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ABSTRACT

Biomaterial-associated infection (BAI) is a serious threat to patients’ health. In general,
bacteriostatic agents are loaded on the surface of biomaterials to eliminate BAI; however, the
excessive usage of these agents leads to the emergence of drug-resistant bacteria and inadequacy
of tissue repair. To address this issue, here, we create a photo-responsive and osteopromotive
coating that consists of graphene oxide (GO) nanosheets, polydopamine (pDA) nanolayers, and
adiponectin (APN) protein on bioinert sulfonated polyetheretherketone (SPEEK/GO/APN). The
functionalized samples display superior cytocompatibility and in vitro osteogenicity regarding cell
reproduction, spreading, alkaline phosphatase activity, extracellular matrix calcification, and
osteo-associated genes expression, outperforming SPEEK/GO and sSPEEK/APN samples. The in
vivo evaluation using a rabbit femur defect model demonstrates that the multifunctional coating
significantly boosts bone regeneration and osseointegration. More importantly, the GO/pDA
complex bonded together through n-n stacking and electrostatic interactions gives rise to robust
cyclic photothermal bacteria-killing ability towards both Gram-positive and Gram-negative
bacteria. Such a surface engineering platform may enable biomedical implants with enhanced
osteogenetic ability and remotely recyclable photo-disinfection, holding great potential in the

treatment of incurable infective bone loss.
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1. INTRODUCTION

Owing to its excellent wear resistance, natural radiolucency, and similar mechanical property to
human cortical bone, polyetheretherketone (PEEK) has gradually become the leading polymer
material in the fields of orthopedics and trauma.! However, PEEK naturally lacks antibacterial
ability, which significantly hampers the bone tissue growth.> Therefore, biomaterial-associated
infection (BAI) has become a considerable issue since BAI is responsible for prolonged
hospitalization periods, increased treatment costs, implant failure, and repeated surgeries.
Currently, antibiotic treatment is the main method to withstand bacteria invasion; however,
subsequent biofilm formation makes the antibiotic therapy troublesome. Besides, the long-term
abuse of antibiotics generates drug-resistance bacteria against most kinds of antibiotics® 7 and
causes irreversible damage to some organs that detoxify the overdose of antibiotics.® ? In this
regard, great efforts have been devoted recently to create antibacterial implants that rely on the
modification of bacteriostasis agents such as antibiotics,!® ! noble metal nanoparticles,!> 13
antimicrobial polymers,'41¢ deoxyribonuclease (DNase) biomimetics'”> '8 onto implant surfaces.
The general feature of these approaches is that the therapeutic effects are highly depended upon
the intrinsic antibacterial ability of these loaded agents, called as “endogenous antimicrobial”,
which kills bacteria through antimicrobial agents on material surfaces, including drug loading,
metal ions (Ag®, Zn?>*, Cu?*, etc.) delivery, or bacterial attachment resistance via electrostatic
repulsion or super-hydrophobic surface. However, such “endogenous antimicrobial” approaches
frequently necessitate much more time for bacteria disintegration, and are difficult to achieve the
cyclic disinfection. Therefore, it is urgent to develop a novel “exogenous” strategy to combat

bacteria/biofilm repeatedly and safely without bacterial resistance.
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Light-assisted photothermal therapy (PTT) has captured considerable attention in the field of
non-invasive treatment due to its unique merits, including low side effects, minimal invasiveness,
deep tissue penetration, and highly effective bacteria-killing capability.'® 2° Near-infrared (NIR)
light-induced local hyperthermia for eradicating bacteria relied on photothermal conversion agents
can kill bacteria through the destruction of biofilm structure, breakdown of membrane integrity,
and denaturation of proteins/enzymes,?'->*> which does not cause drug-fast bacteria. In very recent
decades, a variety of two-dimensional (2D) materials such as graphene oxide (GO)** 23,
molybdenum disulfide (MoS,),?**® manganese dioxide (MnO,),?%> 3% black phosphorus,3!- 32
transition metal carbides/carbonitrides/nitrides (MXene)3? 34 have been applied to eradicate
bacteria owing to their outstanding near-infrared light (NIR) photothermal conversion efficiency.
Ling et al. synthesized a GO-derived photothermal agent, Fe,O; reduced GO modified by
glutaraldehyde,? and found that the hyperthermal GO materials with temperature over 50 °C have
an ability of efficient capture and killing of Gram-positive/Gram-negative germs under NIR light
exposure. Although these 2D materials coatings can effectively improve the antibacterial
properties of orthopedic implants, the light-induced hyperthermia can also cause the tremendous
thermal injury of surrounding normal cells and healthy tissues around the implants, compromising

their osteogenetic activity and osseointegration.

