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ABSTRACT

Carbon fiber reinforced polyetheretherketone (CFRPEEK) possesses a similar elastic modulus to that of human
cortical bone and is considered as a promising candidate to replace metallic implants. However, the bioinertness
and deficiency of antibacterial activities impede its application in orthopedic and dentistry. In this work, tita-
nium plasma immersion ion implantation (Ti-PIII) is applied to modify CFRPEEK, achieving unique multi-
hierarchical nanostructures and active sites on the surface. Then, hybrid polydopamine (PDA)@ZnO-EDN1
nanoparticles (NPs) are introduced to construct versatile surfaces with improved osteogenic and angiogenic
properties and excellent antibacterial properties. Our study established that the modified CFRPEEK presented
favorable stability and cytocompatibility. Compared with bare CFRPEEK, improved osteogenic differentiation of
rat mesenchymal stem cells (BMSCs) and vascularization of human umbilical vein endothelial cells (HUVECs) are
found on the functionalized surface due to the zinc ions and EDN1 releasing. In vitro bacteriostasis assay confirms
that hybrid PDA@ZnO NPs on the functionalized surface provided an effective antibacterial effect. Moreover, the
rat infected model corroborates the enhanced antibiosis and osteointegration of the functionalized CFRPEEK. Our
findings indicate that the multilevel nanostructured PDA@ZnO-EDN1 coated CFRPEEK with enhanced anti-
bacterial, angiogenic, and osteogenic capacity has great potential as an orthopedic/dental implant material for
clinical application.

1. Introduction

more favorable for implant applications, CFRPEEK has a relatively
bioinert surface due to its low surface energy and stable chemical

Polyetheretherketone (PEEK) has been regarded as the prime
candidate for orthopedic and dental material owing to its excellent
mechanical properties, good biocompatibility, chemical stability, and
natural radiolucency [1-4]. Carbo-fiber-reinforced PEEK (CFRPEEK), by
modifying short carbon fiber into PEEK, not only inherits excellent
properties from PEEK but also obtains appropriate elastic modulus
similar to that of human cortical bone which can avoid the complica-
tions caused by stress shielding [5]. However, although mechanically
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structure, which leads to poor osseointegration [6,7]. In addition, pris-
tine CFRPEEK has a higher bacterial implant infection rate as a result of
lacking antibacterial ability, which is more obvious when used in
complex oral environment [8-10]. Once postoperative bacterial infec-
tion occurs, patients have to suffer from implant replacement surgery
and chronic and/or relapsing diseases followed by the failure of the
prosthetic implant. Therefore, novel strategies that will endow CFRPEEK
with a bionic surface to promote both good antibacterial properties and
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osseointegration abilities are in great need.

In recent years, various strategies have been proposed to develop
implants with antibacterial surfaces to inhibit implant-associated in-
fections. The frequently used antimicrobial agents contain metal ions (e.
g., Zinc ion (Zn*) [11], silver ion (Ag™) [12], copper ion (Cu®") [13]),
halogen elements (e.g., fluorine [14]), antibiotics (e.g., vancomycin
[15]) and so on have been proposed [16-18]. Due to their good biode-
gradability, marked antimicrobial activity and modest cost, zinc oxide
nanoparticles (ZnO NPs) are becoming one of the most promising
inorganic antimicrobial materials, especially in the field of tissue
regeneration [19-23]. Studies have demonstrated quite efficient anti-
microbial activity of ZnO NPs against gram-positive and gram-negative
bacteria by forming reaction oxygen species (ROS) and releasing zinc
ions to damage bacterial cell membranes [24,25]. Besides, zinc has been
proven to be the structural or functional component of several key
proteins, which can promote osteogenic behavior and stimulate new
bone formation by enhancing cell proliferation, differentiation and
osteo-related gene expression [5,26]. Furthermore, in addition to being
a good source of zinc, ZnO NPs with small particle size can be used as
good drug carriers of drugs or factors to improve the biological activity
of biomaterials due to their high specific surface area [27,28]. However,
efficient antimicrobial abilities usually go along with cytotoxicity. The
enriched Zn?" on the surface can reversely hinder sufficient angiogenic
and osteogenic activities of the implant [29-31]. Therefore, the search
for balancing antimicrobial activities accompanied by a certain degree
of cytotoxicity and osteo-associated activities is of great importance.
Based on that, the construction of a multifunctional implant system
integrating both excellent antibacterial and osteogenic properties is
highly desirable.

Previous literature evidence indicated that early-stage osseointe-
gration was critical for preventing bacteria from adhesion and coloni-
zation onto the biomaterial implant surface [32]. Despite advancing
antibacterial properties, prompt good osseointegration itself is actually a
prerequisite for the success of implantation, which is essential for im-
plants to achieve both initial higher levels of bone anchorage and
long-term functionalization [33-35]. When implanted in vivo, bioma-
terial could successively trigger a series of biological reactions with the
crucial help of rapid vascularization that is conducive to early-stage
bone deposition [36,37]. Angiogenesis can transport essential oxygen
and nutrients and induce the accumulation of cells and osteoinductive
growth factors to participate in bone remodeling [38,39]. Endothelin-1
(EDN1) is a pro-angiogenic 21 amino acid peptide that can recruit and
promote human umbilical vein endothelial cells (HUVECS) proliferation
and migration [40-42]. Moreover, our previous studies demonstrated
that EDN1 overexpressed bone mesenchymal stem cells (BMSCs)
showed a significant increase in proliferation and osteogenesis, and a
higher bone mineral density and trabecular number was observed in
new bone formation [43]. Therefore, by modifying the surface of
CFRPEEK with EDN1, we hope to improve early vascularization and
osteogenesis simultaneously and achieve an osseointegration-friendly
microenvironment.

