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ARTICLE INFO ABSTRACT

Keywords: Polyetheretherketone (PEEK) is considered as a promising dental implant material owing to its excellent phys-
Polyetheretherketone icochemical and mechanical properties. However, its wide range of applications is limited by its biologically inert
Gold “*f“"Partides nature. In this study, a near-infrared (NIR) light responsive bioactive coating with gold nanoparticles (AuNPs)
x:;:z‘ff:::(lie and metronidazole adhered to the PEEK surface via dopamine polymerization. Compared to pure PEEK, the
Antibacterial hydrophilicity of the treated PEEK surface was significantly improved. In addition, under NIR light, the surface

coating exhibited photothermal conversion effect, and gold nanoparticles and the antibiotic can be released from
the coating. This improved the antibacterial properties of PEEK materials. Moreover, the coating was more
conducive to the early adhesion of bone mesenchymal stem cells. The results of in vitro and in vivo osteogenic
activity studies showed that the developed coating promoted osseointegration of PEEK implants, and NIR light
irradiation further improved the antibacterial ability and osteogenic activity of PEEK implants. Through RNA
sequencing, the potential underlying mechanism of promoting bone formation of the AuNPs coating combined
metronidazole was interpreted. In summary, the developed coating is a potential surface treatment strategy that
endows PEEK with enhanced osseointegration and antibacterial properties.

Osseointegration

1. Introduction

In the field of dental implants, the stress-shielding effect of implant
materials such as pure titanium and titanium alloys, might leading to
marginal bone loss [1]. And metal materials may cause metal ion allergy
or anterior teeth unaesthetic [2]. Thus, many researchers are dedicated
to explore more suitable materials for dental implant restoration. In
view of the advantages of polyetheretherketone (PEEK) material,
including good cell compatibility, stable chemical structure, not easy to
degrade, no free radicals and other toxic substances’ precipitation, and
radiolucency, it has been proposed as a promising dental implant

material [3]. However, it is biologically inert. After PEEK materials
implanted into bone tissue, fibrous encapsulation was formed firstly on
its surface [4,5]. Furthermore, some studies have pointed out that the
antibacterial ability of the PEEK materials is poor [6,7]. Therefore, it is
necessary to develop modification methods to improve the antibacterial
and osteogenic ability of PEEK materials.

Currently, antibiotics therapy remains the primary approach for
treating infection, which can be administered systemically or locally. In
these treatment strategies, antibiotics can also be combined onto the
surface of implants to provide the implants antibacterial capability for
resisting bacterial infections [7]. In previous studies, the antibacterial
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effects of antibiotics coatings were mainly investigated against Staphy-
lococcus aureus and Escherichia coli. Regarding the peri-implantitis, the
research demonstrated that the dominant pathogenic bacteria is Por-
phyromonas gingivalis (P. gingivalis) [8,9], a gram-negative anaerobic
bacterium. It’s well known that metronidazole (M) is a commonly used
antibiotic for the treatment of systematic or local infections caused by
anaerobic bacteria [10], such as periodontitis [11,12]. In addition,
metronidazole was also used in the occlusive periodontal membrane to
assist in periodontal tissue regeneration [13,14].

Although the antibiotic coating on the surface of implants can pro-
vide excellent antibacterial properties, the emergence of drug-resistant
bacteria is also a challenge that needs to be addressed [15]. Nowa-
days, metal nanoparticles coating, such as Ag", were developed to
enhance the antibacterial performance of PEEK material [7]. But at the
same time, the toxicity of high concentrations of metal ions to normal
cells [16], and the emergence of silver-resistant bacteria [17] have
attracted widespread attention. Research findings suggested that gold
nanoparticles (AuNPs) have highly biological safety [18,19] and anti-
bacterial properties [20]. And it rarely developed antibacterial resis-
tance at present [21,22]. Moreover, the combination of AuNPs and
antibiotics could exhibit better antibacterial effect, which could reduce
the use of antibiotics and produce a synergistic antibacterial effect [22,
23].

The improvement in the antibacterial capability of implants can
alleviate inflammation after implantation, while the enhancement of
osteogenic activity is essential to ensure long-term stability of the PEEK
implants. Research showed that AuNPs can stimulate an inflammatory
response, and the anti-inflammatory effects of AuNPs promoted the
osteogenic differentiation of BMSCs in vitro [20]. What’s more, in view
of the good optical properties of AuNPs, they can be used as photosen-
sitizers for near-infrared (NIR) light to undergo photothermal conver-
sion [24]. The NIR light can increase the local temperature with help of
AuNPs [25]. And the mild heat shock conditions (39-41°C) can suc-
cessfully upregulate the expression of proteins such as alkaline phos-
phatase (ALP) and heat shock protein (HSP), thereby promoting bone
mineralization [26].

Herein, we designed a NIR-responsive surface coated with gold
nanoparticles and metronidazole, as shown in scheme (Scheme 1). The
combination of AuNPs and metronidazole endowed the PEEK materials
with better antimicrobial ability. When the PEEK surface coating re-
sponds to NIR light, the surface temperature of the PEEK materials could
reach around 42°C. And the release of AuNPs was increased after NIR
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light irradiation. The results of in vivo experiments demonstrated that
the NIR-responsive surface coating exhibited enhanced antibacterial
effects, and the osteogenic properties were significantly improved. In
addition, the potential osteogenic mechanism of this coating was illus-
trated. This approach represents a simpler and safer treatment strategy
to improve the antibacterial ability and osteogenic activity of PEEK
materials for potential dental implant applications.

2. Materials and methods
2.1. Preparation of the treated PEEK materials

Disc-shaped PEEK (Ensinger, Nufringen, Germany) with dimensions
®15 x 1.5 mm was used for surface characterization and in vitro bio-
logical assays, while cylindrical implants with dimensions ®2 x 5 mm
were prepared for rat femoral implantation in vivo. Prior to use, the
samples were polished with abrasive papers and ultrasonically cleaned
in anhydrous ethanol and deionized water for 15 min sequentially, and
dried at 70°C.

