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A sortase A inhibitor (SrtA I)-loaded bone cement (SLBC) containing 1-(3,4-dichlorophenyl)-3-
(dimethylamino)propyl-1-one hydrochloride (AEEK1) was reported. Compared with gentamicin-loaded
bone cement (GS cement), which is a widely used antibiotic-loaded bone cement in cemented total
joint replacement (TJR), SLBC demonstrated a significantly prolonged effective antibacterial duration
against both Staphylococcus aureus (S. aureus) and methicillin-resistant S. aureus (MRSA). The quasi-
static compressive strength, maximum polymerization temperature, and setting time of SLBC were
within the limits stated in the I1ISO 5833 standard and comparable to the corresponding values of GS
cement. In vitro and in vivo experimental results confirmed the biocompatibility of SLBC and showed its
easy injectability into porcine T12 vertebrae. Taken together, these findings suggest that SLBC may have
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1. Introduction

With factors such as global aging and war traumas, the number
of total joint replacements (TJRs) is continuously increasing,
with millions of cases occurring each year."* Periprosthetic joint
infection (PJI) is a severe complication of TJR. In order to
prevent PJI, antibiotic-loaded bone cement (ALBC) based on
poly(methyl methacrylate) (PMMA) has been widely used.>™?
Antibiotics work through their bacteriostatic or bactericidal
properties. However, over the years, the bacteria commonly
involved in PJI have developed resistance to antibiotics eluted
from ALBCs."™ Perhaps, the most well-known reason is the
short effective elution period of antibacterial agents caused by
the burst release of antibiotics, which is usually below the MIC
after 1 week.” Furthermore, in recent literature, the “race to the
surface” (the race between the formation of biofilm on the
surface of an infected implant and the movement of an anti-
biotic to that surface) is usually won by the biofilm.””™* In other
words, a biofilm forms quickly on the surface of the implant,
preventing antibiotics eluted from agents such as ALBC from
reaching the bacteria on that surface. A recent study has indi-
cated that the inefficiency of ALBC in preventing PJI may be
attributed to the aforementioned reasons.®> It poses an
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imminent threat to the public health; hence, there is an urgent
need for new strategies to combat antibiotic resistance.

Staphylococcus aureus (S. aureus) is the most common and
destructive bacterium in PJI.>**" Sortase A (SrtA), as a biological
anti-virulence target of S. aureus, holds promise for therapeutic
intervention because inhibiting SrtA may not exert selective
pressure on bacteria, thus avoiding the emergence of drug-
resistant strains.”>*” Therefore, SrtA inhibition appears to be an
excellent anti-infection strategy.”®**> Although a sufficient number
of SrtA inhibitors (SrtA is) are currently known,**?** only a few of
them have been studied in vivo, and the vast majority of inhibitors
have not been clinically evaluated.”®** This indicates an urgent
need to follow up on these potent inhibitors and translate them
into tools available for clinical treatment to deal with PJI.

In the present study, we formulated an antibacterial bone
cement, whose powder ingredients included a sortase A inhib-
itor, and determined a variety of its properties. The properties
were antibacterial activity against S. aureus and MRSA (to
highlight the antibacterial spectrum of the inhibitor), surface
morphology of fracture specimens in SEM, radiopacity, quasi-
static compression strength and modulus, in vitro cytotoxicity,
in vitro hemolysis, toxicity in C57 mice, polymerization
temperature, setting time, and injectability into porcine T12
vertebrae.