To tackle the challenge, herein, we designed and fabricated a multifunctional orthopedic
material, consisting of PEEK material with GO nanosheet/polydopamine (pDA)/adiponectin
(APN) hybrid coatings. Among these components, GO has a strong photothermal effect and
excellent biocompatibility, which has been used in many biomedical areas.?>-37 Adiponectin (APN)
is one of the amplest adipokine secreted by adipocytes. Its basic biological function is to maintain

energy homeostasis and regulates glucose metabolism and fatty acid oxidation.’® Currently, many
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studies have shown that APN can serve as an active osteoinductive agent to facilitate osteogenic
activity and induce in vivo bone formation.? 4 We used pDA binder, a substrate-independent and
versatile surface modification strategy, to bond APN onto the GO surface. pDA is also a
photothermal agent and can bond with GO together through n-m staking and electrostatic
interaction. We envisage that our coating methodology will empower bioinert implants with tri-
modal therapeutic functions: in vitro osteopromotive capability, elevated in vivo osteogenicity, and

“on-demand” cycles of remote photo-disinfection.

2. EXPERIMENTAL SECTION

2.1. Preparation of GO and APN-Functionalized sPEEK

Medical-grade PEEK discs (450 G) with a size of @ 8§ x 3 mm was supplied from Victrex Ltd,
(UK). These discs were immersed in concentrated sulfuric acid (97-99 wt%) to form the three-
dimensional (3D) network on the PEEK surfaces. Ultrasonic agitation was applied throughout the
entire process to obtain a uniform porous structure. After 5 min sulfonation, the treated samples
were taken out and washed with deionized (D.I.) water through supersonic stirring to remove the
remnant H,SO,. Afterward, the sulfonated PEEK (sPEEK) samples were first immersed in a 0.5
mg-mL-" GO solution. After 20 min soaking, the samples were taken out and dried at 100 °C for
30 min. The process was repeated five times to immobilize GO onto the surface firmly. To graft
APN protein, pDA was anchored onto the surface of GO-decorated sPEEK (sPEEK/GO) as
described in previous literature,*'-*> through soaking the samples in 2 mg-mL-! dopamine solution
(in 10 mM Tris-HCI buffer with a pH of 8.5) for 6 hours (h). After rinsed with D.I. water, the pDA-

grafted sSPEEK was treated with 2 pg-mL-! APN for 24 h at 4 °C. The final SPEEK samples

ACS Paragon Plus Environment


file:///D:/Program%2520Files%2520(x86)/Youdao/Dict/8.5.3.0/resultui/html/index.html%23/javascript:;
file:///D:/Program%2520Files%2520(x86)/Youdao/Dict/8.5.3.0/resultui/html/index.html%23/javascript:;

oNOYTULT D WN =

Chemistry of Materials

(sPEEK/GO/APN) were then washed using D.I. water to remove the unattached APN protein and
dried in air. The APN-modified sPEEK without GO interlayer (sSPEEK/APN) and pDA-grafted

sPEEK (sPEEK/pDA) were also prepared as control groups in this work.

2.2. Materials Characterization

We used field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi) and atomic
force microscopy (AFM, SPA400, Seiko, Japan, a Si;N, cantilever with a spring constant of 0.12
N/m) in the non-contact mode with 1.0 Hz scan rates to investigate the surface topology of
prepared samples at various stages. Samples were vacuum-dried and coated by Au for SEM
observation. The hydrophilicity of specimens in terms of water contact angle (WCA) was tested
by a contact angle goniometry (SL200B, Kino). X-ray photoelectron spectroscopy (XPS, AXIS

Ultra, Kratos) was applied to detect the chemical composition and elemental analysis.

2.3. Photothermal Effect

The temperature of the samples should rise under 808 nm NIR laser, so the photothermal property
was measured and captured using a thermal infrared camera (FLIR, E6, USA). All samples were
immersed in 500 uL PBS solution and then put into the 48-well plates. Samples were exposed
under an 808 nm laser illumination at 0.5 W-cm2 for 10 min and cooled down spontaneously for
another 10 min. We recorded the temperature change every 1 min. In the photothermal circle test,

the temperature was recorded every 1 min.

2.4. Deposition of Bone-Like Apatite

The 1X SBF solution (Table S1) was fabricated by dissolving NaCl, NaHCO;, KClI,
K,;HPO4+3H,0, MgCl,*6H,0, CaCl,, and Na,SO, in order in D.I. water and buffering to pH = 7.4

using (CH,OH);CNH,; and 1 mol-L-! HCI at 37 °C.** 43 These functionalized SPEEK samples were
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immersed in this solution at 37 °C, and after 1 and 2 weeks immersion, SPEEK samples were taken
out from SBF and rinsed by D.I. water. Finally, the microstructures of calcium nodules on sample

surfaces were determined by SEM.

2.5. Cell Experiments

2.5.1. Cell Cultivation and Seeding

Mouse osteoblast precursor cells MC3T3-E1 were cultivated in cell culture media containing
Dulbecco’s modified Eagle’s media (DMEM, Gibco), 10 % fetal calf serum (Hyclone, USA), and
1 % penicillin/streptomycin (Hyclone). Afterward, these cells were seeded onto the sPEEK
samples in 48-well plates with a density of 4 x 10* cells/well. Cell media were refreshed every 2

days.