Herein, we developed a novel multifunctional CFRPEEK implant
with the purpose of combating pathogenic bacteria, inducing angio-
genesis, and promoting osteogenesis (Scheme). Firstly, specific multi-
hierarchical nanostructures and active sites, in which nanoparticles
and nanopores coexist, were constructed by titanium plasma immersion
ion implantation (Ti-PIII). We speculate that the increased surface area
and active groups were beneficial for the subsequent modification of
functional factors. Subsequently, hybrid polydopamine (PDA) @ZnO
NPs was modified onto CFRPEEK via PDA-assisting covalent immobili-
zation. Through introducing the covalently immobilized PDA-
nanoparticle coating, ZnO NPs were distributed uniformly in the self-
assembled PDA coating and stably immobilized on the CFRPEEK sur-
face to achieve long-lasting antibacterial activity and reduce cytotoxic
actions along with the efficient antimicrobial actions. To balance the
antimicrobial influence on osseointegration-associated activities, we
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further incorporated pro-angiogenic EDN1 onto the antibacterial surface
thanks to the superior adhesive property of PDA. Through this "anti-
bacterial/angiogenic/osteogenic" integrated strategy, we aimed to
develop a novel method to improve the anti-infection performance and
osteogenic ability of CFRPEEK implants, which may inspire well-
founded hopes to spur the development of PEEK implants in the field
of orthopedics or dentistry, and provide a new strategy for implant
modification with a comprehensive therapeutic effect of preventing
infection superactively and promoting vascularized bone regeneration
effectively.

2. Materials and methods
2.1. Sample preparation

All samples were machined from biomedical grade carbon-fiber-
reinforced polyetheretherketone (CFRPEEK) with 30% (v/v) carbon
fibers and then polished and ultrasonically cleaned before plasma im-
mersion ion implantation (PIII). Then, titanium ions were implanted
into CFRPEEK samples via a filtered cathodic arc source to prepare Ti-
PIII samples. ZnO nanoparticles were synthesized by sol-gel method
and then mixed with equivalent dopamine (1:1) in Tris-HCl (PH 8.5).
Afterward, Ti-PIIl samples were immersed and stirred in the solution
mentioned above in dark for 12 h, ultrasonically cleaned with distilled
water for 3 times, and finally prepared into the hybrid PDA@ZnO
nanoparticles modified surface (Ti-PIII/PDA@Zn0O). Then, 50 pL of
EDNT1 solution (300 pg mL ') was dropped onto the Ti-PIIl/PDA@ZnO
plates and all plates were placed in a vacuum air pump for vacuum
drying. Finally, the EDN1 treated samples were washed with deionized
H,0 to remove unadsorbed protein. The prepared eventual samples
were denoted as Ti-PIII/PDA@ZnO-EDN1.

2.2. Surface structure and chemical characterization

Surface morphologies of different samples were observed by field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4800,
Japan). The elemental compositions and mappings of the Ti-PIIl/
PDA@ZnO-EDN1 sample were determined by energy-dispersive X-ray
spectrometry (EDS, EPMA, JAX-8100, Japan). The wettability of
different samples was examined by water contact angle measurement.
Additionally, the surface mechanical properties of the modified samples
were characterized by the Vickers hardness instrument.

2.3. Ion release

For the detection of Ti and Zn ion release, each sample was immersed
in 1 mL phosphate buffered saline (PBS) at 37 °C for different immersion
time (7, 14, 21, 28 days). At a prescribed time, the extracts were
collected and analyzed by inductively-coupled plasma atomic emission
spectroscopy (ICP-AES, JY 2000-2, France).

2.4. Release kinetics of EDN1 in vitro

Briefly, Ti-PIII/PDA@ZnO-EDN1 samples were incubated in a
microcentrifuge tube containing 1 ml PBS at 37 °C and the supernatant
was collected at each selected time points (0, 1, 3, 5, 7, 14, 21, 28 days)
and stored at —80 °C. Finally, the release of EDN1 was measured using
enzyme-linked immunosorbent assay (ELISA) kits (BD Bioscience, San
Jose, CA, USA).

2.5. Fibronectin adsorption on surfaces

Cell responses to the implant surface occur after protein adsorption
from physiological solutions and the surface properties significantly
affect protein adsorption. In this study, ELISA was used to measure the
amount of fibronectin adsorbed on different CFRPEEK surfaces. Samples
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were incubated in a 24-well plate containing 1 mL Dulbecco’s modified
Eagle medium (DMEM) with 10% fetal bovine serum (FBS) for 1 and 4 h
at 37 °C and then treated with mouse monoclonal anti-fibronectin pri-
mary antibody (Santa Cruz Biotechnology, dilution, 1:50) and anti-
mouse secondary antibody conjugated with horseradish peroxidase
(HRP, Bio-Rad, MD, USA). The results were shown as units of optical
density (OD) absorbance value.

2.6. Biocompatibility experiments in vitro

Bone marrow-derived mesenchymal stem cells (BMSCs) used in this
study were obtained from the SD rat femur. BMSCs were cultured in high
glucose DMEM (10% FBS, 100 pg mL ™! streptomycin, and 100 U mL™!
penicillin) at 37 °C with 5% COz in the incubator. The medium was
changed every three days. BMSCs of the second passage were used in all
experiments.

2.6.1. BMSCs adhesion on samples

For cell adhesion detection, the expression of integrin f1 after initial
seeding was measured. At the protein level, cells were fixed after 12 h of
incubation and detected using the immunofluorescence method. Briefly,
a specific primary antibody targeting integrin 1 and vinculin (Abcam,
Cambridge, UK) and DyLight 488-conjugated anti-mouse IgG antibody
were used to detect the expression of integrin 1 and vinculin in the
experiment. The cell cytoskeleton and nuclei were stained with TRITC-
phalloidin (Enzo Life Science Ltd, Exeter, UK) and 4’,6-diamidino-2-
phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA), respectively. At
the genetic level, total RNA was collected at 4 and 12 h, and the
expression levels of adhesion-related genes (Integrin 1, Integrin a2,
Vinculin) were measured by RT-PCR (primers were displayed in
Table S1).

2.6.2. BMSCs proliferation on samples

Counting Kit-8 (CCK-8, Dojindo Laboratories Inc., Kumamoto,
Japan) assay was used to investigate the proliferation of BMSCs on
modified CFRPEEK substrates. Briefly, BMSCs were seeded on samples
and incubated for 1, 4 and 7 days respectively before the CCK-8 assay.
Meanwhile, to further examine the activity of DNA replication in BMSCs,
an EdU assay was used to label BMSCs on modified substrates at 48 h and
then examined by confocal laser scanning microscope (CLSM).

