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Fez0O4 magnetic nanoparticles provide a novel alternative
strategy for Staphylococcus aureus bone infection
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Abstract. Due to its biofilm formation and colonization of the osteocyte-lacuno canalicular network (OLCN), Staphylococcus
aureus (S.aureus) implant-associated bone infection (SIABI) is difficult to cure thoroughly, and may occur recurrently
subsequently after a long period dormant. It is essential to explore an alternative therapeutic strategy that can eradicate the
pathogens in the infected foci. To address this, the polymethylmethacrylate (PMMA) bone cement and Fe304 nanoparticles
compound cylinder were developed as implants based on their size and mechanical properties for the alternative magnetic field
(AMF) induced thermal ablation, The PMMA mixed with optimized 2% Fe3;O, nanoparticles showed an excellent antibacterial
efficacy in vitro. It was evaluated by the CFU, CT scan and histopathological staining on a rabbit 1-stage transtibial screw
model. The results showed that on week 7, the CFU of infected soft tissue and implants, and the white blood cells (WBCs) of the
PMMA+2% Fes04+AMF group decreased significantly from their controls (p<0.05). PMMA+2% Fe;0,+AMF group did not
observe bone resorption, periosteal reaction, and infectious reactive bone formation by CT images. Further histopathological
H&E and Gram Staining confirmed there was no obvious inflammatory cell infiltration, neither pathogens residue nor
noticeably burn damage around the infected screw channel in the PMMA+2% Fe;042+AMF group. Further investigation of
nanoparticle distributions in bone marrow medullary and vital organs of heart, liver, spleen, lung, and kidney. There were no
significantly extra FesO4 nanoparticles were observed in the medullary cavity and all vital organs either. In the current study,
PMMA+2% Fe;0,+AMF shows promising therapeutic potential for SIABI by providing excellent mechanical support, and
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promising efficacy of eradicating the residual pathogenic bacteria in bone infected lesions.
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1. Introduction

Currently, implant-associated bone infection characterized
by aggravated infection-induced inflammatory responses
and osteolysis, remains a severe challenge in orthopedic
practice (Diaz-Ledezma et al. 2019). It occurs up to 2-5 %
in orthopedic surgery (Li et al. 2018), usually acompanies
with multiple revisions, poor functionality, health-related
outcomes, and significant financial burden to health care
systems (Patel et al. 2015, Sullivan et al. 2017).

Staphylococcus aureus (S.aureus) is responsible for the
majority of cases (30% to 60%)(Patel et al. 2015), with the
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characteristic of biofilm formation on the surface of foreign
material (Saeed et al. 2019) and colonization of the
osteocyte-lacuno canalicular network (OLCN) (Adjei-
Sowah et al. 2021, Masters et al. 2019). The recurrent and
persistent infections usually occurred in approximately 40%
of Staphylococcal osteomyelitis patients (Kavanagh et al.
2018), increasing the difficulty of treating for S.aureus
implant-associated bone infection (SIABI). Eradicating
microorganisms in a biofilm requires much higher antibiotic
concentrations than planktonic ones, systematically applied
antibiotics mostly do not reach the minimum effective
concentration (MEC). Therefore, successful management of
SIABI requires long-term antibiotic treatment combined
with appropriate surgical intervention and removal of the
contaminated implant (Saeed et al. 2019). As debridement,
antibiotics, irrigation, and retention regimens are usually
not standardized, parts of pathogenic bacteria might not be
eradicated from infected lesions completely, so SIABI may
occur recurrently after long-term dormant. Recent studies
showed that once an implant-associated infection occurs,
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Fig. 1 The Construct Procedure and Energy Dispersive X-ray Spectrometry Analysis of 2%Fe;O. Nanoparticles
(NPs)+PMMA Mixture Cylinder. The PMMA powder (A) and FesOs NPs (B) were evenly mixed to customize a
PMMA+Fes0; cylindrical module (C). The light microscopy showed the FesO4 NPs were uniformly distributed in the
PMMA powder (D). The energy dispersive X-ray spectrometry (E) was employed to perform the elemental analysis
(F-J) and indicated the element percentage of C, O, Zr and Fe were 28% (G), 12% (H), 47% (I) and 13% (J). The
atomic percentage of C, O, Zr and Fe were 79.73%, 13.90%, 4.41% and 1.96% and the weight percentage of C, O, Zr
and Fe were 56.60%, 13.14%, 23.79% and 6.47%, respectively (K). The hysteresis loops of PMMA+2% Fe;04 were

narrow, showing their soft magnetic performance(L)

the rate of reinfection will reach to 40% (Masters et al.
2019). Therefore, it is essential to develop a novel
therapeutic strategy for SIABI, especially to eradicate the
residual pathogenic bacteria thoroughly in bone infected
lesions.

