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ARTICLE INFO ABSTRACT
Keywords: Polyetheretherketone (PEEK) exhibits excellent biocompatibility, fatigue resistance, and an
Polyetheretherketone (PEEK) elastic modulus similar to bone, presenting broad application prospects in the field of dental and

Surface modification
Osseointegration
Antibacterial property

maxillofacial implants. However, the bioinertness of PEEK limits its applications. In this study, we
developed a method to generate biocompatible and bioactive PEEK through a simple sequential
soaking process, aimed at inducing bone differentiation and enhancing antibacterial properties.
Initially, a three-dimensional (3D) porous network was introduced on the PEEK surface by
soaking in concentrated sulfuric acid and water. Subsequently, the sulfonated PEEK surface was
treated with oxygen plasma, followed by immersion in a dopamine solution to coat a polydop-
amine (PDA) layer. Finally, polydopamine phosphate ester-modified 3D porous PEEK was ob-
tained through the reaction of phosphoryl chloride with surface phenolic hydroxyl groups.
Systematic studies were conducted using scanning electron microscopy, X-ray photoelectron
spectroscopy, water contact angle analysis, cell proliferation and adhesion, osteogenic gene
expression detection, alkaline phosphatase staining, alizarin red staining, and bacterial culture.
Overall, compared to unmodified PEEK, the modified PEEK significantly enhanced in vitro cell
proliferation and adhesion, osteogenic differentiation, and antibacterial properties. The simple
surface modification measures combined in this study may represent a promising technology and
could facilitate the application of PEEK in dental and maxillofacial implants.

1. Introduction

In contemporary dental and maxillofacial implants practice, the widespread utilization of traditional metallic implants like cobalt-
chromium-molybdenum and titanium alloys is attributed to their outstanding mechanical attributes and biocompatibility [1,2].
Nonetheless, these alloys can trigger inflammatory responses from the release of metal ions, and their high rigidity may cause
stress-shielding effects that lead to bone loss and eventually result in implant failure [3-5]. In order to address these constraints, recent
studies have centered on exploring alternative materials as substitutes for metal alloys. In the 1990s, researchers worldwide started
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exploring the potential of polyetheretherketone (PEEK) as a viable dental and maxillofacial implant material [5,6]. PEEK, a ther-
moplastic substrate with partial crystallinity, demonstrates excellent biocompatibility, fatigue resistance, and an elastic modulus
comparable to natural bone [5,7,8]. The elastic modulus of PEEK, at 3-4 GPa, closely matches that of cortical bone (18 GPa), making it
a superior choice compared to the much higher moduli of titanium alloy (110 GPa) and cobalt-chromium alloy (200 GPa) [7,9]. This
property facilitates the prevention of stress-shielding effects in orthopedic applications [7,9]. Nevertheless, the untreated surface of
PEEK exhibits a high level of hydrophobicity, leading to pronounced bioinertness and inadequate bone conduction, thereby restricting
its clinical utility [10,11]. To enhance PEEK’s bioactivity, surface modification and composite preparation serve as primary strategies
[6]. In surface modification, ensuring the stability of the altered surface is a critical aspect that necessitates further exploration. In the
development of bioactive PEEK composites, the primary challenge lies in preserving PEEK’s outstanding mechanical properties while
integrating bioactive materials [6]. For instance, incorporating p-tricalcium phosphate or hydroxyapatite (HA) into PEEK composites
can enhance their bioactivity [12,13]. Nevertheless, this method compromises PEEK’s tensile strength during the injection molding
shapeforming [14,15].

Sulfonation modification entails the brief reaction of PEEK with concentrated sulfuric acid or gaseous sulfur trioxide [16]. This
process introduces —-SO3H groups, forming porous structures on PEEK’s surface [17,18]. Plasmas, ionized gases generated by stimu-
lating a low-pressure gas mixture with electromagnetic waves in a closed reactor system, can interact with the surface of biomaterials
inside the reactor [19]. Plasma treatment enhances PEEK’s bioactivity by increasing the hydrophilicity of surfaces, enabling selective
cell adhesion, while preserving the material’s relevant mechanical, electrical, and optical properties crucial to its application [20-23].
Dopamine is employed to create a functional coating on the surface of PEEK. Dopamine self-polymerizes in alkaline media and sub-
sequently creates a versatile polydopamine (PDA) coating, abundant in catechols, amines, and quinones. Catechol can generate
reactive oxygen species to disrupt bacterial cell walls, and PDA can disrupt bacterial structures through ion/protein complexation and
electrostatic effects, thereby exerting antibacterial effects [24-26]. Moreover, phosphoryl chloride has been reported as a phos-
phorylating reagent employed in modifying PEEK surfaces [27,28]. In this specific application, phosphoryl chloride can react with
surface hydroxyl groups, introducing phosphate moieties onto the material’s surface [27,28]. Cells can detect increased extracellular
phosphate concentrations through phosphate transporters, initiating signal transduction pathways associated with osteogenesis and
thereby promoting osteogenic differentiation [29,30].

