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A B S T R A C T   

Polyetheretherketone (PEEK) has been widely used as orthopedic and dental materials due to excellent me
chanical and physicochemical tolerance. However, its biological inertness, poor osteoinduction, and weak 
antibacterial activity make the clinical applications in a dilemma. Inspired by the mussel adhesion mechanism, 
here we reported a biomimetic surface strategy for rational integration and optimization of anti-infectivity and 
osteo-inductivity onto PEEK surfaces using a mussel foot proteins (Mfps)-mimic peptide with clickable azido 
terminal. The peptide enables mussel-like adhesion on PEEK biomaterial surfaces, leaving azido groups for the 
further steps of biofunctionalizations. In this study, antimicrobial peptide (AMP) and osteogenic growth peptide 
(OGP) were bioorthogonally clicked on the azido-modified PEEK biomaterials to obtain a dual-effect of host 
defense and tissue repair. Since bioorthogonal clicking allows precise collocation between AMP and OGP through 
changing their feeding molar ratios, an optimal PEEK surface was finally obtained in this research, which could 
long-term inhibit bacterial growth, stabilize bone homeostasis and facilitate interfacial bone regeneration. In a 
word, this upgraded mussel surface strategy proposed in this study is promising for the surface bioengineering of 
inert medical implants, in particular, achieving rational integration of multiple biofunctions to match clinical 
requirements.   

1. Introduction 

Polyetheretherketone (PEEK) is a special kind of thermoplastic en
gineering plastic which has been widely used in orthopedics and 
maxillofacial surgery with regard to its excellent mechanical properties 
close to cortical bone and the extraordinary stability in physiological 
environments [1]. However, with the gradual improvement of medical 
standards, the conventional PEEK materials can not fulfill the high re
quirements of bone implantation, as they are bioinert and always 
confront with the problems of insufficient osseointegration and 

postoperative bacterial infection [2,3]. These two risks usually cause 
implant loosening, delayed healing, and even the failure of implanta
tion, posing a tremendous burden on patients and the whole society [4, 
5]. Therefore, the orthopedic prostheses made of PEEK need further 
functionalizations to improve the peri-implant osteogenesis and 
anti-infective activity. 

For the achievement of anti-infective functions, various antibacterial 
agents such as antibiotics, quaternary ammonium compounds (QACs), 
as well as some metals (i.e., Ag and Cu) and their oxides are commonly 
used to modify the surface of bone implants [6–8]. Nevertheless, all 
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these functional components are concerned about their potential 
toxicity to human bodies, and the abuse of antibiotics may even 
aggravate the development of new multi-drug resistant bacteria (MDRB) 
[9–11]. Alternatively, antimicrobial peptides (AMPs) are an emerging 
kind of antibacterial agents, which are attactive for their biogenic nature 
and high efficiency [12]. With the functions different from other anti
bacterial agents, AMPs can target and concentrate on the cytoplasmic 
membranes of pathogens, dislocate the membrane proteins to hamper 
cell wall synthesis and cell respiration, and ultimately lead to the death 
of pathogen [13–15]. Therefore, AMPs are widely used for the 
anti-infective therapy with a relatively low-risk of causing bacterial 
drug-resistant mutations and cytotoxicity. Up to now, there are 
numerous studies about the surface functionalization of biomaterials 
with AMPs. Despite significant gains have been made, the single use of 
AMPs is far from perfect as the lack of osteogenic properties is another 
major concern for the PEEK implants as mentioned above. It is note
worthy that the bio-functions of peptides are diverse, and some other 
peptides such as osteogenic growth peptide (OGP) is well known for its 
osteogenic properties [16]. As an endogenous peptide presented in 
mammalian serum, OGP has been well studied in its free or tethered 
states to regulate the osteogenic differentiation of bone marrow 
mesenchymal stem cells and further promote matrix mineralization, 
thereby can be used to promote bone regeneration after surgical im
plantations [17,18]. Furthermore, the functional peptides are more 
preferred than their homological proteins in many applications as pep
tides can be modified by chemical methods without function loss but 
proteins are more sensitive and prone to denaturation under moderate 
or severe conditions. 

Among the various strategies for functionalizing bone-implanted 
biomaterials, surface engineering shows superiority since it can pro
vide site-specific therapies at implant-bone interface while maintaining 
the favorable properties of bulk materials [19–25]. If AMPs and OGP can 
be efficiently introduced onto the surface of PEEK implants, a dual-effect 
of anti-infection and osteo-induction can be anticipated. However, the 
PEEK material provides much better chemical resistance than most of 
other polymeric biomaterials, which poses a great obstacle to their 
surface functionalizations with biomolecules [26]. Although some so
lutions with strong reactivity such as concentrated sulfuric acid can be 
utilized to activate PEEK surface, such strategies are not delicate enough 
to make a balance between host defense and tissue repair and the residue 
of reactive agent may even raise the safety concern [27]. In this context, 
it is of great significance to develop simple and efficient strategies for the 
surface functionalization of PEEK biomaterials, in particular, achieving 
the anti-infective and osteo-inductive functions concurrently on these 
polymeric osteoimplants. 

Inspired by the mussel adhesion mechanism, here we reported a 
biomimetic surface strategy for rational integration of anti-infectivity 
and osteo-inductivity onto PEEK implants in an optimized process 
using a catecholic amino acid (3,4-dihydroxy-L-phenylalanine, DOPA)- 
rich peptide with clickable azido terminal (Fig. 1A) [28]. The cat
echolic structures are versatile for adhering onto bulk materials and the 
design of clickable peptide mainly comes from the drawbacks of classical 
dopamine-based mussel surface chemistry, in which the second-step 
biomolecular conjugations via Michael addition or Schiff-base reaction 
will potentially compromise the functions of linked biomolecules by 
consuming their active sites (i.e., the amino and thiol groups) [29,30]. In 

Fig. 1. Schematic illustration of biomimetic peptide clicking strategy. (A) The molecular structures of the clickable mussel-inspired peptide mimics and two DBCO- 
capped bioactive peptides with different functions. (B) The procedure of activating PEEK using the biomimetic peptide clicking strategy. (C) The PEEK implant 
functionalized with peptides shows a dual-effect of anti-infectivity and osteo-inductivity. 

M. Li et al.                                                                                                                                                                                                                                       



Bioactive Materials 8 (2022) 309–324

311

addition, the non-thoroughness and low specificity of these reactions 
will also take a toll on the reproducibility and controllability (i.e., the 
random molecular orientation and heterogeneous molecular mecha
nism) [31]. On the contrary, the clickable mussel-inspired peptide 
designed in our study enables bioorthogonal reaction (i.e., the diben
zylcyclooctyne (DBCO)-azido cycloaddition chemistry), showing 
various advantages including not only the mussel-like surface adhesion 
but also specificity, rapidity, thoroughness and biocompatibility in 
bioconjugations [32–34]. To match the dual-functional requirements of 
host defense and tissue repair, a typical AMP and the active sequence of 
OGP were synthesized and modified with bioorthogonally clickable 
group DBCO. In this case, PEEK surfaces can be rationally endowed with 
anti-infectivity and osteo-inductivity concurrently via a 
feeding-dependent bioorthogonal grafting process (Fig. 1B) [35]. 
Conceivably, the optimal performance of these two preferred functions 
for osteoimplants could synergistically contribute to a solid osseointe
gration of PEEK implants in situ even when confronting bacteria invasion 
(Fig. 1C). Furthermore, this work may provide a promising solution for 
surface bioengineering of other inert biomaterials, in particular, for the 
rational design of multifunctional surfaces with regard to the diversified 
clinical requirements. 