2.7. BMSCs osteogenic differentiation on modified samples

To investigate the early osteogenic differentiation ability, BMSCs
were firstly fixed after 4 and 7 days of incubation on different plates and
then stained with an ALP kit (Beyotime, Shanghai, China). Meanwhile,
p-nitrophenyl phosphate (pNPP) (Sigma, St Louis, MO, USA) was used to
perform ALP quantitative assay. Calcium deposition was further per-
formed after BMSCs were cultured for 14 days in DMEM. BMSCs were
firstly fixed and then stained using 1% Alizarin Red (Sigma-Aldrich) for
10 min, and rinsed with PBS. The nuclei were counterstained with DAPI,
and calcium deposition was observed by LSCM. Afterward, the stained
samples were detached from 10% cetylpyridinium chloride (Sigma)
solution and the OD values were quantitatively detected at 590 nm.

Then, the expression of OCN and OPN was detected by immunoflu-
orescence method after 7-day incubation. Moreover, RT-PCR was per-
formed to investigate the relative gene expression level. 1 x 10° BMSCs
were seeded on various samples (20 mm x 20 mm x 1 mm) in 6-well
plates. After each prescribed point time (4 and 7 days) of culture, the
total RNA of BMSCs on different samples was extracted using the Trizol
reagent (Invitrogen, Carlsbad, USA). Gene expression of runt-related
transcription factor 2 (Runx2), alkaline phosphatase (Alp) at the early
stage (4 days) and osteocalcin (Ocn), osteopontin (Opn), bone sialo-
protein (Bsp), osterix (Osx) at the late stage (7 days) were detected by
RT-PCR system (primers were displayed in Table S1).
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2.8. Invitro angiogenesis assay

2.8.1. Migration assay of HUVECs

Wound healing assay was used to examine the migration activity of
human umbilical vein endothelial cells (HUVECs) (AllCells, Shanghai,
China). Cells (1 x 10° per well) were seeded onto different samples and
starved overnight in DMEM without FBS, and then wounded carefully
with a plastic pipette. After another 12 and 24 h of incubation, the
samples were fixed and then stained with both Rhodamine-phalloidin
(Enzo Life Sciences, Exeter, UK) and DAPI. Images of all specimens
were recorded by CLSM (Leica, Hamburg, Germany). The areas between
the cell layer borders were calculated via Image J.

2.8.2. Recruitment capacity of HUVECs

Transwell assay was used to investigate the recruitment capacity of
different samples on HUVECs. Each sample was placed in the lower
chambers of the transwell plates with 8 pm pore membranes, of which
had HUVECs in their upper chambers. After 12 and 24 h, HUVECs
penetrated the membranes of the upper chambers were fixed and
investigated under a microscope.

2.8.3. Tube formation assay

Endothelial tube formation assay was used to examine the angio-
genesis ability of HUVECs on different samples. 50 pL matrigel (Milli-
pore, Cat. No. ECM625) was transferred to each well of a 96-well plate
and then cultured in a 37 °C incubator for 30 min to form a gel. Then
HUVECs co-cultured with different samples in advance at a density of 1
x 10* cells/well were added and incubated on the surface of the
matrigel.

After 6 h of incubation, cells were recorded by inverted light mi-
croscope (Leica DMI 3000B, Germany) from five random microscopic
fields. Nodes, master junction, meshes, and segments were referred as
parameters of the gradual regeneration process of angiogenesis.

2.8.4. Expression of angiogenesis-related genes

The gene expression of vascular endothelial growth factor (VEGF)
and hypoxia-inducible factor 1a (HIF-1a) in HUVECs co-cultured with
different samples was detected at 4 days. The sequences of different
primers were displayed in Table S1.

2.9. Invitro antibacterial activity

Staphylococcus aureus (S. aureus, ATCC 25923) and Escherichia coli
(E. coli, ATCC 25922) cultured in MHB (Mueller-Hinton Broth) medium
were used for the antibacterial assay. Briefly, 500 pL bacteria suspension
(1 x 10° CFU mL~1) was incubated with different samples in 24-well
plates at 37 °C for 6 h.

2.9.1. Live/dead fluorescence staining assay

To qualitatively evaluate the bacteria viability, bacteria were co-
cultured with modified substrates for 12 h and stained with a Live/
Dead (green/red) BacLight bacteria viability kit (Invitrogen), followed
by observation under CLSM.

2.9.2. Bacteria counting test

The spread plate method was used to evaluate the antibacterial ratio
of different samples. Firstly, different samples were washed with PBS
and then soaked in 1 mL sterile PBS. Secondly, bacteria adhered to
sample surface were ultrasonically detached for 5 min. 100 pL mixture
solution was spread onto agar plates and then incubated at 37 °C for 12
h. Finally, the number of active colonies formed units (CFUs) was
counted and imaged.
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2.10. Investigation of antibacterial mechanism

2.10.1. ROS detection

1,3 Diphenylisobenzofuran (DPBF) was used to investigate the ROS
generation of different samples. Briefly, all the samples were incubated
with 500 pL DPBF solution (20 pg mL~" dissolved in DMSO) for 5 min.
The extracts were collected for absorbance detection under UV-vis.

2.10.2. Membrane permeability assay

O-nitrophenyl-$-p-galactopyranoside (ONPG) assay was used to
evaluate bacterial membrane permeability on different substrates.
Briefly, 500 pL bacterial suspension (1 x 10° CFU mL™1) was incubated
with different samples at 37 °C for 6 h. Afterward, bacteria adhered on
sample surfaces were soaked with 500 pL ONPG solution (0.75 p in
NaHyPO4 buffer, pH 7.0). The absorbance of the supernatant was
recorded by spectrophotometric microplate reader (Bio-Rad 680, USA)
at 405 nm.

2.10.3. ATP level test

ATP level of bacteria adhered on different samples was used to es-
timate the metabolic level of bacteria. Briefly, 500 pL bacterial sus-
pension (1 x 10% CFU mL 1) was incubated with different samples at
37 °C for 6 h, and then the ATP levels were measured by luminescence
intensity via an Enhanced ATP Assay Kit (Beyotime) according to the
experimental instruction.