2. Materials and methods
2.1 Materials

Poly(methyl methacrylate) and methacrylic acid (MMA) were
purchased from Sigma-Aldrich Co., USA. Benzoyl peroxide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(BPO) and N,N-dimethyl-p-toluidine (DMPT) were purchased
from J&K Science Co., Ltd, China. Barium sulfate (BaSO,) was
purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd. Gentamicin sulfate (GS) was purchased from Shanghai
Macklin Biochemical Co., Ltd, China. The SrtA inhibitors used
in this study were two aryl (B-amino)ethyl ketone (AAEK)
compounds, namely 1-(3,4-dichlorophenyl)-3-(dimethylamino)
propyl-1-one hydrochloride (AAEK1) and 3-dimethylamino-1-
(thienyl)-propyl-1-one ~ hydrochloride  (AAEK2). 1-(3,4-
Dichlorophenyl)-3-(dimethylamino)propyl-1-one hydrochloride
was purchased from Shanghai Acmec Biochemical Technology
Co., Ltd 3-Dimethylamino-1-(thienyl)-propyl-1-one hydrochlo-
ride was purchased from Bide Pharmatech Co., Ltd Staphylo-
coccus aureus (S. aureus ATCC 25923) and a clinically isolated
multiple-resistant Staphylococcus aureus (hereafter referred to as
clinical MRSA or MRSA; this strain is resistant to methicillin,
various other antibiotics, and GS; see SI Table S1 for details)
were obtained from the Department of Clinical Laboratory,
Second People's Hospital of Hefei. MC3T3-E1 cells and their
specialized cell culture medium were purchased from Wuhan
Servicebio Biotechnology Co., Ltd. SPF grade C57 mice and
rabbit erythrocytes were provided by the Animal Experiment
Center of Anhui Medical University. BPO was vacuum-dried at
room temperature for 24 hours before use. PMMA was ground
to a particle size of 80-100 mesh and used. Other chemicals
require no further purification or treatment and can be used as
received.

2.2 Preparation of bone cement

All bone cements used in this study were prepared according to
the formulations described in Table 1 and Fig. 1, with the
design closely approximating that of commercially available
bone cement. Briefly, the antibacterial agent, as a component of
the solid phase, was uniformly mixed with PMMA, BPO, and
barium sulfate. Afterwards, the solid and liquid phases were
mixed and stirred, and then injected into the mold for
shaping.**?** Prior to preparing antibiotic-loaded bone cement,
three antibacterial agents were separately mixed with the
powder using standardized powder-blending protocols. After
homogeneously mixing the powder and liquid phases of each
bone cement group at ambient temperature (23 °C £ 1 °C), the
mixtures were immediately transferred into  poly-
tetrafluoroethylene (PTFE) molds of specified dimensions for
polymerization. Disk-shaped specimens (0 6 x 3 mm) were
prepared for antibacterial property evaluation. Cylindrical

Table 1 Bone cement formulations and groupings (the total amount
of bone cement is approximately 1 g)

Powder (mg) Liquid (pL)

Formulation PMMA BPO BaSO, Drug MMA DMPT
PMMA cement 525 13 100 0 379 7.5
5% AAEK1 cement 493.1 13 100 31.9 379 7.5
5% AAEK2 cement  493.1 13 100 31.9 379 7.5
5% GS cement 493.1 13 100 31.9 379 7.5
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Fig. 1 Preparation of sortase A inhibitor-loaded bone cement (SLBC)
and its antibacterial mechanism.

specimens (J 6 x 12 mm) were prepared for mechanical testing
and hemolytic activity assessment, with extracts prepared for
biocompatibility studies. Square-plate specimens (20 x 20 x 2
mm) were fabricated for scanning electron microscopy (SEM)
analysis.

2.3 Preparation of cement extracts

After being sterilized by UV irradiation, cylindrical bone cement
specimens from each group were immersed in physiological
saline (0.9% NaCl solution) and in cell culture medium,
according to GB/T 16 886 standards, and the sample-to-liquid
ratio was set at 0.2 ¢ mL™*. The saline groups were incubated
at 37 °C in a 5% CO, atmosphere for 30 minutes, while the
culture medium-treated groups were incubated under identical
conditions for 24 hours. The saline extract of the bone cement
obtained was used for the animal hemolysis test and acute
toxicity test, and the cell culture medium extract was used for
the in vitro cytotoxicity test.