Our previous research established the Polymethyl-
methacrylate (PMMA) bone cement mixed with FezO4
magnetic nanoparticles has outstanding biomechanical
properties of PMMA and the low toxicity of Fes0s
magnetic nanomaterials (Dadfar et al. 2019, Liang et al.
2020, Yu et al. 2019). The compound of PMMA+ Fe304
showed effectiveness for the treatment of rabbit VX2 tibial
plateau tumor ablation exposure to an alternating magnetic
field (AMF) (Yu et al. 2019), without causing burns to the
tissues around the lesion and biological side effects in vivo.
Due to its excellent biocompatibility and magnetic
properties, the iron oxide nanoparticles (IONPs) have been
broadly used in biomedical research (Liu et al. 2013).
Nowadays, the magnetic iron oxide (FesOs) nanoparticles
have already been approved by the US Food and Drug
Administration (FDA) for medical use (Tian et al. 2018).
Importantly, the IONPs have also been proved to be non-
toxic (Samanta et al. 2008, Sun et al. 2010). It’s not only
non-lethal but its by-products can be degraded into iron
from the cores and that apparently accumulates in natural
iron stores in the body (Weissleder et al. 1989). In addition,
IONPs have been shown to be antibacterial toward S.aureus

and inhibit its biofilm formation (Shi et al. 2016). Thus,
some researchers have utilized it for the treatment of
Methicillin-resistant ~ Staphylococcus aureus (MRSA)
infected osteomyelitis and had effective results (Qiao et al.
2020). However, the therapeutic efficacy of FesOs nano-
particles for SIAB in vivo is still not well discovered,
especially its efficacy on biofilm eradication. To end this,
we employed a dual-functional compound of PMMA+
FesOs4 nanoparticles under an AMF to evaluate its
therapeutic potential for SIABI by using a rabbit model.

2. Materials and methods

A commercially available PMMA bone cement
Osteopal® V (Heraeus Medical GmbH, Hanau, Germany)
was mixed with Fes04 magnetic NPs (Lot# CAS:1317-61-9,
Chengdu AikeDa Chemical Reagent Co., Ltd., China) as
previous described (Leiblein et al. 2020, Yu et al. 2019).
Briefly, the PMMA powder (26 g) was composed of PMMA
(14.2 g), zirconium dioxide (11.7 g) and benzoyl peroxide
(0.1 g) (Fig 1 A), which well mixed with 722mg Fe304 NPs
(the nanoparticle size =120.60 +38.95 nm) (Fig 1 B) by
grinding and sonication about 30 minutes followed with
vortex at 3000 RPM over 120s with a vortex mixer
(Vortex.Genie2T, Scientific Industries, Ltd, U.S.A.). And
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Fig. 2 The Biomechanical Properties of PMMA+Fe304 Compound Cylinder. The referencing size of titanium screws
was adopted in vivo (A-B) for standardizing the size of PMMA+Fe;04 cylinder (C-D) for biomechanical testing (E-F)
to determine the compressive force, compressive strength, and bending modulus. The compressive force of 1) PMMA
was 449.20+2.88N, 2) PMMA+1%Fe;04 was 512.30£2.71N, 3) PMMA+2%Fe;04 was 460.31+3.57N, 4) PMMA+
3%Fes;04 was 415.43+5.90N (G). The compressive strength of 1) PMMA was 76.8+1.27 MPa, 2) PMMA+1% Fe30,
was 86.37+4.39 MPa, 3) PMMA+2% Fe30. was 84.97+3.33 MPa, 4) PMMA+3% Fe304 was 78 £8.44 MPa (H). The
bending modulus of 1) PMMA was 1167.41+201.61 MPa (I), 2) PMMA+1%Fes0, was 879.98+125.47 MPa, 2)
PMMA+1%Fes;0,4 (879.98£125.47 MPa), 3) PMMA+2%Fe;04 (1083.15£161.92 MPa), and 4) PMMA+3% Fe304
(949.19 £191.12 MPa). There was no statistical significance between these groups (1-way ANOVA). (p>0.05). (ns,

P>0.05).

then, the PMMA liquid monomer (10 mL) consisted of
methyl methacrylate (9.2 g) and N, N-dimethyl-p-toluidine
(0.2 g) were added into the powder mixture using 2.0ml
sterile Eppendorf tubes. After 1min, the mixture was
injected into the cylindrical module (length of 8.00mm and
inner diameter of 2.75mm) to establish the standard size of
PMMA+FezO4cylinder (Fig 1 C).

