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Polyetheretherketone (PEEK) is a desirable alternative to conventional biomedical metals for orthopedic im-
plants due to the excellent mechanical properties. However, the inherent bioinertness of PEEK contributes to
inferior osseointegration of PEEK implants, especially under pathological conditions of osteoporosis. Herein, a
programmed surface is designed and fabricated on PEEK to dictate osteoimmunomodulation and bone regen-
eration sequentially. A degradable hybrid coating consisting of poly(lactide-co-glycolide) and alendronate (ALN)
loaded nano-hydroxyapatite is deposited on PEEK and then interleukin-4 (IL-4) is grafted onto the outer surface
of the hybrid coating with the aid of N3 plasma immersion ion implantation and subsequent immersion in IL-4
solution. Dominant release of IL-4 together with ALN and Ca?" during the first few days synergistically mitigates
the early acute inflammatory reactions and creates an osteoimmunomodulatory microenvironment that facili-
tates bone regeneration. Afterwards, slow and sustained delivery of ALN and Ca* in the following weeks boosts
osteogenesis and suppresses osteoclastogenesis simultaneously, consequently ameliorating bone-implant
osseointegration even under osteoporotic conditions. By taking into account the different phases in bone
repair, this strategy of constructing advanced bone implants with sequential functions provides customizable and
clinically viable therapy to osteoporotic patients.

1. Introduction

With the accelerated aging of population, more and more people are
suffering from the degenerative orthopedic diseases, thus boosting the
clinical demand of orthopedic implants. As an alternative to biomedical
metals, polyetheretherketone (PEEK) is promising in orthopedics on
account of outstanding attributes such as the excellent mechanical
properties, intrinsic radiolucency, and sufficient biostability [1,2]. More
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importantly, the elastic modulus of PEEK is analogous to that of human
cortical bone thus circumventing the stress shielding effects that plague
metallic implants and consequently avoiding peri-implant osteanab-
rosis. However, despite these advantages, the bioinertness of pristine
PEEK hinders integration with native bone tissues in vivo and so
improvement is needed [3]. To enhance the osseointegration ability of
PEEK prostheses, surface modification strategies such as electron beam
evaporation [4], plasma treatment [5-7], and wet chemistry [8-10]
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have been proposed. Although some progress has been made, most of the
current studies only focus on the regulation of osteoblastic lineage cells
but ignore the effects of other critical factors such as the host immune
response which can determine the fate of implanted biomaterials [11].
In fact, insufficient consideration of all the biological process after im-
plantation is one of the main reasons for the inconsistency between in
vitro and in vivo results [12].

In the process of peri-implant bone healing, the bone-implant
interaction in vivo is a dynamic process comprising different phases.
After surgery, a cascade of biological events occurs that are impacted by
multiple factors surrounding the artificial implants [13-16]. Prior to
osteogenetic interactions, the host immune response is initiated within
hours after implantation and macrophages play a central role in this
early stage. Specifically, the recruited macrophages reaching the
implant surface are activated into the M1 phenotype, followed by
secretion of a small amount of inflammation-related cytokines that are
required for bone healing. Nevertheless, if the pro-inflammatory M1
phenotype of macrophages persists for a long time, chronic inflamma-
tion can be triggered, resulting in fibrous encapsulation of implants and
compromised bone-implant osseointegration [14,17]. In contrast,
timely and efficient transformation of macrophages from the M1 to M2
phenotype not only eases acute inflammation with the aid of
anti-inflammatory  cytokines  secretion, but also  releases
osteogenesis-related mediators to create a favorable osteoimmunomo-
dulatory micro-environment to enhance ensuing bone regeneration
[18]. Therefore, surface functionalization of PEEK implants should be
designed more delicately with the consideration of immunomodulatory
ability.

Following the early stage of positive immune regulation, peri-
implant bone regeneration leads to bone formation and subsequent
bone remodeling phases which are mainly orchestrated by two main cell
types: osteoblasts and osteoclasts. In particular, osteoblasts are
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responsible for bone formation, whereas osteoclasts specialize in bone
resorption. Successful peri-implant bone regeneration relies on the dy-
namic equilibrium between bone formation and bone resorption at the
defect sites. In actuality, many old patients receiving implants suffer
from degenerative diseases concurrently, especially osteoporosis. In
osteoporotic patients, bone homeostasis is broken due to excessive bone
resorption and insufficient bone formation [19-21], leading to the
inferior quality and quantity of human bones. In these cases, accom-
plishing bone-implant osseointegration is more challenging compared to
normal conditions.

By considering the various progressive biological events in bone-
implant interactions after implantation and pathological characteris-
tics of osteoporosis, a programmed degradable coating is designed and
constructed on PEEK implant in this work. This coating can coordinate
with the peri-implant biological response by initiating immune media-
tion in the early stage after implantation and ameliorating peri-implant
bone regeneration thereafter. According to our design: (1) Poly(lactide-
co-glycolide) (PLGA), a biodegradable and biocompatible polymer
approved by FDA [22,23], is utilized as the coating material; (2)
Alendronate (ALN), an effective therapeutic agent for preventing
excessive bone resorption [24], is bound onto the osteo-inductive
nano-hydroxyapatite (nHA) [25] to form nHA-ALN and homogeneous-
ly dispersed in the PLGA matrix; (3) Interleukin 4 (IL-4), a typical
cytokine with anti-inflammatory effect [26,27], is grafted onto the outer
surface of the PLGA@nHA-ALN hybrid coating with the aid of N5 plasma
immersion ion implantation (PIII) and subsequent immersion in IL-4
solution. Degradation of this gradient coating mediates the
peri-implant biological response in sequence. As illustrated in Fig. 1, the
initial burst of IL-4 dominates in the early post-implantation stage to
create a favorable osteoimmunomodulatory micro-environment by
timely switching of the peri-implant macrophages from the
pro-inflammatory M1 phenotype to anti-inflammatory M2 phenotype.
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Fig. 1. Schematic illustration of the programmed surface on PEEK which enhances bone-implant osseointegration under osteoporotic conditions by creating a
favorable osteoimmunomoduatory microenvironment in the early stage and facilitating bone regeneration thereafter.

365



Y. Zheng et al.

Subsequently, slow and sustained release of ALN and Ca?" in the next
several weeks suppresses excessive bone resorption and enhances bone
formation to restore peri-implant bone homeostasis and facilitate
bone-implant integration under osteoporotic conditions. In this way,
sequential regulation is achieved to match the dynamic process of bone
regeneration. Our results reveal a new and clinically viable strategy to
design advanced orthopedic implants, especially for osteoporotic
patients.