Considering these aspects, this study aimed to synergistically enhance the biocompatibility and antibacterial properties of PEEK by
integrating various surface modification techniques mentioned previously, utilizing a sequential soaking process. First, a three-
dimensional (3D) porous structure was introduced on the surface of PEEK through sulfonation, then followed by plasma activation
of the sulfonated PEEK surface to enable subsequent PDA coating. Lastly, polydopamine phosphate ester was covalently bonded to the
PEEK surface through subsequent reactions. A systematic investigation of the modified PEEK involved the characterization of its
surface structure, assessing in vitro cellular responses, and evaluating its antibacterial properties.

2. Materials and methods
2.1. Materials

The medical-grade PEEK substrates (® 10 mm x 1 mm) were obtained from Shenzhen Wanxin Plastics Co., Ltd. (Shenzhen, China).
Acetone, anhydrous ethanol, dichloromethane, and triethylamine in the study were purchased from Shanghai HuShi Laboratory
Equipment Co., Ltd. (Shanghai, China). Phosphoryl chloride and concentrated sulfuric acid were provided by Chengdu Kelong
Chemical Co., Ltd. (Chengdu, China). Tris-HCI buffered solution and dopamine hydrochloride were supplied by Shanghai yuanye Bio-
Technology Co., Ltd. (Shanghai, China). All chemical reagents were used without additional purification, exactly as received. 1 x
Phosphate Buffered Saline (PBS, Biosharp, China), a-minimum essential medium (a-MEM, HyClone, USA), Dulbecco’s modified Ea-
gle’s high glucose medium (DMEM, HyClone, USA), brain heart infusion broth (BHI, Hope bio-technology, China), fetal bovine serum
(FBS, Gibco, USA), 4 % Formaldehyde Universal Tissue Fixative (Biosharp, China), penicillin/streptomycin (EveryGreen, China), Cell
Counting Kit-8 (CCK-8, Biosharp, China), 4’,6-Diamidino-2-Phenylindole (DAPI, Beyotime, China), Calcein AM/PI Double Staining Kit
(Elabscience, China), BCIP/NBT Alkaline Phosphatase Color Development Kit (BCIP/NBT Kit, Beyotime, China), Ascorbic acid
(Vitamin C, Solarbio, China), p-Glycerol phosphate disodium salt pentahydrate (8-GP, Solarbio, China), dexamethasone (Sigma-
Aldrich, USA), 2 % Alizarin Red S Staining Solution (LEAGENE, China), Trizol (Thermo Fisher, USA), Hifair® III 1st Strand cDNA
Synthesis SuperMix for qPCR (gDNA digester plus) (YEASEN, China), and Hieff Unicon® Universal Blue qPCR SYBR Green master mix
(YEASEN, China) were also used as received. Primers for quantitative real-time reverse transcription polymerase chain reaction (qRT-
PCR) were procured from Boshang Biotechnology Co., Ltd. (Guangzhou, China).

Staphylococcus aureus (S. aureus), escherichia coli (E. coli), mouse fibroblast L929 cells, and mouse preosteoblasts MC3T3-E1 cells
were provided by Shandong Engineering Research Center of Dental Materials and Oral Tissue Regeneration. Approval for the use of
these materials was granted by the Medical Ethics Committee of Shandong University School of Stomatology.

2.2. Preparation of modified PEEK

PEEK substrates underwent polishing using SiC paper (#800) and were subsequently subjected to sequential ultrasonic cleaning
sessions (SB4200D, SCIENTZ, China) lasting 30 min each in acetone, anhydrous ethanol, and deionized water. The cleaned PEEK
substrates were dried in an electric thermostatic drying oven (DFA-7000, RUIDIAN, China) at 37 °C for later use. At room temperature,
the specimens were immersed in concentrated sulfuric acid within an ultrasonic bath for a duration of 3 min. Afterward, they
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underwent sequential ultrasonic cleaning in deionized water, anhydrous ethanol, and deionized water, each for 10 min, and subse-
quently they were dried for 1 h (denoted as SPEEK). Plasma treatment was conducted employing a plasma surface treatment processor
(Atto, Diener, Germany) at 50 kHz and electric power of 100 W under an airflow at 20 sccm at 0.01 T for 2 min to produce hydroxyl
groups (labeled as pSPEEK). Then, 400 mg of dopamine hydrochloride was dissolved in 200 mL of 10 mM Tris-HCI buffered solution
(pH 8.5) to prepare a 2 g/L dopamine solution. Specimens were immersed in the solution and shaken (80 rpm) for 24 h with avoidance
of light exposure under ambient conditions. On the following day, the specimens underwent three 15-min sonication cycles in
deionized water and were subsequently dried in a vacuum drying oven (ZKXF, SHULI, China) for 1 h (designated as pSPEEK-PDA). The
specimens with prepared PDA coatings were immersed in 100 mL of dichloromethane containing 1.535 g of phosphoryl chloride and
1.01 g of triethylamine, and then stirred at 80 rpm for 24 h at room temperature while protecting from light exposure [28]. Following
the cleaning of the treated substrates using acetone and deionized water, they were subjected to vacuum drying, leading to the for-
mation of PEEK with polydopamine phosphate ester coatings (termed as pSPEEK-PPE). The designations and respective processing
procedures for each specimen group were presented in Table 1.

