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A B S T R A C T

Background/Objectives: Advanced thermoplastic materials, such as polyether-ether-ketone (PEEK) and highly
cross-linked polyethylene (HXLPE), have been increasingly used as orthopaedic implant materials. Similar to
other implants, PEEK-on-HXLPE prostheses produce debris from polymer wear that may activate the immune
response, which can cause osteolysis, and ultimately implant failure. In this study, we examined whether the anti-
inflammatory properties of zinc oxide nanoparticles (ZnO NPs) could attenuate polymer wear particle-induced
inflammation.
Methods: RAW264.7 cells were cultured with PEEK or PE particles and gradient concentrations of ZnO NPs.
Intracellular mRNA expression and protein levels of pro-inflammatory factors TNF-α, IL-1β, and IL-6 were
detected. An air pouch mouse model was constructed to examine the inflammatory response and expression of
pro-inflammatory factors in vivo. Furthermore, an osteolysis rat model was used to evaluate the activation of
osteoclasts and destruction of bone tissue induced by polymer particles with or without ZnO NPs. Protein
expression of the MEK-ERK-COX-2 pathway was also examined by western blotting to elucidate the mechanism
underlying particle-induced anti-inflammatory effects.
Results: ZnO NPs (�50 nm, 5 μg/mL) showed no obvious cytotoxicity and attenuated PEEK or PE particle-induced
inflammation and inflammatory osteolysis by reducing MEK and ERK phosphorylation and decreasing COX-2
expression.
Conclusion: ZnO NPs (�50 nm, 5 μg/mL) attenuated polymer wear particle-induced inflammation via regulation of
the MEK-ERK-COX-2 axis. Further, ZnO NPs reduced bone tissue damage caused by particle-induced inflamma-
tory osteolysis.
The translational potential of this article: Polymer wear particles can induce inflammation and osteolysis in the body
after arthroplasty. ZnO NPs attenuated polymer particle-induced inflammation and inflammatory osteolysis.
Topical use of ZnO NPs and blended ZnO NP/polymer composites may provide promising approaches for
inhibiting polymer wear particle-induced inflammatory osteolysis, thus expanding the range of polymers used in
joint prostheses.
1. Introduction

Polyether-ether-ketone (PEEK) is an innovative alternative to con-
ventional metallic material used in joint prostheses [1–3]. Conventional
metal implant can produce stress in concentrated areas due to high elastic
modulus and generate wear debris which induces peri-prosthetic
osteolysis and implant loosening [4–6]. In contrast, PEEK has a
modulus similar to that of bone, which greatly reduces stress shielding,
and the risk of periprosthetic bone resorption [1,2,7,8]. PEEK is also
drwangyou@126.com (Y. Wang

rm 30 March 2022; Accepted 3 A

ier (Singapore) Pte Ltd on behalf
/licenses/by-nc-nd/4.0/).
radiolucent and compatible with magnetic resonance imaging, which
facilitates postoperative follow-up inspection and early detection of
osteolysis [9]. The newly developed PEEK-on-highly cross-linked poly-
ethylene (HXLPE) prosthesis has demonstrated biological safety and
applicability in animals [2,10]. Unlike metal-on-metal or
metal-on-HXLPE joint prostheses, PEEK-on-HXLPE prosthesis shows a
modulus similar to that of cortical bone, which can improve patient
comfort and extend implant lifetime by reducing the stress-shielding
effect [1,6,11]. However, use of the PEEK-on-HXLPE prosthesis is
).
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Table 1
Primer sequences of mouse inflammatory genes used in RT-PCT.

Target
Gene

Forward Primer Sequence (50-30) Reverse Primer Sequence (50-30)

β-Actin CTACCTCATGAAGATCCTGACC CACAGCTTCTCTTTGATGTCAC
Il-1β TCGCAGCAGCACATCAACAAGAG TGCTCATGTCCTCATCCTGGAAGG
Il-6 CTGCAAGAGACTTCCATCCAG GACTTTGAGGTTGACCTTCACAT
Tnf-α ATGTCTCAGCCTCTTCTCATTC GCTTGTCACTCGAATTTTGAGA
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limited by the production of PEEK and PE wear particles, which could
activate macrophages and stimulate cells to express pro-inflammatory
chemokines, such as interleukin (IL)-1β, IL-6, IL-17, and tumour necro-
sis factor-α (TNF-α) [10,12,13]. These inflammatory factors can promote
the formation and activation of osteoclasts and inhibit osteoblast for-
mation, eventually leading to osteolysis and prosthesis loosening
[14–17].