2. Materials and methods 

2.1. Materials 

Peptides were prepared using standard Fmoc solid-phase synthesis. 
The PEEK discs (15 mm in diameter and 1.0 mm in thickness) were 
purchased from Waston Medical Appliance Co. (Changzhou, China), and 
PEEK rods (1.5 mm in diameter and 10 mm in length) were obtained 
from Tianzhu Changyun Medical Technology Co. (Beijing, China). 

2.2. Characterization 

High performance liquid chromatography (HPLC) was performed on 
a liquid chromatograph mass spectrometer (Ekspert™, Eksigent, USA). 
Electrospray ionization mass spectrometry (ESI-MS) was carried on an 
electrospray ionization mass spectrometer (API 4000+, SCIEX, USA). X- 
ray photoelectron spectroscopy (XPS) was conducted on the X-ray 
photoelectron spectrometer (K-Alpha, Thermo electronics, USA) and 
atomic force microscopy (AFM) images were obtained on an atomic 
force microscope (Dimension ICON, Bruker, USA). Stastic contact angle 
measurement was performed on the contact angle measuring instrument 
(OCTA21, DATAPHYSICS, Germany) using sessile distilled water under 
ambient conditions. 

2.3. Surface functionalization 

PEEK discs or rods was treated by O2 plasma and then immersed in 
phosphate buffer saline (PBS) with the biomimetic peptide (DOPA)6- 
PEG5-Azido (0.01 mg/mL) for 15 min to obtain PEEK-Azido. The PEEK- 
Azido samples were then incubated with DBCO-AMP, DBCO-OGP or a 
mixture the two at a fixed total concentration of 0.1 mM in PBS. To 
obtain PEEK samples functionalized with different amount of AMP and/ 
or OGP, we prepared five groups of PEEK samples with the DBCO-AMP/ 
DBCO-OGP feeding molar ratios at 4:0, 3:1, 2:2, 1:3 and 0:4, and the 
modified samples were designated as PEEK-Azido, PEEK-A4O0, PEEK- 
A3O1, PEEK-A2O2, PEEK-A1O3 and PEEK-A0O4, respectively. After 
different surface functionalizations, the substrates were thoroughly 
rinsed with ultrapure water and then dried with nitrogen for the further 
use. 

2.4. Cell culture 

The bone marrow mesenchymal stromal cells (BM-MSCs) were ob
tained from the Shanghai Cell Bank of the Chinese Academy of Sciences, 

and cultivated in Dulbecco’s modified Eagle’s medium (DMEM, 
HyClone, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA) and 1% penicillin/streptomycin (Gibco, USA). During the cell 
culture, the medium was refreshed every 3 days until a 70–80% of cell 
coverage on cell culture dish was reached. The cell seeding density was 
2 × 104 cells per sample using 24-well plates as the holders. 

2.5. Cytocompatibility 

After culturing BM-MSCs on different PEEK samples for 24 h, a live/ 
dead cell staining kit (AmyJet Scientific, Wuhan, China) was used for 
cell staining. In particular, both calcein AM (2 × 10− 6 M) and EthD-1 
(10 × 10− 6 M) were utilized to stain the live cells in green and dead 
cells in red respectively, and the stained cells were observed under a 
laser confocal microscope (TCS SP8, Leica, Germany). Lactic dehydro
genase (LDH) and Cholecystokinin octapeptide (CCK-8) kits (Beyotime, 
China) were also used to determine the proliferation and cytotoxicity of 
BM-MSCs cultured on different samples. Briefly, BM-MSCs were cultured 
on different PEEK samples for 1, 3 and 5 days. Afterwards, the culture 
medium was collected, centrifugated and determined for the LDH ac
tivity by adding 10% LDH solution and measuring the absorbance at a 
wavelength of 490 nm on a full-wavelength plate reader (SuPerMax 
3000 AL, FLASH, China) after 2 h of incubation. At the same timepoints, 
200 μL of 10% CCK-8 solution were added to each sample and the 
absorbance at 450 nm was determined on a full-wavelength plate reader 
(SuPerMax 3000 AL, FLASH, China) after 2 h of incubation. 

2.6. Cell adhesion and morphology 

The BM-MSCs cultured on different samples were also determined by 
fluorescent staining. Briefly, after 48 h of cell culture, the cells on 
different samples were fixed with 4% paraformaldehyde for 30 min at 
4 ◦C, and 0.1% Triton X-100 (Beyotime, China) was used to permeabilize 
the cells for 15 min. Subsequently, the cells were rinsed with PBS for 3 
times and 10% bovine serum albumin (Beyotime, China) was used to 
block the non-specific binding sites. Each well was then cultivated with 
250 μL of F-actin (1:200 dilution, Yeasen, China) at room temperature 
for 1 h, rinsed with PBS for 3 times, and alexa FluorTM 488 phalloidin 
(Thermo Fisher, USA) were added and incubated for another 1 h in dark. 
Afterwards, cells were counterstained with 4′,6-diamidino-2-phenyl
indole hydrochloride (DAPI, Beyotime, China) for 5 min, rinsed with 
PBS for 3 times, and then observed under a laser confocal microscope 
(TCS SP8, Leica, Germany). In addition to fluorescent staining, scanning 
electron microscopy (SEM) analysis was also performed to investigate 
the cell adhesion and morphology. After 1 and 3 days of cultivation, the 
cells on different samples were fixed with glutaraldehyde (2.5% v/v) for 
2 h and dehydrated in gradient ethanol (20%, 40%, 60%, 80%, and 
100%) for 15 min each. Subsequently, the different samples were 
vacuum-dried, sputter-coated with gold, and observed under field 
emission SEM (FE-SEM, S-4700, HITACHI, Japan). 