2.3. Surface characterization

Following a 60-s metal sputtering process, the surface topography of the prepared specimens was investigated utilizing a scanning
electron microscope (SEM) (JSM-7610F, JEOL Ltd., Japan) at the accelerating voltage of 5 kV. The surface chemical compositions were
analyzed through X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Fisher Scientific, USA). Charge correction was conducted
using Cls (284.8 eV) as a reference, and fitting analysis was performed using XPS Peak 4.1 software. The surface wettability of the
specimens was evaluated by measuring the contact angles of 2 pL water droplets using a contact angle meter (OCA40, Dataphysics,
Germany). Contact angle measurements were conducted on randomly selected regions of each specimen.

2.4. Cell study

2.4.1. Cell culture

1929 fibroblasts were cultured in a complete medium (89 % DMEM high glucose medium, 10 % FBS, and 1 % penicillin/strep-
tomycin). The culture was sustained at 37 °C in an atmosphere of 5 % CO, and 95 % air [31]. The culture conditions for MC3T3-E1
osteoblasts were identical to those of 1L.929 fibroblasts, except for replacing DMEM high glucose medium with a-MEM. The culture
medium was renewed every 48 h until cells reached desired confluence.

2.4.2. Cell proliferation

Prior to tests, specimens were washed with deionized water, PBS, and 75 % ethanol, and then irradiated on both sides under ul-
traviolet light for 1 h each. The proliferation of L929 and MC3T3-El1 cells on the prepared specimens was quantitatively assessed using
the CCK-8 kit. In 24-well tissue culture plates, each specimen was seeded with cell suspensions (1 mL) containing 2 x 10* cells per well.
On days 1, 4, and 7, the number of viable cells was quantified using 96-well tissue culture plates according to the manufacturer’s
instructions. The absorbance at a wavelength of 450 nm was determined using a microplate reader (SPECTRO star Nano, BMG Labtech,
Offenburg, Germany) [32,33]. For each group, the final data was derived by deducting the values obtained from the negative control
group from the corresponding measured values.

2.4.3. Cell adhesion

In 24-well plates, 2 x 10* L929 and MC3T3-E1 cells were seeded on the surfaces of different groups of specimens and co-cultured in
direct contact for 4 h, 24 h, and 72 h. Following this, the cells were rinsed with PBS and then fixed for 30 min using 4 % para-
formaldehyde. Afterward, cell nuclei were observed through staining with DAPI. Similarly, after 24 h of culture, live and dead cells
were stained with the Calcein AM/PI Double Staining Kit as per the guidelines provided by the manufacturer. A fluorescence mi-
croscope (D-35 578, Leica, Wetzlar, Germany) was used to capture images of the cells present on the specimen surfaces.

2.4.4. Quantitative real-time polymerase chain reaction (qPCR) for osteogenic gene expression detection

In 24-well plates, 2 x 10* MC3T3-E1 cells per specimen (n = 3) were seeded and cultured for 7 and 14 days. At the indicated time
interval, the total ribonucleic acid (RNA) was extracted using Trizol reagent. The complementary deoxyribonucleic acid (cDNA) was
reverse-transcribed from the collected RNA using the Hifair® III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus),

Table 1
The designations and respective processing procedures for each specimen group.
Designation Processing Procedure
PEEK Pure PEEK
SPEEK PEEK — Sulfonation
PSPEEK PEEK — Sulfonation — Oxygen plasma treatment
PSPEEK-PDA PEEK — Sulfonation — Oxygen plasma treatment — PDA coating
PSPEEK-PPE PEEK — Sulfonation — Oxygen plasma treatment — PDA coating

— Phosphorylation
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following the prescribed methods. Primers for both forward and reverse were used for the genes listed in Table 2. The gene expression
for osteogenesis-associated genes, such as alkaline phosphatase (ALP), osteopontin (OPN), runt-related transcription factor 2 (Runx2),
and type I collagen a 1 (Collal) was quantified. Gene expression was analyzed with quantitative real-time PCR (qPCR), employing
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the housekeeping gene and using the Hieff Unicon® Universal Blue gPCR
SYBR Green master mix.

2.4.5. Alkaline phosphate (ALP) and alizarin red (AR) staining of MC3T3-E1 cells

2 x 10* MC3T3-E1 cells were seeded onto specimens and placed in 24-well plates. Medium was refreshed twice weekly with
osteogenic induction medium. Osteogenic induction medium consisted of a-MEM, supplemented with 10 % FBS, 10 mM p-GP, 10 nM
dexamethasone, and 50 mg/L Vitamin C. At 7 and 14 days post-seeding, ALP staining was performed using the BCIP/NBT kit and
calcium nodules were stained with alizarin red. Briefly, cells were fixed and immersed in dyeing solution for 30 min following the
protocol outlined in the instruction manual. Excess stain was removed by washes with PBS. Finally, the specimens were observed by a
microscope (D-35 578, Leica, Wetzlar, Germany).