Gold nanoparticles (AuNPs) were obtained by reducing chloroauric
acid (C805628, Macklin, Shanghai, China). More specifically, chlor-
oauric acid (5 x 10™* M) is mixed with Triton X-100 (1 x 107> M) in 40
mL deionized water, then reduced using r-ascorbic acid (3 x 1072 M).
The solution was then centrifuged at 10,000 rpm for 20 min, the su-
pernatant removed, and 5 mL of deionized water was added to resus-
pend the pellet.

The functionalized PEEK surface was prepared by mixing metroni-
dazole (M, B1976, APEXBIO, American), AuNPs, and dopamine hydro-
chloride (D103111, Aladdin, Shanghai, China). Dopamine
hydrochloride was added to a Tris-HCl solution (10 mM, pH 8.5,
Solarbio, Beijing, China) at a concentration of 2 mg/mL. The AuNPs and
metronidazole solution were added to 1.8 mL of dopamine solution to
form a 2 mL mixed solution. Pure PEEK samples were soaked in the
mixed solution with gentle shaking at 37°C for 18 h. Depending on the
reagents added, the experimental groups consisted of PEEK(P), M/P,
AuNPs/P, and M-AuNPs/P. The control group was pure PEEK. The PEEK
modified with gold nanoparticles was named AuNPs/P, while the PEEK
material modified with metronidazole was named M/P. The PEEK ma-
terial modified with metronidazole and gold nanoparticles was named
M-AuNPs/P. The treated samples were washed with deionized water for
5 min to remove unadhered species.
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Scheme 1. Schematic illustration of AuNPs preparation and surface functionalization process on PEEK.
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2.2. Surface physical and chemical property of PEEK samples

Transmission electron microscopy (TEM, JEM-1400, Leica, Ger-
many) was used to observe the size and degree of gold nanoparticles
dispersion. Field-emission scanning electron microscopy (FE-SEM,
Hitachi SU8010, Japan) was used to observe the morphological char-
acteristics of the treated PEEK surfaces. The roughness of all the groups
was evaluated using three-dimensional morphometry laser microscopy
(VK-X200, Keyence, Japan) according to the DIN EN ISO 4287 standard.
The water contact angle was detected by contact angle goniometer
(DSA100, Kruss, Germany). The chemical elements of the different
modified PEEK surface were analyzed using X-ray photoelectron
spectrscopy (XPS, AXIS Supra, Kratos Analytical Ltd., England). Induc-
tively coupled plasma-mass spectrometry (ICP-MS, Aglient 7800, USA)
was used to detect the AuNPs content on the AuNPs modified PEEK
surface. The content of released metronidazole was detected using high
performance liquid chromatography (HPLC, Agilent HPLC 1260,
Japan).

2.3. NIR irradiation

To study the thermal effects of the modified PEEK surfaces, the
experimental specimens were placed in phosphate buffered saline and
irradiated with an NIR laser (MDL-III-808 nm, Changchun New In-
dustry Photoelectric Technology Co., Ltd., China) at a power density of
1.25 W/cm? for 10 min. The temperature of the solution was measured
using an infrared thermal camera (Testo 883, Testo AG, Germany).

2.4. Antibacterial assay in vitro

2.4.1. Bacteria culture

The bacteriostatic effect of the various treatment samples on Gram-
negative P. gingivalis (ATCC 33277) was evaluated. P. gingivalis were
cultured in brain heart infusion (BHI, Oxoid, Canada) and agar with 5
pg/mL hemin, 5 mg/mL yeast extract, 1 pg/mL vitamin K1, and 1:20 (v/
v) defibrinated sheep blood. All samples of P. gingivalis were grown in an
anaerobic bag (Thermo Fisher) for the scheduled times at 37°C.

2.4.2. Bacterial viability assay

The Microbial Viability Assay Kit-WST (Dojindo) was used to eval-
uate the antimicrobial activity of the different PEEK specimens. The
medium was collected at the predetermined time. The PEEK samples
were removed, gently cleaned, and placed into a new 24-well plate.
Thereafter, WST reagent was added to each well at a ratio of 1:20 (v/v)
to the medium. Following incubation at 37°C in the dark for 2 h, 100 pL
of the supernatant was transferred to a 96-well plate and the OD at 450
nm was measured using a microplate reader. The supernatant of bac-
terial culture was collected, of which 100 pL was used for culture on
brain heart infusion (BHI) solid medium. And the colony forming unit
(CFU) bacteria were observed after one week.

2.4.3. Live/dead staining of bacteria on the surface of different PEEK
samples

The LIVE/DEAD Bacterial Viability Kit (L7007, Invitrogen, USA) was
employed to observe the activity of bacteria on different samples sur-
faces. After culturing bacteria on different sample surfaces for 1 day, the
supernatant was removed and gently washed with PBS. The staining
reagent was added into the 24-well plate according to the instructions,
and the samples were incubated at room temperature in the dark for 15
min. Observation was done using a fluorescence microscope.

2.5. Biocompatibility evaluation in vitro
2.5.1. Cell culture

Human bone mesenchymal stem cells (HBMSCs, Science Cell
Research Laboratories, California, USA) were cultured in 5% CO, and
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100% humidity in alpha-modified minimum essential medium (Gibco,
California, USA) containing 10% fetal bovine serum (Gibco, Australia)
and 1% penicillin/streptomycin (Gibco, California, USA). Cells at the 4%
to 6™ generation were chosen and seeded on different PEEK samples at a
density of 2 x 10 cells/mL.

2.5.2. Cell morphology and cytoskeletal observation

After culturing for 4 and 24 h, cells on different PEEK surfaces were
fixed with 4% paraformaldehyde for 30 min and dehydrated in gradient
ethanol (30, 50, 60, 70, 80, 90, and 100%) for 15 min. After gold
spraying, the cells were observed using FE-SEM. In addition, after 4 and
24 h of culture, cells on different PEEK surfaces were fixed with 4%
paraformaldehyde for 30 min and permeabilized with Triton X-100
(0.1% v/v) for 5 min. They were then incubated with a diluted phal-
loidin FITC solution (1:400) (Sigma-Aldrich, USA) for 40 min. Finally,
the cytoskeletal were examined using laser scanning confocal micro-
scope (Carl Zeiss, Germany).