Many researches haven been conducted to reduce wear particle-
induced aseptic loosening of total joint replacements (TJRs). For
example, composite materials containing zinc oxide nanoparticles (ZnO
NPs) and FHBP-functionalised titanium have been found to suppress the
inflammatory response and enhance the bone regeneration [18,19].
Polymer composites incorporating ZnO NPs could improve tribological
performance and consequently decrease the production of wear debris
[20]. In addition, ZnO NPs possess anti-inflammatory properties and
exert protective effects on chondrocytes in the hypoxic environment [21,
22]. However, the anti-inflammatory and chondroprotective properties
of ZnO NPs may depend on their size, shape, concentration, and exper-
imental conditions [21–23]. Thus, the effect of ZnO NPs on inflammation
induced by PEEK or PE wear debris requires further investigation.

Previous studies have shown that ZnO NPs influence the phagocytosis
and autophagy of macrophages and suppress the activation of macro-
phages stimulated with lipopolysaccharide (LPS) [21,24,25]. We
hypothesised that ZnO NPs have anti-inflammatory properties that could
attenuate the inflammatory response induced by PEEK and PE polymer
particles. Our research goal was to assess whether increasing the wear
resistance and lubricating properties of these polymer materials and
attenuating the inflammatory response induced by wear particles might
be achieved by blending polymer particles with ZnO NPs. The aim of the
present study was to investigate the effects of ZnO NPs on polymer
particle-induced inflammation and the underlying mechanism.

2. Materials and methods

2.1. Material characterisation

The surface morphologies of ZnO NPs (quantum dot scale: � 5 nm
[Shanghai Bojiao Biotech Co., Shanghai, China]; nanoscale: � 50 nm
[Sigma-Aldrich, St. Louis, MO, USA], and microscale: � 1 μm [Sigma-
Aldrich]), PEEK particles (Zeniva PEEK ZA-500), and PE particles
(Chirulen HXLPE 1020X) were characterised using a Hitachi SU8010
field-emission scanning electron microscope (SEM; Hitachi, Tokyo,
Japan) and/or a Tecnai-12 transmission electron microscope (TEM;
Philip Apparatus Co., Amsterdam, The Netherlands). SEM images and
TEM spectra were obtained at 2 and 200 kV acceleration, respectively. All
measurements were performed in triplicate. Prior to use, PEEK and PE
particles were ultrasonicated in ethanol, vacuum-dried to remove the
solvent, and subsequently sterilised with ethylene oxide after ball mill-
ing. The average sizes of the PEEK and PE wear particles were compa-
rable: PE particle size diameter ranged from 0.22 to 31.11 μm with an
average diameter of 1.66 μm, while PEEK particle size diameter ranged
from 0.25 to 46.47 μm with an average diameter of 1.05 μm [2,10,13].

2.2. Cell culture

RAW264.7 cells were obtained from the Cell Bank at the Chinese
Academy of Science (Shanghai, China). Cells were maintained in
α-minimum essential medium (HyClone™ Laboratories, Logan, UT, USA)
with 10% foetal bovine serum (Gibco, Grand Island, NY, USA) and 1%
penicillin/streptomycin at 37 �C in a 5% CO2 incubator. The growth
medium was refreshed every 2 days.

RAW264.7 cells were seeded into a 96-well plate at 1 � 103 cells/
well. Different sizes (quantum dot scale:� 5 nm; nanoscale:� 50 nm; and
microscale: � 1 μm) and concentrations (0, 5, 10, 15, and 20 μg/mL) of
ZnO NPs were co-cultured with cells for 24 h. Cell cytotoxicity was
detected using the CCK-8 assay. RAW 264.7 cells were seeded into a 6-
2

well plate at 1 � 106 cells/well. ZnO NPs of different sizes (1 μg/mL)
and PE particles (108) were cocultured with cells in four groups: PE; PEþ
ZnO (�5 nm); PE þ ZnO (�50 nm); PE þ ZnO (�1 μm). The supernatant
was collected after 24 h to measure pro-inflammatory factor expression
using enzyme-linked immunosorbent assay (ELISA).