2.5. Antibacterial properties evaluation

2.5.1. Antibacterial rate determination

S. aureus and E. coli were chosen as the test microorganism for antibacterial evaluations. In brief, the bacteria precultured in a
frozen state were inoculated onto nutrient agar plates and incubated at 37 °C for 24 h in a constant temperature incubator (BI-120F,
YIHENG, China). One bacterial colony was transferred into a new liquid BHI medium and then incubated for an additional 24 h under
identical conditions. After ultraviolet irradiation, the five sets of specimens were individually immersed in centrifuge tubes containing
2 mL of bacterial suspension (1 x 108 CFU/mL). After a 24 h incubation, the specimens underwent triple rinsing with PBS to eliminate
surface-floating bacteria. They were then transferred into centrifuge tubes containing 5 mL of PBS buffer and subjected to ultrasonic
agitation for 15 min to detach the bacteria adhering to the specimen surfaces. The shaking solution was diluted 100-fold with sterile
PBS, followed by plating 50 pL of the resulting diluted solution. Bacterial colony counting was conducted after being cultured for 24 h.
The antibacterial rate (Rp) was calculated by using the following equation [32]: Rp = (E-F)/E x 100 %, where F and E denote the mean
bacterial colony counts on the nutrient agar plates’ surfaces for the experimental and control groups, respectively.

2.5.2. Bacterial morphology observation

Specimens from each group, post ultraviolet irradiation, were placed in 24-well tissue culture plates. In each well, 2 mL of bacterial
suspension (prepared following the method outlined in section 2.5.1., with a concentration of 1 x 10° CFU/mL) was added. After a 24
h incubation, the specimens were gently rinsed three times with PBS and fixed with 4 % polyoxymethylene for 2 h. Subsequently, a
series of ethanol solutions (30, 50, 70, 80, 90, and 100 % v/v) was used for sequential dehydration. Before observing the bacterial
morphology by SEM (JSM-7610F, JEOL Ltd., Japan), the specimens were sputter-coated with gold [9].

2.6. Statistical analysis

All of the experiments were independently conducted in triplicates, and each data point was presented as averages + standard
deviations based on three replicated measurements. Statistical significance was determined using one-way ANOVA analysis in
GraphPad Prism 10.1 software. A p value below 0.05 was considered statistically significant.

3. Results
3.1. Surface modification and characterization

Surfaces of unmodified and modified PEEK were examined by SEM, as depicted in Fig. 1. Upon treatment with concentrated sulfuric
acid, the specimen’s surface morphology evolved from the smooth texture depicted in Fig. 1a—a 3D porous network with pore sizes
between 1 and 2 pm, as presented in Fig. 1b. Subsequent oxygen plasma treatment induced only minor changes in the specimen’s
surface structure, maintaining the pore size, as demonstrated in Fig. 1c. Contrarily, the introduction of PDA led to a significant
alteration in the surface morphology of pSPEEK-PDA, distinct from both SPEEK and pSPEEK, as evidenced in Fig. 1d. Furthermore,
Fig. 1e reveals that the interaction between phosphoryl chloride and PDA resulted in an even more pronounced change, endowing the

Table 2

Primer pairs used in quantitative reverse transcription-PCR (qQRT-PCR).
Gene Forward (5°—3) Reverse (5-3)
ALP GCACCTGCCTTACCAACTCT GTGGAGACGCCCATACCATC
Runx2 GGGACTGTGGTTACCGTCAT ATAACAGCGGAGGCATTTCG
OPN CACATGAAGAGCGGTGAGTCT CCCTTTCCGTTGTTGTCCTG
Collal CCCTGGTCCCTCTGGAAATG GGACCTTTGCCCCCTTCTTT
GAPDH TGTCTCCTGCGACTTCAACA GGTGGTCCAGGGTTTCTTACT
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pSPEEK

PSPEEK-PDA 2 " SPSPEEK-PPE

Fig. 1. Scanning electron microscopy (SEM) photographs of the surface of PEEK at different stages of surface modification: (a) PEEK, (b) SPEEK, (c)
PSPEEK, (d) pSPEEK-PDA, and (e) pSPEEK-PPE. Scale bars, 2 pm.

PSPEEK-PPE surface with a rougher and more intricate structure.