2.1 Morphological characterization and biomechanical
properties of PMMA+Fes04

The microstructure of PMMA+Fe304 (length of 8.00mm
and inner diameter of 2.75mm) was characterized by a field
emission scanning electron microscope, FEI INSPECT F50
by FEI Company (America). The elemental analysis was
performed by energy dispersive X-ray spectrometry (Figs. 1
E-J). The biomechanical testing was performed by
microcomputer of an electronic universal testing machine
(Bose, ELF3330, America). Quantum Design North
America (PPMS-9) was used for the vibrating sample
magnetometer (VSM) (Fig. 2).

2.2 Evaluation of the magnetic-thermal-induced
thermal efficiency In vitro

All PMMA+Fe;04 cylinders were exposed to an AMF
by a homemade magnetic hyperthermia analyzer (frequency:
626 KHz, output current: 28.6 A, turns of coil: 2, coil
length: 1 cm, field amplitude: 5.72 K/Am) for 180 s (Chen

et al. 2014). Simultaneously, the dynamical changes in
temperature of the PMMA+Fe3O4 cylinder were recorded
by a far-infrared thermometer (FOTRIC225, ZXF
Laboratories, U.S.A.) every 10 seconds when the cylinder
was exposed to the AMF. The thermal images were
analyzed via AnalyzIR 7.1 (ZXF Laboratories, U.S.A.) (Yu
et al. 2019). To optimize the AMF induced thermal effects,
the mixture ratio of FesO0, for the PMMA+ Fe304
compound cylinder was set as 1%, 2% and 3% for in vitro
testing. Based on the outcomes of in vitro testing, 2% Fe3O.
+ PMMA was used for in vivo experimental evaluations.

2.3 Antibacterial properties of PMMA+Fe304 In vitro

The PMMA+2%Fes0, (n=3) compound cylinders were
sterilized at low temperature using a hydrogen gas plasma
sterilizer (LAOKEN LK/MJQ-100) for 58 minutes prior to
antibacterial testing. The antibacterial activities of PMMA
+2% Fes04 cylinders were examined by an S.aureus
(ATCC29213) on tryptic soy broth (TSB) agar plate. The
protocol is 1) the mid-logarithmic-phase S.aureus bacterial
solution was prepared and diluted to 1x105 CFU/mL, 2)
Add the bacterial solution to the TSB agar plate (diameter
of 2.5 cm), 3) The bacterial suspension was swabbed onto
the TSB agar plate using a sterilized cotton bud, 4) Next,
we inserted the sterilized PMMA+2%Fe;O4 cylinder
vertically into the center of the TSB agar plate, 5) Placed
the plate onto AMF coil, and applied AMF for 180s, 6) then
incubated the plate at 37°C overnight, 7) images were
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obtained by Scan® 1200 - HD automatic colony counter for
antibacterial activity evaluation, and the zone of inhibition
were defined as clear zone around the PMMA+Fe;0,
cylinder.

2.4 Colony forming units (CFU) assay for infected
implants and soft tissue in ex Vivo

On week 1 and 7, the specimens of infected soft tissue
and implants were obtained for CFU assay. To extract
bacteria for CFU, the soft tissue specimen was placed in a
Falcon tube with 2 mL of PBS solution, each infected soft
tissue specimen was separately grinded for 45 seconds in a
high-throughput tissue grinder (SCIENTZ-4850 Hz). The
implant was placed in a Falcon tube with 2ml PBS and
sonicated for 15 minutes, and vortexed for 2 minutes. A 10
ul of 1:10 serial dilutions of each specimen were plated to a
TSB agar plate incubated at 37°C overnight for CFU
counts.

2.5 Rabbit model of SIABI

All surgical procedures were approved by the Medical
Ethics Committee of the Second Affiliated Hospital of
Chongging Medical University. Three groups (n=5/group)
of 12 to 14-week-old male New Zealand white rabbits (2-
2.5 kg body weight) were anesthetized via intramuscular
injection of a mixture of ketamine (25 mg/kg) and xylazine
(1.5 mg/kg), and maintained with isoflurane (1.5%).

Sterile titanium screws (length of 10.0mm and diameter
of 2.75mm) were immersed in 1x10°% Colony Forming
Units (CFU)/mL S.aureus (ATCC29213) bacterial solution
overnight and naturally air-dried for 30min before being
implanted into the left tibia of rabbits. At week -1 after
initial surgery, 1-stage reversion surgery was performed.
Briefly, the implantation of S. aureus infectious screws was
removed from the PMMA+ FesO, and PMMA+
Fes04+AMF groups and followed with wound debridement
and irrigation. These two groups were then implanted with a
new PMMA+ FesOs cylinder as a replacement for
additional 7 weeks of follow-up. The untreated group
remained without 1-stage reversion surgery.