2.4 Determination of antibacterial activity

S. aureus and clinical MRSA strains were resuscitated and sub-
cultured, and bacterial suspensions were prepared at a concen-
tration of 0.5 x 10® CFU mL ™" after three subcultures. A 100 pL
aliquot of bacterial solution was pipetted and spread evenly on
nutrient agar plates, and disc-shaped bone cement samples (UV
irradiation for 30 min) were placed on each plate. The center-to-
center distance between each cement sample was greater than
24 mm, and the distance between the sample and the edge of
the plate was greater than 15 mm (S3). After marking, the plates
were incubated at 37 °C in a 5% CO, incubator for 24 h, and the
ring diameter of each cement inhibition zone was measured to
evaluate its antibacterial activity. The plates were replaced daily
with freshly coated plates, and specimens were transferred to
new plates, and their locations were marked. The antibacterial
properties of each group were tested continuously for 7 days.
In order to further improve clinical relevance, the surface
antibacterial activity of bone cement after different soaking
durations (0-5 days) was studied. Cement samples were soaked
in a glass tube containing 1 mL of the bacterial solution
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prepared above and incubated for 6 hours. Then, the samples
were removed, the surface non-adherent bacteria were slowly
washed off with normal saline, and then the rinsed samples
were placed into a centrifuge tube containing 5 mL of normal
saline. The tubes were vibrated in an ultrasonic shaker for 3
minutes, and the samples were removed. A 40 uL of the soni-
cated liquid was pipetted and added to 4 mL of normal saline
for dilution, and finally a pipette was used to aspirate 40 uL of
the dilution for plate coating. After 24 hours of incubation in
a constant-temperature incubator, colonies were counted, and
the antibacterial rate was calculated. For each cement group,
three specimens were used.

2.5 Characterization of bone cement (SEM and FT-IR)

Two batches of square-plate bone cement specimens were
prepared for each group. After liquid nitrogen embrittlement,
one batch was soaked in physiological saline at 24 °C & 1 °C for
7 days, while the other batch was not soaked. The treated bone
cement specimens were coated with gold particles in a sputter
coater and characterized by scanning electron microscopy
(SEM; JSM 6700, OLYMPUS, Tokyo, Japan) to analyze the cross-
sectional morphology of the specimen before and after soaking
for 7 days.

A small amount of bone cement powder was mixed with
potassium bromide (KBr) at a ratio of about 1 : 50, ground into
fine powder and pressed into transparent sheets. The functional
groups of the composite materials were analyzed by Fourier
transform infrared (FT-IR) spectroscopy in the frequency range
of 4000-400 cm ™" using an FT-IR spectrometer (Bruker Vector-
22). The FT-IR spectra were baseline-corrected and plotted
using Origin Pro 2023 software.

2.6 Radiopacity

In this experiment, a CT scanner (SIEMENS SOMATOM AS 64-
slice CT) was used to quantify the HU of the bone cement.
Cylindrical bone cement (J 30 mm x 15 mm) was prepared,
and five in each group were tested. Before scanning, the sample
was completely immersed in a water mold filled with deionized
water, and the CT scanning parameters were set as follows: tube
voltage 120 kVp, B30f standard soft tissue algorithm, and layer
thickness 1.0 mm. After acquiring the images, quantitative
analysis was performed using specialized software (PACS
system). On the axial images of each specimen, the central
region of five consecutive layers was selected to place the
circular region of interest (ROI) with a diameter of 20 mm to
avoid edge area artifacts. The mean HU and standard deviation
of the pixels within each ROI were recorded, and the final HU of
each sample was calculated as the average of the ROI of the five
consecutive layers. For each cement group, five specimens were
tested.

2.7 Determination of quasi-static compressive properties

The quasi-static compressive strength and quasi-static elastic
modulus of each group of bone cement were tested according to
ISO5833. Two batches of cylindrical bone cement specimens
were prepared for each group. One batch was soaked in
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physiological saline at 24 °C = 1 °C for 7 days, while the other
batch remained unsoaked. The specimens were polished with
1000-grit sandpaper to ensure parallel upper and lower
surfaces, and the weight was controlled at 0.4 £ 0.01 g. Quasi-
static compression experiments were performed at 23 °C
using a computer-controlled material testing machine (Bose
company, USA) at a loading rate of 20 mm min"'. The quasi-
static compressive strength was obtained from the recorded
stress—strain curve, and the modulus of elasticity is calculated
from the linear slope of the stress-strain curve. In order to
further explore other aspects of mechanical properties, we
additionally prepared a long strip sample (75 x 10 x 3.3 mm)
and carried out a three-point bending experiment according to
ISO5833 to measure the quasi-static bending strength and
bending modulus of the three types of bone cements. For each
cement group, five specimens were tested.