2.5.3. Cell proliferation assay

Cell proliferation of the different PEEK samples cultured in 24-well
was detected using cell counting kit (CCK-8, Dojindo, Japan) at days
1, 3, 5, and 7. The culture medium was mixed with CCK-8 reagent (10:1
v/v) in the dark for 2 h in a 5% CO» incubator at 37°C. The solution (100
pL) in each well was transferred to a 96-well plate, and the optical
density (OD) was measured at 450 nm using a plate reader (Biotek,
ELX808, USA).

2.5.4. Osteogenic bioactivity evaluation in vitro

The human bone mesenchymal stem cells were cultured in osteo-
genic induction medium containing dexamethasone (10 nM, Sigma),
ascorbic acid (200 pM, Sigma) and p-glycerophosphate (10 mM; Sigma)
for 7 and 21 days. After 7 days, the expression of bone-associated genes
was analyzed using real-time quantitative reverse transcription poly-
merase chain reaction (RT-qPCR). Total cellular RNA was extracted
from the treated samples using TRIzol reagent (Invitrogen), and the
Prime Script RT Reagent Kit (Takara, Tokyo, Japan) was used to syn-
thesize cDNA. RT-qPCR was performed using a 7500 HT Fast Real Time
PCR System with SYBR Green (Invitrogen). The primer sequences for the
bone-associated genes are listed in Table 1. After culturing the cells on
different PEEK samples for 21 days, the samples were fixed with 4%
paraformaldehyde for 15 min, washing with deionized water, and
stained with alizarin red solution (1% w/v, Sigma, USA) in deionized
water. Subsequently, 10% m/v cetyl-pyridinium chloride (Sigma) was
added to dissolve the red matrix sediment. The OD of the solution was
measured at 490 nm OD using a multimode plate reader (PerkinElmer).

2.5.5. The endocytosis of AuNPs into cells

The hBMSCs were cultured on the surface of AuNPs/P group and M-
AuNPs/P groups. Some samples of the two groups were exposed to NIR
light irradiation on the first day. After 3 days, the cells were collected
and counted. The ICP-MS was used to detect the amount of AuNPs in the
cells.

2.6. Antibacterial activity of PEEK samples in vivo

2.6.1. Surgical procedure

The animal procedures were approved by the Animal Ethics Com-
mittee of Peking University (approval no. LA2021407). We complied
with the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
2.0 guidelines. Thirty BALB/c mice aged 7 weeks were randomly and
evenly divided into three groups, and stocked in SPF laboratory for one
week in to acclimatize. Then all the mice were anesthetized using
pentobarbital sodium (50 mg/kg). The different PEEK samples (®8 x 1
mm) were then implanted into the subcutaneous pockets on the back of
BALB/c mice. P. gingivalis (108 CFU/mL, 0.1 mL) were injected into the
surface of different samples. In summary, animal experiments are



X. Zhan et al.

Table 1
Primer of osteo-related genes in RT-PCR.
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Gene Forward primers (5-3") Reverse primers (3-5)

ALP ATGGGATGGGTGTCTCCACA CCACGAAGGGGAACTTGTC
Collagen-1 AGTGGTTTGGATGGTGCCAA GCACCATCATTTCCACGAGC
BMP6 CAGCCTGCAGGAAGCATGAG CAAAGTAAAGAACCGAGATG
CCL5 GAGTATTTCTACACCAGTGGCAAG TCCCGAACCCATTTCTTCTCT
AKT CACCCAGTGACAACTCAGGG GGCCACGATGACTTCCTTCT
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

grouped into PEEK (P), M-AuNPs/P, M-AuNPs/P (NIR+). The backs of
M-AuNPs/P (NIR+) group mice were irradiated with NIR light. No
experimental animals died during or after surgery. The mice were
euthanized using carbon dioxide method at 3 days and 7 days.

2.6.2. Antibacterial assay

The skin tissue around the implants and the specimens were
collected. Part of the skin tissue was shredded and placed in saline, and
then concussed by ultrasound. The suspension was then used for bac-
teria culture. The other part of the tissue was soaked in para-
formaldehyde, and was used for tissue sections staining. The topography
of the surfaces of different specimens was observed by FE-SEM.

2.7. Osteogenic bioactivity in vivo

2.7.1. Surgical implantation

Twenty-four male Sprague Dawley (SD) rats aged 6 weeks were
randomly and evenly divided into three cages, and stocked in SPF lab-
oratory for one week to acclimatize. Then all the rats were anesthetized
using pentobarbital sodium (50 mg/kg). The different PEEK samples
were then implanted into prepared holes (®2 x 5 mm using a dental
drill) in the rat femurs. In summary, animal experiments are grouped
into PEEK (P), M-AuNPs/P, M-AuNPs/P (NIR+). No experimental ani-
mals died during or after surgery. The rats were euthanized using carbon
dioxide method at 4 and 8 weeks respectively. All the femurs were
harvested and fixed with 4% paraformaldehyde for micro-computed
tomography (Micro-CT) and histochemical staining.

2.7.2. Micro-CT tomography

Micro-CT (Skyscan 1174, Bruker, Belgium) at 53 kV and 810 pA was
used to scan the harvested femurs. The Inveon Research Workplace
software (Siemens) was used for three-dimensional image reconstruc-
tion and quantification of the formed bone mass.

2.7.3. Histological analyses

The undecalcified femurs were dehydrated in an ascending ethanol
gradient, embedded in methyl methacrylate resin, and sectioned using a
microtome (310 CP, EXAKT, Germany). The sections were sanded and
polished to a thickness of 50 pm for methylene blue-acid magenta
staining (DB0O088, Leagene Biotechnology, China). The BIOQUANT
OSTEO 2019 system (BIOQUANT Image Analysis Corp, Nashville, TN,
USA) was used to analyze the bone-to-implant contact (BIC) value and
bone volume/total volume (BV/TV) ratio. Harvested femurs were
desalted in EDTA decalcification solution, embedded in paraffin, and 5
pm thick horizontal sections were prepared for hematoxylin and eosin
(H&E) and Masson staining.

