5% N-Cl 525 100 13 337.25/17.75 7

10% N-Cl 525 100 13 319.5/35.5 7

15% N-Cl 525 100 13 301.75/53.25 7

20% N-Cl 525 100 13 284/71 7

25% N-Cl 525 100 13 266.25/88.75 7
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colony counting to calculate the contact bacteriostasis rate.
Similarly, the residual bacterial solution was diluted and plate-
coated, counted after culture for 24 h, and the releasing-type
bacteriostasis rate was calculated. A total of five samples were
tested in each group. The antibacterial rate was determined using
the formula:

Antibacterial rate � A − B

A
× 100%

In the above formula, A represents the number of colonies in the
blank bone cement group, and B represents the number of colonies
in each experimental group.

2.2.7 Determination of biocompatibility of the new
antibacterial bone cement
2.2.7.1 In vitro cell proliferation and toxicity experiments

Following aseptic procedures, mouse embryonic osteoblast
precursor cells (MC3T3-E1) were isolated and suspended in 37°C
double-distilled water. After centrifugation, the cells were
resuspended in medium and cultured in flasks at 37°C with 5%
CO2. Passage was initiated when the cell confluence reached 80%.
The cells were dissociated into single-cell suspensions and seeded in
96-well plates, followed by culturing under the same conditions for
24 h. Subsequently, the original medium was replaced with cell
culture medium extracts from each group of samples and co-
cultured with MC3T3-E1 cells. Cell Counting Kit-8 (CCK-8) was
used to detect cell proliferation on days 1, 3, and 5 of cell culture. The
optical density (OD) was measured using an enzyme-linked
immunoassay monitor at a wavelength of 450 nm, and the
relative growth rate (RGR) of cells in each group was calculated.
Finally, the morphological changes and cytotoxicity grades of cells
were evaluated based on the criteria outlined in GB/T 16886. (State
Administration for Market Regulation of China, 2022). The
following formula was used to calculate the RGR:

RGR � ODT − ODR

ODN − ODR
× 100%

In the above formula, ODT refers to the absorbance of the
experimental group, ODN refers to the absorbance of the blank
control group, and ODR refers to the absorbance of cell-
free medium.

2.2.7.2 Acute toxicity test in mice
A total of 35 C57 mice weighing 16–21 g were randomly divided

into seven groups, with five mice in each group. Prior to
experimentation, the body weights of all mice were measured
and recorded. Mice in each group were intraperitoneally injected
with normal saline, PMMA, and normal saline extracts containing
5%, 10%, 15%, 20%, and 25% N-halamine compound monomers,
respectively, with an injection volume of 50 mL/kg per mouse. The
injection site was located 0.5 cm below the midline of the lower
abdomen in mice, where the needle was inserted into the abdominal
cavity at a 30° angle to the skin surface and the extract was
administered. All mice were raised in the laboratory animal room
of Anhui Medical University, maintained in a ventilated and dry
environment of 18°C–22°C. Observations regarding the general
state, changes in body weight, and any signs of toxic reactions in
the mice were conducted at 24, 48, and 72 h after the injection. The

mice were euthanized after 72 h, and their livers and kidneys were
harvested for hematoxylin-eosin staining. To minimize the pain,
fear, and stress experienced by the experimental animals as much
as possible, all mice were euthanized by cervical dislocation. This
procedure involves firmly grasping the tail of mice with the right
hand and pulling it backward, while simultaneously applying
downward pressure on the head with the thumb and index finger
of the left hand, thereby severing the spinal cord from the brain
stem, resulting in the immediate death of the mice. Subsequently,
a histological examination of the tissues was performed under a
microscope. The assessment of acute systemic toxicity was
carried out according to the guidelines outlined in GB/T
16886. (State Administration for Market Regulation of
China, 2022).

2.2.8 Statistical analysis
SPSS 22.0 was used for statistical analysis. Measurement data

were expressed as �x ±s. The t-test was used for comparison
between groups, and the repeated measures analysis of variance
(ANOVA) was used for comparing data between two groups at
different time points. Counting data was expressed as
percentages, and the chi-square test was used for comparison
between groups. The difference was considered statistically
significant at a threshold of p < 0.05.