2.11. Invivo study

All surgical experiments were approved by Animal Ethics Committee
of Shanghai Jiao Tong University and animals were randomly divided
into three groups (Ti-PIIL, Ti-PIIl/PDA@ZnO, Ti-PIIl/PDA@ZnO-EDN1).
To construct a bacterial infection implant model, different implants
were immersed in S. aureus bacteria inocula (2 x 10° CFUs), and then
samples were removed to a wet environment, followed by sterile oper-
ation. Briefly, SD rats were anesthetized before operating. The femur
near the knee joint was exposed through the incision, and a narrow
channel was created at the femoral condyle by surgical drill (1.2 mm in
diameter). Finally, the skin and soft tissue were sutured carefully. And
then, the process of new bone formation and mineralization was
assessed by a polychrome sequential fluorescent labeling method.
Different fluorochromes were administered intraperitoneally at a
sequence of 30 mg kg~! Alizarin Red S (Sigma, USA) and 20 mg kg !
Calcein (Sigma) at 2 and 4 weeks after the operation, respectively.

2.11.1. In vivo antibacterial efficiency and biosafety evaluation

Twelve rats were sacrificed 6 weeks after implantation, and the rods
(3 rods per group) were gently removed into the tuber with 1 mL PBS. To
detach all adhered bacteria, the extracts were sonicated for 10 min and
diluted with PBS. Next, 100 pL diluents of different groups were added
and spread onto agar plates and cultured at 37 °C for 12 h. Finally, the
visible bacterial colonies were recorded and imaged. In addition, to
observe the turbidity of the medium, the different treated rods were
further soaked with 3 mL MHB medium and co-cultured at 37 °C for 12
h. At the same time, the remaining femurs without implants were gently
obtained and fixed in formaldehyde solution (4%) at 4 °C for 72 h,
followed by serially dehydrated with ethanol solution (50%, 70%, 90%,
100%, and 100%), infiltrated with xylene and embedded with paraffin.
Finally, paraffin slices of tissues around implants were investigated to
evaluate the infection status by H&E staining.

Moreover, to examine the biosafety of the Ti-PIIl/PDA@ZnO-EDN1
antibacterial system, major organs including heart, liver, kidney, lung
and spleen were histologically evaluated after implantation for 6 weeks.
Briefly, these organs were fixed in 4% paraformaldehyde and then
serially dehydrated with ethanol solution, infiltrated with xylene, and
embedded with paraffin, respectively. Finally, H&E staining was per-
formed to observe the metabolism of nanoparticles.
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2.11.2. Micro-CT analysis

Micro computed tomography scanning was used to investigate the
osseointegration and vascularization of the bone-implant interface.
Before all rats were sacrificed, four rats from each group were randomly
chosen for vascular perfusion via the abdominal aorta using Microfil
(Flow Tech, USA). Then the femurs with implants were harvested and
fixed in 10% buffered formaldehyde for Micro-CT. Affiliated analyzing
software was used to reconstruct the obtained scanning of 2D images
into 3D images. After reconstruction, the percentage of new bone vol-
ume to tissue volume (BV/TV) and bone mineral density (BMD of BV)
were quantitated.

Samples processed with Microfil were decalcified in 10% Ethylene
Diamine Tetraacetic Acid (EDTA) for approximately 2 months to eval-
uate blood vessel formation. A region with a radius of 1 mm around the
implant was examined for new vascularization.

2.11.3. Histological observation

The different harvested tibia implants were respectively fixed with
4% paraformaldehyde, serially ascending dehydrated with ethanol so-
lution, and infiltrated with xylene and embedded in poly (methyl
methacrylate). The undecalcified sections were plane-parallelly to the
long axis containing the implant central of each implant by microtome
(SP1600, Leica, Germany). For fluorescence labeling observation, sec-
tions were subsequently ground and polished to a thickness of about 40
mm. Excitation/emission wavelengths of chelating fluorochromes were
used 543/617 nm and 488/517 nm for Alizarin Red S (red) and Calcein
(green), respectively. Finally, after being stained with Van Gieson’s
picrofuchsin, sections revealed the mineralized bone tissue and were
then recorded by inverted microscope (Olympus, Japan).

The decalcified samples were embedded in paraffin, and cut into 4
pm slices, followed by CD31 immunohistochemical staining.

2.12. Statistical analysis

All data were presented as mean =+ standard deviation (SD). Statis-
tical analysis was performed with one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple comparisons
using GraphPad Prism 8.0 statistical software package. Values of *p <
0.05 and **p < 0.01 were considered to be statistically significant.

3. Results and discussion

3.1. Fabrication and characterization of multifunctional CFRPEEK
surfaces

We developed a novel multifunctional implant (Ti-PIII/PDA@ZnO-
EDN1) with the purpose of inducing angiogenesis, promoting osteo-
genesis, and combating pathogenic bacteria. Surface morphologies of
different modified surfaces were characterized by scanning electron
microscope (SEM). As shown in Fig. 1A, nanopores were uniformly
formed on the surface of CFRPEEK substrates after Ti-PIII, and small
nanoparticles were further observed fully covering all walls of the
nanopores at higher magnification. The result was consistent with our
previous study. Through PDA-assisting covalent immobilization, hybrid
PDA@ZnO nanoparticles were decorated onto the substrate evenly. The
successful fabrication of uniform and stable modified layer mainly at-
tributes to the multi-nanostructures on the CFRPEEK surface. Owing to
the high surface area to volume ratio, nanopores could serve as an
efficient interface for rapid nucleation and provide more sites for the
ordered growth of ZnO nanoparticles. Moreover, as the hydroxyl groups
(—OH) attached to the benzene ring of dopamine are strong titanium
chelation, hybrid PDA@ZnO coatings can chelate titanium dioxide
(TiO2) nanoparticles distributed on Ti-PIII surface during dopamine self-
polymerization [44,45], thus effectively improving the combining effi-
ciency of hybrid PDA@ZnO nanoparticles on CFRPEEK surface.
Accordingly, preparing the Ti-PIII surface is of great necessity for
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Fig. 1. Surface microstructures of the coatings. A) Surface microstructures of the CFRPEEK before and after Ti-PIII and hybrid PDA@ZnO NPs (or PDA@ZnO-EDN1)
treatment. B) Energy-dispersive X-ray mapping of the Ti-PIII/PDA@ZnO-EDN1 surface. C) Water contact angles and photographs of water droplets on different
samples. D) Vickers hardness of different samples. E) Ti and Zn ions concentration after immersion for different time. F) The release of EDN1 protein after immersion
for different time. G) Increased fibronectin adsorption on modified surfaces. *p < 0.05, **p < 0.01 when compared with Ti-PIII; #p < 0.05, ##p < 0.01 when Ti-PIIl/