2.5.2. Cell Activity and Cytotoxicity

The cell proliferation and survival of cells on various sSPEEK samples were tested with a Cell
Counting Kit (CCK-8, Dojindo, Japan) and Lactate Dehydrogenase Kit (LDH, KeyGEN
BioTECH, Jiangsu) per the manufacturer’s instructions. In the CCK-8 test, after 1, 3, and 5 days
of culturing, the media was mixed with 10 % CCK-8 reagent. After 3 h of reaction, 100 puL of
supernatant from each sample was introduced into a fresh 96-well plate, and the absorbance of
solution (OD) at 4 = 450 nm was measured using a Microplate reader (SAF-6801, BAJIU). With
regard to LDH assay, the media was collected and centrifuged, and the diluted supernatant (1:25)
was reacted with LDH working solution and incubated at 37 °C for 0.5 h. The results were

quantified at A = 440 nm using the same reader.

2.5.3. Cell Morphology and Cytoskeleton Staining
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Cells at 1 day on samples were fixed using 2.5 % glutaraldehyde for 3 h and next dehydrated in
ascending ethyl alcohol (40, 60, 70, 90, 95, 100 %) for 20 min each gradient. Afterward, cells were

vacuum-dried in critical point drying, coated with Au, and detected by FE-SEM.

2.6. In Vitro Osteogenicity

After 2 days of incubation, the cell culture media was substituted by the osteoinductive media
containing 100 nM dexamethasone, 50 ug-mL-! ascorbic acid, and 100 mM B-glycerophosphate
to induce the osteogenic commitment of MC3T3-E1 osteoblasts. The cell media were refreshed

every 2 days.

2.6.1. Alkaline Phosphate Activity

We first applied an alkaline phosphate (ALP) activity assay kit (Nanjing Jiancheng Biotechnology)
to evaluate intracellular ALP activity of cells cultured on various samples after 7 and 14 days of
cultivation. Briefly, cells were lysed using Triton X-100 (1 % v/v). The cell-lysis solution was
collected and then 30 uL supernate was reacted with ALP working solution according to the
manufacturer’s guidance. Finally, the OD value of the mixed solution was tested at 520 nm by a
microplate reader. Then, a Micro-BCA protein assay kit (KeyGEN BioTECH, Jiangsu) was
employed to quantify the total protein amount. Furthermore, the ALP distribution on sPEEK

scaffolds was visualized by a BCIP/NBT ALP color development kit (Beijing ComWin Biotech).

2.6.2. Alizarin Red S Staining

Alizarin Red S (ARS) staining was used to estimate the calcified deposition by cells in the
osteoinductive media at day 21. Briefly, cells with scaffolds were fixed in 4 % paraformaldehyde
for 40 min. ARS solution (2 %, pH = 4.2, Sigma) was then incorporated into each well containing

samples for 1 h incubation. Redundant ARS dye was removed using D.I. water, and the formed
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calcium deposition was recorded by a scanner. To quantify the calcium amount, the ARS-stained
samples were reacted with 20 % cetylpyridinium chloride, and then the absorbance of extracts was

detected using the reader at a wavelength of 570 nm.

2.6.3. Real-Time PCR

After 14 days of induction in osteoinductive media, the total mRNA of cells was isolated by TRIzol
(Invitrogen) and transformed into cDNA with the RevertAid First Strand cDNA Synthesis Kit
(Thermo) following the manufacturer’s guidance. Real-time polymerase chain reaction (RT-PCR)
analysis was conducted using the ABI 7500 real-time PCR machine (Applied Biosystems) using

SYBR Green (Roche). The primers (5'-3") used in this study were listed in Table S2.

2.7. In Vivo Osteogenesis Assessments

All procedures were authorized by the Animal Ethics Committee at Southwest Medical University.
Forty-eight sSPEEK implants (& 4 x 8 mm) were randomly assigned to four groups: sPEEK control
(n =6), sSPEEK/GO (n = 6), sSPEEK/APN (n = 6), and sPEEK/GO/APN implants (n = 6). Before
the operation, general anesthesia was conducted on twenty-four 2-month-old New Zealand white
rabbits (2.6-3.2 kg) through intravenous injection of 4 % pentobarbital sodium (50 mg-kg'). Two
bone defects whose size matched those of implants were created on a bilateral femur using a dental
trephine. The cylinders were implanted into the created holes on each side of the femur, followed
by step-by-step suture and incision closure*®. To label the neo-tissue formation process, 40 mg-kg'!
calcein was intravenously injected into animals at 2 weeks. The rabbits suffered intramuscular
injection of penicillin sodium (40 U-kg™!") for 4 days post-operation and were sacrificed at 4 and 8
weeks. The harvested tissues containing internal implants were fixed in 10 % formalin for follow-

up assessments.
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2.7.1. Micro-CT Analyses

We used Micro-CT to scan the fixed femurs containing implants, and 3D models were
reconstructed through equipped software (Scanco Medical vivaCT40, Switzerland). Afterward,
the trabecular bone volume/tissue volume (BT/TV), trabecular number (Tb.N), trabecular

thickness (Tb.Th), and trabecular spacing (Tb.Sp) were also quantified.