2.8. RNA sequencing

HBMSCs were seeded at a density of 5 x 10* cells/mL on different
specimens (®15 x 1.0 mm). Total cellular RNA was extracted on day 7
after osteogenic induction. Sequencing was performed using the Next-
Generation Sequencing. Reads were mapped to the human genome
(GRCh38). EdgeR was used to identify differentially expressed genes
(DEGs). Genes with FPKM <0.1 in both the control and experimental

group were ignored in the subsequent analysis. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed by
R package cluster Profiler.

2.9. Statistical analysis

Data are expressed as mean =+ standard deviation (SD). For para-
metric data, comparisons of different groups were performed using one-
way analysis of variance, followed by Tukey’s post hoc test for multiple
comparisons. Statistical analyses were performed using GraphPad Prism
9 software (GraphPad Software Inc., San Diego, CA, USA). P < 0.05 was
considered statistically significant.

3. Results
3.1. Characteristics of PEEK samples

The chloroauric acid solution was reduced using ascorbic acid to
obtain AuNPs with a peak absorbance at approximately 520 nm, as
determined by ultraviolet-visible spectroscopy (Fig. S1). The size range
of AuNPs is about 10-30 nm, and the size of most AuNPs is approxi-
mately 15 nm. The surface morphology of the PEEK modified with
AuNPs and metronidazole was observed using SEM (Fig. 1A). Compared
to pure PEEK, the PEEK materials treated with metronidazole and AuNPs
could be observed as a smooth coated film with visible protruding
particles on the surface. There was no significant difference in surface
morphology of different PEEK samples. In this study, dopamine was used
as adhesive medium. Based on previous research and literature studies
[27-29], dopamine may not possess significant antimicrobial ability and
osteogenic activity. Although dopamine contributes to the photothermal
effect of NIR light, a temperature above 60°C might be required to
exhibit significantly antibacterial effect [30].

The surface roughness and hydrophilicity of different treated PEEK
samples were shown in Fig. 1B and C. The results showed that the hy-
drophilicity of PEEK samples after surface treatment was significantly
improved. The surface roughness of the PEEK samples treated with both
AuNPs and metronidazole was increased, and the difference was sta-
tistically significant.

The results of elemental and semi-quantitative analyses by XPS
(Fig. S2, Fig. 1E) showed that the appearance of nitrogen after surface
treatment was related to the presence of metronidazole and dopamine in
the PEEK coating. The AuNPs content in the PEEK coating was detected
by ICP-MS. The content of AuNPs/P group was about 9.26 mg/L, which
was approximately three times that of the M-AuNPs/P group (Fig. 1D).
The catechol group played a central role in mimicking the adhesion
properties of mussels. And the catechol mainly undergoes Michael
addition and Schiff bases reactions with molecules containing amino or
sulfhydryl groups. It can also undergo coordination reactions with metal
ions [31,32]. In this study, metronidazole contained amino groups
might first react with catechol group, meanwhile the AuNPs that coor-
dinate with catechol group might be reduced.

3.2. Photothermal effects of PEEK samples surface

The characteristics of NIR light irradiation on the different PEEK
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Fig. 1. The surface characteristics of different PEEK samples. (A) Surface morphology of different PEEK samples. (B) Roughness of different PEEK samples. *P < 0.05.
(C) Water contact angle of different PEEK samples. *P < 0.05. (D) The content of AuNPs adhered on the AuNPs/P group and M-AuNPs/P group. **P < 0.01. (E) The

ratio of chemical valence of different samples surface analyzed by XPS.

samples surface were shown in Fig. 2. After irradiation for 10 min, the
temperature of the pure PEEK group increased by about 10°C, reaching a
temperature below 35°C. This rise in temperature may be related to the
fact that NIR light itself can be converted into heat energy. Particularly,
the temperature of the treated PEEK groups increased significantly,
reaching about 42°C. There was a significant difference between the
PEEK group and the treated PEEK groups. The increase in temperature of
the metronidazole coating suggested that polydopamine might
contribute to the temperature rise [30] (Fig. 2B). AuNPs had a minor
impact on the increase in temperature of the AuNPs coating. However,
the thermal cycling curve of the PEEK samples treated without AuNPs
showed that the temperature decreased to its original value after 14 min
(Fig. 2C and D).

In addition, Fig. 2H depicted the release of AuNPs from different
samples coating within 21 days. The results suggested that NIR may
facilitate the release of AuNPs from the coating. Fig. 2G displayed the
release of metronidazole from the coatings of different samples within
21 days. The released amount of metronidazole was greater when it was
combined with AuNPs and the coating was stimulated by NIR light. The
results showed that the release of AuNPs and metronidazole was related
to the response of the coatings to NIR light. Moreover, the release of
metronidazole was significantly correlated with the response of AuNPs
to NIR light after three days. Therefore, the difference in release between
the different groups may be mainly related to the response of AuNPs to
NIR light. The AuNPs have good photothermal effects. In some studies of

AuNPs loading drugs, the drug release could be achieved by thermally
activated desorption and diffusion [33,34].

3.3. Antimicrobial properties of PEEK samples in vitro

Through WST detection and colony counting experiments at 24 h, we
preliminarily explored the antibacterial effects of metronidazole and
AuNPs coatings, and explored the possible effects of NIR light irradiation
on bacterial viability. Pure PEEK materials had almost no effect on
P. gingivas activity (Fig. 3) with or without NIR light irradiation. In
contrast, the bacterial viability on the surface of metronidazole- and
AuNPs-modified PEEK materials was significantly reduced. The anti-
bacterial ability of AuNPs coating was slightly better than that of
metronidazole coating, but there was no significantly difference in vitro.