2.7. In vitro antibacterial activity 

S. aureus (ATCC 25923) and E. coli (ATCC 25922) were used for the 
antibacterial assay. Both bacteria strains were cultured in Luria-Bertani 
(LB) medium (Sigma-Aldrich, USA). Specifically speaking, the cry
opreserved bacteria were recovered on LB agar plates for 24 h at 37 ◦C 
and sub-cultured twice. Afterwards, the bacteria were picked with the 
inoculating loop and dissolved in the LB medium to obtain the bacterial 
suspensions, and then diluted with sterile PBS to a concentration of 1 ×
107− 8 per mL. To observe the morphology of cultured bacteria, 500 μL of 
each bacterial suspension was seeded onto different substrates in 24- 
well plate and statically incubated at 37 ◦C for 6 h. After gently 
washing with PBS for 3 times, the adhered bacteria on different samples 
were fixed with paraformaldehyde (4 wt %) at 4 ◦C for 30 min, dehy
drated with gradient ethanol (20%, 40%, 60%, 80%, and 100%) for 15 
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min each and further dehydrated with tert-butyl alcohol for another 30 
min. Subsequently, the different samples were vacuum-dried, sputter- 
coated with gold, and the morphology of adhered bacteria were 
observed under FE-SEM (S-4700, HITACHI, Japan). The in vitro anti
bacterial efficiency was further determined by plate counting method. In 
particular, 100 μL of each bacterial suspension was seeded onto different 
samples in 24-well plate. The sample surfaces were then covered by a 
polyethylene film (1 cm × 1 cm) to ensure the sample-bacteria contact 
and statically incubated at 37 ◦C for 6 h. After the incubation, the 
cultured bacteria in different groups were detached from the sample 
surfaces by supersonic elution using sterile PBS containing 0.1% Tween 
80 and the sample surfaces were rinsed with sterile PBS for 3 times. The 
bacterial eluent in different groups was diluted with sterile PBS to 
proper concentration, then 100 μL of the diluted bacterial eluent was 
spread on LB agar plates and incubated at 37 ◦C for 24 h. Afterwards, the 
number of colonies formed units (CFUs) was counted and imaged, and 
the antibacterial ratio was determined by the following formula: Anti
bacterial ratio = (A − B)/A × 100%, where A referred to the average 
CFUs of PEEK control group and B referred to the average CFUs of 
different experimental groups. The membrane permeability of bacteria 
in different groups was further evaluated using an ONPG assay (Sigma- 
Aldrich, USA). Typically, 500 μL of the bacterial suspension (1 × 106 per 
mL) was cultured on different substrates at 37 ◦C for 6 h and afterwards, 
the adhered bacteria were treated with 500 μL of O-nitrophenyl-β-D- 
galactopyranoside (ONPG) solution (0.75 M in NaH2PO4 buffer) for 2 h. 
The yellow supernatant in each well was determined for the absorbance 
at 405 nm on a spectrophotometric microplate reader (Bio-Rad 680, 
USA). Furthermore, the ATP levels of bacteria in different groups were 
evaluated using an ATP kit (Abcam, USA) according to the manufac
turer’s instructions. 

2.8. In vitro osteogenic differentiation 

For osteogenic differentiation, BM-MSCs were cultured on different 
PEEK substrates for 3 days and then the culture medium was refreshed 
with the osteogenic medium (DMEM supplemented with 0.1 μM dexa
methasone, 50 μM ascorbic acid, 10 mM β-glycerol phosphate, and 10% 
FBS) for osteogenic culture. After 4, 7 and 14 days of osteogenic in
duction, the ALP activity of BM-MSCs on different samples was detected 
using an alkaline phosphatase (ALP) Kit (Beyotime, China) and 
normalized to the total protein content. For ALP staining, the cells after 
14 days of osteogenic induction were rinsed with PBS for 3 times, fixed 
with paraformaldehyde (4 wt %) at 4 ◦C for 30 min, and then incubated 
in a 5-Bromo-4-Chloro-Indoly1 Phosphate/Nitroblue tetrazolium chlo
ride (BCIP/NBT) working solution (Beyotime, China) in the dark for 20 
min. 

2.9. Matrix mineralization 

After 7, 14 and 21 days of osteogenic culture, the cells cultured on 
different samples were fixed with 95% ethanol for 15 min and 40 mM 
Alizarin red S (ARS, Beyotime, China) was added for staining at room 
temperature for 30 min. Subsequently, the cells were washed 3 times 
with deionized water and observed by optical microscopy (DM750 M, 
Leica, Germany). In the quantitative assay, 10% (v/w) cetylpyridinium 
chloride (Sigma-Aldrich, USA) in sodium phosphate (pH 7.0) was added 
for 15 min and the eluted solution in different groups were measured for 
the absorbance at 570 nm. 

2.10. Immunofluorescent staining 

After 7 days of osteogenic culture, the BM-MSCs cultured on different 
groups were fixed with paraformaldehyde (4 wt %) at 4 ◦C for 30 min. 
Subsequently, 0.2% Triton X-100 (Beyotime, China) was added to per
meabilize cells and all the samples were sealed with Blocking Buffer 
(Beyotime, China). Afterwards, primary antibodies were added into 

each well (anti-OCN, 1:200, Cell Signaling Technology, USA) for the 
incubation at 4 ◦C overnight. The cells were then rinsed with PBS for 3 
times, and the corresponding fluorescent secondary antibody (Alexa 
Fluor 488, ab150077, Abcam, UK) was added for cultivation in the dark 
for 1 h. All the samples were counterstained with DAPI (Beyotime, 
China), placed on a microscope slide with fluorescence anti-fade me
dium (Beyotime, China), and observed under a laser confocal micro
scope (TCS SP8, Leica, Germany). 

2.11. Quantitative reverse transcription polymerase chain reaction (qRT- 
PCR) 

After 4, 7 and 14 days of osteogenic culture, the total RNA was 
extracted from BM-MSCs in different groups by adding Trizol reagent 
(Beyotime, China), and reversely transcribed into cDNA using a syn
thesis kit (Takara Bio, Japan). The gene levels of ALP, Runx2, COL1A1 
and OCN were analyzed by qRT-PCR (S1000, Biorad, USA) using a 
mixture of dNTP reagent (TaKaRa, Japan) and RNase-free H2O (Abcam, 
Cambrige, UK), as well as the forward and reverse primers listed below. 
The 2− ΔΔCT method was used to analyze gene expression data and 
glyceraldehyde phosphate dehydrogenase (GAPDH) gene was employed 
as the housekeeping gene for normalization. 

ALP forward: 5′-GGGGTCAAAGCCAACTACAA-3′, ALP reverse: 5′- 
CTTCCCTGCTTTCTTTGCAC-3’; Runx2 forward: 5′-GCCGGGAATGAT
GAGAACTA-3′, Runx2 reverse: 5 ′ GGACCGTCCACTGTCACTTT-3′; 
COL1A1 forward: 5′-AATGGTGCTCCTGGTATTGC-3′, COL1A1 reverse: 
5′-GGTTCACCACTGTTGCCTTT-3′; OCN forward: 5′-GAGGGCAG
TAAGGTGGTGAA-3′, OCN reverse: 5′-GTCCGCTAGCTCGTCACAAT-3′; 
GAPDH forward: 5′- TGACCTCAACTACATGGTCTACA -3′, GAPDH 
reverse: 5′- CTTCCCATTCTCGGCCTTGTACA -3’. 

2.12. In vivo modeling 

65 Sprague Dawley rats (male, 6 weeks old, average weight = 300 ±
30 g) were randomly divided into five groups according to the 
employment of different implants: PEEK, PEEK-Azido, PEEK-A4O0, 
PEEK-A0O4 and PEEK-A2O2 (13 rats in each group). The animal protocol 
was approved by the Animal Ethics Committee of the First Affiliated 
Hospital of Soochow University (Suzhou, China). To construct implant- 
related infection model, S. aureus (2 × 103 bacteria in 20 μL of PBS) were 
evenly coated on different PEEK implants, and then the implants were 
placed in a wet environment at 37 ◦C for 4 h to allow bacteria adhesion. 
Afterwards, all the experimental rats received two implants in the distal 
femora under sterile conditions. At the beginning, general anesthesia of 
experimental rats was performed by intraperitoneal injection of 2% 
pentobarbital sodium (2 mL/kg, #P3761, Sigma-Aldrich, USA). Subse
quently, a 10 mm of longitudinal incision was made along the medial 
side of the knee joint and the extensor mechanism with a patella was 
dislocated laterally. With the knee in flexion, a bone tube (1.5 mm in 
diameter and 12 mm in length) was drilled with a Kirschner wire from 
the intercondylar notch. Next, the PEEK implants in different groups 
were inserted into the medullary canal of the femur via distal femoral 
metaphysis until the implant end was below the articular surface. The 
patella was relocated and extensor mechanism was reconstructed. 
Finally, the soft tissues were sutured and the animals received intra
muscular analgesic injection for 3 days after the operation. After 28 and 
35 days post-implantation, calcein (10 mg/kg; #C0875, Sigma-Aldrich, 
USA) was intramuscularly administered into the experimental rats in 
different groups to label new bone formation. 