2. Materials and methods
2.1. Materials

ALN, nHA, dexamethasone, ascorbic acid 2 phosphate, and p-glyc-
erophosphate were purchased from Sigma-Aldrich (USA). PLGA (LA/GA
50:50, Mw 63000) was obtained from Daigang Biomaterials Inc. (Jinan,
China) and recombinant Murine IL-4 and the receptor activator of nu-
clear factor kappa-B ligand (RANKL) were acquired from Peprotech
(USA). The nHA-ALN was prepared in our laboratory, and the synthesis
procedures and characterization results were presented in Fig. S1.

Bioactive Materials 14 (2022) 364-376
2.2. Fabrication of samples

Biomedical grade PEEK (GEHR Plastics Inc.) rods were cut into
pieces with different dimensions of ®15 x 2 mm and used for surface
characterization, in vitro release assay, in vitro cell experiments, and in
vivo subcutaneous implantation assay. Cylindrical samples (®2 x 7 mm)
were prepared for in vivo rat femur intramedullary implantation. Sam-
ples were ground with abrasive paper progressively up to 3000 grits and
ultrasonically cleaned in acetone, ethanol, and deionized water
sequentially. The programmed surface was constructed on PEEK ac-
cording to the schematic procedures illustrated in Fig. 2a. At first, the
hybrid coating consisting of PLGA and nHA-ALN (10 wt%) was fabri-
cated on PEEK by solvent evaporation. Briefly, PLGA was dissolved in
dichloromethane to form a homogeneous solution and nHA-ALN was
ultrasonically dispersed in a solution of ethanol and dichloromethane
and added slowly to the PLGA solution. After stirring, the mixture was
spread on PEEK, dried at room temperature until the hybrid coating was
formed on sample surface. PEEK sample with hybrid coating was then
subjected to Ny PIII by applying a pulse frequency of 1000 Hz, pulse
duration of 50 ps, and voltage of 2 kV for 60 min. Afterwards, the sample
was incubated in the IL-4 solution (20 ng/ml) for 24 h for grafting,
followed by rinsing with sterile phosphate buffered saline (PBS) three
times to remove the loose IL-4. The experimental sample groups are
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Fig. 2. Sample fabrication and characterization: (a) Schematic illustration of sample preparation; (b) Surface morphologies observed by FE-SEM; (c-f) High-
resolution Cls spectra acquired from (c) PEEK, (d) PEEK-ALN, (e) PEEK-PIII, and (f) PEEK-IL4; (g) XPS survey spectra; (h) Atomic percentages determined by
XPS; (i) Static water contact angles (n = 4 per group); (j) In vitro release profile of IL-4 and ALN from PEEK-IL4 incubated in the PBS solution at 37 °C (n = 6 per
group). The inset presents the release profile in first 7 days. *p < 0.05 compared to PEEK, *p < 0.05 compared to PEEK-ALN, and *p < 0.05 compared to PEEK-PIIL
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presented in Table 1.

2.3. Surface characterization

The surface morphology of samples was examined by field-emission
scanning electron microscopy (FE-SEM, ZEISS SUPRA 55, Carl Zeiss,
Germany) after sputter-coating with platinum. The surface hydrophi-
licity was measured with 4 pl of deionized water by the sessile drop
method on a contact angle system (Attension Theta Flex, Biolin Scien-
tific, Sweden) under ambient conditions. Four measurements were
conducted on different samples of each group for the statistical
accountability. The surface chemical composition and chemical state
were determined by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fiser, England) with Al K, radiation referenced to the C
1s peak at 284.8 eV.

2.4. In vitro release profile of IL-4, ALN and Ca®*

To obtain release profiles of IL-4, ALN and Ca2+, the PEEK-IL4
samples were placed in a 24-well plate containing 1 ml PBS per well
and incubated at 37 °C. At prescribed time points, supernatant was
collected and refilled with fresh PBS. The released IL-4 was quantified by
the enzyme-linked immunosorbent assay (ELISA) kit (Valukine, R&D
Systems, USA) following the manufacturer’s instructions. The concen-
tration of released ALN was determined by UV-visible spectrophotom-
etry (UV-US, TU-1810, Pulse, China) at 293 nm according to the
previously reported method [28]. The Ca®* concentration was measured
using a calcium colorimetric assay kit (Beyotime, China) according to
the manufacturer’s instructions.

2.5. Cell culture

Murine-derived macrophage cell line RAW264.7 and bone marrow
mesenchymal stem cells isolated from osteoporosis rats (op-BMSCs)
were used in this study. Both cells were cultured in Dulbecco’s modified
eagle medium (DMEM, Hyclone, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, USA) and 1% penicillin/streptomycin
(HyClone, USA) at 37 °C in humidified 5% CO-, incubator. The op-
BMSCs were isolated from femurs and tibias of Sprague-Dawley (SD)
rats after ovariectomy three months under sterile conditions, and only 3
to 5 passages of op-BMSCs were used for the follow-up experiments. The
experimental procedures were approved by the Ethics Committee for
Animal Research, Shenzhen Institute of Advanced Technology, Chinese
Academy of Sciences. For osteogenic induction, the culture medium was
supplemented with 50 pg/ml ascorbic acid, 10 mM p-glycerophosphate
and 100 nM dexamethasone.

2.6. The osteoimmunomodulatory properties of the programmed surface

2.6.1. Cell morphology and proliferation of RAW264.7 cells

The RAW264.7 cells were seeded on the specimens at a density of 2
x 10* cells/sample and cultured for 1, 3, and 5 days. Cell proliferation
was determined by cell counting kit-8 (CCK-8) assay (Beyotime, China).
At each time point, the culture medium was refreshed with 300 pl of
serum-free medium containing 10% CCK-8. After incubation for 1.5 h at
37 °C, 100 pl of the supernatant were collected and the absorbance at a
wavelength of 450 nm was measured by a microplate reader (Thermos

Table 1
Experimental sample groups in this study.

Groups Treatment procedures

PEEK Pristine PEEK

PEEK-ALN PEEK + PLGA/nHA-ALN coating

PEEK-PIII PEEK + PLGA/nHA-ALN coating + Ny PIII

PEEK-IL4 PEEK + PLGA/nHA-ALN coating + Ny PIII + IL-4 grafting
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Fisher Scientific Inc., USA).

