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ARTICLE INFO ABSTRACT

Keywords: Utilizing complementary bioactive peptides is a promising surface engineering strategy for bone regeneration on
Implants osteogenesis. In this study, we designed block peptides, (Lysine)s-capped RGD (Kg-(linker-RGD)3) and OGP (Ke-
Osseointegration

linker-(YGFGG)3), which were mildly grafted onto PC/Fe-MPNs through supramolecular interactions between Kg
and PC residues on the MPNs surface to form a dual peptide coating, named PC/Fe@Kg-RGD/OGP. The prop-
erties of the block peptides coating, including mechanics, hydrophilicity, chemical composition, etc., were
detailly characterized by various techniques (ellipsometry, quartz crystal microbalance, X-ray photoelectron
spectroscopy, water contact angle, scanning electronic microscopy and atomic force microscopy). Importantly,
the RGD/OGP ratio can be well adjusted, which allowed optimizing the RGD/OGP ratio to endow significantly
enhanced osteogenic activity of MC3T3-E1 cells through the Wnt/p-catenin pathway, while also promoting cell
adhesion, immune regulation, inhibiting osteoclast differentiation and oxidative stress reduction. In vivo, the
optimized RGD/OGP coatings promoted bone regeneration and osseointegration around implants in rats with
bone defects. In conclusion, rationally designed PC/Fe@Kg-RGD/OGP coating integrated RGD and OGP bio-
activities, providing a convenient approach to enhance bioinert implant surfaces for bone regeneration.

Metal-phenolic networks
Block peptides
Surface modification

[9]1.

Bioactive peptides can confer new functions to materials and
modulate cell-material interactions [10]. With efficient and
cost-effective peptide synthesis technology, the selection of peptide li-
braries has been expanded, and single peptides have shown certain
effectiveness in tissue engineering applications. For example,
cell-adhesion peptides (arginine-glycine-aspartic acid, RGD) derived
from extracellular matrix (ECM) proteins have been used to modify the
surfaces of a variety of materials to make them bioactive [11]. Osteo-
genic growth peptide (OGP) is a 14-amino acid polypeptide endogenous
to human serum. The C-terminal fragment (YGFGG) has been identified
as the active portion capable of enhancing osteoblast proliferation and
differentiation, and has been widely used in bone tissue engineering
[12]. Additionally, OGP-modified bone implants have demonstrated
positive immunoregulation within the bone environment [13]. Other
peptides, bone morphogenetic protein-2 (BMP-2) bioactive domain as

1. Introduction

Successful osseointegration, defined as direct structural and func-
tional integration between bone and implant, is critical for implant
placement [1]. However, biological inertness of implants and chal-
lenging pathological conditions often lead to implant failure [2]. To
optimize osseointegration, implant surface modifications that provide
biological functions like enhanced biocompatibility, anti-inflammation,
antioxidation, osteogenesis promotion, and osteoclast inhibition are
promising strategies [3,4]. Various functional materials, including cal-
cium phosphates [5,6] (hydroxyapatite and dicalcium phosphate) and
bioactive molecules [7,8] (collagen, bone morphogenetic proteins, DNA,
growth factors, and peptides), have been developed as implant coatings.
Among these, bioactive peptides have attracted significant interest due
to their excellent biocompatibility, stability and functional selectivity
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Abbreviations used

RGD arginine-glycine-aspartic

ECM extracellular matrix

OGP osteogenic growth peptide

BMP-2  bone morphogenetic protein-2
VEGF vascular endothelial growth factor
MPNs metal polyphenol networks
K¢-RGD  Kjg-(linker-RGD) 3

Ke-OGP  Kg-linker-(YGFGG),

PC Proanthocyanidins

FBS fetal bovine serum

DMEM  Dulbecco’s modified Eagle’s medium
MEM Minimum Essential Medium Eagle
QCM-D  quartz crystal microbalance

SEM scanning electron microscopy
WCA water contact angles

AFM atomic force microscopy

ALP alkaline phosphatase

TRAP tartrate-resistant acid phosphatase
CTSK cathepsin K

Col-1 type I collagen

OPN osteopontin

OCN osteocalcin

ON osteonectin

qRT-PCR quantitative real-time polymerase chain reaction
IL-6 interleukin 6

IL-10 interleukin 10

IFN-y interferon-y

LPS lipopolysaccharides

TNF-a tumor Necrosis Factor-a
micro-CT micro-computed tomography
BV bone volume

TV total volume

Tb-N trabecular number

BIC bone-implant contact

an osteo-inductive growth factor induces bone morphogenesis [14].
Vascular endothelial growth factor (VEGF) mimetic peptides enhance
endothelial cell migration and angiogenesis [15]. Antimicrobial pep-
tides provide broad bactericidal effects for implant coatings [16].
However, due to the complexity of the challenging conditions faced in
vivo applications, the effectiveness of single-function surface modifica-
tion strategies is suboptimal, so researchers have started focusing on
achieving multi-functional surface modification at the material interface
[17].