2.13. In vivo anti-infection evaluation 

After 2 weeks post-surgery, 20 rats (4 in each group) were eutha
nized with the overdose of pentobarbital and the femurs with different 
PEEK implants were harvested for the following performances. Firstly, 
to determine the number of viable bacteria in different groups, the 
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harvested implants were immersed with 1 mL of sterile PBS, sonicated 
for 10 min to detach the adhered bacteria and 10-times diluted with PBS. 
Afterwards, 100 μL of different diluents were spread on agar culture 
plates, and then cultured at 37 ◦C for 12 h. The visible bacterial colonies 
in different groups were imaged and recorded to calculate the antibac
terial efficiency as described above. Moreover, the implants were 
immersed with 5 mL of MHB medium (Sigma-Aldrich, USA), cultured at 
37 ◦C overnight, and then determined for the turbidity. The peri-implant 
soft tissues in different groups were carefully obtained and fixed in 
formaldehyde solution (4%) at 4 ◦C for 72 h. Meanwhile, all the 
collected femurs were fixed in formalin (10%) for 48 h, calcified in 10% 
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, USA) for 4 
weeks, and the peri-implant bone tissues were obtained after removing 
the PEEK implants. After being rinsed with PBS for 3 times, the soft and 
bone tissues in different groups were dehydrated with a gradual ethanol 
solution (50%, 70%, 90%, 100% and 100%), infiltrated with xylene, 
embedded with paraffin and sectioned into 6 μm of slices for hematox
ylin and eosin (H&E) and Giemsa staining. Finally, the stained sections 
were visualized by fluorescence microscopy (Axio Imager 2, Zeiss, 
Germany). 

2.14. Osseointegration evaluation 

After 6 weeks post-surgery, the other 45 rats (9 in each group) were 
euthanized with overdose of pentobarbital (Sigma-Aldrich, USA) and 
the femurs with different PEEK implants were harvested for the 
following performances. Firstly, the peri-implant bone tissues (n = 6 
each group) were assessed by high resolution micro-CT (SkyScan1176, 
Aartselaar, Belgium) when the scanning parameters were set at 9 μm per 
layer under the voltage of 50 kV and with a current of 500 μA. A cylinder 
with a diameter of 1.7 mm and a length of 10 mm, located near the 
femur growth plate, was defined as the volume of interest for micro-CT 
analysis. 3D image reconstruction was performed and the morphometric 
parameters including bone mineral density (BMD), connectivity density 
(Conn.D), bone volume/total volume (BV/TV), bone surface/bone vol
ume (BS/BV), and some other parameters such as trabecular number 
(Tb⋅N), trabecular thickness (Tb⋅Th) and trabecular separation (Tb.Sp) 
were systematically evaluated. In addition, the collected femurs (n = 4 
per group) were assessed by the biomechanical push-out test using a 
material mechanical test system (Proline, Zwick, Germany). Initially, a 
1 mm distal resection of femur metaphysis was performed to expose the 
PEEK rod. Prior to the biomechanical push-out test, dental cement was 
used to fix the femurs containing implants. The fixed samples were 
vertical to the bottom plane to ensure that the pushing force was parallel 
to the long axis of the implants. Afterwards, the implants were contin
uously pushed at a velocity of 1 mm per minute along the loading di
rection. During the process of push-out test, the load of force was 
recorded to identify the maximum fixation strength. 

2.15. Histological immunofluorescent staining 

Prior to the histological iemmunofluorescent staining, all the 
collected femurs were fixed in formalin (10%) for 48 h. Parts of the fe
murs (n = 6 per group) were sectioned into 1 mm of slices under 
undecalcified condition. Afterwards, the calcein double labeling in 
different groups was visualized by fluorescence microscopy (Axio 
Imager 2, Zeiss, Germany), and MAR was calculated. Part of the unde
calcified sections were subjected to toluidine blue staining and visual
ized using a fluorescence microscope (Axio Imager 2, Zeiss, Germany). 
Rest of the femurs (n = 6 per group) were calcified in 10% EDTA (Sigma- 
Aldrich, USA) for 4 weeks, dehydrated with gradient ethanol, embedded 
with paraffin after removing the PEEK implants, and then sectioned into 
6 μm of slices for H&E staining. The H&E stained sections were visual
ized by fluorescence microscopy (Axio Imager 2, Zeiss, Germany). 
Immunofluorescent staining was also performed to visualize the 
osteogenesis-related markers. At first, the primary antibodies of Runx2 

(ab192256, Abcam, UK), Osterix (ab22552, Abcam, UK) and OCN 
(orb1266, Biorbyt, UK) were added for 12 h of incubation at 4 ◦C. Af
terwards, the sections were rinsed and the corresponding fluorescent 
secondary antibodies (Alexa Fluor 647 and Alexa Fluor 488) were added 
for another 1 h of incubation in the dark. All the sections were coun
terstained with DAPI (Beyotime, China), and then observed under a 
fluorescence microscope (Axio Imager 2, Zeiss, Germany). The fluores
cence intensity was assessed using image J software (Bethesda, USA). 

2.16. Statistical analysis 

The values were represented as means ± standard deviation. The 
student’s t-test was performed to compare the differences between two 
groups and one-way analysis of variance followed by Tukey’s test was 
performed to make multiple comparisons. A difference at *p < 0.05 was 
considered to be significant and that at #p < 0.01 was considered to be 
highly significant. 

3. Results 

3.1. Peptide synthesis and surface functionalizations 

The mussel-inspired clickable peptide was synthesized by a solid- 
phase peptide synthesis strategy according to our previous reports 
[36–38]. Briefly, 3,4-dihydroxy-L-phenylalanine (DOPA), a catecholic 
amino acid abundant in mussel foot proteins (Mfps), was introduced into 
the peptide sequence by using acetonide-protected Fmoc-DOPA (aceto
ne)-OH [39]. To facilitate mussel-like molecular adhesion onto sub
strates and leave accessible groups for the second-step bioorthogonal 
reaction, hexavalent DOPA units with one lysine interval and a poly
ethylene glycol (PEG)-linked azido were integrated to obtain the click
able catecholic peptide ((DOPA)6-PEG5-Azido) (Fig. 1A and Fig. S1). On 
the other hand, a typical antimicrobial peptide (RWRWRW) and the 
active sequence of osteogenic growth peptide (YGFGG) were selected 
and capped with DBCO via N-hydroxysuccinimide-amine and 
maleimide-thiol coupling, respectively (Fig. S1) [40]. The obtained 
DBCO-capped antimicrobial peptide (DBCO-AMP) and osteogenic 
growth peptide (DBCO-OGP) thus could be grafted onto the surfaces 
functionalized with (DOPA)6-PEG5-Azido via bioorthogonal reaction, 
achieving a tunable dual-functional surface modification. HPLC analysis 
showed that all the three synthetic peptides were high in purity (>96%) 
(Fig. 2A). The peptides were also characterized with ESI-MS to confirm 
their molecular structures. As shown in Fig. 2B, the [M+H]+ and 
[M+2H]2+ of (DOPA)6-PEG5-Azido were found at 1809.32 and 905.28 
Da, respectively, which were corresponding to its theoretical molecular 
weight at 1808.80 Da. Likewise, the detected molecular ion peaks of 
DBCO-AMP and DBCO-OGP were also corresponding to their theoretical 
molecular weight at 1315.68 and 788.34 Da, respectively. These results 
demonstrated the successful synthesis of clickable mussel-inspired 
peptide and the complementary DBCO-capped bioactive motifs. 