3 Results

3.1 Fourier transform infrared spectroscopy
(FT-IR) analysis of the novel antibacterial
bone cement

The FT-IR results of PMMA bone cement and antibacterial bone
cement materials with different concentrations of the N-halamine
compound monomer are shown in Figure 2A. In addition to the
characteristic peaks generated by pure PMMA bone cement at
2,952 cm-1, 1730 cm−1, 1,242 cm−1, and 1,154 cm−1, the
antibacterial bone cement with the N-halamine compound
monomer exhibited a distinct peak at 812 cm-1, attributed to the
stretching vibration of the C-N bond. Furthermore, the original
signal peak observed at 1,154 cm−1 moved to 1,126 cm−1 due to the
N-Cl bond induction. With the increase in the concentration of the
N-halamine compoundmonomer, the associated characteristic peak
strength of the C-N bond increased, indicating that more monomers
were involved in copolymerization.

3.2 1H-NMR analysis of methacrylate
monomer containing the
N-halamine compound

The results of the 1H-NMR determination of the methacrylate
monomer containing N-halamine compounds are shown in
Figure 2B. Notably, the hydrogen on the carbon atom of the
olefin exhibited restricted rotation due to the double bond, and
when subjected to different deshielding effects, distinct chemical
shifts were observed at 6.17 and 5.67 ppm, respectively. The electron
cloud of hydrogen on the methyl structure was denser, showed less
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displacement due to weaker deshielding effects, and was located at
1.95 ppm on the spectrum.

In the structure of 4-methylpiperidinol, the hydrogen within
the methine group was subjected to stronger deshielding effects
and manifested at 5.17 ppm, whereas the hydrogen in the
methylene and methyl groups experienced weaker deshielding

effects, corresponding to chemical shifts around 2.13, 1.75, and
1.56 ppm, respectively. The type and quantity of hydrogen in the
above-mentioned products corresponded to those in the
methacrylate monomer containing the N-halamine compound,
indicating that the properties of the products were consistent
with the monomer structure.

FIGURE 2
(Continued). (A) Infrared spectra of the PMMA bone cement and bone cements with 5%, 15%, and 25% N-halamine compound monomers. (B)
1H-NMR spectra of methacrylate monomer containing N-halamine compound (ppm, CDCl3).
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3.3 Determination of antibacterial properties

3.3.1 Contact antibacterial performance test
The results of contact antibacterial experiments of the bone

cements in each group are shown in Figure 3. Statistical analysis
using ANOVA revealed that the number of colonies in the bone
cements with 10%, 15%, 20%, and 25% N-halamine compound
groups was lower than that in the PMMA group (p < 0.05)
(Figure 3A). Notably, when the concentration of the N-halamine
compound was 15%, the contact antibacterial rate was as high as
39.70% (Figure 3B). As the concentration of theN-halamine compound
increased, a gradual decrease in the number of colonies on the surface of
bone cement was observed, accompanied by a corresponding increase
in the contact bacteriostasis rate (Figures 3C–E). When 25%
N-halamine compound was added to the bone cement, the contact
bacteriostasis rate reached 100%, with no S. aureus colonies detected in
the dish (Figures 3F, G).

3.3.2 Detection of releasing-type antibacterial
performance tests

The results of the releasing-type antibacterial test of bone
cement in each group are shown in Figure 4. ANOVA results
showed that the number of colonies observed in bone cements
with 5%, 10%, 15%, and 20% N-halamine compound groups was
significantly’ lower than that in the PMMA group (p < 0.05)
(Figure 4A). When the amount of N-halamine compound was
15%, the releasing-type bacteriostasis rate was significantly
increased to 57.35% (Figure 4B). With a gradual increase in
the concentration of N-halamine compounds, the number of
colonies in the bone cement solution gradually decreased,
accompanied by a gradual increase in the releasing-type
bacteriostasis rate (Figures 4C–E). Notably, when the
concentration of N-halamine compound in the bone cement

was 20%, the releasing-type bacteriostasis rate reached 100%,
and no S. aureus colonies were formed in the dish
(Figures 4F, G).