The morphology of the RAW264.7 cells was observed by FE-SEM.
After culturing on the samples for 24 h, the cells were rinsed thrice
with PBS and fixed with 2.5% glutaraldehyde, followed by dehydration
in gradient ethanol (30%, 50%, 70%, 90%, 95% and 100%). The sam-
ples with cells were dried under atmospheric conditions, sputter-coated
with platinum, and observed with FE-SEM.

2.6.2. The inflammatory response of RAW264.7 cells

To assess the inflammatory response, the expressions of immune,
autophagy, and osteogenesis-related genes of RAW264.7 cells were
evaluated by real-time polymerase chain reaction (RT-PCR). The
RAW264.7 cells were seeded on each sample at a density of 3.0 x 10*
cells/sample and cultured for 3 days. The total RNA was extracted from
cultured cells using the TRIzol reagent (Life Technologies) and reversely
transcribed into complementary DNA (cDNA) using a PrimeScript RT
Master Mix kit (TaKaRa) following the manufacturer’s instructions.
Afterwards, RT-PCR (CFX 96, Bio-Rad, USA) was performed using a
TransStart Green QPCR SuperMix UDG Kit (TransGen Biotech, China) as
well as the forward and reverse primers as listed in Table S1. The ex-
pressions of immune-related genes (inflammatory cytokine genes: tumor
necrosis factor a (TNF-a), interleukin 6 (IL-6), interleukin 1 beta (IL-1p),
interleukin 4 (IL-4), and interleukin 10 (IL-10); macrophage-phenotype
marker genes: cluster of differentiation 86 (CD86), C-C chemokine re-
ceptor type 7 (CCR7), inducible nitric oxide synthase (iNOS), cluster of
differentiation 206 (CD206), cluster of differentiation 163 (CD163), and
Arginase (Arg)), autophagy-related genes (autophagy-related gene 5
(ATGS5), autophagy-related gene 7 (ATG7), microtubule-associated
protein light chain 3B (LC3B), Beclin 1, and sequestosome-1(SQSTM1,
also known as P62)), and osteogenesis-related genes (platelet derived
growth factor BB (PDGF-BB), transforming growth factor beta 1 (TGF-
B1), and bone morphogenetic protein 2 (BMP-2)) were quantitatively
determined with p-actin serving as the house-keeping gene for normal-
ization. The 2722 method was employed to calculate the relative gene
expression levels.

In a next step, the RAW264.7 cells were evaluated quantitatively for
polarization by determining the percentage of iNOS-positive cells (M1
phenotype) and CD206-positive cells (M2 phenotype). After culturing
for 3 days, the cells on different samples were harvested and collected
into eppendorf tubes. Non-specific antigen was blocked by incubating
with 1% BSA for 30 min. The cells were stained by the diluted flow
direct-labeled iNOS and CD206 antibodies (eBioscience) for 30 min at
room temperature in darkness. After washing thrice with PBS, the cells
were tested by flow cytometry (CytoFLEXS, Beckman, USA) and the data
were analyzed by the Flowjo.10.2 software. The RAW264.7 cells
cultured on the different samples for 3 days were quantified for the
release of cytokines TNF-a, IL-10 and TGF-p1 by ELISA using the com-
mercial ELISA kits (Multisciences, China) according to the manufac-
turer’s instructions.

2.6.3. Osteogenic differentiation of op-BMSCs in the macrophage-
conditioned medium

The macrophage-conditioned medium was prepared by incubating
RAW264.7 cells on the different samples. The medium after cell
culturing was collected daily for three days and mixed with osteogenic
induction medium with a ratio of 1:1. The conditioned medium of
different groups without RAW264.7 cells was also prepared. After
culturing op-BMSCs in a 24-well plate for 2 days, the medium was
replaced with the conditioned medium every 2 or 3 days up to 7 days.

After conditioned culturing for 3 and 7 days, the op-BMSCs in
different groups were treated with the cell lysis buffer (Beyotime,
China). The alkaline phosphatase (ALP) activity and total intracellular
protein in the cell lysis were quantitatively determined by the ALP Assay
Kit (Beyotime, China) and BCA Protein Assay Kit (Beyotime, China),
respectively per the manufacturer’s protocols. The results of ALP ac-
tivity were normalized to the total protein content and described as
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nmol/min/mg protein.

The degree of extracellular matrix (ECM) mineralization was eval-
uated by alizarin red staining. After conditioned culturing for 7 days,
cells on different samples were fixed in 75% ethanol for 1 h and stained
with 1% alizarin red S solution (pH 4.2, Solarbio, China) for 10 min at
room temperature. The unbound stain was removed by flushing with
distilled water and the bound stain was eluted with 500 pl of cetylpyr-
idinium chloride in 10 mM sodium phosphate (10%, pH 7.0). In the
quantitative analysis, the eluted solution in each group was tested for
the absorbance at 620 nm using a microplate reader.

2.7. Osteogenic properties of the programmed surface

2.7.1. Cell viability of op-BMSCs

The op-BMSCs were seeded on the different samples at a density of
1.5 x 10* cells/sample. After incubation for 4 and 24 h, the morphology
of op-BMSCs was observed by FE-SEM. Cell proliferation was evaluated
after culturing op-BMSCs on different samples for 1, 3 and 5 days. At
each time point, CCK-8 assay was performed as described above. The op-
BMSCs cultured on different samples for 3 days were also evaluated by
live/dead cell staining. Calcein-AM and propidium iodide (Beyotime,
China) were utilized to stain the live cells in green and dead cells in red,
respectively. The stained cells were examined by fluorescent microscopy
(Eclipse CI, Nikon, Japan).

The ALP activity and ECM mineralization of op-BMSCs cultured on
different samples were evaluated after osteogenic induction for 7 and 14
days. These assays were performed using the protocols described in
Section 2.6.3. At the same time points, the gene expressions of ALP, type
I collagen (COL-I), osterix (OSX), and osteocalcin (OCN) were analyzed
by RT-PCR as described above. The forward and reverse primers are
listed in Table S1.