Since the multivalent catecholic molecules enable easy and stable 
binding onto a wide range of materials through mussel-like molecular 
adhesion, the PEEK discs pre-activated by O2 plasma were used as the 
substrates for peptide binding and biomolecular grafting. Briefly, the 
PEEK substrates were first coated with the mussel peptide (DOPA)6- 
PEG5-Azido in PBS solution, and then incubated with different ratios of 
DBCO-AMP and DBCO-OGP for further dual-functionalization through 
the bioorthogonal DBCO-Azido click reaction. After sample preparation, 
the surface elemental compositions of bare PEEK, azido-modified PEEK 
(PEEK-Azido), and the samples functionalized with different ratios of 
DBCO-AMP and DBCO-OGP (PEEK-A4O0, PEEK-A2O2 and PEEK-A0O4, 
the subscripted numbers denoting the ratios of DBCO-AMP and DBCO- 
OGP) were analyzed by XPS. As shown in Fig. 2C and D, an enhanced 
signal of N1s around 400 eV was detected on the azido-modified PEEK 
substrate, which could be further increased after the subsequent func
tionalizations with DBCO-AMP and/or DBCO-OGP. Since PEEK is a 
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nitrogen-free material, this result indicated the successful grafting of 
(DOPA)6-PEG5-Azido onto PEEK substrates, which could enable the 
second-step bioorthogonal conjugations with DBCO-capped bioactive 
peptides. 

In addition to surface elemental analysis, the surface roughness and 
wettability of various samples were further characterized by AFM and 
water contact angle measurement, respectively [41]. As shown in 
Fig. 2E, the surface roughness of PEEK was significantly increased after 
peptide treatments. The bare PEEK substrate showed a relatively smooth 
surface morphology with roughness (Ra) at 22.25 ± 3.62 nm. After 
azido-modification, small but dense particles could be observed on the 
sample surface with the Ra value being increased to 53.53 ± 4.42 nm. 
Moreover, the second-step bioorthogonal peptide conjugations further 
increased the Ra value of modified samples up to 67.07 ± 5.12 nm, and 
no significant difference of surface roughness could be detected among 
the PEEK-A4O0, PEEK-A2O2 and PEEK-A0O4. In addition to surface 
roughness, water contact angle measurements corroborated the suc
cessful process of biomimetic peptide adhesion and bioorthogonal con
jugations [42]. Fig. 2F showed that the water contact angles of bare 
PEEK was around 80◦, whereas those detected on the modified samples 
were below 40◦. The significant decrease of water contact angles after 
surface modifications could be ascribed to the high hydrophilicity of 

(DOPA)6-PEG5-Azido and DBCO-capped peptides. These results 
demonstrated the great potential of our biomimetic peptide clicking 
strategy for the surface functionalizations of PEEK substrates. 

3.2. In vitro cytocompatibility 

As is known to all, cytocompatibility is the prerequisite of implanted 
biomaterials, and the desirable osteoimplants should be favorable to 
osteoblasts and their precursors [43–45]. In this regard, BM-MSCs were 
utilized to evaluate the cell adhesion and proliferation on PEEK sub
strates before and after surface functionalization [46]. Initially, 
BM-MSCs cultured on various samples were determined by living/dead 
staining [47]. It was clear in Fig. 3A that all the modified samples 
(PEEK-Azido, PEEK-A4O0, PEEK-A3O1, PEEK-A2O2, PEEK-A1O3 and 
PEEK-A0O4) provided better cytocompatibility than the bare PEEK 
substrate with negligible dead cells being found on them after 4 days of 
culture. CCK-8 assay and LDH assay were also performed to verify the 
good cytocompatibility of modified samples. As shown in Fig. 3B and C, 
all the peptide-coated PEEK substrates were superior to the bare one for 
better supporting the cell proliferation of BM-MSCs and lowering the 
cytotoxicity. Furthermore, the BM-MSCs cultured on various samples 
were determined by SEM and CLSM after cytoskeleton staining [48]. 

Fig. 2. Peptide synthesis and surface functionalizations. (A, B) HPLC analysis and ESI mass spectra of (DOPA)6-PEG5-Azido, DBCO-AMP and DBCO-OGP. (C, D) XPS 
analysis of different PEEK substrates. (E, F) AFM images and water contact angles of different PEEK substrates. 
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Fig. 3D showed that the BM-MSCs on peptide-modified samples were 
more extended as compared with those cultured on bare PEEK. In 
addition, clear cytosolic actin backbone and cell-to-cell contact could be 
observed in the modified groups (Fig. 3E). Overall, the biomimetic 
peptide coatings on PEEK substrates could significantly improve the 
adhesion and proliferation of BM-MSCs, reduce potential cytotoxicity, 
and promote the intercellular connection. These positive effects would 
be beneficial to the peri-implant tissue reconstruction in vivo as 
anticipated. 

3.3. In vitro antibacterial activity 

Since anti-infection has been considered as one of the critical 

activities for PEEK osteoimplants, the various PEEK substrates were then 
evaluated for their antibacterial effect using gram-negative E. coli and 
gram-positive S. aureus as the model bacteria [49]. At first, the bacteria 
were cultured on different PEEK samples for 12 h and then harvested for 
solid culture on agar plates. As shown in Fig. 4A, all the AMP-containing 
samples (PEEK-A4O0, PEEK-A3O1, PEEK-A2O2 and PEEK-A1O3) could 
inhibit the growth of bacteria as compared to bare PEEK. Moreover, the 
antibacterial efficiency of different groups exhibited an AMP-dependent 
manner, in which the higher AMP feeding ratio led to better bacterial 
inhibition. Quantitative analysis was then performed, and the result 
corroborated the AMP-dependent antibacterial activity (Fig. 4C). When 
the AMP/OGP feeding ratio was at 4:0 or 3:1 (PEEK-A4O0 and 
PEEK-A3O1), the peptide-modified samples showed a high antibacterial 