PEEK (108) and PE (108) particles and ZnO NPs (�50 nm; 1, 5, and 10
μg/mL) were added to different wells at a particle-to-cell ratio of 100:1.
The supernatant was collected after incubation for 6 h and 24 h to
measure levels of pro-inflammatory factors using ELISA. Total RNA and
protein were also extracted and analysed using real-time PCR and
western blotting.

2.3. ELISA

Levels of pro-inflammatory factors IL-1β, IL-6, and TNF-α in the cell
medium supernatant were measured using an ELISA kit (MultiSciences
(Lianke) Biotech Co., Ltd., Hangzhou, China), according to the manu-
facturer's protocols.

2.4. Real-time PCR

Total RNA was extracted using TRIzol™ reagent (Invitrogen, Carls-
bad, CA, USA) and total RNA extraction kit (QIAGEN, Hilden, Germany).
Approximately 1 μg RNA was reverse-transcribed into cDNA using the
PrimeScript™ reverse transcription kit (TaKaRa Bio, Shiga, Japan) ac-
cording to the manufacturer's protocol. Expression levels of Il-1β, Il-6,
Tnf-α, and β-Actin were examined using an ABI 7500 real-time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). β-Actin was used as a
reference gene to normalise gene expression. The results were expressed
using the 2�ΔΔCT method. The primer sequences used in real-time PCR
analysis are listed in Table 1 [26].

2.5. Western blot analysis

Proteins were extracted using 1 � RIPA lysis buffer (Thermo Fisher
Scientific, Waltham, MA, USA) containing a phosphatase and protease
inhibitor cocktail (Thermo Fisher Scientific). Western blotting was per-
formed following standard procedures. Briefly, protein lysates were
separated using 10% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis and then transferred onto polyvinylidene fluoride mem-
branes (PVDF; Thermo Fisher Scientific). After blocking with blocking
reagent (Thermos Fisher Scientific), the membranes were incubated
overnight with primary antibodies at 4 �C. After incubation with sec-
ondary antibodies, the PVDF membranes were thoroughly washed and
detected using electrochemiluminescence solution (Thermo Fisher Sci-
entific). Primary antibodies (MEK1/2, P-MEK1/2, ERK1/2, P-ERK1/2,
COX-2, P65, P-P65, IκBα, P-IκBα, and GAPDH) and secondary antibodies
were purchased from Cell Signaling Technology (Danvers, MA, USA)
[26].

2.6. Air pouch mouse model

An air pouch mouse model was used to assess the effects of different
particles. Forty-two nude mice (BALB/c) were purchased from the
Shanghai Institute of Zoology (Chinese Academy of Sciences). The animal
studies were performed in accordance with the Animal Care and Use



Figure 1. Zinc oxide nanoparticles (ZnO NPs) are not cytotoxic and do not induce a significant cellular inflammatory response at low concentration in vitro. The
morphology (A) and cytotoxicity (B) of different sized ZnO NPs. mRNA expression of Il-1β, Il-6, and Tnf-α in cells co-cultured with ZnO NPs (1, 5, and 10 μg/mL) for 6
h and 24 h (C and D). Protein expression of IL-1β, IL-6, and TNF-α in the supernatant after co-culturing cells with different concentrations of ZnO NPs (1, 5, and 10 μg/
mL) for 6 h and 24 h (E). *p < 0.05; **p < 0.01.
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Committee Guidelines of the Shanghai Jiao Tong University School of
Medicine. The animals were divided into six groups: control (normal
saline, NS), ZnO, PEEK, PEEK þ ZnO, PE, and PE þ ZnO. First, 5 mL gas
was injected subcutaneously into the back of each mouse to create an air
pouch. Thereafter, gas was reinjected every 2 days to maintain the air
pouch. After three weeks, when the air pouch had stabilised, 1 mL so-
lution containing pure saline, ZnO NPs (5 μg/mL), PEEK (1011 particles),
PEEK (1011 particles) þ ZnO NPs (5 μg/mL), PE (1011 particles), or PE
(1011 particles) þ ZnO NPs (5 μg/mL) was injected into the mouse air
pouch. After 2 weeks, the animals were sacrificed by cervical dislocation,
the air pouches were collected, and specimens were embedded in
paraffin [27].
2.7. Haematoxylin & eosin and immunohistochemical staining

The paraffin-embedded specimens were sliced into 5 μm-thick sec-
tions using a microtome, deparaffinised via three changes of xylene, and
then rehydrated using a gradient of ethanol and distilled water. Hae-
matoxylin & eosin (H&E) staining was performed using a standard pro-
tocol, and sections were dehydrated using a reverse gradient of ethanol
and xylene [26].