PDA@ZnO-EDN1 compared with Ti-PIII/PDA@ZnO.

promoting hybrid PDA@ZnO nanoparticles growth rather than native
CFRPEEK.

According to the energy-dispersive X-ray spectroscopy (EDS)
elemental mapping analysis (Fig. 1B), an even overlay of Ti and Zn was
detected on modified surfaces. Further up, the trace element release was
investigated by using the inductively-coupled plasma atomic emission
spectroscopy (ICP-AES, JY 2000-2, France) analysis. As shown in
Fig. 1E, there was no obvious release of Ti ions on modified surfaces,
while the incorporated Zn ions were continuously released within 28
days. In conclusion, SEM, EDS, and ion release characterization verified
that the prepared Ti-PIIl/PDA@ZnO implants integrated multi-
hierarchical nanostructures and active ion components, and might
maintain long-term bioactive effects.

Besides, the water contact angle was determined by goniometry to
present the hydrophilic/hydrophobic property of the step-by-step
modified samples (Fig. 1C). After plasma immersion ion implantation
(PIII) treatment, Ti-PIII groups showed strong hydrophobicity according
to a contact angle of 127.5 + 6.5°, while the contact angle of PDA@ZnO
modified groups decreased to 30.9 + 1.8° owing to the hydrophilicity of
PDA layer. However, after subsequently conjugating with EDN1, the
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contact angle showed no obvious change compared with PDA@ZnO
modified groups. Therefore, the PDA@ZnO-EDN1 decorated surface had
an improved wettability compared with Ti-PIII substrates. Through
increasing the affinity between cells and biomaterials, Ti-PIIl/
PDA@ZnO-EDN1 groups are expected to facilitate cell adhesion and
the osteogenic response of bone-related cells.

The mechanical stability of the multi-hierarchical nanostructures on
CFRPEEK was further investigated by Vickers hardness measurement. It
turned out that there was no difference in Vickers hardness among
different groups (Fig. 1D), indicating that the surface mechanical
properties were stable enough to avoid being changed by the porous
structure produced by ion implantation.

In order to endow CFRPEEK implants with multi-functions, we
further introduced EDN1 onto the nanostructured surface through the
vacuum method as we previously reported [46]. As shown in Fig. 1A, the
covalent immobilized EDN1 did not change the surface morphology of
modified PEEK. In addition, the hybrid PDA@ZnO modified surface was
more conducive to EDN1 loading (Fig. S1) and the result of factor release
(Fig. 1F) showed a slow release of EDN1 sustained for up to 28 days. We
speculate that the slow release of EDN1 occurring on the modified
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surface is mainly due to the nanopores and hybrid nanoparticles. On one
hand, as catechol groups of PDA can react with the amino groups (-NHz)
of EDN1 through Michael addition or Schiff base reaction, EDN1 mol-

ecules will be covalently grafted onto PDA with a greatly improved

binding rate. On the other hand, the negative pressure produced by
vacuum extraction makes EDN1 protein particles enter into the nano-
pore structure and accordingly attach to the nanoparticles on the walls
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of nanopores. Therefore, the modified surface integrated nanopores and
hybrid nanoparticles can be used as an excellent factor delivery system
to realize the long-term and slow release of bioactive factors.

Fig. 1G showed that PDA@ZnO modified surfaces significantly pro-
mote the adsorption of fibronectin compared to the Ti-PIII group at both
time points, and the EDN1 decorated group has the most obvious protein
adsorption effect, which indicates that the multi-functional surface

A TP
8 # ES Ti-PII/PDA@ZnO
sk [ Ti-PHUPDA@ZnO-EDNI

Relative expression
of Vinculin gene

Culture duration (hour)

Nuclei Edu Merge

Fig. 2. A, B) The expression of integrin #1 and vinculin at the protein level on different samples. “Merge” represents the merged images of actin (red), protein
(green), and nuclei (blue). C ~ E) RT-PCR detection of integrin 1, integrin 2 and vinculin gene expression in BMSCs after incubating on different samples for 4 and
12 h. F) Proliferation activity of BMSCs cultured on different plates for 1, 4, and 7 days. G) Evaluation of BMSCs proliferation at 48 h by EdU staining. *p < 0.05, **p
< 0.01 when compared with Ti-PIII; #p < 0.05, ##p < 0.01 when Ti-PIII/PDA@ZnO-EDN1 compared with Ti-PIIl/PDA@ZnO.
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favors the initial adsorption of fibronectin.
3.2. Response of BMSCs in vitro

3.2.1. Cell adhesion and cell proliferation

To verify the possible applications in biomedical research and ther-
apeutics, we investigated the response of BMSCs on different surfaces.
To evaluate the effect of modified surfaces on early cell adhesion, the
expression of integrin 1 and vinculin was examined after initial seed-
ing. As shown in Fig. 2A, with the EDN1 conjugation, cells expressed the
highest levels of integrin $1 in Ti-PIII/PDA@ZnO-EDN1 groups. Vincu-
lin is considered related to the formation of focal adhesion, as it medi-
ates cell adhesion and acts as an adaptor protein of F-actin to participate
in filopodia and lamellipodia assembly [47]. Therefore, we fluorescently
labeled vinculin, F-actin, and nuclei in BMSCs cultured on different
surfaces for 12 h as shown in Fig. 2B. Similarly, the expression of vin-
culin protein (green) increased remarkably in the hybrid
chemicals-modified groups, especially in the EDN1 immobilized group.
The further genetic level investigation by real-time polymerase chain
reaction (RT-PCR) also displayed a significantly higher expression level
of adhesion-related gene integrin $1, integrin a2 and vinculin at early
time points (4 and 12 h) in two PDA@ZnO modified groups than that in
the Ti-PIII group, and the highest expression was observed in the EDN1
immobilized group (Fig. 2C-E). These results were consistent with that
at the protein level.