The results of Fig. 2H showed that the amount of AuNPs in the AuNPs
coating bounded with metronidazole was significantly reduced, and on
the first day, the release of AuNPs in this coating was less than that of the
AuNPs coating alone. However, the antibacterial effect of the AuNPs
coating combined with metronidazole was significantly improved. In
summary, each component individually could contribute to the anti-
bacterial activity, and the combined use of AuNPs and metronidazole
could significantly improve this effect.

Furthermore, the results of the live/dead staining of bacteria also
exhibited the same trend (Fig. 3C), with green indicating living bacteria
and red indicating dead bacteria. The antimicrobial effect on the surface
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Fig. 2. Photothermal effects of different PEEK samples and the release of AuNPs and metronidazole from the PEEK coatings. (A) Thermal image of different samples.
(B) Temperature change over time on the surface of different samples. (C) Thermal cycling curve of P group. (D) Thermal cycling curve of M/P group. (E) Thermal
cycling curve of AuNPs/P group. (F) Thermal cycling curve of M-AuNPs/P group. (G) The content of metronidazole released from different samples coating within 21

days. (H) Release of AuNPs within 21 days in the coating of PEEK materials.

of the PEEK material modified by AuNPs combined with metronidazole
was significantly improved. Due to the organization’s inability to
tolerate temperature exceeding about 45°C, in vivo osseointegration
experiment was still being carried out under this NIR light condition.

3.4. Biocompatibility in vitro

The in vitro biocompatibility of the different PEEK samples was
determined by observing the cell morphology, cytoskeleton, cell pro-
liferation, and osteogenic differentiation of hBMSCs. And the biocom-
patibility of the different PEEK samples under NIR light was also
elucidated. Fig. 4A-B showed the cell morphology and cytoskeleton of
hBMSCs seeded on the surfaces of the different PEEK samples at 4 h and
24 h respectively. After cultured for 4 h, the cells on the surface of the
pure PEEK specimen appeared clump-like, and the cytoskeleton was
unclear. But the images of cell morphology on pure PEEK specimen
under NIR light showed the irradiation of NIR light increased the area of

cell expansion. Particularly, the cells on the surfaces of the treated PEEK
groups were well spread and had significantly protruded pseudopodia.
After 24 h of culture, although the cells on the pure PEEK surface
extended, there were still a few pseudopodia. However, the cells on the
treated PEEK surfaces exhibited abundant pseudopodia.

Cell proliferation was observed using CCK-8 assay after 1, 3, 5, and 7
days (Fig. 4C). All of the PEEK samples performed well in this assay. The
expression of osteogenic genes and alizarin red staining (ARS) were
evaluated to explore the osteogenic differentiation of HBMSCs on the
different PEEK samples. The relative expression of alkaline phosphatase
(ALP) and Collagen I genes demonstrated the early osteogenic differ-
entiation. The results (Fig. 4D and E) showed that the genes expression
of M-AuNPs/P group increased, and that further significantly increased
after NIR light irradiation. The ARS staining demonstrated relatively late
osteogenic differentiation. The results of ARS (Fig. 4F, Fig. S3) showed
that osteogenic property on the surface of the PEEK samples treated by
AuNPs and metronidazole was significantly improved. Furthermore,
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Fig. 3. Evaluation of antibacterial effect of the treated PEEK materials in vitro. (A) The WST assay of functionalized PEEK samples against Gram-negative P. gingivalis
cultured for 24 h *P < 0.05. (B) Colonies of functionalized PEEK samples in the blood agar plates. (C) Live/dead staining of bacteria on the surface of different PEEK
specimens. Green: live bacteria, Red: dead bateria. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

NIR light irradiation could further promote bone formation.

3.5. Antimicrobial properties of PEEK samples in vivo

A subcutaneous implantation model on mice was used to evaluate
the antibacterial effect of modified PEEK materials. The results were
shown in Fig. 5. Fig. 5A showed the surface topography of different
PEEK implants infected with bacteria after 3 days and 7 days in vivo.
Fig. S4 showed the topography of a pure PEEK material without bacte-
rial infection after implantation. The SEM images of the infected PEEK
samples showed that the bacteria on the surface of the pure PEEK im-
plants showed a short column with good morphology with or without
light (yellow arrow). The P. gingivalis on the surface of the AuNPs coating
combined with metronidazole were few and irregularly shaped. More-
over, the bacteria on the surface of the modified PEEK implants after NIR
light irradiation were wrinkled.

The peri-implant tissues were collected for bacteria culture and
staining with H&E (Fig. 5D), Masson (Fig. 5E), and Giemsa (Fig. 5F). The
H&E staining was used to observe inflammatory cells (black triangle).
Masson staining was used to analyze collagen fibers, And Giemsa
staining was used to observe the number of bacteria (yellow arrow). The
results showed that more inflammatory cells were still present in the
surrounding tissues of pure PEEK implants at 7 days after implantation.

However, fewer inflammatory cells were found in the surrounding tis-
sues of M-AuNPs-modified PEEK implants and more fibroblasts were
present in the surrounding tissues. Masson staining results showed a
significant increase in collagen fibers in the surrounding tissues of M-
AuNPs-modified PEEK implants compared to those around pure PEEK
implants (red five-pointed star), and the NIR light further improved
these effects at 7 days. Giemsa staining revealed the presence of a large
number of bacteria in the tissue surrounding of the pure PEEK implants.

3.6. Osseointegration effect of PEEK samples in vivo

In vitro osteogenic activity assays showed that the surface of the
PEEK materials modified with metronidazole and AuNPs and stimulated
by NIR light significantly promoted osteogenesis compared with that of
the pure PEEK. Moreover, the antibacterial results showed that both M-
AuNPs/P and M-AuNPs/P (NIR+) groups exhibited excellent antibac-
terial effects. Therefore, P group, M-AuNPs/P group, and M-AuNPs/P
(NIR+) group were chosen for in vivo experiments. The rat femoral
model was used for investigating the osseointegration of PEEK. The
surgical process of cylindrical PEEK implants implantation into the
femoral and postoperative NIR irradiation are shown in Fig. 6A.