2.8 Determination of cytotoxicity

Under sterile conditions at 37 °C and 5% CO,, recovered cells
were cultured using MC3T3-E1 cell-specific medium, and cells
that had undergone three subcultures were selected for related
experiments. Cells in the logarithmic growth phase were
centrifuged after trypsin digestion, and then a diluted MC3T3-
E1 cell suspension was seeded into wells of 96-well plates at
approximately 5 x 10° cells per well. After microscopic obser-
vation of cell attachment, the original medium was discarded,
and 100 pL of cement medium extract (prepared as described
above) was added to each well for co-culture with MC3T3-E1
cells.

On the first, third, and fifth days after cell co-culture, the
CCK-8 reagent was mixed with medium at a 1: 9 volume ratio.
The original medium in the plate was discarded, and 100 pL of
the mixed solution was added, followed by 2 hours of incuba-
tion. The morphological changes of the cells were then observed
using an inverted fluorescence microscope (Nikon DS-Fi3). The
plates were placed in a microplate reader, and the wavelength
was set to 450 nm to measure the optical density (OD) of each
well. The relative growth rate (RGR) for each group of cells was
calculated using the following formula. The morphological
changes and cytotoxicity of cells were evaluated according to
GB/T 16 886 standards. For each cement group, five specimens
were tested.

ODr — ODg

RGR = ———
ODy — ODg

x 100%

where ODr is the optical density of the experimental group; ODy
is the optical density of the blank control group; ODy is the
optical density of the cell-free medium.

2.9 Determination of hemolysis rate

The experiment was performed at 24 °C £ 1 °C with a relative
humidity of 40% =+ 5%. According to the GB/T16886 standard,
1.8 mL of the above-prepared bone cement saline extract (see
2.3 for details) was placed in a sterile centrifuge tube for each
group, 1.8 mL of purified water was used as a positive control,
and 1.8 mL of normal saline was used as a negative control. To

© 2025 The Author(s). Published by the Royal Society of Chemistry
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each tube, 200 pL of 2% rabbit erythrocyte suspension was
added. And then the tubes were incubated at 37 °C, 5% CO, for
1 h. Subsequently, the solution of each group was centrifuged at
3000 rpm for 5 min. The transparency of the supernatant was
visually inspected to assess hemolysis. The optical density (OD)
of the supernatant was measured at 545 nm using a microplate
reader. Three samples (n = 3) were measured in each group of
bone cement. The hemolysis rate (HR) was calculated according
to the following formula:

ODr — ODy

HR = —/———
ODp — ODy

x 100%

where ODr in the formula is the optical density of the experi-
mental solution, ODy is the optical density of the negative
control, and ODy is the optical density of the positive control.
According to GB/T 16 886, a hemolysis rate of less than 5% is
considered hemolysis-free.

2.10 Acute toxicity in mice

Systemic toxicity was evaluated according to GB/T16886 criteria.
Twenty C57 mice weighing in the range of 17-21 g were selected
and divided into four groups of five mice in each group using
block randomization (ISO 28640). Saline extract was injected
intraperitoneally at a ratio of 50 mL kg~ " at 5 mm from the line
of the lower abdomen of the mouse. Mice were housed in
a ventilated and dry environment at 18-22 °C and given
adequate food and water. The general condition and signs of
toxicity of mice at 24, 48, and 72 hours after injection were
observed. The weight changes of the mice were recorded. Mice
were euthanized by neck dislocation at 72 h, and the liver and
kidney were removed, sectioned, and stained with hematoxylin-
eosin stain; the sections were observed under a microscope.

2.11 Determination of maximum polymerization
temperature and setting time

Under the conditions of 24 °C £ 1 °C and 40% = 5% relative
humidity, 1 g of bone cement was filled into a mold to measure
the polymerization temperature, and the temperature changes
with time during the polymerization process were recorded
using an infrared thermal imager. The real-time temperature
was recorded every 15 s. The setting time (¢, was calculated as
the time at which T was achieved, with Tse¢ = (Tmax + Tamb)/2,
where Ty, was the maximum temperature reached during the
polymerization of the cement dough, and T,,, was the ambient
temperature. For each cement group, three specimens were
used.