Immunohistochemical staining was performed as follows. Briefly,
antigen retrieval was performed with sodium citrate solution (pH 6.5) at
65 �C for 30 min. After re-equilibrating to room temperature, the sections
were rinsed three times with phosphate-buffered saline (PBS). The
3

sections were then incubated with 3% hydrogen peroxide for 10 min and
washed with PBS. Blocking was performed using 3% horse serum for 30
min. Incubation with the primary antibodies was performed overnight at
4 �C. On the following day, the sections were washed with PBS and
incubated with the secondary antibodies for 1 h at room temperature.
After extensive washing with PBS, colour-developing and counter-
staining were performed using a Vectastain ABC kit (Vector Laboratories,
Burlingame, CA, USA) with haematoxylin [13].
2.8. Cell mean density

The brown granules staining was considered positive. Image-Pro Plus
version 6.0 software (Medical Cybernetics, Inc., Rockville) was used to
assess the cell number and the integrated optical density (IOD) value of
the of the positive region. The cell mean densitometry of the digital
image was obtained by calculating IOD/positive cell number, and was
designated as representative IL-1β, IL-6, and TNF-α staining intensity
(indicating the relative expression level).
2.9. In vivo evaluation of osteolysis

2.9.1. Rat osteolysis model
Twenty-four Sprague–Dawley rats (3-months-old, female) were ob-

tained from the Shanghai Institute of Zoology (Chinese Academy of
Sciences). The animal studies were performed in accordance with



Figure 2. Zinc oxide nanoparticle (ZnO NPs) attenuate polymer-particle-induced inflammation in vitro. mRNA expression of Il-1β, Il-6, and Tnf-α in RAW264.7 cells
after co-culturing cells with different concentrations of ZnO NPs (1, 5, and 10 μg/mL) and polyethylene (PE) particles for 6 h and 24 h (A and B). Protein expression of
IL-1β, IL-6, and TNF-α in the supernatant of RAW264.7 cells co-cultured with different concentrations of ZnO NPs and PE particles for 6 h and 24 h (C). mRNA
expression of Il-1β, Il-6, and Tnf-α in cells after being co-cultured with different concentrations of ZnO NPs (1, 5, and 10 μg/mL) and polyether-ether-ketone (PEEK)
particles for 6 h and 24 h (D and E). Protein expression of IL-1β, IL-6, and TNF-α in the supernatant of RAW264.7 cells co-cultured with different concentrations of ZnO
NPs and PEEK particles for 6 h and 24 h (F). *p < 0.05; **p < 0.01.
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Shanghai Jiao Tong University School of Medicine Animal Care and Use
Committee Guidelines. After being anaesthetised with chloral hydrate,
the animals were disinfected with iodophor. The left knee joint was
exposed, a syringe needle was placed into the femoral medullary cavity,
and either 0.5 mL solution of PEEK or PE particles or a mixture of
polymer particles plus ZnO NPs (5 μg/mL) was injected into the bone
marrow. After four weeks, the rats were sacrificed by cervical dislocation,
and the femoral segment of the left hindlimb was obtained [28].

2.9.2. Microcomputed tomography (micro-CT) and section staining
Damaged bone around the particles was detected using the GE

Explore Locus SP Micro-CT (GE Healthcare, Chicago, IL, USA), and 3D
images were reconstructed. The bone volume fraction (bone volume/
total volume) and trabecular pattern factor were determined using Sky-
Scan DataViewer and CTAn software (Bruker, Karlsruhe, Germany). The
region of interest was from the growth plate to the trabecular bone under
4

the growth plate with a thickness of 200 micro-CT layers [2].

2.9.3. H&E and TRAP staining
After fixation in 4% paraformaldehyde, samples were decalcified

using EDTA, and dehydrated using a 75–100% alcohol gradient. Samples
were embedded in paraffin, and sliced into 5 μm sections. H&E and
tartrate-resistant acid phosphatase (TRAP) staining was performed using
standard protocols [29].

2.9.4. Statistical analysis
All data are expressed as the mean � SD obtained from triplicate

independent experiments. One-way analysis of variance (ANOVA) and
Tukey's multiple comparison test were used to evaluate statistically sig-
nificant differences among groups. All statistical analyses were per-
formed using GraphPad Prism 7.0 statistical software (GraphPad, Inc., La
Jolla, CA, USA). A p-value< 0.05 was considered statistically significant.