Exploring combinations of complementary bioactive peptides has
emerged as a promising strategy to confer versatility to the surface of
implants. For instance, Sun et al. co-grafted RGD and BMP-2 peptides on
Ti coatings, demonstrating a synergistic improvement in osteogenic
capacity over individual peptides [18]. Geng et al. immobilized anti-
microbial peptides (AMPs) and OGPs on PEEK to achieve excellent host
defense and tissue repair in bacterially contaminated bone defects [19].
Most recently, Liu et al. also utilized RGD and OGP peptides to construct
a multifunctional coating with osseointegration in animal models [20].
Overall, biomimetic multi-peptide coatings have exhibited bioactivities
exceeding individual peptides, with varied peptide ratios conferring
distinct biological effects. However, precisely controlling spatial orga-
nization and dipeptide proportions through immobilization remains
challenging. Various grafting methods, such as physical adsorption,
coordination and covalent grafting, have been proposed for peptide
coating construction [21,22]. However, covalent grafting relies on
complex chemical modifications of dopa [23] molecules and peptides
[22], facing issues like maintaining biological function and complex
synthesis/purification. Physical adsorption and coordination are simple
and direct, but often lead to drug exfoliation from weak non-covalent
bonds, unable to provide long-term bioactivity [24]. Layer-by-layer
(LbL) assembly offers straightforward, versatile surface modification
yet has laborious protocols, low efficiency, and can bury bioactive
molecules, preventing receptor detection [25]. Therefore, effective
peptide combinations and immobilization techniques for maximized
effects warrant further research.

Polyphenols possess diverse bioactivities including anti-
inflammatory, anticancer, antibacterial, and antioxidant effects [26].
In recent years, the metal polyphenol networks (MPNs) constructed by
the coordination of metal ions and phenolic ligands [27] have received
more and more attention due to its ability to deposit onto on various
substrates and particles [28]. Although MPNs exhibit broad applicability
of metal ions and polyphenol species, their capabilities still fall short in
providing the functions are required throughout the complex processes
of bone defect repair [29]. Physical or chemical immobilizing the

bioactive molecules onto the MPNs is the popular ways to change the
biological destiny of MPNs. Polyphenols can interact with proteins
through both covalent (Michael addition or Schiff base reaction) and
noncovalent (hydrogen bonding, electrostatic interactions, and hydro-
phobic interactions) interactions, enabling polyphenol-protein coatings
via approaches like self-assembled monolayers or layer-by-layer as-
sembly [30]. We hypothesized that the peptide can interact with poly-
phenols in MPNs more efficiently through a rational designed assemble
unit, which endowing the functions of peptide to MPNs. To test this
hypothesis, two block peptides with complementary biofunctions,
(Lysine)g-capped RGD (Kg-(linker-RGD)3) and OGP  (Kg-link-
er-(YGFGG);), were designed (Scheme 1a), in which the positively
charged K¢ was considered as the assembly unit and the linked short
functional peptides of RGD and OGP was used to promote osteogenic
differentiation in vitro and osseointegration in vivo. Our data demon-
strated the RGD/OGP ratio deposited onto MPNs can be well adjusted by
this strategy, and the optimized RGD/OGP coatings efficiently promoted
bone regeneration and osseointegration around implants in rats with
bone defects.