2.8. Osteoclastic properties of the programmed surface

RAW264.7 cells were inoculated on each sample at a density of 5 x
10* cells/sample and DMEM complete medium containing RANKL (50
ng/ml) was employed to induce the differentiation of RAW264.7 cells to
osteoclast-like cells. After culturing for 9 days, the cells on each sample
were lysed and evaluated for the tartrate-resistant acid phosphatase
(TRAP) activity and total intracellular protein using a commercial TRAP
Assay Kit (Beyotime, China) and BCA Protein Assay Kit, respectively per
the manufacturer’s protocols. The TRAP activity was normalized to the
total protein content and described as nmol/min/mg protein.

At the same time point, the expressions of osteoclastogenesis and
autophagy-related genes were analyzed by RT-PCR following the pro-
tocols described in section 2.6.3. The osteoclastogenesis-related genes
included TRAP, cathepsin K (CTSK), matrix metalloproteinase-9
(MMP9), nuclear factor of activated T-cells cytoplasmic 1 (NFATc1),
and receptor activator of nuclear factor kappa-B (RANK) and the
autophagy-related genes included ATG5, ATG7, LC3B, Beclinl, and P62.
The forward and reverse primers are listed in Table S1.

2.9. In vivo assessments

All the animal experiments and protocols were approved by the
Ethics Committee for Animal Research, Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences (Certificate number: SIAT-
IACUC-210223-YYS-ZYY-A0969-03).

2.9.1. Immunomodulatory evaluation after subcutaneous implantation
The immunomodulatory ability was evaluated after subcutaneous
implantation, and 12-weeks-old male SD rats with a body weight of
200-300 g were used in this in vivo study. After general anesthesia by
intraperitoneal injection of 2% pentobarbital (2 ml/kg), the back of rats
was shaved and sterilized using povidone iodine. A longitudinal incision
was created and a subcutaneous pocket was dissected. The samples were
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implanted into the pockets and the incisions were carefully closed. After
3 and 7 days post-operation, the rats were sacrificed and the specimens
with surrounding tissues were harvested. The biopsy samples were fixed
in paraformaldehyde, embedded in paraffin, sectioned, and observed
after hematoxylin and eosin (H&E) (Servicebio, China) staining.
Immunofluorescence staining was performed to examine the macro-
phage polarization around implants using the primary antibodies of
iNOS (M1 marker, Servicebio, china) and CD163 (M2 marker, Service-
bio, china) as well as the corresponding secondary antibodies (Service-
bio, china). Meanwhile, the nuclei were stained blue with 4/,6-
diamidino-2-phenylindole (DAPI, Servicebio, China) and all the stained
sections were examined by fluorescent microscopy. Image-Pro Plus
software was employed to analyze the thickness of the fibrous layer as
well as the ratio of iNOS-positive/CD163-positive cells.

2.9.2. Osseointegration evaluation after femoral implantation in
osteoporotic rats

Twelve aged female SD rats (20-month-old) with osteoporosis were
randomly assigned into three groups (PEEK group, PEEK-ALN group,
and PEEK-IL4 group). After general anesthesia by intraperitoneal in-
jection of 2% pentobarbital (2 ml/kg), a 10 mm longitudinal incision
was made along the lateral side of the extensor mechanism around the
knee joint. With the knee in flexion, a cylindrical defect (® 2 x 7 mm)
was drilled at the intercondylar notch of the distal femur (parallel to the
long axis of the femur). The implants with different surfaces were
inserted into the defects and the wounds were closed carefully. The
surgery procedures of implanting different samples into the bone defects
are shown in Fig. S2. The different samples were randomly implanted in
the bilateral femurs of experimental rats for symmetry. After 2 weeks
post-implantation, alizarin red (30 mg/kg) was intraperitoneally
administered in the rats to label the peri-implant new bone formation
and mineralization.

The rats were sacrificed 4 weeks post-operation and the femurs
containing implants were harvested and fixed in paraformaldehyde.
Peri-implant new bone formation was evaluated by micro-computed
tomography (micro-CT) (SkyScan 1176, Bruker, Germany) and the 3D
images were reconstructed by the CTvol program (Skyscan). A hollow
cylinder with a thickness of 180 ym from the implant surface and a
length of 5 mm of the implant (1 mm each away from the implant ends)
was defined as the volume of interest. Qualitative analysis of bone
mineral density (BMD), bone volume/total volume (BV/TV), trabecular
number (Tb.N), and trabecular separation (Tb.Sp) was conducted by 3D
bone morphometric analysis. Subsequently, the fixed femurs were
embedded in poly (methyl methacrylate), and cut into sections using the
Exakt system (310CP, Exakt, Germany). The sections were ground and
polished to a final thickness of about 50 pm. Fluorescent observation
was performed on a confocal laser microscope (TCS SP8, Leica, Ger-
many) with excitation/emission wavelengths at 543/620 nm for alizarin
red. The slices were further processed by toluidine blue staining to
visualize the bone-implant interfaces. Finally, the femurs after removal
of implants were decalcified, embedded in paraffin, sectioned into slices,
and processed by H&E and TRAP (Sigma-Aldrich) staining according to
the standard protocols.

2.10. Statistical analysis

All the experiments were performed at least in triplicate, and the
results were shown as mean + standard deviation (SD). The one-way
analysis of variance (ANOVA) and least significant difference (LSD)
post hoc test were performed to determine the statistical significance. A
difference at *P < 0.05 was considered to be statistically significant.
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3. Results and discussion
3.1. Sample characterization

The PEEK specimens with different surfaces are prepared as shown in
Fig. 2a. The degradable PLGA@nHA-ALN coating is deposited on PEEK
and then Ny PIII is conducted to activate the surface. During Ny PIII
treatment, energetic nitrogen ions are implanted into the hybrid coating,
and thus abundant free radicals are generated in ion-implanted region
underneath the surface. A substantial amount of the free radicals can
continuously migrate to the surface without being quenched and react
with environmental molecules. By taking advantage of this unique
mechanism, simple incubation of the PIll-treated samples in the IL-4
solution enables grafting of IL-4 without using chemical linkers [29].
FE-SEM discloses that the pristine PEEK surface is relatively flat and
smooth with only a few scratches resulting from sandpaper grinding, as
shown in Fig. 2b. After deposition of the PLGA@nHA-ALN coating,
PEEK-ALN has a homogeneous and flat surface without scratches, indi-
cating that nHA-ALN is evenly distributed in the PLGA. Compared with
PEEK-ALN, the surface topography of PEEK-PIII and PEEK-IL4 is strik-
ingly different, indicating that the energetic plasma etches the outer
surface of the hybrid coating to expose the underlying nHA-ALN. The
cross-sectional FE-SEM image in Fig. S3 shows that the coating is about
13 pm thick and bonds well with the PEEK substrate.