2.12 Determination of injectability

As a bone substitute filling material, we evaluated the filling
performance of bone cement. A 3D-printed vertebral model was
filled with foam with rich gaps, followed by the injection of an
appropriate amount of bone cement. After the bone cement is
cured, excess foam on the surface was removed, and the
morphology was observed. In addition, fresh porcine cadaver
vertebrae were purchased, and surface muscles and soft tissues
were removed. Cylindrical cavities with a diameter of 4 mm and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a depth of 50 mm were drilled along the pedicle direction. Bone
cement was injected into the cavities, and X-rays were taken.

2.13 Statistical analysis

Data were analyzed using SPSS 27.0 software, and the measured
values are mean =+ standard deviation. Antibacterial activity,
compressive strength, elastic modulus, relative growth rate
(RGR), hemolysis rate, coagulation time, radiopacity, and
polymerization temperature were statistically analyzed using
a non-parametric test (Kruskal-Wallis H test), followed by post-
hoc analysis between groups using Dunn's test. Statistical
significance was defined as a p-value of less than 0.05 (p < 0.05).

3. Results and discussion
3.1 Antibacterial activity

For clinical MRSA, AAEK1 demonstrated exceptional initial
antibacterial performance: its inhibition zone width reached an
impressive 13 mm on day 2, which was 2-6 times larger than
those of the other two bone cements at the same time point
(Fig. 2 and S1). Notably, after this initial burst release, although
the antibacterial activity of AAEK1 bone cement gradually
declined at subsequent time points, it maintained surprisingly
stable and long-lasting antibacterial activity. Both AAEK2 and
GS bone cements also exhibited burst drug release in the early
stage, showing good antibacterial activity initially. However,
their antibacterial effects gradually weakened over time, and the
activity completely disappeared by day 3 or 4. Significant
differences in antibacterial activity were observed between
AAEK1 and GS bone cements at all time points (p <0.01). AAEK2
showed comparable antibacterial activity to AAEK1 only on day
1 (p > 0.05), with significantly weaker performance at all other
time points (p < 0.01). On days 1 and 2, no significant difference
was found between AAEK2 and GS (p > 0.05), but GS exhibited
a more pronounced decline in antibacterial activity over time (p
<0.01). Notably, the antibacterial activity of AAEK1 on day 7 was
comparable to that of GS on day 1, highlighting its superior
efficacy against drug-resistant bacteria, MRSA. Against S.
aureus, the three cements showed similar early antibacterial
activity, but AAEK2 and GS experienced a rapid decline over
time (Fig. 2 and S2). By day 7, AAEK2-loaded bone cement
exhibited almost no antibacterial activity, and the activity of GS
dropped to a low level. In contrast, AAEK1 maintained stronger
antibacterial activity than GS, with statistically significant
differences in sustained efficacy compared to both AAEK2 and
GS (p < 0.01). These results confirm that after the initial burst
release, AAEK1 exhibits superior sustained antibacterial activity
against both clinical MRSA and S. aureus. Although AAEK2
shows good initial activity, its long-term efficacy decreases
significantly, similar to that of GS in the late stage. In addition,
regarding the surface antibacterial activity of bone cement (see
Fig. S7 for details), the surface antibacterial activity of the three
bone cements on clinical MRSA decreased rapidly with time.
Among them, gentamicin showed weak surface antibacterial
activity in the early stage, which was significantly different from
the other two types of bone cement (p < 0.01), which may be

RSC Adv, 2025, 15, 33966-33975 | 33969
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related to the bacterial gentamicin-resistant properties and the
heterogeneous release of the drug. The decrease in the anti-
bacterial activity of AAEK1 and AAEK2 may be related to the
explosive release of the drug, and it is not enough to provide
sufficient antibacterial adhesion effect to reduce the surface
antibacterial activity after the later release of the surface drug is
complete. For Staphylococcus aureus, AAEK1 and gentamicin
both showed excellent antibacterial activity in the later stage.
The high antibacterial activity of gentamicin is undeniable, and
the performance of AAEK1 may be related to the formation of
drug release pathways.