2.7.2. Histological Evaluation

The undecalcified tissues were dehydrated with a prepared gradient alcohol solution and then
embedded in methyl methacrylate resin. Afterward, the samples were cut into 80 um sections using
a microtome (RM2125, Leica) for toluidine blue-fuchsine staining to observe regenerated bone
tissues. Moreover, these sections were used to capture the fluorochrome signal using a confocal
laser scanning microscope (CLSM, A1R MP+, USA). And the implant surfaces after separating

the samples from the underlying tissue were observed by SEM.

2.8. Remote Antibacterial Tests

In the present work, we employed Staphylococcus aureus (S. aureus, Gram-positive) and
Escherichia coli (E. coli, Gram-negative) as two model microbes to evaluate the antimicrobial
performances of the coated SPEEK samples. Bacteria were cultivated in Luria-Bertani (LB) media,
and antimicrobial ability was tested through the spread plate method, SEM observation, and

Live/Dead staining.

For repeated antibacterial tests, samples were first sterilized using 75 % ethanol solution for at
least 30 min. 200 pL bacterial suspension (1 x 1068 CFU-mL!) was introduced into each well (48-
well plate) with these studied materials, and they were exposed under an 808 nm light for 20 min

with a power density of 0.5 W-cm=. Then the spread plate approach was used to evaluate the
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antibacterial efficiency. Briefly, bacteria attached to all samples were detached through vortex for
10 min. After 100 times dilution of the bacterial solution from corresponding samples, 40 uL
bacterial suspension was evenly coated on the LB agar in a Petri dish as the first antibacterial test.
These samples were collected again and immersed in PBS at 37 °C for 1 days. After that, samples
were used to repeat the above antibacterial test twice. We counted the number of colonies on the
LB agar after 1 day of incubation, and the antibacterial efficiency was calculated following the

equation:

Antibacterial efficiency = (Neonsror-Nsampie) Neontror % 100 %

Where N.oniror 1s the amount of colonies in SPEEK control, and Nyg 1s the amount of colonies in

other groups.

With regard to Live/Dead staining, the adhered bacteria onto the sSPEEK samples were stained
using a Live/Dead BacLight bacteria viability kits (Thermo Fisher, USA). Then samples
containing bacteria were washed with PBS and observed using CLSM. The morphological
alteration of bacteria and their membranes were captured by SEM. After the NIR illumination for
20 min, bacteria on samples were fixed using 2.5 % glutaraldehyde, followed by dehydration with
a gradient alcohol solution (30-100 %, each step for 120 min). After dried at ambient temperature,

morphologies of bacterial body and membrane were captured by SEM.

2.9. Statistical Analysis

For quantification, at least five samples for each group were tested to provide the mean + standard
deviation. We used One-way ANOVA and Tukey’s post hoc tests through SPSS 19.0 software to

determine the significant differences.

ACS Paragon Plus Environment

11



oNOYTULT D WN =

Chemistry of Materials

3. RESULTS AND DISCUSSION

3.1. Design and Characterization of GO/pDA/APN-Decorated sPEEK

Scheme 1 illustrates the preparation of the GO/pDA/APN-decorated sSPEEK and its multi-modal
therapeutic effects, including in vitro osteogenicity, in vivo bone regeneration, and non-invasive
“exogenous” photo-disinfection. 3D networks are constructed on the surface of SPEEK to facilitate
the tissue in-growth and provide reservoirs for drugs.*” Then, two layers of GO and pDA are
bonded onto sPEEK samples by n-n-n stacking and electrostatic interactions. In this work, pDA
nanolayer serves as an anchor to covalently tether APN protein via thiols and amines due to Schiff-
base and Michael-addition reactions, giving rise to a multilayer nano-coating. Figure 1(a-b)
depicts the surface topologies of these surfaces before and after functionalization. The bare sSPEEK
has a 3D network structure, while a porous structure is fully covered by GO membrane after GO
deposition. Furthermore, the immobilization of pDA and APN somewhat increases the surface
roughness of GO with numerous pDA nanoparticles. However, in SPEEK/APN sample, only APN
protein decoration cannot alter its 3D porous morphology, verified in AFM images. As can be
seen, micro-pores exist on the surfaces of SPEEK and sPEEK/APN, and their roughness slightly
reduces after GO decoration. It is well-accepted that WCA can track and estimate the effectiveness
of surface modification protocols. The measured WCA of our samples are shown in Figure 1(c).
As can be seen, the sSPEEK surface displays hydrophobic nature with a WCA of ~78°. After GO
modification, WCA alters to 50.10 + 2.65°, while WCA of sPEEK/GO/APN is 24.67 + 1.53°
indicating a hydrophilicity, which is attributed to the hydrophilic nature of pDA coating and APN

protein.*®
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(a) SPEEK SPEEK/GO
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Scheme 1. (a) Schematic illustration of the fabrication of the multifunctional SPEEK and (b) its

triple-model therapeutic effects.