XPS is employed to determine the chemical states of the different
surfaces. The high-resolution C 1s spectra illustrate the changes in the
surface chemical states after each step (Fig. 2c—f). Compared to the C 1s
spectrum of pristine PEEK (Fig. 2c), the characteristic peaks of PLGA in
the C 1s spectrum arise from PEEK-ALN (Fig. 2d) thereby corroborating
successful fabrication of the PLGA@nHA-ALN coating. In the Ny PIII
treatment, energetic nitrogen ions are implanted into the hybrid coating
and new chemical bonds like C-N at 286.3 eV and O=C-NH at 287.8 eV
emerge from the PEEK-PIII surface (Fig. 2e). The bulge at 287.8 eV in the
C 1s spectrum of PEEK-IL4 (Fig. 2f) can be ascribed to the abundant
O=C-NH group in IL-4. The other chemical changes are observed from
the high-resolution Ca 2p, P 2p, N 1s, and S 2p spectra as shown in
Fig. S4. In general, the peaks of Ca 2p, P 2p, and N 1s are accentuated on
PEEK-PIII, and the S 2p peak originating from IL-4 can only be detected
from PEEK-IL4. Fig. 2g shows the survey XPS spectra of the different
samples and the corresponding atomic percentages are presented in
Fig. 2h. Only C and O are dominant on the pristine PEEK sample, while
Ca, P, and N are detected from the surface of PEEK-ALN. In comparison
with PEEK-ALN, PEEK-PIII and PEEK-IL4 show larger atomic percent-
ages of Ca, P, and N. It is probably due to the plasma etching effect of Ny
PIII subsequently exposing more nHA-ALN on the outer surface and
some N-containing groups are also introduced by the plasma. A trace
amount of S is also detected from PEEK-IL4 to confirm the successful
grafting of IL-4.

The surface hydrophilicity of the specimens is evaluated by the static
contact angle measurement. As shown in Fig. 2i, the water contact angle
on the pristine PEEK is 89.1° and decreases to 78.1° after deposition of
PLGA@nHA-ALN coating. The surface of PEEK-PIII is more hydrophilic
showing a water contact angle of 62.3°. This is because PIII exposes
some nHA-ALN in the coating and also introduces hydrophilic N-con-
taining groups as shown by XPS. The water contact angle on PEEK-IL4 is
as low as 47.7° corroborating good hydrophilicity of the surface grafted
IL-4.

3.2. Invitro release of IL-4, ALN and Ca®"

With regard to the gradient of surface coating, the release behaviors
of IL-4, ALN, and Ca*" from PEEK-IL4 sample are evaluated by PBS in-
cubation. As shown in Fig. 2j, rapid release of IL-4 (more than 90% of the
total grafted amount) is detected during the initial 3 days. However, the
cumulative release of ALN shows a different profile. After incubation for
1 day, burst release of about 9% of the total encapsulated ALN is
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detected and then sustained release of ALN occurs for up to 98 days.
Release of Ca®" from PEEK-IL4 shows a similar curve as ALN (Fig. S5).
These results meet our anticipation of the programmed surface that IL-4
grafted on the outer surface dominates release in the first few days,
while the hybrid coating with good degradability serves as a reservoir to
sustain subsequent release of ALN and Ca®" in the next several weeks. In
this way, IL-4 contributes to the immunomodulatory effects on the
programmed surface in the early stage after implantation, and thereafter
ALN and Ca?' inhibit osteoclastogenesis and promote osteogenesis
under osteoporotic conditions.

3.3. In vitro osteoimmunomodulatory properties

3.3.1. Inflammatory response of RAW264.7 cells

After implantation, the artificial implants are recognized as foreign
matters by the host immune system. In response to the physicochemical
properties of the implant surface, immune cells are recruited to the
implant surface to alter the local microenvironment by switching phe-
notypes [14,15]. Among the various immune cells, macrophages play a
crucial role in the host immune response, which mediates subsequent
bone healing and ultimately determines the fate of implants in vivo [14,
30]. Therefore, RAW264.7 macrophages are cultured on our samples to
investigate the early inflammatory response.

After incubation for 24 h, cell morphology is examined by FE-SEM as
shown in Fig. 3a. The RAW264.7 cells cultured on PEEK and PEEK-ALN
have a spindle appearance while pseudopodia are more obvious on
PEEK-ALN. In comparison, macrophages attach better on PEEK-PIII and
PEEK-IL4 by presenting an extended morphology with more pseudo-
podia. Fig. 3b shows the proliferation of RAW264.7 cells after culturing
for 1, 3, and 5 days. Compared to the PEEK control group, all the
modified surfaces inhibit proliferation of macrophages on the 3rd and
5th day and no significant difference in cell proliferation is observed
from PEEK-ALN, PEEK-PIII, and PEEK-IL4.

To evaluate polarization of macrophages, the M1-and M2-related
gene expression is determined by RT-PCR after culturing RAW264.7
cells on different samples for 3 days. The results are presented as heat
maps in Fig. 3c and d and the original quantitative data are shown in
Fig. S6. The M1 phenotype markers CCR7, CD86, and iNOS, and pro-
inflammatory cytokines such as TNF-q, IL-6, and IL-1p are referred to
as the M1-related genes. The M2 phenotype markers CD163, CD206, and
Arg, and anti-inflammatory cytokines like IL-4 and IL-10 are referred to
as the M2-related genes. Fig. 3c shows that all the M1-related genes are
down-regulated after culturing the macrophages on the modified sam-
ples and the lowest expression is detected from PEEK-IL4. On the con-
trary, the expression of M2-related genes shows a reverse trend that the
highest expression is observed from PEEK-IL4. Polarization of macro-
phages is also confirmed by flow cytometry. As shown in Fig. 3e and
Fig. S7, the proportion of iNOS-positive cells (M1 phenotype) decreases
from 57% on PEEK to 17% on PEEK-IL4. Meanwhile, the CD206-positive
cells (M2 phenotype) increase from 27% on PEEK to 69% on PEEK-IL4
(Fig. 3f and Fig. S7). Moreover, the levels of osteogenic-related genes
(PDGF-BB, TGF-p1, and BMP-2) are elevated after culturing macro-
phages on the various samples for 3 days and the highest expression is
detected from PEEK-IL4 (Fig. 3g).