In Fig. 2, the XPS high-resolution spectra of O 1s, S 2p, N 1s, P 2p for the specimens are displayed, highlighting the impact of
different PEEK surface modifications on its chemical composition and elemental configurations at the surface. Specifically, Fig. 2a
identifies two distinct peaks at 168.9 and 170.1 eV within the sulfonated SPEEK, aligning with sulfur’s 2ps,» and 2p; 5 orbitals. Post
oxygen plasma treatment, as depicted in Fig. 2b, the O 1s spectrum showcases a 531.1 eV peak, aligning with hydroxyl groups,
alongside a 533.2 eV peak indicating the retention of sulfonic acid groups from earlier stage. Upon applying a PDA coating, the N 1s
spectrum in Fig. 2d exhibits a significant peak at 400.1 eV, signifying surface-bound amino groups, thereby partially validating the
successful synthesis of pSPEEK-PDA. Notably, a subtle peak at 401 eV hints at the existence of minor by-products like protonated
amines or pyridinic nitrogen due to the reaction’s complexity. In the context of phosphoryl chloride treatment, as shown in Fig. 2e, the
P 2p spectrum of pSPEEK-PPE reveals two salient peaks at 133.7 and 134.6 eV, corresponding to the 2ps,» and 2p;,, states of
phosphorus. Moreover, the O 1s spectrum in Fig. 2c of pSPEEK-PDA illustrates three binding energy peaks at 533.1, 532, and 531.1 eV,
associated with O—C, O-H, and O-C. Contrastingly, in Fig. 2f, the O-H characteristic peak in pSPEEK-PPE post phosphoryl chloride
treatment exhibits both a reduction in peak area and a positional shift, further corroborating alterations in elemental states and the
interaction of hydroxyl groups with phosphoryl chloride.

Fig. 3 illustrates the water contact angles for variously modified specimens, indicating a concerted alteration in surface wettability
due to changes in surface morphology and chemical composition. The sulfonation process transitioned the surface wettability from
PEEK’s hydrophilic state (78.0 £+ 1.3°) to SPEEK’s hydrophobic nature (112.5 £ 3.0°). Oxygen plasma treatment notably enhanced
SPEEK’s hydrophilicity, as reflected by the increase in water contact angles, reaching up to 19.8 + 1.1°. The formation of a PDA
coating on the pSPEEK surface further decreased the contact angle to 13.4 + 1.0°, indicating increased hydrophilicity. Moreover, the
integration of phosphate groups into pSPEEK-PPE slightly elevated its contact angle to 25.8 + 1.7°, yet the material maintained a
considerably hydrophilic character.

3.2. Cell study

The proliferation and adhesion of cells are shown in Fig. 4. Fig. 4a depicts the metabolic activity of MC3T3-E1 and L929 cells on
various specimens over time, revealing parallel proliferation trends across both cell types at 1, 4, and 7 days, with notably higher
metabolic activity in L929 cells. During the initial 1 and 4-day periods, the modified specimens exhibited a degree of cytotoxicity
relative to the PEEK control, most pronounced in the SPEEK and pSPEEK groups, as evidenced by a marked decrease in activity. The
PSPEEK-PPE group initially displayed cytotoxic effects on day 1, which significantly reduced by day 4. Importantly, at the 7-day mark,
the metabolic activities on all modified specimens surpassed those of the PEEK control, indicating that the modifications effectively
enhanced cell metabolism and fostered cell proliferation. Fig. 4b and c illustrate DAPI staining on the surfaces of various specimens for
MC3T3-E1 and 1929 cells at intervals of 4 and 24 h of culture. Fig. 4d, on the other hand, reflects the situation of Calcein AM/PI dual
staining at 24 h. The pSPEEK-PPE group, influenced by a combination of surface treatments, exhibited notably enhanced cell adhesion.
Initially, at the 4-h mark, the SPEEK and pSPEEK groups did not show significant deviations in cell adhesion compared to the control.
However, early-stage cell adhesion was notably facilitated by the modified pSPEEK-PPE. As the culture duration increased, a denser
cellular arrangement emerged on all modified specimen surfaces relative to the PEEK control, with the pSPEEK-PPE group maintaining
the highest density and most compact cell arrangement. Furthermore, comparatively speaking, the surfaces of the modified materials
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Fig. 2. Chart depicting analytical fitting of XPS test results across various specimen types: (a, b) are for SPEEK and pSPEEK, respectively; (c,d)
represent pSPEEK-PDA; and (e, f) stand for pSPEEK-PPE.

more effectively supported L929 cell adhesion, aligning with the CCK-8 kit results shown in Fig. 4a.