ACS Paragon Plus Environment

13



oNOYTULT D WN =

Chemistry of Materials

Figure 1(d-e) shows the XPS full spectrums and slow-scan spectrums of our samples, which
display chemical constituents of the multifunctional hybrid coatings. In the full spectrum of
sPEEK, C, O, and S are the primary elements, in which S element comes from sulfonation. The
suppressed intensity of S 2p signal and the appearance and enhanced intensity of N Is signal
indicate the successful decoration of GO and APN (Figure 1(d)). Furthermore, the high-resolution
carbon spectra (C 1s) are provided in Figure 1(e). The high-resolution C 1s spectra of SPEEK and
sPEEK/GO samples are deconvoluted into three sub-curves. The binding energies at 284.5, 286.3,
and 287.9 eV are associated with the carbon skeleton (-C-C-/-C-H-), hydroxyl group (-C-O) and
carbonyl group (-C=0), respectively. Compared with sSPEEK, the peak intensity of -C-O and -C=0
groups for sSPEEK/GO increases and attributes to the presence of GO nanocoating. A broad peak
belonged to -C-N- signal appears at ~284.9 eV for sSPEEK/APN and sPEEK/GO/APN samples,

indicating the successful tethering of APN.
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resolution spectra of Cls of different multifunctional sSPEEK. (f) SEM observation of bone-like

apatite nodules on multifunctional SPEEK samples after soaking in SBF solution.

3.2. Formation of Bone-Like Apatite Deposition

One of a significant symbol of bioactive implants is their capability to integrate with surrounding
bone tissue;* hence, the formation of bone-like apatite deposition on their surface was further
investigated. As illustrated in Figure 1(f), no Ca-P sediments form for sSPEEK and sPEEK/GO at
the beginning of 7 days, but many spherical apatites appear after 2 weeks of immersion. In sharp
contrast, a handful of clustered nodular aggregations emerge on sPEEK/APN and
SPEEK/GO/APN surfaces after 1 week. While when the time extends to 2 weeks, the number of
precipitates dramatically increase. Among these groups, SPEEK/GO/APN induces the largest
quantity of bone-like apatite deposition on the surface, indicating that in vitro bioactivity of the

hybrid coating is much better than that of single GO or APN coating.

3.3. Photothermal Effect

A real-time photograph on the evolution of the surface temperature is recorded when the samples
are illuminated under 808 nm laser with a power of 0.5 W/cm? and the results are shown in Figure
2(a). Infrared thermal images indicate that after GO and pDA coating, SPEEK/GO, sPEEK/pDA,
sPEEK/APN, and sPEEK/GO/APN samples all present the photothermal effect to some extent,
while no apparent photothermal effect can be observed on SPEEK samples. To determine whether
GO or pDA becomes a major factor for photothermal generation, we compared the photothermal
effect of SPEEK/GO with sPEEK/pDA. As shown in Figure 2(b), SPEEK/pDA shows a lower
photothermal effect achieving 39.8 °C; however, the highest hyperthermia temperature of

sPEEK/GO reaches 48.7 °C within 10 min, indicating GO coating has a stronger photothermal
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effect than pDA coating. Compared with sSPEEK/GO and sPEEK/pDA, sPEEK/GO/APN displays
a higher temperature (yielding 50.4 °C) and a faster heating rate (i.e., a high photothermal effect).
This is because the synergy of GO/pDA complex held together through n-m interaction generates
a robust photothermal effect. Figure 2(c) shows the temperature elevating and cooling profiles of
sPEEK/GO/APN samples. We can see that there is no noticeable difference in temperature rising
and cooling process among three cycles, illustrating that the thermal stability of the GO/pDA/APN

hybrid coating is excellent.
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Figure 2. Photothermal property tests of different SPEEK samples irradiated by 808 nm light with
a power density of 0.5 W-cm: (a) Infrared thermal images of samples; (b) Photothermal heating

curve of samples; (c) Temperature rising and cooling cycles of sSPEEK/GO/APN.

3.4. Cytocompatibility Assessments

After in vitro bioactivity tests, we further investigated the effect of multifunctional sPEEK on the
cell reproduction, cytotoxicity, and spreading of MC3T3-E1 cells, an osteoblast precursor cell line.
The results of cell viability and cytotoxicity detected by CCK-8 and LDH kits are shown in Figure
3(a-b). After cultivated with MC3T3-E1 for 3 and 5 days, higher cell proliferation is detected in
sPEEK/GO than sPEEK in line with much previous literature that GO can support cell proliferation
and accelerate osteogenic differentiation.?”- 4° Because of the excellent biocompatibility of APN
protein, SPEEK/GO/APN exhibits the most significant cell proliferation. Besides, the test of LDH
enzyme release was carried out, which is an indicator of cytotoxicity. Although the vales of LDH
release drop with time, lower LDH activity is found in sSPEEK/GO/APN than that in sSPEEK and

sPEEK/GO samples at both 3 and 5 days, indicating low cytotoxicity (Figure 3(b)).