Secretion of extracellular cytokines is monitored by the ELISA. As
expected, the release trends of pro-inflammatory cytokine TNF-a
(Fig. 3h), anti-inflammatory cytokine IL-10 (Fig. 3i), and osteogenic
cytokine TGF-p1 (Fig. 3j) are consistent with the gene expressions. The
results clearly show that the modified samples, especially PEEK-IL4,
possess the immunomodulatory ability to inhibit pro-inflammatory M1
polarization and promote the anti-inflammatory and pro-healing M2
polarization of macrophages. Therefore, PEEK-IL4 has the greatest po-
tential to generate a favorable immune microenvironment for facili-
tating bone regeneration. It is recognized that the surface properties of
implants affect the peri-implant immune response [14,31]. As a classic
M2-polarizing cytokine, IL-4 is grafted onto the sample surface and its
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Fig. 3. Inflammatory response of RAW264.7 cells cultured on different samples: (a) Cell morphology after culturing for 24 h; (b) Cell proliferation after culturing for
1, 3, and 5 days (n = 4 per group); (c) Heat map showing the expression of M1 markers (CCR7, CD86, and iNOS) and pro-inflammatory genes (TNF-a, IL-6, and IL-1()
after incubation for 3 days (n = 4 per group); (d) Heat map showing the expression of M2 markers (CD163, CD206, and Arg) and anti-inflammatory genes (IL-4 and
IL-10) after incubation for 3 days (n = 4 per group); (e-f) Percentage of (e) iNOS-positive macrophages (M1 phenotype) and (f) CD206-positive macrophages (M2
phenotype) after incubation for 3 days (n = 3 per group); (g) Expression of osteogenic-related genes (PDGF-BB, TGF-p1, and BMP-2) after incubation for 3 days (n = 4
per group); (h—j) Secretion of (h) TNF-q, (i) IL-10, and (j) TGF-p1 after incubation for 3 days (n = 4 per group); (i) Heat map showing the expression of autophagy-
related genes (ATG5, ATG7, LC3B, Beclinl, and P62) after incubation for 3 days (n = 4 per group). *p < 0.05 compared to PEEK, #p < 0.05 compared to PEEK-ALN,

&p < 0.05 compared to PEEK-PIIL

release dominates in the first several days [26,32,33]. In addition, both
the HA-modified surfaces and ALN released from biomaterials have been
reported to down-regulate secretion of pro-inflammatory cytokines from
macrophages [34,35]. In this respect, the programmed surface on
PEEK-IL4 shows the optimal immunomodulatory capability due to the
synergetic effects rendered by IL-4 and nHA-ALN.

Autophagy is a cellular waste disposal process that plays an impor-
tant role in maintaining intracellular homeostasis and actively partici-
pates in immune-surveillance [36]. Autophagy can suppress the
activation of inflammasome as an indicator of the anti-inflammatory
response [36]. Hence, the effects of autophagy are evaluated by

370

RT-PCR. As shown in Fig. 3k and Fig. S8, the expressions of
autophagy-related genes (ATG5, ATG7, LC3B, Beclin 1, and P62) are
up-regulated on the modified samples, especially PEEK-IL4. The favor-
able immunomodulatory ability of PEEK-IL4 may thus be associated
with the activation of autophagy.

3.3.2. Osteogenic differentiation of op-BMSCs in the conditioned medium

To determine the immunomodulatory effects of the modified sam-
ples on osteogenesis of op-BMSCs, the conditioned medium with (+) or
without (—) seeding of macrophages is collected daily and supplied to
op-BMSCs every 2 or 3 days according to the protocols shown in Fig. 4a.
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Fig. 4. Osteogenic differentiation of op-BMSCs in the conditioned medium: (a) Experimental design of the conditioned culture and analysis; (b-c) ALP activity of op-
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RAW264.7 (+) in PEEK-ALN, &p < 0.05 compared to RAW264.7 (+) in PEEK-PIII.

The ALP activity, an early marker of osteogenic differentiation, is
evaluated after culturing op-BMSCs for 3 and 7 days. As shown in Fig. 4b
and c, the ALP activity of op-BMSCs is up-regulated by the RAW264.7
(+) condition medium compared to the parallel RAW264.7 (—) groups.
The RAW264.7 (+) conditioned medium collected from PEEK-IL4 shows
the highest ALP activity of op-BMSCs at both time points. In addition to
the ALP activity, the results of ECM mineralization after culturing op-
BMSCs for 7 days show a similar trend as presented in Fig. 4d. There-
fore, the immune micro-environments created by the macrophages
cultured on the modified samples, especially PEEK-IL4, are favorable to
the osteogenic differentiation of op-BMSCs, hence validating that PEEK-
IL4 has the best osteoimmunomodulatory effects. As aforementioned,
the programmed surface on PEEK-IL4 prompts an efficient and timely
switch of macrophages from the M1 to M2 phenotype, and the M2
macrophages can secret a series of osteogenic cytokines such as PDGF-
BB, TGF-f1 and BMP-2 to facilitate the osteogenesis of op-BMSCs.
TGF-B1 and BMP-2 are the pivotal members of the TGF-f superfamily
that can promote osteogenesis and angiogenesis through their receptors
[37-39], and PDGF-BB not only promotes vessel maturation, but also
stimulates bone regeneration during the healing process [40-42].
Therefore, up-regulated secretion of osteogenic cytokines from macro-
phages after incubation is responsible for the osteoimmunomodulatory
capacity of PEEK-IL4 to some extent.