Fig. 3. Surface cytocompatibility. (A) Living/dead staining of BM-MSCs on different PEEK samples (Scale bar = 200 μm). (B, C) Cell viability and cytotoxicity of BM- 
MSCs cultured on different PEEK samples for 1, 3 and 5 days (n = 6 per group). (D, E) Typical SEM and CLSM images of adhered BM-MSCs in different groups (scale 
bar = 10 μm and 20 μm, respectively). Statistically significant differences were indicated by *p < 0.05 and #p < 0.01 compared with the bare PEEK group. 
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Fig. 4. In vitro antibacterial activity. (A) Solid culture after incubating E. coli and S. aureus (107 per mL) on different samples for 12 hours. (B) FE-SEM images of S. 
aureus and E. coli cultured on different surfaces (scale bar = 5 μm and 1 μm, respectively). S. aureus was labelled with yellow color and E. coli was red. The damages 
of cell walls were marked by green arrows. (C) Antibacterial activity of different groups determined by counting the bacterial colonies (n = 4 per group). (D) The 
results of ONPG hydrolysis assay (n = 4 per group). (E) The results of ATP test (n = 4 per group). Statistically significant differences were indicated by *p < 0.05 and 
#p < 0.01 compared with the bare PEEK group. 
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rate > 90% against both E. coli and S. aureus. 
Previous studies had demonstrated that AMP can punch the cell walls 

of bacteria and induce bacterial lysis [50]. Thus, FE-SEM was utilized to 
observe the morphologies of bacteria on different samples. As shown in 
Fig. 4B, both E. coli and S. aureus could maintain normal spherical and 
rod shapes on the PEEK, PEEK-Azido and PEEK-A0O4 samples. In 
contrast, the status of S. aureus and E. coli was deteriorated and their cell 
walls were contracted and deformed (see arrows in Fig. 4B) when being 
seeded onto the AMP-containing substrates (PEEK-A4O0, PEEK-A3O1, 
PEEK-A2O2 and PEEK-A1O3). These results indicated that the bacteria 
underwent a disruptive effect by the surface tethered AMP. To further 
verify the breakage of bacterial cell walls, ONPG was utilized to evaluate 
the membrane permeability of bacteria after different treatments [51]. 

This is because ONPG can react with the intracellular β-D-galactosidase 
to form yellow O-nitrophenol with strong absorption peak at 405 nm, 
and the more severe bacterial membrane is damaged, the stronger ab
sorption at 405 nm can be observed [52]. As shown in Fig. 4D, the levels 
of ONPG hydrolysis in all the AMP-containing groups were significantly 
higher than those of the APM-free groups. Moreover, an AMP-dependent 
manner of ONPG hydrolysis was also found, which was in line with the 
previous antibacterial results. Since the damage of bacterial cell walls 
would probably lead to the leakage of cellular components and affect 
energy metabolism, the ATP levels in different groups were further 
determined using an ATP assay kit [53]. As expected, a gradually 
decreased ATP levels were detected in groups with increased 
AMP-feeding ratios (Fig. 4E). Taken together, the AMP-containing 

Fig. 5. In vitro osteogenic differentiation. (A) ALP staining of BM-MSCs on different samples after 14 days of osteogenic induction (Scale bar = 100 μm). (B) ARS 
staining of BM-MSCs on different samples after 21 days of osteogenic induction (Scale bar = 100 μm). (C) Quantitative analysis of ALP activity in different groups 
after 4, 7 and 14 days of osteogenic induction (n = 6 per group). (D) Semi-quantitative analysis of ARS staining in different groups after 7, 14 and 21 days of 
osteogenic induction (n = 6 per group). (E–H) Gene expressions of osteogenesis-related proteins including ALP, Runx2, COL1A1 and OCN of BM-MSCs in different 
groups after 4, 7 and 14 days of osteogenic induction (n = 6 per group). Statistically significant differences were indicated by *p < 0.05 and #p < 0.01 compared with 
the bare PEEK group. 
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samples were well demonstrated for their antibacterial effects. 

3.4. In vitro osteogenic differentiation 

The ideal osteoimplants should also provide sufficient osteogenic 
activity to achieve stable bone-implant integration [54,55]. Therefore, a 
series of in vitro tests were performed to evaluate the osteogenic ability 
in different groups. Initially, the BM-MSCs cultured on various sub
strates were determined for the ALP activity (an early marker of the 
metabolic activity of osteoblasts) after 4–14 days of osteogenic induc
tion [56]. As shown in Fig. 5A, all the peptide-modified PEEK substrates 
could up-regulate the ALP activity of cultured cells, and the quantitative 
analysis showed that higher OGP feeding ratio led to higher ALP activity 
(Fig. 5C). After 7–21 days of osteogenic induction, the osteogenic dif
ferentiation in different groups was also evaluated by staining the cells 
with ARS. It was clear that all the OGP-containing groups (PEEK-A3O1, 
PEEK-A2O2, PEEK-A1O3 and PEEK-A0O4) could significantly increase 
matrix mineralization of cells after osteogenic induction (Fig. 5B), and 
the bone mineralization also showed an OGP-ratio-dependent manner 
(Fig. 5D). 

To further explore the osteogenic differentiation of BM-MSCs on 
different samples, the gene expressions of osteogenesis-related proteins 
including ALP (an early marker of osteoblast differentiation), runt- 
related transcription factor 2 (Runx2, a pivotal translation factor in 
regulating osteoblastic function), type I collagen (COL1A1, the most 
significant component of collagen fiber in the bone matrix) and osteo
calcin (OCN, the main component of bone non-collagenous protein) 
were analyzed by performing qRT-PCR after 4–14 days of osteogenic 
induction [57,58]. As shown in Fig. 5E–H, all the 4 kinds of gene ex
pressions related to osteogenic differentiation were upregulated in the 
OGP-containing groups as compared to those in the other groups, which 
corroborated the OGP-dependent osteogenic activity. As the most spe
cific marker in osteogenic differentiation, the OCN level in different 
groups was also determined by immunofluorescence staining. The 
representative immunofluorescence staining images were shown 
together in Fig. S2, which was in line with the result of OCN gene 
expression. Taken together, the OGP-containing groups were well 

demonstrated for their enhanced osteogenic ability in vitro. 

3.5. Comprehensive analysis of in vitro results 

Through the comprehensive evaluation of above in vitro results, it 
was clear that the biomimetic surface strategy employed in our study 
was effective for the surface functionalizations of PEEK implants with 
osteogenic and/or antibacterial properties. On one hand, the increase of 
OGP ratio could benefit the osteogenic differentiation of BM-MSCs. On 
the other hand, the decrease of AMP ratio during surface functionali
zation would inevitably compromise the antibacterial properties. The 
contrary tendency of anti-infectivity and osteo-inductivity thus 
compelled us to make a comprehensive consideration of the surface 
functions. To obtain an optimal condition of AMP/OGP co-grafting, a 
whole date analysis on the antibacterial and osteogenic effects in 
different groups was performed, and a heat map with various normal
ized properties was drawn for analysis (Fig. 6A). The groups with sig
nificant differences compared to the control group of bare PEEK were 
indicated by *p < 0.05 and #p < 0.01. The heat map showed that the 
group of PEEK substrates with an AMP/OGP feeding ratio at 2:2 (PEEK- 
A2O2) provided the most comprehensive superiorities including good 
cytocompatibility, enhanced osteogenesis, and sufficient antibacterial 
activity as compared to the other groups. 

Therefore, this optimal AMP/OGP co-modified condition was chosen 
for this surface functionalization of PEEK rods for the following bone 
implantation and in vivo assessments. 