Figure 3. Zinc oxide nanoparticles (ZnO NPs) attenuate
polymer particle-induced inflammation in the air pouch
mouse model. Immunohistochemical staining (A) and
analysis of IL-1β (B), IL-6 (C), and TNF-α (D) expression
after stimulation with polyethylene (PE) particles and
ZnO NPs þ PE particles. Immunohistochemical staining
(E) and analysis of IL-1β (F), IL-6 (G), and TNF-α (H)
expression after stimulation with polyether-ether-ketone
(PEEK) particles and PEEK particles þ ZnO NPs. Positive
staining, displayed as fine dark brown granules, is
mainly confined to the cytoplasm. Black scale bars ¼ 10
μm*p < 0.05; **p < 0.01.
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Figure 4. Zinc oxide nanoparticles (ZnO NPs) attenuate polymer particle-induced inflammatory osteolysis in a rat model. Micro-CT images and histological analysis of
the polyethylene (PE) and zinc oxide nanoparticle (ZnO NP) þ PE groups (A and B). Haematoxylin and eosin (H&E) staining (C) and TRAP staining (D and E) of the
PE and ZnO þ PE groups. Micro-CT images and histological analysis of the polyether-ether-ketone (PEEK) and ZnO NP þ PEEK groups (F and G). H&E staining (H) and
TRAP staining (I and J) of the PEEK and ZnO NP þ PEEK groups. The cytoplasm of activated osteoclasts appears dark red in TRAP staining. The black arrow indicates
activated osteoclasts, the blue arrow indicates polymer particles. Black scale bars ¼ 2.5 mm; blue scale bars ¼ 200 μm; red scale bars ¼ 50 μm *p < 0.05; **p < 0.01.
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3. Results and discussion

3.1. ZnO NPs are not cytotoxic and do not induce a significant cellular
inflammatory response at low concentration in vitro

Previous studies have suggested that ZnO NPs (<10 μg/mL) could
attenuate the phagocytic function and activation of macrophages and
that their cytotoxicity is related to particle size [23–25]. The results of the
present study indicated that ZnO NPs were not cytotoxic at low con-
centrations (�5 μg/mL), but their cytotoxicity significantly increased
with increasing concentration (>10 μg/mL) (Fig. 1A). In addition, ZnO
NP cytotoxicity was related to particle size, with smaller particles
exerting greater cytotoxic effects than larger particles at the same con-
centrations (Fig. 1B). In agreement with previous findings, these results
suggest that smaller NPs have larger surface areas and more exposed
reactive sites, which lead to higher toxicity andmore oxygen free radicals
[23,30–32]. Furthermore, co-culturing cell with different sizes of ZnO
NPs (1 μg/mL) and PE particles (108) (Fig. S1A) indicated that only
nanoscale ZnO particles (�50 nm) significantly reduced the expression of
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IL-1β, IL-6, IL-12, and TNF-α in the cell supernatant induced by PE par-
ticles (Fig. S1B). Meanwhile, co-culturing cells with ZnO NPs of different
concentrations (1, 5, and 10 μg/mL) revealed that mRNA expression
levels of Il-1β, Il-6, and Tnf-α in the cell supernatant were significantly
decreased in the 5 μg/mL group at 6 h and negligibly different from those
in the control group at 24 h (Fig. 1C and D). Additionally, protein
expression levels of IL-6 and TNF-α in the cell supernatant were signifi-
cantly decreased in the 5 μg/mL group at 6 h and negligibly different
from those in the control group at 24 h (Fig. 1E). These results indicated
that nanoscale ZnO NPs (�50 nm) at low concentration (5 μg/mL) were
biosafe and had an anti-inflammatory effect in vitro (Figs. 1 and S1).
3.2. ZnO NPs attenuate polymer-particle-induced inflammation in vitro

Wear debris from PEEK-on-HXLPE includes PEEK and ultra-high-
molecular-weight PE (UHMWPE) particles [10]. Although wear debris
ranges in size from tens of nanometres to hundreds of microns, debris
with a diameter of 0.1–10 μm is the most biologically active [33]. In
particular, debris approximately 1 μm in diameter is easily engulfed by