3.4 Biocompatibility experiments

3.4.1 In vitro cell toxicity experiments
The morphology of MC3T3-E1 cells was observed under the

microscope. On day 5, the morphology of MC3T3-E1 cells in the
control group, PMMA bone cement group, and bone cement groups
with 5%, 10%, and 15% N-halamine compound monomer was
normal, and the cells in the division stage were of irregular
spindle or triangular shapes. On day 5, the cells in the bone
cement groups with 20% and 25% N-halamine compound
monomer were loosely attached, and rounding cells were seen
(Figures 5F, G).

The optical density (OD) values of the cultured cells on days
1, 3, and 5 were determined by the CCK-8 method, and the
relative proliferation rate of cells was calculated (Figures 5H, I).
Repeated measures ANOVA showed that the OD values of cells
in the bone cement groups with 5%, 10%, and 15% N-halamine
compound monomer increased with time, and the difference was
significant (p < 0.05). The relative proliferation rate was greater
than 100%, and no cytotoxicity was noticed. However, compared
with the control group, the OD values of cells and relative
proliferation rates in the bone cement groups with 20% and
25% N-halamine compound monomers were significantly
reduced (p < 0.001), indicating moderate cytotoxicity.
Notably, when the concentration of the N-halamine
compound monomer reached 15%, the OD value of cells
exhibited gradual increments over time (p < 0.05), indicating
favorable cell proliferation without obvious cytotoxic reactions.

FIGURE 3
Detection of contact antibacterial performance. (A) The number of bacteriostatic colonies of contact bacteriostasis (compared with the PMMA
group, * indicates p < 0.05, ** indicates p < 0.001). (B) Contact bacteriostasis rate. (C–G) show the colonies of Staphylococcus aureus in the dishes of
PMMA bone cement and bone cements with 10%, 15%, 20%, and 25% N-halamine compoundmonomers, respectively. In the dish shown in f, the activity
of Staphylococcus aureus is reduced. No Staphylococcus aureus colonies are formed in the dish shown in (G).
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3.4.2 Acute toxicity test in mice
The body weight of all experimental groups of mice increased

over the 3 days compared to the first day, indicating a natural growth
state, and the differences were statistically significant (p < 0.05). The
differences in body weight gain at the same time points compared to
the saline group were not statistically significant (p > 0.05) (Table 2).

On days 1, 2, and 3 after the intraperitoneal injection, none of
the mice exhibited symptoms such as dyspnea, decreased activity,
tremors, diarrhea, and the like, and the weight of all the
experimental mice showed a natural increasing trend. Compared
with the normal saline group, the morphological structure of the
cells in the hepatic lobular area of mice injected with bone cement
extracts of different concentrations of N-halamine compound
monomers was normal, and there was no interstitial congestion
or obvious inflammatory cell infiltration. There was no significant
swelling or loosening observed in the hepatocytes of any of the
mice (Figure 6).

In the histological observation of the kidneys of the mice, in
comparison with the normal saline group, the morphological
structure of the renal cortex and renal medullary cells of mice
injected with bone cement extracts of different concentrations of
N-halamine compound monomers was normal, and there was no
interstitial inflammatory cell infiltration. No obvious abnormalities
were found in the glomerular and tubular morphology, and there
was no edema, necrosis, or detachment in the renal tubular epithelial
cells (Figure 7).

3.5 Mechanical properties

With the increase in the addition of the N-halamine compound
monomer, both the compressive strength and the elastic modulus of
the novel antibacterial bone cement gradually decreased. When the

addition of N-halamine compound monomers reached 15%, the
compressive strength and elastic modulus were 34.00 and
1,100.62 MPa, respectively, lower than those of the PMMA group
(Supplementary Figure S1).

4 Discussion

To address the many challenges associated with ALBC, a new
type of antibacterial bone cement was developed by the researchers
in this study. This method involved using the covalent linkage
strategy of antibacterial groups, wherein chemical groups
possessing antibacterial properties are covalently linked with the
MMA monomer side chain of the bone cement, resulting in the
development of PMMA bone cement containing a new type of
antibacterial monomer, known as non-leaching antibacterial bone
cement (NLBC).