2. Materials and methods
2.1. Materials

Proanthocyanidins (PC, MW = 594.52), iron (III) nitrate non-
ahydrate (Fe(NO3)3-9H»0), anhydrous sodium acetate and tris(hydrox-
ymethyl)-aminomethane(Tris)(>99 %) were obtained from Macklin. K¢-
(linker-RGD)3 (Ks-RGD, MW = 2111.51) and Kg-linker-(YGFGG), (Ke-
OGP, MW = 1864.18) synthesized by Hangzhou All Peptide Biotech-
nology Co., Ltd (Scheme 1a). Cell culture reagents including fetal bovine
serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM) and Mini-
mum Essential Medium Eagle (MEM) were from Gibco. Para-
formaldehyde, Triton X-100, rhodamine phalloidin (phalloidin-TRITC),
4,6-Diamidino-2-phenylindole (DAPI), Cell Counting Kit-8 (CCK-8), the
ROS assay kit and ferric reducing antioxidant capacity (FRAP) assay kit
were purchased from Sigma, Dojindo Laboratories and Beyotime Insti-
tute of Biotechnology. Titanium (Ti) plates, Ti rods and round glass
coverslips (14 mm diameter, NEST) were cleaned with piranha solution
(70 % H2S04 and 30 % H04, V/V) at 98 °C for 2 h, followed by rinsing
with Milli-Q water, and drying in a mild air stream before use (Caution:
Piranha solution is highly oxidizing and corrosive and should be pre-
pared and used with extreme caution). Experiments utilized deionized
(DI) water purified by a Milli-Q system to a resistivity of over 18.25 MQ
cm.
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Scheme 1. (a) Structure of the newly designed block peptide and(b) the main process of PC/Fe@Ks-RGD/OGP construction. Created with BioRender.com.

2.2. Preparation of PC/Fe@KgRGD/OGP

A two-step aqueous room temperature synthesis was utilized to
fabricate a PC/Fe@Kg-RGD/OGP hybrid coating composed of a PC/Fe-
MPNs underlayer and Ke¢-RGD/OGP peptide top layer (Scheme 1b).

PC/Fe-MPNs coatings were fabricated on 1 cm x 1 cm substrates as
previously reported [28]. To prevent further oxidation, the coating was
immediately immersed in a PC solution before proceeding to the next
step. K¢-RGD and/or Ke-OGP peptides (1 mg/mL) were dissolved in
Tris-HCI buffer (10 mM, pH 7.5) to form peptide solutions. And by
mixing Ke¢-RGD and Ke-OGP peptide solutions in different volume ratios
(4:0, 3:1, 2:2,1:3,0:4), mixed peptide solutions with different feeding
ratios were obtained. PC/Fe-MPNs coated substrates (1 cmz, 5 layers)
were washed with DI water and blow-dried, then immersed in mixed
peptide solution and incubated for 24 h to fabricate PC/Fe@Kg-RG-
D/OGP coatings with different feed ratios. Coated substrates were then
rinsed with DI water and dried with gently air to obtain stable coatings.

2.3. Characterization

All prepared coatings were stored at 4 °C and dried thoroughly prior
to characterization. The thickness of silicon wafer-coated samples was
determined by optical ellipsometry (M-2000UI, J.A. Woollam). The ki-
netic changes during the assembly of PC/Fe@Kg-RGD/OGP coatings on
the chip surface were detected by a quartz crystal microbalance (QCM-
D) with dissipation. The surface morphology of the silicon wafer-coated
samples was examined by scanning electron microscopy (SEM)
(SU8010, Hitachi). X-ray photoelectron spectra of silicon wafer-coated
samples were obtained using a Thermo-Electron ESCALAB 250 spec-
trometer with a monochromatic Al source (1486.6 eV). The water con-
tact angles (WCA) of the Ti plate surface were measured by static sessile
drop method on a KRUSS DSA1 v1.80 analyzer. Zeta potentials of PC/Fe-
MPN and PC/Fe@Kg-RGD/OGP coatings on polystyrene beads (@ = 3
pm) were determined by Zetasizer Nano ZS ZEN3600 (WM2016002,
Malvern).

2.3.1. Mechanical properties and surface morphology of coatings

Surface morphology, adhesion energy and roughness of coatings in
liquid phase and in gas phase were characterized by atomic force mi-
croscopy (AFM) using a Dimension Icon system (Bruker). Samples were
immobilized on AFM stages by vacuum adsorption. Silicon cantilever
taps (MikroMasch NSCs/CSCs) were used to probe coating surfaces in
percussion mode. Subsidiary software analyzed surface roughness from
topographical maps. Young’s moduli were derived by fitting retract
curve force-separation data to the Derjaguin-Muller-Toporov (DMT)
model.