As integrating the multi-hierarchical structure and various bioactive
chemicals, we expect that our well-designed multifunctional surface can
regulate cell fate and complicated cell behavior at different levels.
Hybrid PDA@ZnO nanoparticles with appropriate size were considered
to play a key role in early adhesion. Although the control group (Ti-PIII
group) also contained TiO, nanoparticles produced by Ti-PIII treatment,
the particles were limited for particle-cell contact at the early stage of
cell adhesion as they distributed in nanopores, in other words, on the
interior surface of the substrates. Consequently, we speculate that
hybrid PDA@ZnO nanoparticles distributed on the exterior surface of
the substrates mainly regulate the initial adhesion of BMSCs. Further-
more, the modified surfaces obtain higher hydrophilicity, which is more
conducive to cell adhesion and spreading. Previous research verified
that the modified nanostructure could promote BMSCs adhesion
through serum protein absorption (such as fibronectin) [48,49]. As
shown in Fig. 1G, EDN1 immobilized on the nanostructured surface
promoted more fibronectin to aggregate onto the substrates, which may
further benefit cell adhesion. Hence, we conclude that in addition to the
biological effects, the immobilized EDN1 can also regulate cell adhesion
by promoting the aggregation of serum proteins and even exposing more
binding sites by unfolding itself on the substrate.

Meanwhile, cell proliferation of BMSCs was investigated by Counting
Kit-8 (CCK-8) assay. Generally, cells proliferate time-dependently on
different substrates. As shown in Fig. 2F, BMSCs cultured on PDA@ZnO
modified samples displayed significantly higher cell viability than the
Ti-PIII group after 4 and 7 days of incubation, especially on the Ti-PIII/
PDA@ZnO-EDN1 group. A similar tendency occurred in the 5-ethynyl-
2'-deoxyuridine (EdU) staining assay (Fig. 2G). After 48 h of incubation,
three groups showed obvious differences in terms of cell number, and
the EDN1 conjugated group had the most cells and the highest propor-
tion of EdU-positive cells. According to the above results, we infer that
by improving the hydrophilicity of nanopores and facilitating initial
adhesion and proliferation of BMSCs, the introduced PDA@ZnO and
EDN1 ultimately promote cellular compatibility of the modified
substrate.

Remarkably, BMSCs on EDN1 modified surface exhibited elongated
cell morphology which was considered to be conducive to osteo-
differentiation [50,51], and still spread better than the other two
groups. Previous study reported that nanoparticles with an average size
of 20 nm provided a step-by-step anchor for integrin clustering and focal
adhesion contact formation, meanwhile, nanopores could induce cells to
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elongate or stretch, to maintain good cell vitality and benefit the upre-
gulation of osteoblastic expressions [52]. As consistent with the previous
research, our result suggests that PDA@ZnO-EDN1 substrates can pro-
mote early-stage cell adhesion and spread of BMSCs, which is crucial for
the regulation of subsequent proliferation, differentiation, and tissue
formation.

3.2.2. Osteogenic bioactivity evaluation of modified surfaces in vitro

To enhance the osseointegration of implants, the ideal bio-interface
is expected to possess favorable cytocompatibility and effective osteo-
genic activity. Alkaline phosphatase (ALP) activity assay, calcium
deposition staining, gene, and corresponding marker protein expression
were conducted to evaluate the effect of modified surfaces towards
osteogenic induction. In terms of osteogenic differentiation, Ti-PIII/
PDA@ZnO groups obtained significantly enhanced ALP activity and
calcium deposition ability compared with Ti-PIII groups, while these
osteogenic-differentiation-related activities were further enhanced after
incorporating EDN1 in Ti-PIII/PDA@ZnO-EDN1 groups (Fig. 3A-D). At
the protein level, the expression of two major osteogenic-differentiation-
related markers (OCN and OPN) was detected after 7 days of culturing
by immunofluorescence. As shown in Fig. 3E and 3F, the expression of
OCN and OPN was higher in Ti-PIII/PDA@ZnO groups than those in Ti-
PIII groups, and the highest expression of both markers was found in the
EDN1 conjugated group. The osteogenic-differentiation ability of the
modified surfaces was further investigated at the genetic level. As shown
in Fig. 3G, BMSCs cultured on Ti-PIII/PDA@ZnO-EDN1 groups exhibi-
ted the most obvious osteogenic-differentiation tendency by upregulat-
ing related markers Runx2 and Alp expression at the early stage (4 days),
Ocn, Opn, Bsp and Osx at the late stage (7 days). Overall, the EDN1
conjugated surface significantly stimulated the osteogenic differentia-
tion ability of BMSCs. All these results demonstrated that Ti-PIIl/
PDA@ZnO-EDN1 groups possess superior capability in promoting in
vitro osteoblastic maturation attributed to a synergistic effect of multi-
hierarchical nanostructures, hybrid PDA@ZnO nanoparticles and
EDN1 protein.