Chu (Chu et al., 2022) developed a bio-based bone cement
utilizing a novel modified methyl methacrylate-5-nitrofurfuryl
methacrylate (p(NFMA-co-MMA)) composition and found that
incorporating a specific proportion of the p(NFMA-co-MMA)
monomer significantly reduced the polymerization temperature
and prolonged the working time of traditional PMMA bone
cement. In addition, when the concentration of the p(NFMA-co-
MMA) monomer was 10%, the contact antibacterial efficiency of the
new bone cement against Escherichia coli and S. aureus was 97.5%
and 99.6%, respectively, and it showed good biocompatibility both
in vitro and in vivo.

Zhu et al. (2017) synthesized a new type of antibacterial bone
cement containing the methacrylate monomer BTTMA with a
benzothiazole structure and found that, with the progressive
addition of BTTM, the compressive strength and elastic modulus
of the new bone cement were significantly higher than those of the

FIGURE 4
Detection of releasing-type antibacterial performance. (A) The number of bacteriostatic colonies of releasing-type bacteriostasis (compared with
the PMMA group, * indicates p < 0.05, ** indicates p < 0.001). (B) Releasing-type bacteriostasis rate. (C–G) show the colonies of Staphylococcus aureus in
the dishes of PMMA bone cement and bone cements with 5%, 10%, 15%, and 20% N-halamine compoundmonomers, respectively. In the dish shown in f,
the activity of Staphylococcus aureus is reduced. No Staphylococcus aureus colonies are formed in the dish shown in (G).
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FIGURE 5
In vitro cell proliferation and toxicity experiments. (A–G) show the morphology of MC3T3-E1 cells in the control group, PMMA bone cement group,
and bone cement groups with 5%, 10%, 15%, 20%, and 25% N-halamine compoundmonomers, respectively, on day 5 as observed under themicroscope.
(H,I) show the OD values and relative proliferation rates of cells in each group at different time points (when the concentration of N-halamine compound
monomer is 15%, the OD values of cells on days 3 and 5 are compared with those on day 1, * indicates p < 0.05; the bone cement with 20% and 25%
N-halamine compound monomer groups are compared with the blank control group, ** indicates p < 0.001).

TABLE 2 Changes in body weight of mice before and after intraperitoneal injection (�x ±s, g).

Groups n Weight change at different time points

Day 1 Day 2 Day 3

Normal saline 5 0.56 ± 0.52 0.79 ± 0.46* 0.62 ± 0.50*

PMMA 5 0.61 ± 0.17 0.78 ± 0.17* 0.70 ± 0.09*

5%N-Cl 5 0.60 ± 0.21 0.83 ± 0.18* 0.90 ± 0.29*

10%N-Cl 5 0.23 ± 0.36 0.49 ± 0.37* 0.70 ± 0.42*

15%N-Cl 5 0.56 ± 0.56 0.74 ± 0.66* 0.56 ± 0.80

20%N-Cl 5 0.59 ± 0.54 0.74 ± 0.65* 0.74 ± 0.74*

25%N-Cl 5 0.31 ± 0.52 0.44 ± 0.58* 0.69 ± 0.64*

Fintergroup/time/interaction Pintergroup/time/interaction 0.278/21.623/2.374 0.943/<0.001/0.021

Note: Fintergroup represents the overall comparison of mouse body weight changes at the same time points between the PMMA, bone cement group and the groups with 5%, 10%, 15%, 20%,

and 25% N-halamine compound monomer added bone cement, respectively, compared with the saline group (blank control group), and the comparison with the saline group at the same time

points showed p > 0.05.

Ftime represents the overall comparison of mouse body weight changes at different time points within each group compared with the body weight change at day 1, and compared with the body

weight change at day 1, * indicates p < 0.05.
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control group. When the BTTM concentration was 15%, it showed
54% of antibacterial effects on S. aureuswithout inducing hemolysis,
thus demonstrating good in vitro biocompatibility.

In their study, Wu et al. (2021) reported that a porous
N-halamine polymer coating, Ti-PAA-NCl, applied to the surface
of titanium showed a 64% inhibition rate of S. aureus and a 42%
inhibition rate of Porphyromonas gingivalis. They demonstrated that
the coating exerted its antibacterial activity through two
mechanisms: contact killing and releasing-type killing. Another
notable finding was that the S. aureus and P. gingivalis biofilms
that adhered to the surface of the novel coating were damaged,
indicating that the Ti-PAA-NCl material was not only effective in
killing pathogenic bacteria but also in preventing the formation of
bacterial biofilms.