Fig. 5 reflects the osteogenic differentiation potential of MC3T3-E1 cells on different specimen surfaces. Osteogenic genes such as
ALP, OPN, Runx2, and Collal were assessed on specimen surfaces using RT-PCR (Fig. 5a—d) to determine their expression levels.
Following a 7-day exposure to PEEK modified with polydopamine phosphate ester, an increase in the expression levels of ALP and
Runx2 was observed in MC3T3-E1 cells. Furthermore, after a 14-day treatment, the levels of OPN and Collal also showed a rise.
Contrastingly, MC3T3-E1 cells exposed to unmodified PEEK did not exhibit any changes in the expression of these four osteogenesis-
related genes. ALP and AR staining techniques were used to assess the osteoinductive capabilities of PEEK after different modifications.
As illustrated in Fig. 5e, on both the 7 and 14 days of cultivation, the specimen surfaces manifested distinct levels of ALP staining
intensity. In comparison to the unmodified PEEK control group, the modified PEEK variants displayed a significantly enhanced staining
intensity. Notably, these modified specimens demonstrated more conspicuous ALP staining after a 14-day culture period compared to
the 7 day, suggesting a time-dependent augmentation in the osteoinductive efficacy of the modified PEEK. Correspondingly, the
PSPEEK-PPE showed deeper AR staining (indicative of a deep red coloration) as per Fig. 5f, aligning with the ALP staining trends
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Fig. 3. Water contact angles of different specimens measured by the static sessile drop method: (a) representative pictures of water droplets on
different specimens, and (b) statistical analysis, ***P <0.001, ****P < (0.0001.

depicted in Fig. 5e. Furthermore, these staining results were constant with the RT-PCR results.

3.3. Antibacterial properties evaluation

As shown in Fig. 6, the bacteria cultivation results reflect the antibacterial response of the specimens. Optical imaging of bacterial
clones in Fig. 6a reveals a stark contrast: while PEEK harbored numerous S. aureus and E. coli colonies, the counts were markedly lower
on SPEEK, pSPEEK, and pSPEEK-PDA, with pSPEEK-PPE exhibiting the minimal bacterial presence. This trend, evident across the
specimen groups, shows a consistent reduction in bacterial colony numbers, in alignment with the quantitative data depicted in Fig. 6b
and c. Additionally, as calculated and shown in Fig. 6b and c, the antibacterial effectiveness of pSPEEK-PPE against S. aureus and E.
coli, compared to the PEEK control, reached an impressive 97.5 + 1.7 % and 94.4 + 1.0 %, respectively, further validating its anti-
microbial potential. Fig. 6d lucidly presents the SEM observations of S. aureus and E. coli statically cultured on various specimen
surfaces. It was observed that the quantity of bacteria adhering to the modified specimens was significantly less than that on the control
group. Further, as diverse modification strategies were applied, a steady reduction in bacterial count and a more dispersed
arrangement were noted among the groups. In terms of morphology, the bacteria exhibited a clustered and densely packed growth on
both the PEEK control and the SPEEK and pSPEEK groups. Contrastingly, the introduction of PDA and PPE modifications led to a
noticeable shift in bacterial morphology, making it increasingly irregular and leading to occurrences of shrinkage and rupture.

4. Discussion

Upon implantation of a biomaterial for bone repair into the human body, an immediate interaction is initiated between the ma-
terial’s surface and the surrounding cells [34]. Additionally, aseptic loosening and infection are the primary causes of implant surgery
failures [35]. Aseptic loosening typically arises from issues such as prosthetic fretting, inflammatory responses, and bone resorption
triggered by wear particles, alongside inadequate bone integration [5,7,35]. Infections near the prosthesis are predominantly initiated
by microorganisms, with bacteria adherence to the prosthetic surface being a major contributor. This research aims to enhance this
interaction, inhibit bacterial infections, and promote bone integration through straightforward surface modifications. It has been
reported that a 3D porous network on PEEK surfaces is typically formed through treatment with concentrated sulfuric acid and
subsequent water immersion [36,37]. This modification has been resulted in a sulfonation depth of approximately 30 pm and an open
porosity of 1.5 %, indicating a surface-specific treatment that preserves the bulk structure [26]. XPS analysis demonstrates a S 2p
spectral peak for HSO3 groups on the SPEEK surface, marking a change in the chemical composition. Additionally, alterations in the
surface morphology and chemistry significantly impact SPEEK’s surface wettability. The hydrophilic HSO3 groups on the SPEEK
surface, despite increasing the water contact angle, highlight the pivotal role of the 3D porous network in affecting hydrophilicity. The
introduction of surface roughness, although beneficial, was initially counteracted by the residual acids, negatively impacting cell
proliferation. To activate the sulfonated surface of SPEEK, oxygen plasma treatment was applied, augmenting SPEEK’s hydrophilicity
through the addition of hydroxyl groups and thereby enhancing pSPEEK’s wettability [22,38]. A subsequent step involved the
application of a PDA coating enriched with phenolic hydroxyl groups on the activated surface, creating additional reactive sites [34].
These modifications led to observable changes in pSPEEK-PDA’s surface morphology, chemical composition, and wettability,
corroborated by SEM, XPS, and water contact angle data. Similarly, the synthesis of phosphorylated PEEK has been realized through
the chemical interaction of introduced hydroxyl groups with phosphoryl chloride, a process which notably improves its biological
activity [28]. In the present study, the chemical binding of phosphoryl chloride to the reactive sites (phenolic hydroxyl group) on the
PSPEEK-PDA surface resulted in the formation of a biomolecular layer, as evidenced by alterations in the O 1s spectrum and the
emergence of a P 2p peak around 133-135 eV, confirming the successful integration of phosphate ester groups onto the modified
material’s surface.