2.3.2. Quantification of peptides adsorbed on the coating

To visualize the spatial distribution of polypeptide adsorption, blue
fluorescently labeled RGD(MCA-K¢-RGD) and red fluorescently labeled
OGP (TAMRA-K4-OGP) block peptides were prepared. Different RGD:
OGP volume ratios (4:0, 3:1, 2:2, 1:3, 0:4) were mixed and adsorbed on
(PC/Fe)s-MPNs coated substrates per the PC/Fe@Kg-RGD/OGP assem-
bly method. Fluorescence changes pre- and post-assembly were moni-
tored by laser scanning confocal microscopy (LSCM) (Nikon A1, Japan)
to present Peptide distribution.

To quantify the mass of peptides adsorbed per unit area of the
coating. The UV absorption spectra of the two labeled peptides were
measured by a multimode microplate reader (Varioskan LUX, Thermo
Scientific), and their respective standard curves at maximum absorbance
were plotted. Then, the UV absorbance of the remaining labeled pep-
tides in the solution before and after assembly of each ratio was
measured and the amount and proportion of peptides were quantified by
the standard curve. It is worth noting that the absorbance value of re-
sidual TAMRA-K¢-OGP at 325 nm needs to be subtracted from the
calculation of residual MCA-Kg-RGD concentration. Finally, the con-
centration and proportion of peptides in PC/Fe@Kg-RGD/OGP coatings
are calculated indirectly according to the feeding concentration.

2.3.3. Stability of PC/Fe@Ks-RGD/OGP in vitro and in vivo
In vitro stability of PC/Fe@Kg-RGD/OGP coatings was evaluated by
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immersing samples in PBS (pH 7.3), 0.9 % NaCl and DMEM for 0-21
days, and the residual thickness measured by optical ellipsometry after
rinsing and drying. To evaluate in vivo stability, PC/Fe@Kg-RGD/OGP-
coated Ti rods were implanted into femoral defects of rats for 4 and 8
weeks, and the integrity of the surface coating was analyzed by SEM
after gentle removal.

2.4. Cell culture

The Pre-osteoblasts MC3T3-E1 were purchased from ATCC and
cultured with MEM medium (Gibco, 2276722, Waltham, USA) supple-
mented with 100U/ml penicillin, 100 mg/mL streptomycin and 10 %
FBS. The Mouse bone marrow macrophages (mBMMs) were purchased
from Pricella (CP-M141, Wuhan, China) and cultured with DMEM me-
dium (Gibco, 2276722, Waltham, USA) supplemented with 100U/ml
penicillin, 100 mg/mL streptomycin and 10 % FBS. Both cells keep in 75
mL Cell Culture Bottle at 37 °C and 5 % CO5. The medium was replaced
every 2-3 days. The cells were passaged using 0.25 % trypsin after
reaching 90 % confluence.

2.4.1. Cell viability and proliferation assays

All prepared coatings were stored at 4 °C and thoroughly sterilized
using high-pressure-steam Sterilization before in vitro and in vivo ex-
periments. MC3T3-E1 were seeded onto 24-well plates coated with
different coatings at a density of 1 x 10 cells per well. At 1-, 3- and 7-
days post-seeding, cell viability was quantified using Cell Counting Kit-8
(CCK-8) assay. Briefly, culture medium was replaced with 350 pL of
basal medium plus 35 pL of CCK-8 solution and incubated for 2 h at
37 °C. Afterward, the medium was transferred to 96-well plates and
absorbance was measured at 450 nm using an Infinite 200 Pro micro-
plate reader (Tecan, USA). In parallel samples at 3 days, the cytoskeletal
and nuclei of MC3T3-E1 were fluorescently stained with rhodamine-
phalloidin (red) and DAPI (blue), then imaged by LSCM to visually
confirm cell adhesion and proliferation across the various substrates.

2.4.2. Cell migration test

When the cells had reached approximately 80 % confluence on the
coatings, equal width scratches were made on the cell monolayer using a
sterile 200 pL pipette tip. The scratched areas were gently washed three
times with phosphate-buffered saline (PBS). Medium without FBS was
then added and the plates were cultured at 37 °C for 24 h. Microscopic
images of the scratches were taken at 0 and 24 h using a microscope and
analyzed using ImageJ software. Each experiment was repeated inde-
pendently at least three times. The cell migration rate was calculated
using the following formula:

width of the scratch at 24 h
initial scratch width

cell migration (%) = (1 ) * 100%

2.4.3. Cell attachment and spreading at early stage

MC3T3-E1 were cultured on the coatings at a seeding density of 4 x
10* cells/cm?. At 2 and 4 h after seeding, the cells were gently rinsed
with PBS and then fixed with 4 % paraformaldehyde. 0.2 % Triton X-100
in PBS was used to permeabilize the cell membrane. F-actin filaments
and nuclei were fluorescently labeled by staining with phalloidin-TRITC
(red) and DAPI (blue). LSCM was used to visualize and assess cell
morphology and cytoskeletal organization at these very early time
points on the different substrates.