Building upon previous studies on N-halamine compounds and
considering the exothermic polymerization of PMMA bone cement
material, an amine N-halamine compound monomer was prepared

in this study. This monomer is designed to be more stable than
amide N-halamine and imide N-halamine (Wu et al., 2021).
Furthermore, the FT-IR spectra of PMMA bone cement materials
containing different concentrations of N-halamine compound
monomers were analyzed. The results showed that the signal
peak observed at 812 cm−1 represented a characteristic peak
generated by the C-N bond stretching vibration in the
antibacterial cement material containing the N-halamine
compound. Moreover, the induction of the N-Cl bond led to
the displacement of the characteristic peak observed in the
original PMMA spectrum. In addition, 1H-NMR spectra
analysis of methacrylate monomers containing the N-halamine
compound showed that the type and quantity of hydrogen in the
product corresponded to those found in methacrylate monomers
containing N-halamine compounds, thus indicating consistency
between the properties of the product and the
monomer structure.

FIGURE 6
Histological staining images of mice livers on day 3 after the intraperitoneal injection, as observed under a lightmicroscope. (A–G) show histological
staining images of mice livers on day 3 after the injection in the control group, PMMA bone cement group, and bone cement groups with 5%, 10%, 15%,
20%, and 25% N-halamine compound monomers (hematoxylin-eosin staining).

FIGURE 7
Histological staining images of mice kidneys on day 3 after the intraperitoneal injection, as observed under a light microscope. (A–G) show the
histological staining images ofmice kidneys on day 3 after the intraperitoneal injection in the control group, PMMAbone cement group, and bone cement
groups with 5%, 10%, 15%, 20%, and 25% N-halamine compound monomers (hematoxylin-eosin staining).
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The antibacterial mechanisms of N-halamine can be divided
into contact bacteriostasis, releasing-type bactericidal effects,
and transferring bacteriostasis. (Sun et al., 1994; Engel et al.,
2012; Laingam et al., 2012; Li et al., 2012; Sun et al., 2012;
Bastarrachea et al., 2013; Yu et al., 2013; Farah et al., 2015; Natan
et al., 2015; Farah et al., 2016). In the mechanism of contact
bacteriostasis, active halogens are directly transferred from the
N-halamine compound to bacterial surface receptors, while the
halogens remain bound to the N-X bond. Conversely, in the
releasing-type bactericidal effect, the active halogens initially
dissociate from the N-X bond and subsequently migrate into the
solution during the releasing-type bactericidal process or into
the media component during the transferring
bactericidal process.

For analyzing the antibacterial properties of the newN-halamine
bone cement, we conducted separate contact bacteriostasis and
releasing-type bacteriostasis experiments using S. aureus, a
commonly seen pathogen in orthopedic implant infections. The
results showed that the novel N-halamine compound methacrylate
copolymer cement operated through a combined mechanism
involving both contact bacteriostasis and releasing-type
bacteriostasis. This dual-action mechanism offered enhanced
antibacterial protection for the implant.

In addition, owing to the relatively stable structure of the
N-chloramine designed and synthesized in this study, its contact
bacteriostatic ability and releasing-type bactericidal ability were
comparable, with the releasing-type bactericidal ability slightly
better than contact bacteriostatic ability. In the releasing-type
bactericidal experiment, the initial releasing-type bacteriostasis
performance was observed when the content of the N-halamine
compound in the bone cement was 5%. In the contact
bacteriostasis experiment, the initial contact bacteriostasis
performance was seen only when the concentration of the
N-halamine compound in the bone cement was 10%.
However, when the concentration of the N-halamine
compound increased from 15% to 20%, the rate of releasing-
type bacteriostasis increased sharply from 57.35% to 100%. This
may be attributed to the increased dissociation of the active
halogen Cl+ from the N-X bond as the addition of the
N-halamine compound increased, resulting in a “sudden
releasing effect”. Consequently, this led to the death of a
substantial number of S. aureus in the bacterial solution and a
sharp increase in the rate of releasing-type bacteriostasis.