2.6 Computed tomography images evaluate bone
osteolysis

To evaluate the osteolytic bone loss caused by S. aureus
infection. All rabbits underwent longitudinal weekly
computed tomography (CT) scanning for 8 weeks. A 320-
slice CT scanner (Aquilion ONE, Canon Medical Systems,
Japan) was employed using tube voltage was 100 kV, tube
current was 50mA, and the scanning field 220mm with the
thickness 0.5mm for all scans. All raw images were used for
3D reconstruction that was performed with the bone
algorithm by Canon Medical Systems CT software
workstation.

2.7 Histology and serological biomarkers

To confirm CT image findings and further investigate
the antibacterial role of PMMA+ Fe3;04+AMF, and the

systemic biodistributions of biodegraded Fes;Os4 nano-
particles, all tibiae and internal organs (heart, liver, spleen,
lung, and kidney) and serum of each individual were
harvested for histology and serological test on week 7,
Histological staining includes the hematoxylin-eosin (H&E)
staining, Gram staining, and Perls Prussian blue staining.
Pannoramic DESK, P-MIDI, P250 (3D HISTECH,
Hungary) was adapted for scanning the image of
histopathological sections. Serological specimens were
collected from ear phlebology at indicated time points for
white blood cell (WBC) counts and to evaluate the
condition of organs preoperative and postoperative (week
7). XT-2000i™ automated hematology analyzers (Sysmex,
Japan) was adapted for WBC counts. Alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
creatinine (CR), blood urea nitrogen (BUN), creatine kinase
(CK) and lactate dehydrogenase levels (LDH-L) were tested
by Catalyst Dx® Chemistry Analyzer (America).

2.8 Statistical analysis

Data were analyzed by using Prism 9.0 (GraphPad
Software, San Diego, CA) and are presented as the mean
and standard error of the mean (SEM). Data were analyzed
by a 2-tailed Student t-test, 1-way ANOVA or 2-way
ANOVA. P values of <0.05 were considered significant (ns
p > 0.05, *p < 0.05, ** p <0.01).

3. Results

3.1 Morphological characterization and biomechanical
properties of PMMA-Fe304

As SEM images of PMMA+2%Fe304 cylinder are
shown in Fig. 1A-D, the FesOs NPs were uniformly
distributed in the PMMA+Fe;0s NPs mixture (Fig. 1D).
There was no congregated crystallization or connection
between the NPs, indicating that FesOs NPs successfully
integrated into the PMMA matrix without damaging its
original structure. To clarify the component of PMMA+2%
FesO, which achieved by energy dispersive X-ray
spectrometry (Fig. 1E), the elemental analysis of overlay
image (Fig. 1F) was performed for different elements,
including the element weight percentage of C (Fig. 1G), O
(Fig. 1H), Zr (Fig. 1I) and Fe (Fig. 1J), and their atomic
percentage (Fig. 1K), and the element mappings exhibited a
uniform distribution of ferrous elements with carbonaceous
and oxygen frameworks, indicating good dispersity of
FesOs4 NPs in the solid phases. The hysteresis loops of
PMMA+2% Fe3;0, indicates its soft magnetic performance
(Fig. 1L). Of note that the microstructure and magnetometer
of FesO4 NPs had been performed in previous studies (Yu et
al. 2019).

The titanium screws that implanted in vivo (Fig. 2and B)
were used as a referencing size for PMMA+Fe;04 cylinder
(Fig. 2C and D). The biomechanical testing of PMMA+
Fe304 cylinder (Fig. 2E and F) included compressive force,
(Fig. 2G) compressive strength (Fig. 2H) and bending
modulus (Fig. 21), and there was no any significant
differences with all of three PMMA+Fe3;04 groups. These
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Fig. 3 Magnetic-induced Thermal Efficiency and Antibacterial Properties of PMMA+Fe3;04 In Vitro. The antibacterial
efficacy of PMMA+ Fes04 was performed in the S. aureus TSB agar plate. The PMMA+Fe;04 cylinder was placed in
the center of the S. aureus saturated TSB agar plate, and exposed to an AMF (PMMA+2% Fe;O4+AMF) for 180s.
The thermal images were recorded by a far-infrared thermometer (A) and the data was proceed by AnalyzIR (B).
Compared with PMMA (19.2+£0.07°C), the magnetic induced temperature: 1) PMMA+1%Fe;0,+AMF:35.83+0.09°C,
2) PMMA+2%Fe;04+AMF: 56+0.7°C, 3) PMMA+3% Fe;0s,+AMF: 69.93+0.64°C. The inhibition zone of S. aureus
TSB agar plate showed the dark green zone when PMMA+2%Fe304 cylinder exposure to AMF for 180s (C).

results suggested that the proportion of Fe3O4 mixed into
PMMA+Fe;0; in this study has not significantly changed
the biomechanical properties of PMMA itself, this
undoubtedly provides an important basis for us to utilize
PMMA+Fe;0, for subsequent in vivo studies.