Enhanced cell adhesion and proliferation are associated with factors such as the chemical composition of the surface, its wetta-
bility, and roughness. Research shows that cells adhere and proliferate more effectively on hydrophilic surfaces than on hydrophobic
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Fig. 4. The proliferation and adhesion status of cells: (a) proliferation of MC3T3-E1 osteoblasts and L929 fibroblasts on the PEEK at different surface
modification stages over time intervals (1, 4, and 7 days) measured by the CCK-8 kit at 450 nm absorbance; (b) images of DAPI staining of MC3T3-
E1 osteoblasts and (c) L929 fibroblasts cultured on various specimen surfaces for 4h and 24h; and (d) images of Calcein AM/PI dual staining of cells
cultured on the surface of PEEK for 24h. ***P <(.001, ****P < 0.0001. Scale bars, 100 pm.

ones [23]. The wettability of a surface is influenced by its chemical properties and topographical features, including roughness and
micro-texture [29]. Hence, it is hypothesized that the beneficial characteristics of the pSPEEK-PPE surface, which support cell adhesion
and proliferation, primarily stem from its 3D porous structure and the presence of grafted phosphate groups. Previous research in-
dicates that the chemical composition of a surface plays a crucial role in cell spreading, which significantly influences subsequent
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Fig. 5. Osteogenic differentiation assays: (a—d) qPCR detection of osteogenesis-related gene (ALP, OPN, Runx2, and Collal expressions by MC3T3-
E1 cells on various surfaces); (e) images of ALP staining observed at 7 and 14 days; and (f) AR staining conducted at 7 and 14 days. *P < 0.05, **P <
0.01, ***P <0.001, ****P < 0.0001. Scale bars, 100 pm.

processes such as cell adhesion, proliferation, and differentiation [39]. The CCK-8 kit evaluation revealed that the modified specimens
initially exerted a detrimental effect on cell proliferation at the early stages, in contrast to the control group. This adverse impact is
likely due to the residual sulfur and sulfuric acid not fully eliminated after the sulfonation process. Interestingly, after a period of 7
days, modified specimens, especially those of SPEEK, pSPEEK, and pSPEEK-PPE categories, were found to significantly promote cell
proliferation. This beneficial effect can be ascribed to the progressive removal of deleterious substances as the culture medium is
refreshed over time, coupled with the beneficial effects of oxygen plasma treatment and the incorporation of phosphate groups, both of
which contributed to the enhancement of cell proliferation and adhesion. Additionally, in the Calcein AM/PI dual staining results, it
can be observed that there are almost no dead cells on the surface of pSPEEK-PPE, which fully demonstrates its favorable properties for
cell adhesion and proliferation.
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on various specimen surfaces, *P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001. Scale bars, 1 cm and 2 pm.

Initial cell-implant interactions might influence later cell differentiation and mineralization processes [40]. Consequently, genes
such as ALP, OPN, Runx2, and Collal were chosen to assess the osteogenic potential of modified PEEK in MC3T3-E1 preosteoblast cells
using qRT-PCR. In comparison to the control PEEK group, MC3T3-E1 cells treated with pSPEEK-PPE demonstrated upregulated
expression of these osteogenesis-related genes. The enhancement in ALP gene expression promotes phosphate formation, which are
crucial for the development of prebone structures [25]. The upregulated Collal genes are key for collagen secretion, which explains
the formation of more calcium nodules on the surface of pSPEEK-PPE [26]. Additionally, the upregulated Runx2 genes are essential for
the differentiation of osteogenic cells, especially in the process of transforming preosteoblasts into osteoblasts [41]. As implant bio-
materials, it is crucial to possess the capacity to induce cell mineralization; thus, this study assessed whether the mineralization of cells
cultured on modified specimen surfaces was enhanced, by measuring ALP activity and matrix mineralization at specific time points.
ALP activity is an early osteogenic differentiation indicator [42]. On days 7 and 14 of culture, the pSPEEK-PPE surface notably induced
the most intense alkaline phosphatase staining, with a high abundance of blue-violet positive cells, surpassing other groups. Likewise,
matrix mineralization in the extracellular matrix on different PEEK surfaces was evaluated using AR staining at days 7 and 14, a marker
of advanced osteogenic differentiation. Identified as red calcium deposits, these depositions are a late-stage osteogenic differentiation
product [43]. Observations from AR staining revealed a pattern that aligns closely with the activity of ALP. Notably, the pSPEEK-PPE
surface displayed a deep red hue over an extensive staining region, which suggests an elevated level of calcium. Overall, the ALP, AR
staining, and RT-PCR results demonstrate consistent trends, indicating that phosphorylation of the surface promotes osteogenic
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differentiation in MC3T3-E1 cells. Under physiological conditions, phosphate groups carry a negative charge, thus promoting the
chelation of calcium ions, which plays a critical role in transmitting osteogenic signals [29,44]. Moreover, surfaces with negative
charges are known to preferentially adsorb cell-adhesive proteins like fibronectin while reducing the adsorption of non-specific
proteins such as albumin [29]. Observations indicate that the adhesion, spreading, proliferation, and differentiation of osteoblasts
are significantly dependent on the presence of proteins like fibronectin and vitronectin, which are primarily adsorbed onto biomaterial
surfaces [45]. These insights partially explain the improved responses of MC3T3-E1 cells on phosphorylated surfaces, though further
studies are necessary to more accurately delineate the underlying mechanisms.