2.4.4. Intracellular ROS level and fluorescence analysis

Cells were seeded at 5 x 10* cells/cm? on glass coverslips and
coatings. After 24 h, the complete medium was replaced with medium
with or without 500 pM H,0; for 12 h to induce oxidative stress. To
detect ROS levels, 2',7-dichlorofluorescin diacetate (DCFH-DA, Beyo-
time, China, S0033) was diluted in serum-free medium to a final con-
centration of 10 pmol/L. The fluorescence intensity of the DCFH-DA
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probe was photographed by LSCM to visually examine the spatial
localization of ROS generation within cells.

2.4.5. Osteogenic differentiation analysis

MEM medium containing 100U/ml penicillin, 100 mg/mL strepto-
mycin and 10 % FBS was supplemented with 10 mM p-glycerol phos-
phate (Sigma-Aldrich, USA), 0.1 pM dexamethasone (Sigma-Aldrich,
USA), and 0.25 mM ascorbic acid (Sigma-Aldrich, USA) to prepare
osteogenic medium. To induce osteogenic differentiation of BMSCs into
osteocytes, BMSCs were co-cultured for several days with osteogenic
induction medium.

Alkaline phosphatase (ALP) activity and alizarin red S (ARS) staining
were used as early and late markers of osteogenic differentiation,
respectively. MC3T3-E1 cells were seeded at a density of 2 x 10* cells/
well. After 14 days of osteogenic induction, ALP activity was evaluated
staining using the BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime, China) and ALP Assay Kit (Beyotime, China) according to
the manufacturer’s instructions. To assess late-stage mineralization,
cells were fixed with 4 % paraformaldehyde after 21 days of culture,
then incubated with 0.1 % alizarin red S solution (pH 4.2) for 30 min.
After observing and photographing with a microscope, calcium deposits
were extracted using 10 % cetylpyridinium chloride solution for 1 h and
quantified by measuring absorbance at 593 nm.

2.4.6. Osteoclast differentiation analysis

2.4.6.1. TRAP activity assay. DMEM medium containing 100U/ml
penicillin, 100 mg/mL streptomycin and 10 % FBS was supplemented
with 50 ng/mL Receptor Activator of Nuclear Kappa-B (RANKL)
(Pepreotech, USA) and 30 ng/mL Macrophage Colony-Stimulating
Factor (M-CSF) (Pepreotech, USA) to prepare osteoclast induction me-
dium. To induce osteoclast differentiation, mBMMs were cultured with
osteoclast induction medium for 5 days.

Tartrate-resistant acid phosphatase (TRAP) enzymatic activity in the
conditioned media was assayed using a commercial kit (TRAP Assay Kit,
Beyotime, China) according to the manufacturer’s protocol. Briefly,
sample was combined with acid phosphatase buffer incubated at 37 °C
for 60 min. The reaction was stopped by addition of 0.5 N sodium hy-
droxide. Absorbance was measured at 405 nm using a microplate reader
to quantify the generation of pNP from the substrate. TRAP activity was
expressed as micromolar pNP produced per minute per milligram of
total cellular protein.

2.4.6.2. Actin and TRAP staining of osteoclasts. mBMMs cells were
cultured on different coatings and treated with 50 ng/mL RANKL and 30
ng/mL M-CSF for 5 days to induce differentiation. Cells were fixed in 4
% paraformaldehyde for 15 min and permeabilized with 0.1 % Triton X-
100 for 5 min. Actin cytoskeleton organization was examined by
phalloidin-TRITC staining followed by nuclear staining with DAPI.
Multinucleated cells containing >3 nuclei were classified as mature
osteoclasts. Additionally, osteoclast formation was evaluated by TRAP
staining. Fixed cells were incubated with TRAP solution (Sigma-Aldrich)
for 30 min at room temperature and imaged using brightfield micro-
scopy. TRAP-positive multinucleated cells and F-actin ring areas were
quantified by automated analysis using ImageJ software.