3.2 AFM 1mages of gold nanoparticles coated on
active SERS glass substrates as plasmonic sensors

All PMMA+Fe;04 cylinders were exposed to an AMF
by a homemade magnetic hyperthermia analyzer
(frequency: 626 KHz, output current: 28.6 A, turns of coil:
2, coil length: 1 cm, field amplitude: 5.72 K/Am) for 180 s
(Chen et al. 2014). Simultaneously, the dynamical changes
in temperature of the PMMA+Fe3;04 cylinder were recorded
by a far-infrared thermometer (FOTRIC225, ZXF
Laboratories, U.S.A.) every 10 seconds when the cylinder
was exposed to the AMF. The thermal images were
analyzed via AnalyzIR 7.1 (ZXF Laboratories, U.S.A.) (Yu
et al. 2019). To optimize the AMF induced thermal effects,
the mixture ratio of Fe3O. for the PMMA+Fe;04 compound
cylinder was set as 1%, 2% and 3% for in vitro testing.
Based on the outcomes of in vitro testing, 2%Fes;O4 +
PMMA was used for in vivo experimental evaluations.

The thermal images were recorded by far-infrared
thermometer after exposing to an AMF for 0s, 60s, 120s,
and 180s (Fig. 3A) and the data was analyzed by AnalyzIR
(Fig. 3B). The temperature of PMMA+1%Fe3;04, PMMA+
2%Fe304 and PMMA+3%Fes0, could reach 35.83+0.09°C,
56x0.7°C, and 69.93£0.64°C, respectively. Obviously, the

higher percentage of FesO4 particles in the PMMA+Fe3;04
cylinder can produce higher temperature by increase the
generation of heat in the alternating magnetic field (AMF),
but too much higher temperature may further cause tissue
burn (Fan et al. 2019). Thus, considering the results of
biomechanical testing, we finally determined use PMMA+
2%Fe304 for further antibacterial experimental in vitro.
Fortunately, the inhibition zone of PMMA+2%Fes;0.
cylinder for S.aureus in the TSB agar plate is quite
appreciable (Fig. 3C).

3.3 In vivo evidence of antibacterial efficiency of
PMMA+2%Fes04 for SIABI rabbit transtibial implant
module

By following the experimental schedule (Fig. 4A), we
observed that S.aureus colonized on the surface of the
contaminated implant at week 1 by scanning electron
microscopy (SEM) (Fig. 4 B, 34 yellow dish line and
arrow) and the biofilm formation of S.aureus (Fig. 4 Ba
white arrows). At week 7, CFU of infectious soft tissue in
the untreated group (2.9x107+2.8x107) was significantly
higher than the PMMA+Fe;04s+AMF group (9.1x10%
6.1x10% (p<0.05), while there was no statistical significant
between the untreated group and PMMA+Fes04 group
(4.3x105+4.1x108) (p>0.05) (Fig. 4C). This demonstrated
that although debridement and removal of infected
implanted could reduce the CFU of bacteria in infected
lesions, but it couldn’t eradicate the bacteria from adjacent
soft tissues thoroughly. In addition, the CFU of infected



580 Youliang Ren et al.

A B
Oweek 1week 2week 3week dweek OSweek 6week 7week
| | | |

| | | | | | |
@ @ m @ 1] ]

@ @
il 1]

aee e

@ CT Exminations B CFU of Soft Tissue and Implants

# Serological indicators @ Histology

SEM of Infected Implants

-e- Untreated Group

1010 - ns
—o- PMMA+2%Fe;0, ®
- PMMA+2%Fe;0,+AMF

O
=
>
I
lw)
2
*»
*
m
w
S
1
3
w
2
]
:J
o
::|
©w *
*

CFU of Implant (ml)
@
{ ]
White Cell Count (x10°/L)
N
o
1
s
w
_ 12
[ ]
s 4
g

109 -

108 =
T
10° |—|

105 -

CFU of Soft Tissue (ml)