At 4 and 8 weeks after surgery, rat femurs were collected and
analyzed using micro-CT and tissue section staining. Fig. 6B showed 2D-
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CT and 3D reconstruction images of the bone tissue that formed around
the implanted PEEK materials in the bone marrow cavity. The yellow
arrow indicated that the bone tissue around the implants was discon-
tinuous, which was evident in the pure PEEK group. This observation
reflects suboptimal bone growth around the pure PEEK implants, which
indicates worse osseointegration. More bone tissue formation can be
observed around the PEEK implants modified with AuNPs combined
with metronidazole, and the thickness was approximately twice that of
the pure PEEK group. NIR light irradiation could further promote the
formation of trabeculae bone. BV/TV can directly reflect the amount of
bone mass. Tb.Th reflects the average thickness of the trabecular bone.
And Tb. Sp represents the average width of the medullary cavity be-
tween the trabeculae. Quantitative analyses of bone volume/total vol-
ume (BV/TV), trabecular thickness (Tb-Th), and trabecular separation
(Tb.Sp) are shown in Fig. 6C-E. At 4 weeks, the BV/TV value of the M-

AuNPs/P implants significantly increased than that of the pure PEEK
group, and that of the M-AuNPs/P (NIR+) group was higher than that of
the other groups. The Tb-Th results showed the same trend, whereas
those of Tb. Sp showed the opposite trend. The results indicated that the
coating of AuNPs combined with metronidazole was conducive to bone
formation, and NIR light responsive coating could achieve better oste-
ogenic effects. At 8 weeks, compared with the pure PEEK group, the
osteogenic effects of the M-AuNPs/P group were more obvious, and
there were statistical differences in BV/TV, Tb-Th, and Tb-Sp. Moreover,
NIR irradiation showed advantages for bone formation.

3.7. Histological analysis

Uncalcified bone tissue sections were stained with methylene blue-
acid magenta to observe bone formation around the implants at 4



X. Zhan et al.

Day 0

Materials Today Bio 25 (2024) 100982

= ]
| E—
*‘—@\J % =

-0 TlT

Subcytaneous irradiated by NIR (808 nm, sacrificed and analyzed by bacteria
implantation 1.25 W/cm?, 10 min) culture and tissue sections staining
B 3d 7d

P M-AuNPs/P M-AuNPs/P (NIR+)

SEM of
implants

o

Bacteria
Culture

O

H&E
Staining

m

Staining

b g | Masson

Giemsa
Staining

P M-AuNPs/P M-AuNPs/P (NIR+)
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weeks and 8 weeks (Fig. 7A). The green arrow showed the direct contact
between the implants and bone tissue. Compared to the pure PEEK
implants, more bone tissue contacted directly to the implants was
observed around the treated PEEK implants. The bone-implant contact
(BIC) is an important indicator used to evaluate the stability of dental
implants [35]. At 4 weeks, the BIC value of the M-AuNPs/P group was
significantly higher than that of the pure PEEK group (Fig. 7B). And the
BIC value was about twice that of the pure PEEK group after NIR light
irradiation, indicating that the coated PEEK implants with NIR light is
more stable in rat femurs. At 8 weeks, the BIC value between pure PEEK

implants and bone tissue did not show a significant increase compared to
the BIC value of 4 weeks, with a BIC value of approximately 40%.
However, the coated PEEK implants showed a significant increase in
direct contact with surrounding bone tissue, with approximately 80% at
8 weeks. Additionally, the BIC value of M-AuNPs/P (NIR+) group had
already reached 80% at 4 weeks after implantation (Fig. 7B). The results
of bone volume analysis (Fig. 7C) and trabecular analysis (Fig. 7D and E)
were basically consistent with those of Micro-CT.

The results of H&E staining and Masson staining (Fig. 8) also illus-
trated the influence of the surface modification on new bone formation.
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In H&E staining of pure PEEK group, there were relatively numerous
discontinuous tissues surrounding the implants. In Masson staining, the
portion dyed blue constituted collagen fibers, indicated by the yellow
arrow. Certain regions within the collagen fibers stained as red, signi-
fying the maturation of bone tissue as indicated by the red arrow. At 4
weeks, the bone tissue around the coated group was more mature than
that of the pure PEEK group, and the area of bone tissue in M-AuNPs/P
(NIR+) group was relatively large. At 8 weeks, the bone tissue sur-
rounding all implants showed more mature, especially in the M-AuNPs/
P (NIR+) group. In addition, the H&E staining of major organs (Fig. S6)
did not showed abnormalities.

3.8. Gene expression profiling by RNA sequencing

Due to the biological inertness of PEEK material, bone tissue and
PEEK material cannot form direct connection. The above results stated
that the surface modification in this study promoted bone formation,
and improved the osseointegration rate in vivo. In order to understand
the mechanism of the surface modification strategy on the biological
behavior of osteoblasts in the early stage, RNA sequencing was done
(Fig. 9). Through genetic differential analysis, compared with pure
PEEK, 33 genes were significantly upregulated and 36 genes were
downregulated in the AM modified group (Fig. 9A). GO enrichment and
KEGG enrichment analysis were performed on differentially expressed
genes. The process of conducting GO and KEGG enrichment analyses on
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differentially expressed genes revealed that the top five enriched entries
predominantly pertain to gene functions mainly included: cytokine-
cytokine receptor interaction, and PI3K-AKT signaling pathway. The
genes primarily involved in the cytokine-cytokine receptor interaction
include: TNFSF15, BMP8B, BMP6, NGFR, LEP, CCL5 (Fig. 9C). The genes
primarily involved in the PI3K-AKT signaling pathway include: ARTN,
KDR, ITGA6, ANGPT2, COMP, NGFR (Fig. 9C). The other important
downregulated genes include: ATP1A1, MT2A, MTIE (Fig. 9C), which
were related to mineral absorption. Comparing M-AuNPs/P (NIR+)
sample and M-AuNPs/P sample demonstrated the effects of NIR
responsive coating on the gene expression of osteoblasts. Fig. 9B showed
21 genes were significantly upregulated and 11 genes were down-
regulated. GO enrichment analysis indicated seven significant differen-
tial expression genes: BMP8B, LGI4, EGR3, ETV1, CHI3L1, WNT5A, LEP
(Fig. S7D). KEGG enrichment analysis indicated four significant differ-
ential expression genes: LEP, HAAO, WNT5A, BMP8B (Fig. 9D). Through
analysis of differential genes and signaling pathways, the P13K-AKT
signaling pathway may be the most essential, the mechanism of osteo-
genic differentiation of hBMSCs is as shown in Fig. 9E.