3.4. In vitro osteogenesis and osteoclastogenesis

The op-BMSCs are used for the in vitro evaluation of osteogenesis and
the cell morphology, cell proliferation, ALP activity, osteogenic gene
expression, as well as ECM mineralization are investigated. It is well
known that initial adhesion and spreading of cells on biomaterials are
prerequisite to proliferation and differentiation [43]. As shown in
Fig. 5a, spindle cells with an elongated shape are observed from PEEK
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after incubation for 4 h indicative of poor cell adhesion. In contrast, the
cells cultured on PEEK-ALN are more extended, whereas those on
PEEK-PIII and PEEK-IL4 exhibit a flat morphology with apparent filo-
podia and lamellipodia. After incubation for 24 h, the extension of
op-BMSCs on PEEK is limited but the cells on PEEK-ALN, PEEK-PIII, and
PEEK-IL4 spread out extensively. It is possible that nHA-ALN exposed on
the outer surface of PLGA@nHA-ALN coating after Ny PIII provides more
anchoring sites for cell attachment [44]. Bone mesenchymal stem cells
are the precursor cells of osteoblasts and their proliferation is funda-
mental to bone regeneration in vivo [45]. Herein, time-dependent pro-
liferation of op-BMSCs on different samples is assessed by CCK-8 assay as
shown in Fig. 5b. The viability of op-BMSCs on PEEK-IL4 is significantly
higher than that of the other 3 groups beginning with the first day.
Noteworthily, proliferation of op-BMSCs on the samples is different from
that of RAW264.7 cells. This can be ascribed to different response of
cells to the effector molecules as reported previously [35,46]. The
live/dead staining results (Fig. S9) confirm that PEEK-IL4 has better
compatibility to op-BMSCs than the other samples.

After osteogenic induction for 7 and 14 days, the op-BMSCs in
different groups are examined for the expression of osteogenic genes
(ALP, COL-I, OSX, and OCN) by RT-PCR. The results are presented as
heat maps in Fig. 5¢c and the original quantitative data are provided in
Fig. S10. In general, the PEEK-IL4 group shows the highest levels of all
the osteogenic genes at both time points. To verify the osteogenic per-
formance of different samples, the ALP activity and ECM mineralization
of cultured op-BMSCs are evaluated at the same time points. As shown in
Fig. 5d, the ALP activity of op-BMSCs is up-regulated on the modified
samples and the highest levels are observed from PEEK-IL4. Meanwhile,
the quantitative results of ECM mineralization exhibit the same trend of
PEEK-IL4 > PEEK-PIII > PEEK-ALN > PEEK (Fig. 5e), thus corroborating
that PEEK-IL4 is more desirable than the other samples for boosting in
vitro osteogenesis of op-BMSCs.
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Fig. 5. Osteogenesis of op-BMSCs and osteoclastogenesis of RANKL-induced RAW264.7 cells cultured on the different samples: (a) Morphology of op-BMSCs after
culturing for 4 and 24 h; (b) Proliferation of op-BMSCs after culturing for 1, 3 and 5 days (n = 4 per group); (c) Heat map showing the expression of osteogenesis-
related genes (ALP, COL-I, OSX, and OCN) of op-BMSCs after osteogenic induction for 7 and 14 days (n = 4 per group); (d) ALP activity of op-BMSCs after osteogenic
induction for 7 and 14 days (n = 3 per group); (e) Quantitative results and corresponding images of ECM mineralization of op-BMSCs after osteogenic induction for 7
and 14 days (n = 3 per group); (f) TRAP activity of RAW264.7 cells after induction by RANKL for 9 days (n = 4 per group); (g-h) Heat map showing the expression of
(g) osteoclastogenesis-related genes (TRAP, CTSK, MMP9, NFATc1, and RANK) and (h) autophagy-related genes (ATG5, ATG7, LC3B, Beclinl and P62) of RAW264.7
cells after induction by RANKL for 9 days (n = 4 per group). *p < 0.05 compared to PEEK, *p < 0.05 compared to PEEK-ALN, ¥p < 0.05 compared to PEEK-PIIL

Osteoporosis is characterized by excessive osteoclastogenesis that
aggravates bone loss [47-49]. Therefore, proper reduction of osteoclast
differentiation can rebalance the bone metabolism to favor bone
regeneration, thus ameliorating bone-implant osseointegration under
osteoporotic conditions. In this regard, RAW264.7 macrophages are
induced by the RANKL to form osteoclasts and then examined for
osteoclastogenesis after incubation on the different samples for 9 days.
As shown in Fig. 5f, the TRAP activity of the cells in different groups
follows the trend of PEEK > PEEK-ALN > PEEK-PIII > PEEK-IL4, indi-
cating that the modified samples especially PEEK-IL4 provide the
anti-osteoclastic activity. To further investigate the effects on osteo-
clastogenesis, the expression levels of genes including TRAP, CTSK,
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MMP9, NFATcl, and RANK are evaluated. Fig. 5g and Fig. S11a show
that the expressions of osteoclastogenesis-related genes are all the
lowest in the PEEK-IL4 group. Evidently, the PEEK-IL4 sample with
programmed surface shows the best capability of anti-osteoclastogenesis
among the 4 groups.

With regard to the osteogenic and anti-osteoclastic functions of
PEEK-IL4, there are synergistic effects rendered by IL-4, ALN and Ca®* in
our design. Particularly, cytokine IL-4 can serve as a chemotactic factor
to recruit osteoblasts and play an important role in bone remodeling
[50-52]. Recent studies have demonstrated that IL-4 can also inhibit the
formation of osteoclasts from their precursor cells and even suppress the
resorptive capacity of mature osteoclasts [53,54]. ALN is recognized to
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be an effective anti-osteoporosis drug which can promote proliferation
and osteogenic differentiation of osteoblasts and inhibit maturation of
osteoclasts by disrupting the mevalonate pathway [24,48,55,56]. A
sustained release of Ca2* can ameliorate proliferation and osteogenic
differentiation of osteoblasts as reported previously [44,57].

Autophagy is closely related to bone resorption [36,58,59]. Activa-
tion of autophagy has been reported to be involved in RANKL-induced
differentiation of osteoclasts and therefore, attenuation of autophagy
is proposed to suppress osteoclastogenesis. The expression of
autophagy-related genes is further evaluated after inducing RAW264.7
cells on different samples with RANKL for 9 days. As shown in Fig. 5h
and Fig. S11b, all the autophagy-related genes including ATG5, ATG7,
LC3B, Beclinl and P62 are down-regulated on the modified samples and
the lowest expression is detected in the PEEK-IL4 group. P62 is an
important protein bridging autophagy and RANKL-induced osteoclas-
togenesis, and knockdown of P62 can inhibit osteoclastic differentiation
of macrophages [59]. The autophagic proteins ATG5, ATG7, and LC3
also participate in generating the mature ruffled border and releasing H*
and CTSK to resorb bone [36]. Therefore, our results suggest that the
modified samples, especially PEEK-IL4, suppress osteoclastogenesis by
blocking autophagy.