Prior research has established that infections related to implants are primarily due to microorganisms, particularly bacteria that
adhere to the prosthetic surface [46]. Evidence suggests that the surface properties of the implant facilitate bacterial attachment,
proliferation, and biofilm formation, thereby enhancing bacterial resistance to the body’s antibacterial defenses [25]. In this study,
Gram-negative E. coli and Gram-positive S. aureus were chosen as the model bacterial to explore the antibacterial properties of
PSPEEK-PPE. Due to the introduction of polydopamine phosphate ester, the pSPEEK-PPE successfully suppressed the growth of both S.
aureus and E. coli, according to the findings. The superior antibacterial characteristics of pSPEEK-PPE could partly be due to the
retention of amino groups in polydopamine throughout the phosphorylation process. These groups are capable of forming electrostatic
interactions with negatively charged elements on bacterial cell membranes, compromising their integrity [47]. This disruption leads to
cellular imbalances that result in bacterial death. Furthermore, these amino groups have the ability to absorb and neutralize positively
charged molecules on the surface of bacteria, thereby further suppressing their growth and proliferation [48]. On the other hand, the
incorporation of 3D porous network and the application of polydopamine phosphate ester coating increase the roughness of the
modified PEEK surface. Such textural changes could physically impede bacterial adhesion and biofilm development [34,40]. Addi-
tionally, the chemical structure of polydopamine phosphate ester may facilitate reactions with specific components within bacterial
cell walls or membranes, such as proteins, lipids, or nucleic acids. These interactions could suppress bacterial vital functions or directly
induce cell death. Elucidating the exact antibacterial mechanisms warrants further research, including assessments of cell membrane
integrity or biofilm formation studies. Overall, the antibacterial mechanism of polydopamine phosphate ester-modified PEEK mate-
rials is multifaceted, involving a combination of physical, chemical, and biological properties. Even so, the polydopamine phosphate
ester-modified 3D porous coating on PEEK introduces an innovative approach, potentially broadening its use in complex biomedical
applications, particularly in oral and maxillofacial implants.

Previous research has explored the introduction of phosphate groups into PEEK either through a single-step process involving UV-
initiated graft polymerization of vinyl phosphonic acid or by surface biphosphonation using alendronate [29,49]. These techniques
have successfully enhanced the osteogenic properties of PEEK surfaces. Nevertheless, the preparation processes involved are somewhat
complex and often result in unstable surface hydrophilicity. Moreover, the potential antibacterial properties of these modified surfaces
have yet to be determined. In contrast to more intricate methods traditionally used to enhance biocompatibility and antibacterial
properties, this study introduces a streamlined approach that leverages surface modification to meet these goals. The methodology
entailed a straightforward process of immersing PEEK in various reaction solutions, thereby circumventing the need for complex and
time-intensive chemical reactions that typically demand rigorous conditions and yield low productivity. This process began with the
submersion of PEEK in concentrated sulfuric acid and subsequently in ultrapure water to create a 3D porous network on the surface.
Oxygen plasma treatment was then applied to the sulfonated PEEK to activate its surface chemistry. A PDA coating was subsequently
applied to the surface, furnishing active sites for phosphate group incorporation. The final step involved the spontaneous chemical
bonding of phosphoryl chloride to the PDA layer under gentle conditions, thereby augmenting its bioactivity. It is important to note,
however, that this study is confined to in vitro biological assessments, and its findings may not directly translate to in vivo contexts.
Future research should also investigate its long-term efficacy. Additionally, an in-depth analysis of molecular pathways associated with
this modification could offer substantial biological insights.

5. Conclusions

We achieved a synergistic enhancement of PEEK’s biocompatibility and antibacterial properties through a series of surface
modifications. The process, involving sulfonation, application of oxygen plasma, PDA coating, and the integration of phosphate
groups, led to the creation of a polydopamine phosphate ester-modified 3D porous network on PEEK. This modification strategy
significantly outperformed the control PEEK in promoting adhesion and proliferation of fibroblasts and osteoblasts, and in reducing the
growth of S. aureus and E. coli, attributable to the newly introduced porous architecture and biomolecular coating. The resultant PEEK
demonstrated marked improvements in biocompatibility, osteogenic induction, and antibacterial properties. These straightforward yet
effective surface modifications suggest a promising avenue for advancing the use of PEEK in dental and maxillofacial implants.
Nevertheless, in-depth investigations into the molecular mechanisms and in vivo studies are imperative to better understand the
modified PEEK’s role in long-term osseointegration and antibacterial efficacy within the organism.
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