3.2 Surface morphology

The results (Fig. 3A) revealed that the fracture section of the
PMMA group exhibited negligible morphological changes
before and after soaking. Notably, all three groups of bone
cements—regardless of soaking—contained uniformly shaped
oval pores, which originated from air entrapment during the
polymerization process. In the AAEK1 group, the fracture
section before soaking displayed numerous strip-like struc-
tures, representing the space-occupying crystal morphology of
AAEK1 itself. Consequently, after soaking, the fracture section
featured abundant elongated strip-like pores, presumably
formed by the dissolution or extraction of AAEK1 drug clusters.
After soaking, the GS bone cement also showed some circular
voids, which may be formed after the elution of gentamicin
drug clusters. Therefore, we used SEM to observe AAEK1
monomer (Fig. S4), and the AAEK1 monomer forms elongated
crystals or strip-like structures, which may help enhance the

33970 | RSC Adv,, 2025, 15, 33966-33975

complete interconnectivity of the bone cement and promote the
release of AAEK1 within the cement.? In contrast, for ALBC, the
content of antibiotics need to reach 30-40% to achieve
complete interconnectivity, thereby releasing the antibiotics
inside the bone cement.” Therefore, this unique microstructure
is likely the reason why SLBC containing AAEK1 can maintain
antibacterial activity for a long time.

Fig. 3B displays the FT-IR spectra of two types of bone
cements: PMMA and AAEK1. The two types of bone cement have
the same peaks at 1150, 1244, 1730, and 2950 cm ™', which is the
characteristic peak of acrylic bone cement. The stretching
vibration of O-CH; has a corresponding peak at 1150 cm™*,
while the asymmetric tensile vibration of C=0 and C-H, has
a corresponding peak at 1730 cm ™" and 2950 cm ™', respectively.
Additionally, in the infrared image of AAEK1, a tensile vibration
peak belonging to the benzene ring appears at 1570 cm ',
which is a unique structural peak of AAEK1, indicating that

AAEK1 was successfully loaded into the bone cement.

3.3 Radiopacity

Fig. S6 shows the HU of the three types of bone cements (PMMA,
AAEK1, and GS) scanned by CT at 120 vKp. The results showed
that the cement exhibited good radiopacity with the addition of
10% BaSO,. Bone cement that usually meets ISO 5833 standards
and contains sufficient contrast agent usually has a HU range of
greater than 2000 and may even be greater than 3000 under
clinical CT scan conditions (tube voltage 120 kVp). With the
addition of different antibacterial substances, the HU of the

bone cement in this formula fluctuates slightly, with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization and quasi-static compressive properties of PMMA, 5 wt% AAEK1, and 5 wt% GS cement. (A) SEM images of PMMA, AAEK1
and GS cement before and after 7 days of soaking. (B) FT-IR spectra of PMMA and AAEK1 cement. (C) Stress—strain curves of PMMA, AAEK1 and
GS before soaking. (D) Stress—strain curves of PMMA, AAEK1 and GS cement after 7 days of soaking. (E) Quasi-static compressive strength of

PMMA, AAEK1 and GS cement (*: p < 0.01 compared with the other two

groups under the same treatment). (F) Quasi-static compressive modulus

of PMMA, AAEK1 and GS cement (*: p < 0.05; **: p < 0.01). (G) Quasi-static bending modulus of PMMA, AAEK1 and GS cement. (H) Quasi-static

bending strength of PMMA, AAEK1 and GS cement.

a significant difference between AAEK1 and GS (p < 0.05), which
may be caused by the added antibacterial substances, but the
bone cement still meets the standard requirements for clinical
use.

3.4 Quasi-static compressive strength and modulus

Fig. 3C-F present the stress-strain curves and quasi-static
mechanical strength of PMMA, AAEK1, and GS cements
before and after 7 days soaking. The stress—strain curves were
analyzed by calculating the quasi-static elastic modulus from
the linear slope and defining the yield strength as the quasi-
static compressive strength. Notably, only AAEK1 cement
exhibited a significant increase in mechanical strength after
soaking (p < 0.01), while the other two cements showed varying
degrees of strength reduction with no statistical significance (p