Figure 3(c) shows an overview of the morphologies of MC3T3-E1 cells on samples captured
by SEM. Poor cell attachment with fusiform shape is observed in SPEEK samples, and it may be
ascribed to the residual of sulfuric acid in the pore after sulfonation.’® However, cells in
sPEEK/GO show a larger area of cell spreading. Notably, the most considerable quantity of cells
is seen on sSPEEK/APN and sPEEK/GO/APN samples, and these cells present more extended
filopodia than those on SPEEK/GO. These results demonstrate that the hybrid coating on SPEEK

samples is capable of facilitating proliferation and spreading, showing good cytocompatibility.

3.5. In Vitro Osteogenicity Evaluations
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To understand the osteogenic potential of the GO/pDA/APN decoration, ALP activity, calcium-
related extracellular matrix (ECM) secretion, and osteogenesis-associated genes expression were
measured. Figure 3(d) shows the ALP production of MC3T3-E1 on the surfaces of our samples,
as an early hallmark for osteoblastic differentiation. Compared with SPEEK, sPEEK/GO shows
higher ALP activity at both 7 and 14 days owing to the osteoconductive nature of GO. 3!
Furthermore, after APN decoration, larger quantities of ALP production are detected in
SPEEK/APN and sPEEK/GO/APN samples than those in sPEEK and sPEEK/GO samples,

suggesting that APN protein has a stronger osteoinductive ability than GO nanosheets.

The mineral ECM secretion, being an inherent feature of bone-like structures, was further
evaluated as osteogenic biomarkers at the late stage of osteogenic differentiation. Higher areas of
dark red color are detected on two APN-tethering SPEEK (sPEEK/APN and sPEEK/GO/APN)
samples from ARS staining for calcium-related ECM deposition, consistent with ALP activity
results. This result indicates that the secreted ECM is calcified by differentiating osteoblasts.
Recently, APN has been demonstrated to augment osteogenic differentiation via activating Wnt/[3-
catenin and APPL1-AMPK signal pathways.*® 32 Further, a quantitative analysis of ARS staining
in Figure 3(e) corroborates the foregoing stain results that SPEEK/GO/APN has induced the

largest amount of calcium deposition due to the presence of the osteoinductive APN protein.

We further detected the expression of osteo-associated genes, including RUNX2, OCN, and
COLI1A1 in MC3T3-E1 co-cultivated on the multifunctional sSPEEK samples (Figure 3(f)). There
is no difference between sSPEEK and sSPEEK/GO in three osteogenesis-associated genes. However,
the hybrid coating consisted of APN and/or GO nanosheets significantly facilitate MC3T3-El

commitment to the mature osteoblasts. These data have disclosed that sSPEEK/GO/APN has a
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superior capability in promoting in vitro osteoblastic maturation resulting from the synergistic

action of GO nanosheets and APN protein.
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Figure 3. In vitro cytocompatibility and osteogenesis evaluations: (a) Cell proliferation, (b) LDH

enzyme activity, and (c) Cell morphology of MC3T3-E1 on the samples. Red arrows reveal the

extended pseudopod; (d) ALP activity, (e) Coloring and quantification of ARS staining for calcium
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nodules, and (f) RT-PCR results for osteogenesis-related genes on multifunctional sPEEK. &
represents p < 0.05 compared to other groups, && represents p < 0.01 compared to other groups,

* represents p < 0.05 between groups.

3.6. In Vivo Osteogenesis

The in vitro cell test results guide us to estimate the in vivo tissue responses of these multifunctional
implants through an animal model. Therefore, a New Zealand rabbit femur defect implantation
model was used for a demonstration of in vivo osseointegration and bone regeneration. Different
functionalized sSPEEK implants were implanted into the femoral marrow cavity, and we assessed
neo-tissue formation at 4- and 8-week post-surgery using p-CT, histological analyses, and
fluorescent labeling. At 4- and 8-week, the animals were sacrificed, and femurs were taken out for
X-ray detection, as shown in Figure S1. The optical and X-ray images show that the implants bond
with bone tissue well, and there is no inflammation symptom. Figure S2 and Figure 4(b) present
the 2D and 3D micro-CT images of the new-tissue adjacent to implants, respectively. The high-
resolution scans clearly exhibit discontinuous parts of bone around sPEEK implants, and more
formation of newborn osseous tissue is found around sPEEK/GO and sPEEK/APN implants.
Moreover, the implanted SPEEK/GO/APN implants are surrounded by the most quantity of bone
at both 4 and 8 weeks among groups, demonstrating its outstanding in vivo osseointegration. The
quantitative analyses of bone histomorphometry indices are provided in Figure 4(c). The BV/TV
and Tb.Th for sPEEK/APN implants are dramatically higher than those for sSPEEK. Notably,
sPEEK/GO/APN displays the highest BV/TV, Tb.Th and Tb.N combined with lowest Tb.Sp
among groups after 8 weeks of post-surgery. The results demonstrate that SPEEK implants with
the dual GO and APN functionalization dramatically boost new osseous tissue formation than other