T
g
o
[ %%

10* 0- T H

1
Preoperative 1 week Tweek Preoperative 1 week 7 week Preoperative 1 week 7 week

Fig. 4 Excellent Antibacterial Efficiency of PMMA+2%Fe:;04 +AMF for SIABI Rabbit Module In Vivo. Based on the
results from Fig. 3, we used PMMA+2%Fe3;04 for in vivo testing. The Schematic experiments were scheduled (A).
The bacterial loading on the implant screw was checked by SEM at preoperative (B1,2) and 1 week after implanted
(B3,4). The surgical implantation of week 0 (B5), week 1(B6), week 7 (B7) and AMF application (B8) are shown.
The CFU assay of soft tissue (C) and implant (D) indicated excellent antibacterial efficiency in PMMA+2%Fe;04+
AMF group. But there was no significantly different observed in blood white cell counts (E). (ns, p >0.05, * p<0.05,
**p<0.01).
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Fig. 5 Longitudinal CT Scan Showed Less Osteolytic Bone Lost and Improved Osteointegration of PMMA+
2%Fes04,+AMF in SIABI Rabbit 1-stage Reversion Transtibial Implant Model. Representative CT images of
untreated group (A) and 1-stage revision of PMMA+ 2%Fe;0, (B) or PMMA+2%Fe;0,+AMF (C) showed
remarkable cortical bone osteolysis and bone resorption around the infected screw (A, yellow arrows), At the early
stage of the PMMA+ Fe30O4 group (B, week 4), and the periosteal reaction of the lateral cortex bone around the
infected lesions (B, red arrows) from week 4 to 7 after infection, While none of this manifestation could not be found
in PMMA+Fe;04+AMF group (C, blue arrows). In addition, this group also shown promising osteointegration
adhering to PMMA+Fe304 cylinder.

implant in the PMMA+2% Fe304+AMF group was CT follow-up images of SIABI rabbits, those imaging
significantly reduced at week 7 (Fig. 4D). At week 7, the signals that indicate the severity of SIABI could not be
WBC of PMMA+Fe;0,+AMF group was nearly back to observed around the infected screw in PMMA+Fe;0s+AMF
normal level (Fig. 4E). Based on 7 weeks of longitudinally group obviously (Fig. 5C, blue arrows), like periosteal
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Fig. 6 Histopathological Confirmation of Antibacterial Efficiency of PMMA+ 2% Fes;0,+AMF on SIABI Rabbit
Module. On week 7, the specimens were processed with sagittal cuts perpendicular to implants and three continue
immediately adjacent slides were used for histopathological staining of H&E (A-F, black and blue box), Gram (G-L,
red box) and Perls Prussian Blue (M-O, green box). The region of interest for Gram (G-L) and Perls Prussian Blue
(M-0) staining were determined from the H&E (dish line box in A, C, E (blue) & B, D, F(red)) and Gram staining of
untreated and PMMA+2%Fe304 groups showed bacteria resident inside of the cortical bone (G, H, and I, J), but not
observed in PMMA+2% Fe304+AMF (K, L). Further, Perls Prussian blue staining showed no iron nanoparticles
escaping from PMMA+ Fe304 compound cylinders to adjacent bone and bone marrow tissues (M, N, O).
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Gram x20 Perls x20 HE x1 HE %20 Gram x20 Perls x20

Lung Spleen Liver Heart

Kidney

50 ym

50 pm

S0 ym

Fig. 7 No histological evidence of the iron nanoparticles releasing from PMMA+Fe30, cylinder with or without AMF
application. The internal organs of the heart, liver, spleen, lung and kidney were collected for histological staining of
H&E, Gram and Perls Prussian Blue to check the nanoparticles leaking or infections disseminations. There were no
abnormal morphology observed in untreated (A), PMMA+2%Fe3;04 (B), or PMMA+2%Fe3;04+AMF (C) groups.

reaction or reactive new bone formation in PMMA+Fe3;04
group (Fig. 5B, red arrows) and cortical bone osteolysis in
untreated control (Fig. 5A, yellow arrows).

The antibacterial efficiency of PMMA+2% Fe;04,+AMF
on SIABI rabbit model was confirmed by histopathological
examinations. The lower magnification of H&E staining
served as reference to determine the region of interest (ROI)
for the infected tibiae in untreated group (Fig. 6 A and B),

PMMA+Fe;04 (Fig. 6 F and G), and PMMA+Fe;04+AMF
group (Fig. 6 K and L), at week 7, we observed obvious
leukocyte infiltration and Gram-positive cocci bacteria
colonization in untreated group (Fig. 6 C and D), PMMA+
FesO4 (Fig. 6 H and 1), but not in PMMA+Fe;0.+ AMF
group (Fig. 6 M and N). This suggests that PMMA+Fe;04+
AMF is effective for eradicating pathogenic bacteria from
bone infection lesions. In addition, there were neither
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Fig. 8 Biocompatibility and Biosafety Evidence of Serological Tests of PMMA+2%Fe;04. To evaluate the function of
heart, liver, and kidney, serological tests of ALT, AST, CR, BUN, CK and LDH were performed and only LDH
increased significantly in week 7 compared with their preoperative (p<0.005), but no significant difference in all three
groups or between preoperative and week 7 time points were observed in rest of tests. (ns, p >0.05, * p<0.05).

noticeably tissue burns nor extra FesO4 NPs particles loaded
or excessive free iron ions could be observed in the local
bone tissue and medullary cavity (Fig. 6 E, J and O), which
indicates the good biocompatibility and no obvious toxic
effects of PMMA+Fes;04 in local tissue. This was further
confirmed by following Perls Prussian blue staining of
histological sections of internal organ (Fig. 7).