Figure 5. Zinc oxide nanoparticles (ZnO NPs) regu-
late p-MEK/p-ERK and COX-2 expression induced by
polymer particles in vitro. Western blot images and
analysis of COX-2 (A and B), t-ERK1/2 (A), p-ERK1/2
(A and C), t-MEK1/2 (A), and p-MEK1/2 (A and D)
expression in the control, polyethylene (PE), and PE
þ ZnO NP groups. Western blot images and analysis of
COX-2 (E and F), t-ERK1/2 (E), p-ERK1/2 (E and G),
t-MEK1/2 (E), and p-MEK1/2 (E and H) expression in
the control, polyether-ether-ketone (PEEK), and PEEK
þ ZnO NP groups. *p < 0.05; **p < 0.01.
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macrophages and induces inflammatory responses [33–35]. Previous
research reported that wear debris from PEEK-on HXLPE prostheses was
close to 1.25 μm in diameter [10], which is similar to that of the polymer
particles in the present study (Fig. S1A). Given aforementioned results,
nanoscale ZnO NPs at size �50 nm were used to determine the optimal
concentration for attenuating cellular inflammatory responses induced
by PE and PEEK particles. Cells were cultured ZnO NPs (�50 nm) at
different concentrations (0, 1, 5, and 10 μg/mL) and PE particles (108). At
5 μg/mL, ZnO NPs (�50 nm) significantly decreased the mRNA and
protein expression of IL-1β and TNF-α at 6 h and 24 h (Fig. 2A–C) in the
absence of PEEK or PE particles. Although IL-6 mRNA and protein
expression levels remained unaltered at 6 h, it was significantly
decreased in the 5 μg/mL group at 24 h (Fig. 2A–C). In the presence of
PEEK particles (108), ZnO NPs (�50 nm) at 5 μg/mL significantly
decreased mRNA expression levels of Il-1β, Il-6, and Tnf-α at 6 h and 24 h
(Fig. 2D and E). The protein expression of IL-1β and IL-at 6 h were
negligibly different from those in the control group, but protein expres-
sion levels of IL-1β, IL-6, and TNF-α were significantly decreased in the 5
μg/mL group at 24 h (Fig. 2 F). Although the results in Fig. 2 suggested
that the expression of pro-inflammatory cytokines was decreased in the 1
and 10 μg/mL groups, the attenuated effect on pro-inflammatory factors
was greater in the 5 μg/mL group. These results further supported that
nanoscale ZnO NPs (�50 nm) at low concentration (5 μg/mL) were safe
and reduced the inflammatory effect induced by polymer particles in vitro
(Figs. 1 and 2).
3.3. ZnO NPs (5 μg/mL) attenuate polymer particle-induced inflammation
and inflammatory osteolysis in vivo

Subsequently, the air pouch mouse model was used to investigate the
effect of ZnO NPs on polymer particle-induced inflammation in vivo.
Compared to normal saline, ZnO NP (5 μg/ml; 1 mL) injection alone did
not induce a significant change in protein expression levels of IL-1β, IL-6,
and TNF-α compared to those in the control group (normal saline)
(Fig. S2A – D); whereas PE and PEEK injection significantly increased
protein expression IL-1β, IL-6, and TNF-α (Figs. 3 and S2). Addition of
ZnO NP significantly reduced the protein expression of IL-1β, IL-6, and
TNF-α compared to PE alone (Fig. 3A–D). Similarly, the PEEK þ ZnO
group exhibited decreased IL-1β, IL-6, and TNF-α protein levels compared
to those in the PEEK group (Fig. 3E–H). These results indicated that ZnO
NPs (5 μg/mL) did not induce a significant tissue inflammatory response
and attenuated the inflammatory response induced by polymer particles
in vivo.

The osteolysis rat model was used to further investigate the effects of
ZnO NPs on polymer particle-induced osteolytic disease. The results of
7

micro-CT and histological analysis revealed that the structural integrity
of the distal femur was visibly destroyed in the PE and PEEK groups. In
addition to the structure of the distal femur remaining intact, the bone
density, bone volume/total volume, and trabecular bone number and
thickness were higher in the PE þ ZnO and PEEK þ ZnO groups than in
the PE and PEEK groups (Fig. 4A–C, F–H). Furthermore, the coefficient of
variation of the trabecular bone was reduced in the PE þ ZnO and PEEK
þ ZnO groups (Fig. 4B, G), suggesting a milder degree of osteoporosis
than in the PE and PEEK groups. Positive TRAP staining can show the
number and activation state of osteoclasts, which reflects the degree of
bone destruction. In the present study, TRAP staining revealed that the
PE þ ZnO and PEEK þ ZnO groups displayed significantly fewer osteo-
clasts than the PE and PEEK groups (Fig. 4D, E, I, and J). These results
indicated that the activation of osteoclasts and destruction of bone tissue
induced by PE and PEEK particles were attenuated by ZnO NPs.