3.3. Angiogenic activity of modified surfaces in vitro

As mentioned in the introduction, it is widely acknowledged that the
angiogenic-osteogenic coupling ability might enhance in vivo fast
osseointegration. To evaluate the effects of the PDA@ZnO-EDN1 coat-
ings on angiogenic behaviors of HUVECs, scratch wound healing,
transwell, and in vitro tube formation assays were performed. The
scratch test (Fig. 4A and 4C) showed that the PDA@ZnO-EDN1 modified
group can significantly promote the migration of endothelial cells,
which is conducive to the formation of vascular network on the implant
surface. The effect of chemical components released from different
samples on modulating migration of HUVECs was further evaluated via
a co-culture system, and crystal violet staining images were taken after
12 and 24 h (Fig. 4B and 4D). In response to different surfaces, the
HUVECs migrated across the transwell permeable membranes, ulti-
mately reaching and adhering to the bottom sides of the membrane. The
HUVECs cultured with two PDA@ZnO coating groups responded more
to the recruitment of the modified surfaces compared with the pristine
Ti-PIII group, while the EDN1 conjugated group obtained the highest
recruiting tendency. Similarly, the Ti-PIII/PDA@ZnO-EDN1 groups
showed a more significant influence on in vitro tube formation of
HUVECs compared with the other two groups (Fig. 4E-I)

In order to further explore the underlying mechanisms of angio-
genesis that occurred on the modified surfaces, HUVECs directly
cultured on different modified substrates were assayed for their
expression of angiogenic-related markers at the genetic level, including
hypoxia-inducible factor (HIF-1a) and vascular endothelial growth fac-
tor (VEGF). As shown in Fig. 4J, the EDN1 incorporated coatings had
significant regulating effects on the genetic expression of HIF-1a and
VEGF in the adherent cells compared with the other two groups. It has
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Fig. 3. The osteogenic effects of modified surfaces on BMSCs. A) ALP staining of BMSCs cultured on CFRPEEK plates for 4 and 7 days. B) Alizarin Red S (ARS)
staining of BMSCs after 14 days of culturing. Red fluorescence represents calcium deposition and the nuclei appear blue. C, D) Quantitative analysis of ALP activity
and ARS of the BMSCs. E, F) The expression of OCN and OPN at the protein level in BMSCs after 7 days of culturing. G) RT-PCR detection of osteogenic-related gene
expression in BMSCs after incubating on different samples for 4 days (Runx2 and Alp) and 7 days (Ocn, Opn, Bsp, Osx). *p < 0.05, **p < 0.01 when compared with
Ti-PIIL; #p < 0.05, ##p < 0.01 when Ti-PIII/PDA@ZnO-EDN1 compared with Ti-PIII/PDA@ZnO.
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been previously reported that HIF-la facilitates osteogenesis by
inducing the formation of type H vessels and promotes endothelial cell
survival and maintains vascular homeostasis by upregulating the auto-
crine of VEGF [36,53]. Therefore, we believe that the angiogenesis
inducible factors EDN1 can help recruit endothelial cells and form
vascular networks in the early stage while inducing the endothelial cells
to continuously release angiogenic-related factors through an autocrine
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manner. With the continuous EDN1 secretion from the biomaterial
surfaces, vascular maturation can eventually be realized.

3.4. Assessment of antibacterial activity of the modified surfaces

It is essential for ideal implant surface to possess antibacterial ac-
tivity because the implant-tissue interface is vulnerable to bacterial
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attack, and uncontrolled implant infections frequently cause implant
failure and require implant replacement. Initial bacterial adhesion to
abiotic implant surfaces is a crucial factor in implant infection as it in-
volves the primary stage in the biofilm formation [32,54]. Therefore,
interfering with bacterial adhesion to implant surfaces at the early
postoperative stage is an important strategy for achieving long-term
implant success. In this work, the well-established bacteria isolated
from orthopedic implant infections (Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli)) were selected to assess the antibacterial
effects of the modified surfaces in vitro and in vivo.

The bacterial viability was examined by the live/dead (green/red)
staining assay, and the corresponding fluorescent images were shown in
Fig. 5A and 5B. Compared with pristine Ti-PIII groups, there were
significantly fewer bacteria attached to the modified surfaces coated
with PDA@ZnO (with or without EDN1), suggesting that hybrid
PDA@ZnO nanoparticles take an adhesion-resistant effect on S. aureus
and E. coli. Moreover, more red but fewer green fluorescent spots were
observed in Ti-PIIl/PDA@ZnO and Ti-PIII/PDA@ZnO-EDN1 groups,
which further indicated a superior bactericidal ability of these modified
surfaces.

The contact-killing antibacterial effect against S. aureus and E. coli on
different modified surfaces was further investigated by counting
adherent bacteria. The adherent bacteria were detached from the sam-
ples after 6 h of incubation and then cultured on agar plates. Fig. 5C and
5D showed differences concerning the amount and viability of both
S. aureus and E. coli. Fewer S. aureus and E. coli were observed in the
PDA@ZnO modified groups than in the Ti-PIII group, implying a posi-
tive antibacterial effect of hybrid PDA@ZnO nanoparticles. The results
of the bacteria counting assays were consistent with the live/dead
staining assay discussed above. Therefore, we inferred that the multi-
functional modified PEEK surface can effectively prevent bacterial
adhesion and proliferation. To further confirm the contact-killing anti-
bacterial effect, we used o-nitrophenyl-$-p-galactopyranoside (ONPG) to
examine the bacterial membrane penetrability. The ONPG can penetrate
into bacteria dependent on the damage of bacterial membranes and form
yellow-colored o-nitrophenol by reacting with the intracellular enzyme
p-p-galactosidase. As shown in Fig. 5F, the permeability of the bacterial
membrane was significantly increased when cultured on Ti-PIIl/
PDA@ZnO and Ti-PIII/PDA@ZnO-EDN1 groups. The increasing bacte-
rial membrane penetrability was followed by intracellular content
leakage including proteins and adenosine triphosphate (ATP). As ex-
pected, a decrease in ATP level was detected in bacteria cultured in two
experimental groups as shown in Fig. 5G.

To better understand whether the above results were associated with
the generation of ROS, we examined the decay of 1,3 Diphenyliso-
benzofuran (DPBF) to reveal the production of ROS. DPBF is consumed
by reacting with ROS, which is embodied in a decrease of the absorption
at 420 nm [55]. As shown in Fig. 5E and Fig. S5, the consumption of
DPBF was significantly higher in Ti-PIIl/PDA@ZnO and
Ti-PIII/PDA@ZnO-EDN1 groups than the Ti-PIII group, revealing more
ROS generation on the hybrid PDA@ZnO modified surfaces. We spec-
ulate that the ROS generation on modified surfaces is mainly related to
the nano-oxide. Actually, the titanium energetic ions gradually undergo
oxidation upon exposure to the air during the ion plasma immersion
implantation, and transform into oxygen-vacant or oxygen-deficient ti-
tanium oxide [56]. ZnO NPs within the hybrid PDA@ZnO NPs modified
surface also showed the presence of singly ionized oxygen vacancy (i.e.
oxygen vacancy with one electron). Oxygen from the atmosphere can
react with an electron from the ZnO NPs surface to form a superoxide
radical [57]. Oxygen vacancies in TiO2 and ZnO are so highly reactive
that ROS are successively produced in the microenvironment to damage
the bacteria surface causing cell death [56,58].