Based on the H&E staining, Gram staining, and
Prussian blue staining of the main internal organs (heart,
liver, spleen, lung, and kidney) in the three experimental
groups (Fig. 7), and by comparing the corresponding tissues
with the untreated group, no obvious histological structural
abnormalities of these organs were observed under the light
microscope. Also, there were no black Fe;O4 particles or
excessive free iron ions transferred in these viscera neither,
which indicates an inability of FesO4 NPs to escape from
the bone cement after the implantation of PMMA+Fe;04
with or without exposure to an AMF. The serum tests
evaluated the function of heart, liver and kidney (including
ALT, AST, CR, BUN, CK and LDH) revealed no significant
difference in all of three groups at different points (Fig. 8).

4. Discussion

The heating power of the magnetic nanoparticles
depends on their magnetic features and the intensity and
frequency conditions of the AMF (Gudkov et al. 2021).
Optimizing the ratio of Fes04 NPs for PMMA+Fe304
compound cylinder is a key step to achieving a reproducible
antibacterial efficiency under AMF-induced thermal
temperature in vivo (Yang et al. 2017). The local
temperature that leads to the microbes' death requires higher
than 50°C (Wu et al. 2013). The current study optimized the

ratio of Fes04 NPs for PMMA + Fe30, is 2%, and under the
AMPF-induced temperature can reach 56°C.

Due to the limitation of the diameter of the inner circle
of the magnetocaloric working coil (3.0cm), we selected the
appropriate plate with a diameter of 2.5 cm for antibacterial
experiments in vitro, to ensure that the PMMA+2% Fe304
cylindrical locate in the center of the working coil. When
PMMA+2%Fe304 cylindrical was exposed to the AMF only
for 3 minutes, the antibacterial efficiency still could be
observed obviously. Unfortunately, we were unable to
quantitatively analyze the results of this part. Furthermore,
we did not observe any antibacterial property for PMMA+
2%Fe304 without an AMF in this research, it’s distinct from
other studies. (Dadfar et al. 2019, Gudkov et al. 2021)

Due to biofilm formation of S. aureus and colonization
of the OLCN (Adjei-Sowah et al. 2021, Masters et al.
2019), recurrent and persistent infections usually occur in
patients with SIABI (Kavanagh et al. 2018). So facing the
dilemma of SIABI, we considered combining the excellent
biocompatibility and magnetic properties of FesOs NPs
together (Xu et al. 2015, Yu et al. 2019) with the
antibacterial potential of FesOs NPs under the external
magnetics (Gudkov et al. 2021, Irshad et al. 2017). We
utilized PMMA and Fe3O4 NPs to establish the standard
size of the PMMA+Fe30,4 cylinder and explored that the
excellent antibacterial property of magnetic FesOs NPs for
inhibiting SIABI, accompany the biofilm formation of the
pathogenic organism in vivo.

In this study, the mean size of the applied PMMA and
FesO4 magnetic NPs were the same as in our previous
studies (Yu et al. 2019). To match the size of the titanium
screw which the tianstibial inserted into the SIABI model,
we established a specific cylindrical shape of PMMA+
FesO4. The standardized size of PMMA+Fes0s NPs
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cylinder could receive magnetic-thermal-induced thermal
conversion under an AMF that achieves the temperature of
antibacterial in vivo. In order to determine the distance of
heat penetration to adjacent bone and soft tissue, we
performed the Rearranged Fourier’s Heat Transfer Equation
to solve the diameter of the heat range. We found that under
the current AMF condition, to maintain the temperature of
PMMA+2% Fe30, cylinder at 56°C, and the temperature of
the bone-soft boundary at 50°C, the distance of heat
penetration is around 68.15um, which is an idea range to
cover S. aureus colonized within OLCN. Some other
research has illustrated that 45 °C causes no damage to
normal tissues (Xu et al. 2018), although light high
temperature (70 °C) was essential for effectively killing of
bacteria, but would also damage nearby nontarget cells or
tissues (Fan et al. 2019). Therefore, considering the results
of biomechanical testing and the magnetic-thermal-induced
thermal efficiency together, we finally selected PMMA+2%
Fe;04 for the following experimental in this project.

Based on the CFU assay data on week 7, we found that
the PMMA+Fe304+AMF group could reduce the number of
bacteria in the infected lesions effectively, and there was a
statistically significant difference when compared with the
other two groups. However, on week 7, the removal
implants from the rabbit of PMMA+Fe;04+AMF group still
could isolate out bacteria, we considered that the
contamination or migration of organisms which
colonization in the adjacent infectious soft tissue might be
responsible for this phenomenon. We even removed the
infectious screws from the wound on week 1, which means
only debridement may not enough to remove pathogenic
organisms from infected lesions completely, and that’s one
of main reasons for causing recurrent of osteomyelitis as
previous studies mentioned (Fu et al. 2021, Saeed et al.
2019).