Irrespective of whether it is contact bacteriostasis or the
releasing-type bactericidal effect, active halogen serves as the
main component of N-halamine responsible for exerting its
bactericidal effects. In the case of N-chloramine, the initial target
of active Cl+ is to chlorinate the protein matrix on the outside of the
bacteria, and the active Cl+ forms a covering around the bacteria.
This layer helps it penetrate into the bacterial cells, further oxidizing
many key cellular components with thiol and thioether structures
and denaturing the proteins through trans-chlorine interactions,
ultimately causing the bacteria to lose their activity and die (Gottardi
et al., 2013; De Silva et al., 2015; Dong et al., 2017). Due to the non-
specific interaction between N-halamine and bacteria-important
proteins, N-halamine compounds are thought to have broad-
spectrum antibacterial susceptibility. Furthermore, even if
N-halamine copolymer bone cement persists within local tissues

for an extended period of time, it is unlikely to induce bacterial
resistance.

Good biocompatibility is the most fundamental property of
biomedical materials. When they performed CCK-8 detection on
porous N-halamine polymer coating (Ti-PAA-NCl), (Wu et al.,
2021) found that there was no significant difference in the growth
and proliferation of osteocyte precursor cells (MC3T3-E1) between
the Ti-PAA-NCl group and the control group. Additionally, the
fluorescence staining results showed that Ti-PAA-NCl did not affect
cell proliferation or adhesion. Similarly, (Umair et al., 2015)
fabricated N-halamine-based surgical bactericidal sutures through
the deposition of N-halamine-4-piperidinol polymer on
polyglycolide sutures. They found that the N-halamine sutures
effectively inactivated the experimental strain in a short period of
time when the chlorine load was 0.22%, and these sutures also
showed good biocompatibility in the in vitro hemolysis experiment
and the cytocompatibility test.

In this study, the biocompatibility of the novel antibacterial bone
cement was evaluated using the CCK-8 method and testing for acute
systemic toxicity in mice. In the experimental study of the
proliferation and toxicity of osteoblast precursor cells (MC3T3-
E1), it was found that, compared to the untreated blank group with
cell culture medium, the cell morphology of the PMMA bone
cement group and the bone cement groups with 5%, 10%, and
15% N-halamine compound monomers was normal at each time
point. The cells in the division stage exhibited irregular spindle or
triangular shapes, indicating a normal proliferation state, with a
relative proliferation rate greater than 100%, and no cytotoxicity was
detected. However, on day 5 of cell culture, the cells in the bone
cement groups with 20% and 25% N-halamine compound
monomers were poorly attached, indicating moderate
cytotoxicity. This outcome may be related to the “sudden
releasing effect” of active Cl+. With an increasing concentration
of the N-halamine compound, a large amount of active halogen Cl +
dissociated from the N-X bond, resulting in the non-specific killing
of MC3T3-E1 cells.

In the acute systemic toxicity experiment involving mice, the
general condition of mice after injection of different
concentrations of N-halamine compound monomers and bone
cement extracts was observed and compared to the normal saline
group. It was found that no mice showed symptoms such as
dyspnea, decreased activity, tremors, diarrhea, or other
symptoms at any time point throughout the period of
observation. Moreover, the weight of the mice showed a
natural increasing trend. Histological observation of the liver
and kidney of the mice showed that the hepatic and renal cells of
all the experimental mice displayed good morphology, and there
was no interstitial inflammatory cell infiltration. These results
collectively indicate that the new N-halamine compound
monomer copolymer bone cement exhibited favorable
biocompatibility properties in vivo.

5 Conclusion

In this study, a novel antibacterial PMMA bone cement
containing a methacrylate monomer with an N-halamine
compound was designed and synthesized, and this demonstrated
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good antibacterial efficacy against S. aureus via both contact
bacteriostasis and releasing-type bactericidal effect
mechanisms. Notably, the bone cement with a 15%
N-halamine compound showed good biocompatibility both
in vitro and in vivo while exerting strong antibacterial effects
on S. aureus. In conclusion, the antibacterial PMMA bone
cement containing methacrylate monomer with a 15%
N-halamine compound had the best overall performance in
this study, suggesting its potential as a promising candidate
for the development of novel antibacterial orthopedic implant
materials in the future.
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