In conclusion, potential antibacterial mechanisms of our PDA@ZnO
modified substrates are listed as follows: (a) ROS damage the intracel-
lular contents including proteins, DNA, ATP, etc. through intense
oxidative stress reactions after being internalized into the bacterial cell
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membrane. (b) Zinc ions released from the ZnO nanoparticles can cause
mechanical damage to the bacterial cell wall, thus penetrating cell
membranes to inhibit active transport and glucose metabolism and
disrupt metal ion homeostasis and enzyme systems when the concen-
tration reaches a specific level. (c) ZnO nanoparticles directly contact
bacterial cell walls, causing damage to the membrane integrity and
subsequent death.

3.5. Bone formation evaluation and histopathological evaluation in vivo

3.5.1. Antibacterial efficiency and biosafety assessment in vivo

In the present study, we employed the rat femoral condyle model of
implant infection to characterize the in vivo biological behaviors of
different modified implants. After 6 weeks of implantation, the rats were
sacrificed and implants were taken out to count the residual bacteria. As
shown in Fig. 6A and 6B, severe implant infections occurred on Ti-PIII
implants as a large number of bacteria were detected. By contrast,
PDA@ZnO modified samples showed excellent antibacterial activity
with few bacteria detected. In addition, large numbers of inflammatory
cells were observed around Ti-PIII implants while PDA@ZnO modified
implants were infiltrated by few inflammatory cells according to he-
matoxylin and eosin (H&E) staining images (red arrow in Fig. 6C). The
results revealed that the immobilized hybrid PDA@ZnO nanoparticles
could inhibit severe inflammatory responses, thereby endowing
CFRPEEK implants with excellent in vivo antibacterial activities.

The in vivo biosafety of the multifunctional implant was also detected
by H&E staining. According to the histological images (Fig. 6D), there
was no evidence of pathological abnormalities in any examined rat
major metabolic organs (including heart, liver, spleen, lung and kidney),
revealing good biosafety of the nanoparticles decorated PEEK implants.

3.5.2. Bone formation evaluation and histopathological evaluation in vivo

CT scan images of rat femoral bones after 6 weeks of implantation
from all three groups were shown in Fig. 7A. From the 2D images, we
can observe more bones were formed in the marrow cavity of PDA@ZnO
modified samples. The bone volume around the Ti-PIII/PDA@ZnO-
EDN1 group was the largest among the three groups. The recon-
structed 3D images of Ti-PIll, Ti-PIII/PDA@Zn0O, and Ti-PIIl/
PAD@ZnO-EDN1 showed the same trend, with the more new bone
formation on the EDN1 modified surface (Fig. 7A-C).

The detail of the bone-implant interface (Fig. 7E) was shown on Van
Gieson’s picrofuchsin staining sections (Fig. 7F). In the Ti-PIII group, the
obvious interspace between the newly formed bone and the implant
surface was filled with fibrous tissue. By comparison, more dense newly
grown bones closed to the implant surfaces exhibited in EDN1 conju-
gated groups. As we know, the percentage of bone-implant contact (BIC)
and the peri-implant bone area are two vital factors contributing to the
quality of osseointegration. Both the BIC (Fig. 7G) and the area of new
bone (Fig. 7H) in the EDN1 group were significantly higher than the
other two groups. Taking all these results together, the PDA@ZnO-EDN1
coating has driven the osseointegration to a high level in a short time.

Interestingly, sequence fluorescence (Fig. 7J and 7K) showed that
there was continuous red fluorescence deposition close to the EDN1-
decorated implant surface at 2 weeks after implantation, while the red
fluorescence of the other two groups was significantly weaker, which
showed that the PDA@ZnO-EDN1 modified implant could effectively
stimulate early bone formation. This may be related to the multifunc-
tional surface promoting the adhesion and osteogenic differentiation of
stem cells on its surface. In addition, the released Zn ions and EDN1 in
vivo might also play a remote action that induces angiogenesis and
osteogenesis in the gap between the implant surface and host bones as
shown in the Scheme, to promote rapid new bone formation which could
be supported by the more active mineralization around the implants in
the Ti-PIII/PDA@ZnO-EDN1 group at both observation time points (2
and 4 weeks).

We further characterized the vascularization of the implants by
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Fig. 6. Evaluation of in vivo antibacterial effects. A) Photograph of bacteria colonies plates of different samples taken from different rats. B) Photograph of bacteria
culture mediums of different samples taken from different rats. C) Infection degree around different implants assessed by H&E staining. Red arrows represented
lobulated neutrophils. D) H&E staining images of major organs (including heart, kidney, spleen, liver, lung) collected from different samples implanted in rats.
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Micro-CT and CD31 immunohistochemistry. The results of the new
vessel formation around implants were presented by Micro-CT as shown
in Fig. 7D, suggesting that the amount of blood vessel growth in the
EDN1 modified group was markedly larger than the other two groups.
Similarly, the expression of CD31 protein in the Ti-PIIl/PDA@ZnO-
EDN1 group was also significantly increased (Fig. 7I).

4. Conclusions

In summary, this study not only provides valuable information on the
biological interaction of PDA@ZnO-EDN1 decorated CFRPEEK implants
with BMSCs, HUVECS, bacteria, and host osseous tissue but also further
reaches advancements for bacterial infection-associated orthopedic
implantation. As taking the strategy of incorporating hybrid PDA@ZnO
nanoparticles and the active factor EDN1 onto CFRPEEK implants, an
efficient antibacterial treatment was also achieved. Hence, our Ti-PIIl/
PDA@ZnO-EDN1 CFRPEEK implants provide a promising solution for
the application of PEEK materials in the field of orthopedic and
dentistry.
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