Osteolysis and implant loosening induced by wear debris involve a
multitude of cell populations, including osteoblasts, osteoclasts, and sy-
novial fibroblasts [15,24,36]. For PEEK-on-HXLPE implants, the wear
debris-induced inflammatory response is mostly driven by macrophages,
which can release an array of proinflammatory mediators [10,13,33].
However, the role of macrophage stimulation by polymer particles in the
development of osteolysis remains unclear. Therefore, the
anti-inflammatory properties of ZnO NPs were used to investigate the
mechanism by whichmacrophages were stimulated by polymer particles.
3.4. ZnO NPs regulate p-MEK/p-ERK and COX-2 expression induced by
polymer particles in vitro and in vivo

COX-2 is an inducible enzyme responsible for initiating the inflam-
matory response in immune cells. The major products of COX-2 are
prostaglandins, which are further processed into prostaglandin E2
(PGE2) [37]. COX-2 plays a direct role in implant-related osteolysis,
which was previously demonstrated by COX-2-/- mice exhibiting signif-
icantly reduced debris-induced osteolysis compared to wild-type mice
[38]. However, the immunogenicity of wear particles is lower than that
of biological stimuli because of their chemically inert properties [12,13,
39], suggesting that the signalling pathways involved might be different.
In the present study, the expression of key proteins in the NF-κB and ERK
pathways was evaluated to elucidate the mechanism underlying polymer
particle stimulation of macrophages.

Protein expression levels of p-IκB and p-P65 were increased in the PE
and PEEK groups compared to those in the control group (Figs. S3A, B, E,
and F) but were significantly decreased in the PEþ ZnO and PEEKþ ZnO
groups compared to their respective polymer particle groups (Figs. S3C,
D, G, and H). These results suggested that the NF-κB pathway, which is



Figure 6. Zinc oxide nanoparticles (ZnO NPs) regulate
p-MEK/p-ERK expression induced by polymer particles
in the air pouch mouse model. Immunohistochemical
staining and analysis of ERK1/2 (A and B), p-ERK1/2
(A and C), MEK1/2 (A and D), and p-MEK1/2 (A and
E) expression the polyethylene (PE) and PE þ ZnO NP
groups. Immunohistochemical staining and analysis of
ERK1/2 (F and G), p-ERK1/2 (F and H), MEK1/2 (F
and I), and p-MEK1/2 (F and J) expression in the
polyether-ether-ketone (PEEK) group and PEEK þ ZnO
NP groups. Black scale bars ¼ 10 μm; *p < 0.05; **p <

0.01.
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rapidly activated in response to biological stimuli such as bacteria or LPS
[36,38], was stimulated by the polymer particles. PDTC (pyrrolidine
dithiocarbamate ammonium), a potent NF-κB inhibitor that inhibits IκB
phosphorylation, prevents NF-κB translocation into the nucleus and re-
duces the expression of downstream cytokines. Although protein
expression levels of IL-1β, IL-6, and TNF-α in the PE and PEEK groups
were significantly increased compared to those in the control group
(Fig. S4), proinflammatory cytokine levels remained higher than those in
the control group after blocking the NF-κB pathway with PDTC, partic-
ularly in the PE þ PDTC group (Fig. S4). These results indicated that the
NF-κB pathway was only partially involved in the inflammatory response
induced by polymer particles.

A recent study reported that inflammation induced by wear particles
is closely related to the MAPK pathway, as blocking the ERK pathway
could be used to treat or weaken the inflammatory response [40]. Indeed,
the ERK and JNK pathways were activated as an early response to tita-
nium (Ti) particles and participated in the WNT and BMP signalling
pathways to suppress and subsequently inhibit osteogenesis [40].
Further, phagocytosis of Ti particles increased COX-2 and IL-6 production
via ERK1/2–CEBP-β signalling [40].