3.6. In vivo antibacterial activity 

In clinic, the region of implantation is susceptible to bacterial 
infection due to the local granulocyte defects [59]. Despite the extensive 
use of antibiotics in the perioperative period, the implant-related in
fections are serious complications that commonly happen. In this 
respect, the optimal AMP/OGP co-modified sample was then evaluated 
for its anti-infective activity in vivo. The implanted samples were divided 
into five different groups as PEEK, PEEK-Azido, PEEK-A4O0, PEEK-A0O4, 
and PEEK-A2O2. An implant-related infection model was established 

Fig. 6. (A) Comprehensive analysis of the in vitro performances of different PEEK samples in a heat map. Green denotes high activity and white denotes low. (B–D) In 
vivo antibacterial assessments after 2 weeks of implantation. (B) Establishment of implant-related infection model. (C) Photographs of bacterial colonies in different 
groups (left) and the media cultured with different implants for 12 h (right). (D) Quantitative analysis of antibacterial efficiency by counting the bacterial colonies in 
different groups (n = 4 per group). Statistically significant differences were indicated by *p < 0.05 and #p < 0.01 compared with the bare PEEK group. 
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utilizing S. aureus-contaminated PEEK rods (Fig. 6B). Before implanta
tion, two thousand S. aureus in solution were evenly spread on the im
plants in different groups. The S. aureus-contaminated PEEK rods were 
then implanted into the femurs of rats and after 2 weeks of implantation, 
the experimental rats were sacrificed. To evaluate the antibacterial 
performance in vivo, some symptoms of the rats including (1): the 
healing situation, (2) swelling around the implants, and (3) pus secre
tion in soft tissue or bone marrow cavity were monitored post implan
tation [60–62]. Fig. S3 showed that the experimental rats in PEEK-A2O2 
group had a better wounding-healing than those in PEEK group, and 
there was no obvious swelling and pus in the peri-implant soft tissues of 
PEEK-A2O2 group. 

To qualitatively evaluate the anti-infective performances of implants 
in each group, the PEEK rods in the femurs of rats were taken out, and 
then placed in 5 mL of Mueller-Hinton Broth (MHB) medium and 
cultivated at 37 ◦C overnight. As shown in Fig. 6C, the media in groups 
of PEEK-A4O0 and PEEK-A2O2 were clear and transparent. On the con
trary, turbid media were observed in all the AMP-free groups (PEEK, 
PEEK-Azido, and PEEK-A0O4), indicating the abundance of viable bac
teria on the implants. Furthermore, the bacteria adhered on different 
PEEK rods were subjected to ultrasonic vibration treatment for detach
ment, diluted in PBS, and then incubated on an agar plate at 37 ◦C for 12 
h to determine the bacterial colonies. It was clear that the bacterial 
colonies in the PEEK-A4O0 and PEEK-A2O2 groups were significantly less 
than those observed in the other groups (Fig. 6C). Moreover, the 
quantitative result in Fig. 6D showed that PEEK-A2O2 could even pro
vide a better antibacterial efficiency (96%) than the PEEK-A4O0 im
plants only modified by DBCO-AMP (81%). This is probably due to the 
anti-infective and osteo-inductive dual-effect of PEEK-A2O2, which 
could jointly contribute to a beneficial microenvironment for osteoim
plants. Overall, our results demonstrated that the bacterial contamina
tion on PEEK osteoimplants could be efficiently eliminated using our 
biomimetic peptide clicking strategy. 

In the next step, both H&E staining and Giemsa staining were per
formed to evaluate the infiltration of inflammatory cells and bacteria in 
peri-implant tissues [63]. H&E staining showed that neutrophils could 

penetrate into the peri-implant soft tissues in the groups without AMP 
(PEEK, PEEK-Azido and PEEK-A0O4), and many bacteria were observed 
in the corresponding images after Giemsa staining (Fig. 7A). Simulta
neously, there were a lot of neutrophils infiltrating around the implants 
in these groups, and bacteria were detected in bone tissues and around 
the bone marrow cavities (Fig. 7B). These results indicated that the 
PEEK, PEEK-Azido, and PEEK-A0O4 implants did not possess antibacte
rial activity and hence severe bacterial infections occurred in these 
groups. In contrast, only a few neutrophils and almost no bacteria could 
be detected in the PEEK-A4O0 and PEEK-A2O2 groups, further verifying 
the efficient anti-infection and minimal inflammatory response around 
the AMP-modified implants. Additionally, no tissue damage could be 
found in the main organs (heart, liver, spleen, lung and kidney) of 
experimental mice (Fig. S4), which indicated the absence of systemic 
side effects after bone implantation. In a word, our biomimetic peptide 
clicking strategy provided good biosafety, and sufficient anti-bacterial 
performances could be achieved in vivo when decorating PEEK im
plants with AMP. 

3.7. In vivo interfacial osteogenesis 

To further investigate the application prospects of our biomimetic 
peptide clicking strategy, the in vivo osteogenic performances of various 
PEEK implants were studied using the same implant infection model 
[64,65]. After 6 weeks of implantation, the bone tissues with implants 
were harvested from the experimental mice, sectioned into slices and 
then subjected to H&E staining and toluidine blue staining. As shown in 
Fig. 8A and Fig. 8B, fibrous layers were formed around the PEEK, 
PEEK-Azido and PEEK-A0O4 implants and the peri-implant bone mass 
was limited, which could be ascribed to the negative effect of bacterial 
infection in these groups. In contrast, the PEEK-A4O0 and PEEK-A2O2 
implants introduced more and denser trabecular bone forming around as 
most of the peri-implant bacteria hampering osteogenesis had been 
eliminated by the decorated AMP. Furthermore, the PEEK-A2O2 group 
was superior to the PEEK-A4O0 group with regard to the osteogenic 
activity of OGP. Quantitative analysis brought to light that the 

Fig. 7. In vivo assessments after 2 weeks of implantation. (A) H&E staining and Giemsa staining of the peri-implant Soft tissues (Scale bar = 50 μm). (B) H&E 
staining and Giemsa staining of the peri-implant bone tissues. Black arrows indicated bacteria (scale bar = 50 μm). 
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Fig. 8. In vivo osteogenic assessments after 6 weeks of implantation. (A–C) H&E staining, Toluidine blue staining and Calcein double-labeling of the peri-implant 
tissues in different groups (scale bar = 100 μm). (D, E) Immunofluorescent staining of the peri-implant tissues in different groups in red (Osterix, OCN) and blue 
(nuclei) fluorescence with white dotted lines indicating the contour distribution (scale bar = 50 μm). (F–J) Quantitative analysis of the thickness of fibrous capsule, 
BIC, MAR and percentage of Osterix and OCN positive cells (n = 6 per group). Statistically significant differences were indicated by *p < 0.05 and #p < 0.01 
compared with the bare PEEK group. 
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decoration of both AMP and OGP peptides could accelerate interfacial 
osteogenesis of PEEK implants by reducing the thickness of fibrous 
capsule (Fig. 8E) and improving bone-implant contact (BIC) (Fig. 8G). 
The BIC ratio of PEEK-A2O2 group was more than 3-folds as that of the 
PEEK group (Fig. 8G). Once again, these results corroborated that the 
dual-effect of host defense and tissue repair designed in our study was 
desirable, which could synergistically enhance the osseointegration of 
osteoimplants even under the condition of postoperative infection. 