3.5. Immunomodulatory evaluation in vivo

After surgery, inflammatory cell infiltration is a typical foreign body
reaction of extraneous implants. In this early stage, excessive inflam-
matory reaction will lead to a fibrous layer surrounding the implant in
vivo [60,61]. To study whether the programmed surface can ease the
acute inflammatory response, PEEK, PEEK-ALN, and PEEK-IL4 are sub-
cutaneously implanted into the back of SD rats for 3 and 7 days. At both
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time points, the inflammatory status of the peri-implant tissues is
analyzed by H&E staining and immunofluorescence analysis. As shown
in Fig. 6a and b, the fibrous layer after implantation of PEEK-IL4 is
markedly thinner than those surrounding the PEEK and PEEK-ALN im-
plants. Further immunofluorescence analysis demonstrates that the ratio
of M1 macrophages (iNOS') to M2 macrophages (CD163") is the
smallest in the PEEK-IL4 group (Fig. 6¢-d and Fig. S12). Collectively, the
in vivo results after subcutaneous implantation are in line with the
aforementioned in vitro results showing that the programmed surface on
PEEK-IL4 can effectively relieve the inflammatory response in the early
stage after implantation.

3.6. In vivo bone regeneration in osteoporotic rats

To evaluate in vivo osseointegration under osteoporotic conditions,
aged rats with osteoporosis are utilized as the animal model to create
femur defects for implantation. As shown by the micro-CT results
(Fig. S13), the aged rats suffer from striking bone loss compared to
normal adult rats, illustrating successful establishment of the osteopo-
rotic animal model. The untreated and modified samples are implanted
separately into the femur defects of osteoporotic rats and in vivo bone
regeneration is monitored after 4 weeks. Fig. 7a depicts the recon-
structed transverse, coronal, and 3D micro-CT images of the peri-
implant bone tissues in different groups. Correspondingly, the quanti-
tative results of osteogenesis-related parameters including the BMD, BV/
TV, Tb.N, and Tb.Sp are analyzed and shown in Fig. 7b-e. The results
obtained from the PEEK-IL4 group are superior, followed by PEEK-ALN
group and the PEEK group is inferior, indicating that quantity and
quality of newly formed bone surrounding PEEK-IL4 implant with a
programmed surface are significantly improved. The osteogenesis
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Fig. 6. In vivo immunomodulatory efforts: (a) H&E staining of the peri-implant tissues after subcutaneous implantation for 3 and 7 days with the fibrous layers
marked by dashed lines; (b) Thickness of the fibrous layers around the implants (n = 6 per group); (¢) Immunofluorescent staining of the peri-implant tissues after
subcutaneous implantation for 3 and 7 days: red (iNOS, M1 marker), green (CD163, M2 marker) and blue (nuclei); (d) Ratios of iNOS-positive cells to CD163-positive
cells in the peri-implant tissues (n = 6 per group). *p < 0.05 compared to PEEK, #p < 0.05 compared to PEEK-ALN.
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Fig. 7. Invivo bone regeneration under osteoporotic conditions after implantation for 4 weeks: (a) Reconstructed transverse, coronal, and 3D micro-CT images; (b—e)
Quantitative analysis of the micro-CT data including (b) BMD, (c) BV/TV, (d) Tb.N and (e) Tb.Sp (n = 5 per group); (f) Red fluorescent labeling of new bone
formation surrounding the implants; (g) Histological observation of the peri-implant tissues after H&E staining with new bones marked by dashed lines; (h) His-
tological observation of the peri-implant tissues after toluidine blue staining; (i) Histological observation of the peri-implant tissues after TRAP staining. OB, old bone;
NB, new bone; Yellow arrows mark the fibrous capsule; Red arrows mark the direct contact between new bone and the implants; Black arrows mark the TRAP positive

cells. *p < 0.05 compared to PEEK, “p < 0.05 compared to PEEK-ALN.

process is tracked by fluorescent labeling using alizarin red. As shown in
Fig. 7f and Fig. S14, the percentage of stained bone area follows the
same trend of PEEK-IL4 > PEEK-ALN > PEEK. Fig. 7g and h show the
results of H&E staining and toluidine blue staining, respectively.
Consistent with micro-CT scanning and fluorescent labeling, H&E
staining and toluidine blue staining reveal that the layer of new bone
around the PEEK-IL4 implant is much thicker than that in the other
groups. In addition, the percentage of bone-implant contact follows the
trend of PEEK-IL4 > PEEK-ALN > PEEK (Fig. S15). Notably, most of the
newly formed bone bonds directly with the PEEK-IL4 implant (marked
by red arrows), whereas fibrous connective tissues (marked by yellow
arrows) are observed from the bone-implant interface after implantation
of PEEK.
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With regard to osteoclastogenesis in vivo, the sections obtained from
different groups are studied by TRAP staining. As shown in Fig. 7h, the
periphery of PEEK-IL4 implant shows the smallest number of TRAP-
positive cells (marked by black arrows) among the 3 groups, indi-
cating that the PEEK-IL4 implant with a programmed surface can
enhance the bone regeneration process by improving osteogenesis and
attenuating osteoclastogenesis at the same time.

The results reveal our innovative attempt of programming the sur-
face of PEEK to ameliorate bone-implant osseointegration under osteo-
porotic conditions by initiating immunomodulation and fostering bone
regeneration thereafter. The cascade of IL-4 and a small amount of ALN
and Ca®" in the early stage after implantation creates an osteoimmu-
nomodulatory microenvironment. In the following weeks, steady release
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of ALN and Ca?" boosts osteogenesis and suppresses osteoclastogenesis
continuously, contributing to new bone formation at the bone-implant
interface with high quantity and quality. As a consequence, success of
bone implantation can be achieved even under osteoporotic conditions.

4. Conclusion

A programmed surface is designed and constructed on PEEK to
dictate immune-mediated peri-implant bone regeneration. In the early
stage after implantation, dominant release of IL-4 and a handful of ALN
and Ca?' mitigate the acute inflammatory reaction by promoting M2
polarization of macrophages, creating a desirable osteoimmunomodu-
latory microenvironment. In the following weeks, slow and sustained
release of ALN and Ca?" restores the balance between osteogenesis and
osteoclastogenesis to foster peri-implant bone formation even under
osteoporotic conditions. As a result, bones with high quantity and
quality are formed onto the implant with programmed surface and solid
bone-implant osseointegration is accomplished. This novel strategy of
sequential functionalization has great potential in clinical applications
and also provides insights into the design of advanced orthopedic im-
plants especially for osteoporotic patients.
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