© 2025 The Author(s). Published by the Royal Society of Chemistry

> 0.05). Before soaking, no significant differences in mechanical
strength were observed among the three groups. After 7 days of
soaking, AAEK1 cement demonstrated the highest mechanical
strength, with significant differences from the other two groups
(p < 0.01). The quasi-static elastic modulus of the three types of
bone cements is different. The elastic modulus of PMMA (p <
0.01) and gentamicin bone cement decreased after soaking,
while that of AAEK1 increased (p < 0.05), which was the same as
the change trend observed for quasi-static compressive
strength. Significant differences in elastic modulus were found
among the three types of soaked bone cements (p < 0.05), and
this change in mechanical properties may be related to the drug
structure and dissolution residual pores (which formed after
the elution of drug clusters). Importantly, the mechanical
strength of both antibacterial bone cements (AAEK1 and GS)
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met the international standard (ISO 5833) for clinical use, which
requires a compressive strength of >70 MPa, both before and
after soaking. In addition, results from the three-point bending
experiment (Fig. 3G and H) showed that the addition of anti-
bacterials did not significantly reduce the quasi-static bending
strength of bone cement, and the bending modulus was in line
with the ISO5833 specification of =1800 MPa, with no signifi-
cant difference among the three.

3.5 Cytotoxicity (CCK-8)

Fig. 4A illustrates the cytotoxicity results of various cements on
MC3T3-E1 cells. As per GB/T 16 886 standards, 5 wt% GS
cement exhibited no obvious cytotoxicity. Notably, 5 wt% AAEK1
bone cement showed a relative growth rate (RGR) of <75% on
day 3, indicating mild cytotoxicity. This phenomenon may be
attributed to drug-induced damage to the cell membrane or the
burst release of high drug concentrations during the early stage,
though no significant cytotoxicity was observed at other time
points. Given the cytotoxicity observed with 5 wt% AAEK1,
additional CCK-8 assays were performed using low-dose AAEK1
bone cements (1.25 wt% and 2.5 wt%). The results (Fig. S5A)
showed that both low-dose groups maintained RGR values
above the 75% threshold, confirming no significant cytotoxicity.
This further suggests that cell damage was likely associated with
the high-concentration drug release from the 5 wt% formula-
tion. Overall, AAEK1 cement exhibits low cytotoxicity and shows
great potential for application. As CCK-8 assays alone cannot
fully characterize the biocompatibility of AAEK1, we extended
our analysis to include in vitro hemolysis experiments and in
Vivo acute toxicity tests in mice.

3.6 In vitro hemolysis

As shown in Fig. 4B, no hemolysis was observed in the super-
natant of any bone cement group. The hemolysis rates of 5 wt%
AAEK1 and 5 wt% GS cements were evaluated, with statistical
analysis showing that the hemolysis rates of each group were
<5% and no significant differences were found (p > 0.05). This
indicates that both antibacterial bone cements do not cause
hemolysis of rabbit erythrocytes. In line with the CCK-8 exper-
imental results, hemolysis experiments were also conducted on
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two groups of low-dose AAEK1 cements (1.25 wt% and 2.5 wt%).
The results (Fig. S5B) showed that low-dose AAEK1 cements
exhibited no significant hemolytic toxicity, with hemolysis rates
not significantly different from the control group (p > 0.05).
Based on the findings of the two biocompatibility experiments
above, antibacterial activity tests were additionally performed
on two groups of low-dose AAEK1 bone cements against clinical
MRSA. The results demonstrated that both low-dose groups still
exhibited excellent anti-drug resistance activity (Fig. S5C).

3.7 Acute toxicity in mice

After intraperitoneal injection of the extract, all mice exhibited
normal behavior, with no toxic manifestations such as dyspnea,
hypoactivity, diarrhea, or vomiting observed at 24 hours, 48
hours, and 72 hours after intraperitoneal injection. Body weight
changes during the rearing period are presented in Table S2. In
Fig. 5, histological analysis of liver sections revealed that after
injection of the extract, liver lobules maintained intact
morphology, hepatocytes showed normal structure, and no
obvious hyperemia or inflammatory cell infiltration was
observed in the confluence areas. Compared with the saline
group, mouse hepatocytes displayed no significant swelling,
degeneration, or necrosis. For renal observations, the
morphological structure of the renal cortex and medullary cells
in each group was normal. Glomeruli and renal tubules showed
no obvious abnormalities, with no edema, necrosis, or shed-
ding of tubular epithelial cells. Additionally, no obvious
inflammatory cell infiltration was detected in the renal
mesenchyme. Therefore, the test results show that AAEK1
cement does not induce acute toxicity in mice.