sPEEK controls, which corresponds to the reproduction and osteoblastic potential of cells in vitro.
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Figure 4. In vivo osteogenesis assessments: (a) The surgical step of rabbit femur implantation. (b)
Reconstructed micro-CT 3D models and (c) Corresponding bone histomorphometry of different
multifunctional sSPEEK implants at Week 4 and 8. (d) Histological assessment of the undecalcified
sections stained with toluidine blue-fuchsine staining to demonstrate the in vivo osseointegration
of the multifunctional sPEEK implant surfaces. (e) Fluorescent labeling of new bone regeneration
around the sSPEEK implants. Green represents labeling by calcein. S: Sample. (f) SEM observation
of bone attachment and ingrowth to the implant surfaces following the separation of implants from
the animals. The red box shows the zoom view of the images. Blue arrows point to hemocytes,
and green arrows indicate the calcified matrix. * and ** represents p < 0.05 and p < 0.01 between

groups; # represents p < 0.05 compared to other groups at Week 8.

We next used histological staining to identify the newly-regenerated bone around implants.
Toluidine blue-fuchsine staining in Figure 4(d) shows very few bone fragments attached to sSPEEK
implant surface. However, an augmented amount of new bone is found around sPEEK/GO at 8

weeks, and APN functionalization (SPEEK/APN) significantly improves bone formation around

implants at both 4 and 8 weeks. It should be noted that new bone firmly anchors onto the

sPEEK/GO/APN surface and extends along with the whole implant interface, showing the most
amount of new-regenerated bone. The fluorochrome assays further validate the micro-CT results.
More green fluorescence is detected around the SPEEK/GO/APN implants (Figure 4(e)), which is
an indicator of a more calcified matrix. Hence, the histological staining and fluorescent labeling

results both suggest that the GO/APN co-functionalization induces newly-formed bone.

Figure 4(f) shows SEM photographs of the implant surfaces after separating the implants from

the underlying tissue. As can be seen, only a handful of bone tissues are bonded to the surface of
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sPEEK implants, whereas some calcified matrix is found in sSPEEK/GO and sPEEK/APN implants
at 4 weeks. When the time extends to 8 weeks, more bones attach onto all the samples. Newly-
formed bone tissues attempt to grow into the pore on the surface of SPEEK implants, in line with
the previous studies that porous structure facilitates bone ingrowth.’®> We can also see a mass of
calcified matrix in the SPEEK/APN samples, suggesting APN has a strong capability to induce
apatite deposition in vivo, consistent with the in vitro bone-like apatite formation test (Figure 1(f)).
Remarkably, sSPEEK/GO/APN surface is fully covered by the regenerated calcified bone and
hemocytes. The appearance of abundant hemocytes indicates that plentiful blood supply can
accelerate bone reconstruction and remodeling. Overall, these in vivo results have demonstrated
that GO and APN co-treatment not only dramatically promotes bone regeneration but also

stimulates revascularization around implants.

3.7. Remotely Repeatable Antibacterial Performances

Biomaterial-associated infection caused by bacteria and its repeated infection syndrome is one of
the most prevalent complications after surgery. As an efficient approach for disinfection, light-
assisted PTT has been extensively investigated in antibacterial therapy. Here, the photothermal
antibacterial properties of the multifunctional SPEEK samples and their repeatable sterilization
efficacy against two bacterial models S. aureus and E. coli. under the illumination of 808 nm NIR
laser were studied. As shown in Figure 5(a), all samples have no antibacterial activity without
light, and bacteria reproduce well with negative antibacterial efficiency on sPEEK/APN and
sPEEK/GO/APN (Figure. S3), because APN protein can provide nutrition for bacterial growth.
After irradiation under light for 20 min, there is a little reduction of colonies on sSPEEK/GO and
sPEEK/APN samples due to the certain photothermal effect of GO and pDA nanolayers,

respectively. However, only a shade of colonies survives in sSPEEK/GO/APN samples after
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illumination for 20 min. The order of antimicrobial rates is SPEEK/GO/APN > sPEEK/GO >
sPEEK/APN > sPEEK, and the antimicrobial efficiencies of SPEEK/GO/APN against S. aureus
and E. coli achieve approximately 99.49 % and 92.40 %, respectively. This is because the high
temperature produced by the synergistic effect of the GO/pDA complex under 808 nm light kills
the bacteria, which is demonstrated by photothermal properties tests (Figure 2). After the first
antimicrobial test, these used samples were immersed in PBS for 1 day and suffered second and
third antimicrobial tests. Figures S3-S4 reveal that sSPEEK and sSPEEK/APN have no recyclable
antibacterial property. However, SPEEK/GO/APN displays repeatable antimicrobial rates over 93
% against E. coli and S. aureus (Figure S3), and there are only a few bacterial colonies in
sPEEK/GO/APN samples, even after a ternary cycle of photo-disinfection operation (Figure 5(b)
and Figure S4). These results demonstrate that GO/pDA complex can produce robust cyclic

photonic antimicrobial effects.