Furthermore, calcein double labeling was performed to assess the 
peri-implant mineral apposition and osteoblast formation in different 
groups [66]. It was clear that the PEEK implants in the PEEK-A4O0 and 
PEEK-A2O2 groups could induce more new bone mineralization than 
those in other groups without AMP (PEEK, PEEK-Azido and PEEK-A0O4) 
(Fig. 8C), and the mineral apposition rate (MAR) was significantly 
enhanced (Fig. 8H). In addition to mineral apposition, immunofluores
cent staining was also performed to evaluate the in vivo osteogenesis in 
different groups. In the process of bone construction, Osterix is a zinc 
finger-containing transcription factor essential for the differentiation of 
osteoblasts, and Runx2 is a master transcription factor regulating the 
skeletal development [67]. It was clear that the early and later osteo
genic markers including Osterix (Fig. 8D and I), Runx2 (Fig. S5) and 
OCN (Fig. 8E and J) were all up-regulated in the PEEK-A4O0 and 
PEEK-A2O2 groups, which corroborated that the circumvention of bac
terial infection is a prerequisite for the following peri-implant osteo
genesis. Noteworthily, the PEEK-A2O2 group provided the best 
osteogenic performances with regard to the highest MAR and expression 
of osteogenic transcription factors in vivo, and hence the synergistic ef
fect of anti-infection and osteo-induction using our biomimetic peptide 

clicking strategy was verified. 
To get a panoramic view of the peri-implant osseointegration, the 

femurs containing implants in different groups after 6 weeks of im
plantation were scanned by micro-CT for the analysis and evaluation of 
interfacial osteogenesis [68]. Fig. 9A showed the vertical and cross 
sections of femurs containing different implants as well as the micro-CT 
images after 3D reconstruction. Obviously, the newly formed bone 
surrounding the PEEK-A4O0 and PEEK-A2O2 implants was much denser 
than that observed in the other groups. The quantitative analysis on 
BMD, Conn. D, BV/TV, BS/BV, Tb⋅N, Tb⋅Th and Tb. Sp all showed that 
the AMP-modified implants were more conducive than the other im
plants to peri-implant bone regeneration, which was in line with the in 
vivo osteogenic results as mentioned above (Fig. 9B–H). As expected, the 
implants in the PEEK-A2O2 group showed the best interfacial osteo
genesis among all. Since a stable connection between the implant and 
peripheral bone tissue is critical to the clinical prosperity of osteoim
plants, the anchoring forces of different implants in femurs were then 
assessed by a mechanical push-out test illustrated in Fig. S6 [69]. As 
shown in 9I, the PEEK-A2O2 implants provided better mechanical sta
bility than those in the other groups as the maximum pushing force was 
significantly improved. The results definitely verified the enhanced 
interfacial fixation strength of PEEK implants after surface functionali
zation with AMP and OGP. On the whole, our study demonstrated that 
the biomimetic peptide clicking method enabled rational design of 
anti-infective and osteo-inductive dual-effect on PEEK implants, which 
would facilitate high quantity and continuity of peri-implant bone for
mation in vivo and improve mechanical fixation even when confronting 
bacterial invasion. 

Fig. 9. In vivo peri-implant bone regeneration after 6 weeks of implantation. (A) Micro-CT scanning of the femurs containing different implants and the recon
structed 3D images. Corresponding to the bottom left colorful ruler, the cancellous bone is mainly yellow, the cortical bone is mainly blue, and the medullary cavity is 
black. (B–H) Quantitative analysis of BMD, Coon. D, BV/TV, BS/BV, Tb⋅Th and Tb. Sp (n = 6 per group). (I) Maximum interface fixation force in different groups 
determined by push-out testing (n = 4 per group). Statistically significant differences were indicated by *p < 0.05 and #p < 0.01 compared with the bare PEEK group. 
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4. Discussion 

As an emerging kind of polymeric biomaterial for fabricating or
thopedic and dental implants, PEEK possesses some superior charac
teristics including the well-matched mechanical properties, good 
biocompatibility and natural radiolucency [20,22,70]. However, the 
pristine PEEK material still suffers from the lack of anti-infectivity and 
osteo-inductivity, which severely hinders its clinical applications, as 
postoperative infection and aseptic loosening are the main reasons 
leading to the failure of orthopedic and dental implants [71]. Although 
various modification strategies have been proposed [21,23–25], the 
functionalizations of PEEK implants with anti-infectivity and 
osteo-inductivity are contradictory in most cases, because the active 
sites on sample surface are limited. Therefore, a right balance between 
the anti-infective and osteo-inductive functions is desirable for the 
implant material and pursued in the current study. 

Herein, we reported a biomimetic surface strategy for rational inte
gration and optimization of anti-infectivity and osteo-inductivity onto 
PEEK implants. In our design, a DOPA-rich peptide with clickable azido 
terminal is utilized to modify the implant surface initially, and then the 
introduced azido terminal can link to the DBCO group by bioorthogonal 
reaction, guaranteeing the subsequent grafting of anti-infective AMP 
and osteo-inductive OGP. Compared to the traditional strategy using 
osteogenic proteins for physical adsorption on the surface of PEEK im
plants [22,72], our strategy provides longer lasting effects because the 
physically attached proteins are prone to desorb from the implant sur
face and rapidly lose their activity in free state [73]. Furthermore, this 
strategy possesses numerous merits such as ease of operation, high ef
ficiency and specificity, non-use of organic solvents as well as the uni
form modification boding well the implants with irregular shapes. After 
two-step modification, the surface roughness and hydrophilicity of PEEK 
samples are both increased, which may contribute to the up-regulated 
cytocompatibility. What is more promising, the bioorthogonal clicking 
strategy allows precise collocation between AMP and OGP through 
changing their feeding molar ratios, and hence an optimal treatment of 
PEEK implants can be readily achieved in our study. By comprehensively 
considering the antibacterial and osteogenic performances in vitro and in 
vivo, the PEEK-A2O2 sample (with an AMP/OGP feeding ratio at 2:2) is 
superior to the other modified samples with regard to the satisfactory 
dual-effect of host defense and tissue repair. 

In addition to the desirable bio-functions, the binding between the 
surface coating and PEEK substrates is another critical factor of success, 
as the functional coating should survive from the violence of surgical 
operations. In this regard, the as-prepared PEEK-A2O2 sample is 
compared to its counterpart implanted into the femoral of rat and taken 
out immediately. The analysis result of energy dispersive spectrometry 
(EDS) shows that the surface coating of PEEK-A2O2 sample can be well 
preserved after the multi-step operation of implantation and extraction 
(Fig. S7), which indicates the reliability of functional coating. To sum 
up, our surface bioengineering strategy combining mussel adhesion and 
bioorthogonal chemistry provides a versatile and feasible way to achieve 
multiple and durable bio-functions on biomaterials, thereby holds great 
promise in future applications. 

5. Conclusions 

In summary, here we developed an upgraded mussel-inspired surface 
strategy for multi-functionalization of PEEK osteoimplants by using a 
Mfps-mimic peptide with clickable azido terminal. The biomimetic 
peptide could adhere on PEEK surface and leave the azido groups for 
second-step bioorthogonal conjugations, thus enabling a facile surface 
integration of anti-infectivity and osteo-inductivity that are highly 
desired for osteoimplants. Specifically, a typical AMP (RWRWRW) and 
the active sequence of OGP (YGFGG) were co-clicked on PEEK 
osteoimplants. Rational changing the feeding molar ratios of AMP/OGP 
led to an optimal dual-functional coating on PEEK surfaces, which could 

defend against bacterial invasion and facilitate osteogenesis in vivo, and 
finally achieve bone-implant integration under infection condition. 
Overall, the combination of bioorthogonal chemistry and mussel adhe
sion mechanism can breed an improved mussel-like surface chemistry, 
which may be a promising solution for surface bioengineering of inert 
medical implants, in particular, for the rational integration of multiple 
biofunctions to match the clinic requirements. 
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