In the current study, phosphorylation of ERK1/2 and MEK1/2 was
significantly increased in the PE and PEEK groups in vitro compared to
that in the control group (Fig. 5), whereas the expression of p-ERK1/2
and p-MEK1/2 decreased in the presence of ZnO NPs compared to that in
the respective polymer particle groups (Fig. 5). Additionally, COX-2
protein levels were decreased in the ZnO NP-treated groups compared
to those in the respective polymer particle groups but were higher than
those in the control group (Fig. 5). Immunohistochemical staining
revealed that the expression of t-ERK1/2 and t-MEK1/2 in the PE and
PEEK groups did not differ significantly from that in the PE þ ZnO and
PEEK þ ZnO groups (Fig. 6A, B, D, F, G, and I), but the expression of p-
ERK1/2 and p-MEK1/2 was decreased in the PE þ ZnO and PEEK þ ZnO
groups (Fig. 6A, C, E, F, H, and J). These results indicated that ZnO NPs
may attenuate inflammatory osteolysis by inhibiting the MAPK/ERK ki-
nase1/2 pathway.

COX-2 and its downstream product PGE2 have direct roles in pro-
moting debris-induced implant-related osteolysis [38]. Wear debris
reportedly induces an increase in PGE2 levels, which stimulates bone
resorption via upregulation of RANKL and increases osteoclast activity
[41]. Moreover, COX-2 inhibitors such as celecoxib and other nonste-
roidal anti-inflammatory drugs have been shown to suppress wear
debris-induced osteolysis in animal models [42]. Further, a previous
study reported that COX-2 expression could be increased via activation of
the ERK signalling pathway in bone marrow-derived murine macro-
phages [43]. Biometal has important roles in bone regeneration,
including Ca, Mg, Zn, Cu, Mn, and Co. Zn and Mg are both essential
mineral for the growth of bone. Zn and its alloys exhibit distinct ad-
vantages in promoting bone regeneration due to their capacity to stim-
ulate osteoblast bone formation, increase alkaline phosphatase activity,
and inhibit osteoclast differentiation [44]. Furthermore, Zinc, which is
required for enzymes involved in DNA and RNA synthesis and is critical
for maintaining cell functions, can stimulate zinc-sensing receptors and
trigger downstream signalling involving the ERK/AKT pathway [43,45].
In the present study, ZnO NPs inhibited the MEK-ERK signalling pathway
and reduced the production of COX-2, as well as that of pro-inflammatory
cytokines. These results indicated that ZnO NPs attenuated the polymer
particle-induced inflammatory response by downregulating COX-2
expression via the MEK-ERK pathway.

Macrophages are plastic cells that perform a wide spectrum of func-
tions [46]. When exposed to external biological stimuli such as LPS and
IFN-γ, macrophages are polarised to the M1-like phenotype, which pro-
duce pro-inflammatory cytokines [46]. When involved in tissue remod-
elling, macrophages are polarised to the M2-like phenotype and produce
immune-suppressive cytokines such as TGF-β [46]. During aseptic loos-
ening, inflammatory reactions are mainly driven by activated M1 mac-
rophages, while M2 macrophages secrete immune-suppressive cytokines
9

to attenuate inflammation [18]. Previous studies have suggested that
zinc modulates macrophage polarisation, and the critical roles of zinc in
macrophage functions have been widely documented [18,21,25,30,45,
47]. Thus, the results of the current study suggest that ZnO NPs may
increase M2 polarisation of macrophages. In the presence of ZnO NPs,
expression levels of ARG-1 and IL-10 were increased but not those of
inducible nitric oxide synthase, an enzyme that produces nitric oxide
from L-arginine in M1 macrophages (Fig. S5). However, the exact role of
ZnO NPs in macrophage polarisation warrants further investigation.

4. Conclusion

PEEK and PE polymer wear particles induced inflammation and
osteolysis by activating the MEK–ERK pathway and COX-2 production.
Nanoscale ZnO NPs (�50 nm) at low concentration (5 μg/mL) did not
induce cytotoxicity and exerted anti-inflammatory effects in vitro. ZnO
NPs attenuated PEEK or PE particle-induced inflammation and inflam-
matory osteolysis in vivo by reducing MEK and ERK phosphorylation and
decreasing COX-2 expression. Topical use of ZnO NPs and polymer/ZnO
NP blended composites may provide promising, effective approaches for
inhibiting polymer wear particle-induced inflammatory osteolysis.
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