We used Live/dead staining assay to assess the anti-biofilm ability of the multifunctional
samples, and the corresponding fluorescent images of the biofilm are shown in Figure 6(a).
Without light irradiation, SPEEK and sPEEK/APN are entirely stained with green (alive bacteria),
indicating that the surfaces are favorable for bacterial proliferation. And there are lower amounts
of alive bacteria on SPEEK/GO and sPEEK/GO/APN samples in the absence of light because GO
nanosheets have a certain antimicrobial function through biofilm prevention/anti-adhesion. After
irradiation under 808 nm light for 20 min, sSPEEK samples show similar fluorescence to the
samples cultivated in the dark, implying the whole active biofilm on the surface. Fewer green
fluorescence with declined bacteria amount is detected on the surface of SPEEK/APN due to the
photothermal effect of pDA coating. In striking contrast, there is nearly no fluorescence on the

surface of sSPEEK/GO/APN samples, indicating GO/pDA/APN hybrid coating exerts a good
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ability to prevent the biofilm produced by bacteria, which is in accordance with the results from

spread plate experiments.
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Figure 5. Antibacterial activities of multifunctional SPEEK samples after NIR exposure or in the
dark for 20 min: (a) The spread plate method with sterilization efficiency. (b) The recyclable
antimicrobial tests of SPEEK/GO/APN samples. (c) Schematic illustration of the photothermal
effect for the killing of bacteria. && represents p < 0.01 compared to other groups, * represents p

< 0.05 between groups, and ** represents p < 0.01 between groups.
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The morphologies and membrane integrity of the bacteria attached to the coatings were also
tested using FE-SEM (Figure 6(b)). The bacteria on all samples in the dark display healthy and
intact spherical and rod shapes, respectively, implying no antibacterial performance. After
illumination, the S. aureus and E. coli on sSPEEK and sPEEK/APN samples also show compact
morphology with a smooth and integrated membrane. After exposed under NIR laser for 20 min,

bacteria on SPEEK/GO and sPEEK/GO/APN samples are possibly suffered from damage. For

instance, S. aureus displays lytic membranes and cytoplasmic leakage (shown in the green ellipses

and arrows), while E. coli shows irregular shape and shrinking body (pointed by red arrows). The
phenomenon deteriorates on sSPEEK/GO/APN samples. These results reveal that the hybrid coating
may have a robust, recyclable photo-disinfection property for both Gram-positive/Gram-negative
bacteria under NIR light.

When the implants stay in the human body for a long time, they are susceptible to bacterial
contamination, leading to biomaterial-associated repeated infection (BARI) syndrome. The
conventional approaches rely on antibacterial agents-impregnated implants. They kill bacteria
through bactericides on material surfaces, including drug loading, metal ions (Ag*, Zn**, Cu?",
etc.) delivery, or bacterial attachment resistance via electrostatic repulsion. However, their
antibacterial performances are often controlled by the body itself, and it is challenging to achieve
cyclic disinfection. The significance of the work is that the repeatable photo-disinfection
performances of our coating manipulated by remote light can effectively eliminate the BARI

without administering antibiotics.
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Figure 6. (a) Live/Dead staining of S. aureus biofilm on multifunctional sSPEEK samples and (b)

SEM observation for bacteria with and without 20 min light. Green arrows point to S. aureus

debris, and red arrows indicate the crumpled or lytic membranes of E. coli.
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4. CONCLUSION

In summary, by the co-functionalization of GO and APN, we have created a multi-modal
therapeutic SPEEK with remotely repeatable photo-disinfection and effective osteogenicity
functions. In vitro and in vivo experiments data have proved the enhanced biocompatibility,
osteogenic commitment of pre-osteoblasts, and effective osteogenesis around sPEEK/GO/APN.
The bactericidal tests indicate our coated samples can offer “exogenous” recyclable photothermal
antimicrobial properties towards E. coli. and S. aureus without loading any antibacterial agents.
Considering these results together, we demonstrate that the therapeutic PEEK materials are highly
favorable for orthopedic/dental applications, especially for the treatment of BARI. Besides, such
a surface engineering platform can be generalized to other medical implants/devices made of

metals, ceramics, polymers, 3D printed structures, composites, etc.
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