4. Discussion
The osseointegration of the implants in bone tissue is particularly

important for stability of medical implants, especially dental or bone-
defect repair implants [36]. The biological inertness of PEEK material
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limits its clinical use in dental implants. Surface modification is a
potentially effective strategy for changing the surface characteristics and
enhancing biological activity of PEEK materials [37,38]. Studies on the
biological activity of pure PEEK have shown that peripheral bone for-
mation around PEEK implants would be delayed, and the bone-implant
contact of PEEK material with bone tissue was poor [4,39]. In addition,
the antibacterial ability of pure PEEK was particularly weak [39].
Therefore, it is necessary to develop antibacterial and osteogenic prop-
erties for PEEK materials.

In this study, AuNPs coating combined with metronidazole effec-
tively improved the antibacterial ability of the PEEK material, and the
NIR light responsive AuNPs coating significantly enhanced the
osseointegration of the PEEK implants. In the process of modification,
polydopamine could enable the loading of functional molecules [40],
includes many functional groups [41], such as planar indole units,
amino groups, carboxylic acid groups, catechol or quinone functional
groups, and indolic/catecholic systems for adhesion. The appearance of
O-C=O0 chemical bonds and nitrogen element in the XPS results
(Fig. 1E) might indicate that the polydopamine was adhered on the
PEEK material. In addition, metronidazole and AuNPs were detected to
successfully adhered into the PEEK coating by High-Performance Liquid
Chromatography (HPLC) and Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS). The SEM images in Fig. 1A showed that polydop-
amine coating adhered to the PEEK surface. Polydopamine was also
shown to be adhesive medium on the surfaces of experimental speci-
mens in some studies [42,43]. What’s more, all the coatings significantly
improved the hydrophilicity of PEEK material, which could promote the
adhesion of biomolecules and cells [44]. Cell adhesion is crucial in
cellular communication and regulation, as well as in the development of
tissues [45]. By observing the cells morphology and cytoskeleton, the
pseudopodia of cells on the surfaces of coated PEEK materials were
particularly obvious.

Research has showed that polydopamine has no obvious antibacte-
rial effect [30]. In this study, the antibacterial effects of metronidazole
and AuNPs adhered into PEEK coatings, as well as the released metro-
nidazole and AuNPs, were evaluated. Bacterial adhesion to the device
surface is the first and critical step in the pathogenesis of implant related
infections [46]. The results showed that the AuNPs coating of the PEEK
materials exhibited excellent antibacterial ability on the first day, which
was similar to antibacterial ability of the metronidazole coating. The cell
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wall of gram-negative bacteria is thinner. The AuNPs could traverse the
bacterial outer membrane peptidoglycan layer, thereby generating
reactive oxygen species (ROS) and causing enzyme inactivation [47].
Moreover, after entering into bacteria, the AuNPs reduced adenosine
triphosphate (ATP) levels and led to decreased metabolism [48,49]. In
addition, AuNPs could target specific bacteria for exerting antibacterial
effects by binding the specific functional molecules [22,23,50]. As
shown in the antibacterial results of this study, compared with AuNPs
coating and metronidazole coating, the antibacterial effects of AuNPs
coating combined with metronidazole were further improved signifi-
cantly. In addition to the functionalization of nanoscale gold particles
could improve its antibacterial ability, the concentration of nanoscale
gold particles and the types of bacteria might affect the antibacterial
ability of nanoscale gold particles [21]. One study [51] showed that gold
nanorods with a concentration of 8 pg/L have a significant antibacterial
effects on Staphylococcus aureus. This study demonstrated that approxi-
mately 10 pg/L of AuNPs were released on the first day. The activity of
P. gingivalis was significantly inhibited, and no significant cytotoxicity
was observed. Ellen E et al. [19] thought the gold nanoparticles prep-
arations with citrate and biotin did not appear to be toxic at concen-
trations up to 250 pM. What’s more, AuNPs and metronidazole were
found to continuously release within 21 days in this study. The cumu-
lative amount of release was increased under NIR light after 21 days.
Furthermore, the total release of metronidazole was significantly
increased after binding to AuNPs under NIR light in 21 days. The results
of in vivo experiments showed that the antibacterial effect of treated
PEEK implants improved under NIR irradiation.

The stability of implants was related with good osseointegration.
Bacterial infection and immune inflammation generally begin at the
early stages of implantation into bone tissue of implants. The inhibition
of infection and inflammation was beneficial for the bone formation on
the surface of implant materials. Study indicated that gold nanoparticles
can protect the growth plate against inflammatory damage by main-
taining cartilage homeostasis [52]. Additionally, they can induce po-
larization of M2 macrophages [20], which is beneficial for bone
formation. In this study, the osteogenic activity of coated PEEK materials
in vitro was explored. The AuNPs coating combined with metronidazole
have shown advantages in promoting osteogenesis. Fig. 1B and C
demonstrated that the roughness of this coating was higher compared to
the other groups and the hydrophilicity was better, which were related
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to osteogenesis [44]. After NIR light irradiation, the osteogenic activity
of coated PEEK materials by AuNPs in vitro was significantly developed.
Fig. 2H showed that more AuNPs were released under NIR light irradi-
ation. Moreover, under NIR light, the content of AuNPs endocytosed into
cells increased significantly (Fig. S8). In addition, the amount of AuNPs
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bound to metronidazole was also relatively higher. Gold nanoparticles
have been shown to be effective in promoting osteogenesis at the right
concentration and size [20,53,54]. A previous study indicated that the
cellular uptake of AuNPs could be regulated by changes in their charge
[55]. What’s more, Metronidazole could suppress the production of
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proinflammatory cytokines and exhibit immunoregulatory effects [56,
571.