3.8 Maximum polymerization and setting time

As shown in Fig. 6A, the temperature profile during the poly-
merization of 5 wt% AAEK1 cement is depicted. The incorpo-
ration of GS and AAEK1 did not significantly impact the
exothermic behavior of the polymerization reaction (Fig. 6B).
The maximum polymerization temperature recorded for all
three cements fluctuated between 63 °C and 65 °C, with no
statistically significant differences observed (p > 0.05). For the
setting time assessment (Fig. 6C), all cements exhibited setting
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Fig.4 CCK-8and hemolysis experiments of PMMA, 5 wt% AAEK1 and 5 wt% GS cement. (A) Relative growth rate (RGR) of the three types of bone
cements at different time points (*: p < 0.01). (B) Hemolytic activity of the three types of bone cements and the corresponding visual views.

33972 | RSC Adv, 2025, 15, 33966-33975

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04437e

Open Access Article. Published on 17 September 2025. Downloaded on 4/9/2026 1:00:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

View Article Online

RSC Advances

Fig. 5 Histological staining of mouse liver and kidney 3 days after intraperitoneal injection of bone cement extracts, observed under a light

microscope.

times ranging from 135 to 180 seconds, as calculated by the
established formula, with no significant intergroup differences
(p > 0.05). It is important to emphasize that the experimental
formulation in this study still requires further optimization to
achieve a setting time of 5-15 minutes, so that it can meet the
requirements for clinical application.
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3.9 Injectability

ALBC is most commonly used for the prevention and treatment
of PJI, and it may also be applied in spinal surgeries. Therefore,
it is necessary to investigate whether the addition of AAEK1
affects the properties such as the injectability, fillability, and
anti-leakage capability of cement. Therefore, from an applica-
tion perspective, we evaluated these properties of bone cement
using two models: a 3D-printed human vertebral body model

Setting Time(min)
] w

—
1

AAEKI GS PMMA AAEK1 GS

Fig. 6 Polymerization temperature, setting time, and operability of cement. (A) Polymerization temperature curve over time for 5 wt% AAEK1
cement. (B and C) Maximum polymerization temperature and setting time of PMMA, AAEK1 and GS cements. (D) Injectability of AAEK1 cement. (E)
Evaluation of the filling and diffusion properties of AAEK1 cement in a 3D-printed human vertebral body model. (F) X-ray image after injection of

AAEK1 cement.
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and porcine vertebrae. As shown in Fig. 6D, AAEK1 bone cement
demonstrated excellent injection performance. When injected
into the 3D vertebral model filled with foam, the cement
exhibited an elliptical distribution within the model after
removing the surface foam—evidence of its superior filling
capacity and a low risk of leakage (Fig. 6E). Furthermore, X-ray
imaging of porcine vertebrae after cavity injection showed
uniform distribution of the bone cement, further confirming
the exceptional injectability and fillability of AAEK1 (Fig. 6F).

3.10 Limitations

(1) This study did not use vacuum mixing technology, which
may undermine the credibility of the entire study.

(2) The drug elution of SLBC is similar to that of ALBC, so
they are ineffective against the formation of biofilm on the
implant surface.

(3) Fatigue life and fatigue creep propagation resistance were
not included in this study, which reduces its clinical relevance.

(4) This study preliminarily proposes that the sortase A
inhibitor formulation is superior to the gentamicin formulation
in combating MRSA; however, it is unlikely that this study and
its results will inform choices made in clinical practice
involving cemented TJR.

4 Conclusions

We formulated a sortase A inhibitor (AAEK1)-loaded PMMA
bone cement (SLBC) that targets MRSA. Compared with a labo-
ratory-prepared gentamicin-loaded bone cement, SLBC showed
significantly higher activity against MRSA and prolonged anti-
MRSA activity. SLBC meets the 1SO5833 standard in terms of
quasi-static compressive strength, maximum polymerization
temperature, and setting time, and the cement showed excel-
lent biocompatibility in vivo and in vitro tests and high inject-
ability. These findings suggest that SLBC may have potential for
the management and treatment of PJI in TJI and, as such,
deserves further study.
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