To our best knowledge, CT image features, like
extensive osteolysis and bone resorption, periosteal
reaction, and formation of reactive new bone could be
observed when with SIABI (Chu et al. 2020, Diaz-Ledezma
et al. 2019, Jacquier et al. 2004, Stadelmann et al. 2020).
Although it is well known that foreign implants can also
cause local periosteal reactions, it rarely causes the
formation of reactive new bone (Stadelmann et al. 2020).
Fortunately, here we did not observe similar periosteal
reactions in the PMMA+Fe;0,+AMF group, so is it
possible that the periosteal reaction and formation of
reactive new bone in the PMMA+Fe;0. group was mainly
caused by S.aureus. Taking all these findings of CT images
into account, we did not observe any signals of bone
resorption, bone defect, and periosteal reaction in CT
images of the PMMA+FesOsH group, which strongly
provides evidence for that the PMMA+Fe;04 compound
can treat SIABI directly. Some previous studies showed that
FesO4 NPs have less-pronounced cytotoxic properties and
good biocompatibility in vivo and in vitro (Gudkov et al.
2021, Hanini et al. 2011). In this project, although the Perls
Prussian blue stained section of bone tissue in the untreated
group showed that there were relatively few golden yellow
areas in the region of interest than others, we need to
declare that it may depend on the region of interest which

we selected, because Perls Prussian blue staining could
show iron ions loaded when only osteomyelitis occurs as
well (Bierry et al. 2008). Therefore, using the size of the
golden yellow area in the image to judge the therapeutic
effect may not be completely accurate. It is essential to
combine the condition of extra FesO4 NPs particles loaded
and the influence of iron ions on osteocytes like other
studies mentioned (Shi et al. 2012).

The limitations of this study: 1) Even though facing the
limited characteristics of the non-degradability and non-
flowability of PMMA+ Fes0s, this study still can achieve
the goal that eradicating the bacteria within the biofilms
formation and colonization in the OLCN through the
magnetothermal efficiency of Fes04 NPs in an AMF, what’s
pity is that this study does not provide the strong evidence
about the physiopathological reactive characteristics on the
interface of material-infectious tissue and proof of layer-by-
layer gradient death of pathogenic bacteria around the
material due to thermal effects neither, but that would be the
focus of our future research. 2) Up to now, large numbers of
literatures noted that FesOs NPs have less-pronounced
cytotoxic properties and good biocompatibility both in vivo
and in vitro (Gudkov et al. 2021, Qiao et al. 2020), and
based on the sufficient evidence for the biosafety and
biocompatibility of FesOs NPs in our previous studies
demonstrated (Liang et al. 2019, 2020, Wang et al. 2017,
Yu et al. 2019), so here we did not perform too much
cytotoxicity experiment for FesOs NPs in vivo and in ex
vivo, but the phenomenon of ectopic transfer of iron ions to
the adjacent bone tissue and internal organs or the burning
injury of normal tissues were not definitely observed in this
study. However, we realized that the response
characteristics of the osteoimmunology in the infectious
microenvironment which caused by the magnetic
nanomaterial itself and the magnetocaloric effect are still
unclear, and whether those kinds of changes have probably
long-term and potential side effects should not be negligible
in the following research. 3) As our previous study
demonstrated (Chu et al. 2020, Fu et al. 2021, Peng et al.
2017), there are many serological testing indicators for
diagnosing or evaluating the severity of bone infections,
even the combination of multiple serological indicators is
usually required but not compulsory (Chu et al. 2020). In
this study, due to the limitation of reagents, we only
examined the white blood cell count, but the results of
histopathology, it’s the gold standard for evaluating the
severity of SIABI, so this is not inconsistent with our
previous research. Meanwhile, we noticed that with reduced
graphene oxide (rGO) as a carrier combined with
functionalization of Fe3O4 NPs, the thermal-induced photon
ablation will be enhanced, and further studies are pending
(Karvelas et al. 2021, Yulia R. Mukhortova 2022).

5. Conclusions

Under magnetic-thermal-induced thermal conversion in
an AMF, PMMA+Fe;0, displayed the excellent anti-
bacterial property for SIABI, especially with the biofilm
formation of pathogenic organism in vivo. Basing on the
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outstanding biomechanical properties of PMMA, the low
toxicity and less-pronounced cytotoxic of FesOs4 magnetic
nanomaterials. PMMA+Fe3;04 might provide an alternative
novel sight into the treatment of SIABI.
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