The photothermal phenomena of different PEEK samples were
observed using thermal imager (Fig. 2). The surface heating effect of
PEEK materials after dopamine bounded metronidazole treatment was
obvious, and the temperature change of PEEK materials with AuNPs
coating was slightly higher than that of PEEK materials with metroni-
dazole coating. Moreover, the addition of AuNPs may be more condu-
cive to maintaining the temperature of PEEK materials surface. What’s
more, the metronidazole combined to AuNPs could be more effectively
released from the coating under NIR light irradiation. Particularly, NIR
light could travel at least 10 cm through breast tissue and 4 cm through
skull/brain tissue or deep muscle using microwatt laser sources [58].
Therefore, NIR light could respond to the surface coating of implants in
rat femur [59,60]. In terms of safety, temperatures below 45°C typically
do not cause irreversible damage to body tissues, and one study pointed
out that about 42°C may be conducive to new bone formation [61]. In
this study, the temperature of the treated PEEK samples rose to about
42°C (Fig. 2B), which met our requirements. Chen et al. [62] concluded
that mild heat induces earlier differentiation of human mesenchymal
stem cell (HMSC) and enhances the maturation of osteoblasts differen-
tiated from HMSCs. Furthermore, Kunihiro Ikuta et al. [63] reported
that a heat stimulus accelerates osteogenesis in vivo. Our results showed
that the NIR light responsive AuNPs coating combined metronidazole
had good osseointegration. Previous study [64] showed that the osteo-
genic effect of the pure PEEK under NIR was not significant. The use of
NIR light is a relatively simple, safe, and effective strategy for improving
osteogenesis through interaction with the AuNPs coating combined
metronidazole.

The enhanced osteogenesis of treated PEEK materials [5,65,66] and
NIR responsive PEEK materials was studied. In this study, the differen-
tial expression genes of hBMSCs on the surface of treated PEEK materials
can be explained as the mechanism for enhanced osteogenesis. RNA
sequencing data analysis was used to investigate the mechanism.
Compared to the pure PEEK group, the differential expressed genes of
top five enriched entries in the M-AuNPs/P group associated with the
osteogenic mechanism are LEP, BMP6 [67], NGFR, and ATP1A2, while
those associated with angiogenesis are KDR. The downregulation of
TNFSF15 and CCL5 genes indicates that this modification approach may
also impact cellular immune processes. One study [68] showed that the
osteogenesis of treated materials was improved by upregulation of LEP
genes in BMSCs. And LEP was also able to regulate the inflammation of
wound disorders and promote wound healing [69]. BMP6 could
modulate VEGF-induced endothelial cell sprouting by regulating
expression of tip cell associated genes VEGFR2 (KDR) [70]. NGEFR is the
key receptor in neuronal growth and regeneration [71]. ATP1A2 can
exert its effect through the ERK1/2 signaling pathway [72]. The upre-
gulation of ATP1A2 gene [73] indicated that the response of bone
marrow stromal cells to nanotubes may be mediated by the pathways
previously implicated in transducing mechanical stress signals. The
TNFSF15 and CCL5 genes played a promoting role in the inflammatory
process [74]. In this study, the TNFSF15 and CCL5 genes exhibited a
downregulation trend. It is worth noting that in addition to being
associated with cell differentiation and angiogenesis [75], up-regulation
of the MTI1E gene may affect drug resistance [76].

Under NIR, changes in the MTIE gene are not significant, while the
MT2A gene was significantly up-regulated. The MT2A gene was not
included in the top five entries. The role of up-regulation of the MT2A
gene included alleviating metal-induced toxicity [77]. One study [78]
have shown that the RSAD2 gene was significantly upregulated in M1
macrophages, promoting inflammation. In the M-AuNPs/P (NIR+)
group of this study, the results showed that the RSAD2 gene was
significantly downregulated. The WNT5A gene has been demonstrated
to induce M2 polarization of macrophages [79]. In this study, the surface
temperature of the modified PEEK materials under NIR light rose to
about 42°C. Research on the mechanism of promoting osteogenesis of

14

Materials Today Bio 25 (2024) 100982

mild heat stated that heat shock protein 70 (HSP70) could been signif-
icantly upregulated by mild heat shock [62,80], which has a direct effect
on the differentiation of hMSCs into osteoblasts. It has also been shown
that the expression levels of Wnt family member 5A (WNT5A), an
important component of BMP2-mediated osteogenesis, are more abun-
dant with NIR light exposure [81]. In this study, RNA sequencing data
mining results showed that the WNT5A gene expression in the
NIR-responsive group was up-regulated. On the one hand, they can
secrete relevant cytokines to activate the P13K-AKT signaling pathway
in osteoblasts, thereby improving osteogenic and angiogenic perfor-
mance. On the other hand, the expression of osteogenesis-related genes
indicated the promotion of bone formation. Through RNA sequencing
analysis, we revealed the potential underlying mechanism of promoting
bone formation with the coating. This served as a foundation for further
in-depth mechanism research.

5. Conclusion

A safer, simple, and feasible surface modification method was
developed and can effectively adhere metronidazole and AuNPs to the
surface of PEEK materials. After the surface modification, the antibac-
terial ability and osteogenic activity of PEEK were enhanced. NIR light
irradiation played a positive role in osseointegration for the AuNPs
coating combined metronidazole on the PEEK implants. The coating
may primarily affect the inflammatory response, modulating the release
of cytokines, and promoting bone formation through active the P13K-
AKT signaling pathway. The NIR light-responsive drug-loaded AuNPs
coating is a potential strategy that endows PEEK with enhanced
osseointegration and antibacterial properties.
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