2.4.7. Gene expression detected by RT-qPCR

To further study the influence of these coatings on the osteogenesis of
MC3T3-E1 cells, osteogenesis-related genes, including p-catenin, type [
collagen (Col-1), osteopontin (OPN), osteocalcin (OCN), and osteonectin
(ON) were investigated using quantitative real-time polymerase chain
reaction (QRT-PCR). After co-culture with these coatings for 7 days in
osteogenic induction medium, total RNA from cultured cells was
extracted using TRIzol Reagent. To silence the expression of -catenin,
MC3T3-E1 were pretreated with p-catenin-siRNA before being cultured
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with these materials, with those treated with nontargeting siRNA (NVC)
as the control group. The concentration and purity of the extracted RNA
were determined by measuring the absorbance at 260 and 280 nm
(BioTek, USA). Afterward, an equivalent amount of RNA was processed
to generate cDNA using HiScript III All-in-one RT SuperMix Perfect for
gPCR kits (Vazyme, China). After reverse transcription, the qRT-PCR
experiment was performed using a Real-Time PCR system (Light-
Cycler480, Roche, USA). The relative expression of the target gene was
normalized against the housekeeping gene p-Actin. The results were
analyzed using the 2722¢T method. On the other heads, the mRNA
expression levels of Inflammatory factors (interleukin 6 (IL-6) and
interleukin 10 (IL-10)) and osteoclastogenesis-related markers
(including cathepsin K (CTSK), tartrate resistant acid phosphatase
(TRAP)) were measured using qRT-PCR assay as mentioned above. The
primer sequences for the selected genes are listed in Table S1.

2.5. Macrophage polarization in vitro and in vivo

mBMMs were seeded on the different modified Ti substrates and
cultured under conditions that mimic a pro-inflammatory M1 environ-
ment containing 50 ng/mL lipopolysaccharides (LPS, Sigma, USA) and
50 ng/mL interferon-y (IFN-y, Pepreotech, USA). After 24 h, the cells and
supernatant were collected. First, fluorescence-activated cell sorting
(FACS) was performed to detect the surface markers of polarized mac-
rophages. The cells were incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-CD86 and allophycocyanin (APC)-conjugated
anti-CD206 antibodies (Biolegend, USA) at 4 °C for 30 min to confirm
the M1 (CD86™) and M2 (CD206 1) phenotypes. The cells were analyzed
using a flow cytometer (CytoFLEX, Beckman Coulter, USA), and the
results were analyzed using the CytExpert software. In addition, the
prepared supernatant was used to detect M1 (Tumor Necrosis Factor-a,
TNF-a) and M2 (IL-10) macrophage cytokines using enzyme-linked
immunosorbent assay (ELISA) kits (Multisciences, China) according to
the manufacturer’s instructions.

To study the regulatory effects on macrophage polarization, the Ti
substrates were subcutaneously implanted into rats. At 5 days post-
implantation, the samples were harvested and processed for immuno-
fluorescence staining. Briefly, the samples were fixed, blocked, and
incubated overnight at 4 °C with fluorescein isothiocyanate (FITC)-
conjugated anti-iNOS and Cyanine 3 (Cy3)-conjugated anti-CD68 anti-
bodies, and Alexa Fluor 647-conjugated anti-CD206 antibodies (M2
marker). After washing, the sheets were mounted with antifade medium
containing DAPI, and imaged using LSCM. ImageJ was utilized to
analyze the area occupied by double-positive cells.

2.6. Osteogenesis evaluation in vivo

Thirty Sprague Dawley (SD) rats (male, 6 weeks) weighing approx-
imately 300 g were divided into five groups (n = 3): control (uncoated Ti
rods), Ti-PC/Fe-MPNs (Ti rods coated with PC/Fe-MPNs), and Ti-PC/
Fe@Kg-RGD/OGP (Ti rods coated with PC/Fe@Kg-RGD/OGP with
different ratios). After intraperitoneal anesthesia with 10 % sodium
pentobarbital (1 mL/100 g), a skin incision was made on the lateral side
of the rat femur to expose the femur. The 1 mm diameter, 6 mm long
implants were inserted perpendicularly into the femurs under constant
cooling with 0.9 % NaCl solution. After disinfection with povidone
iodine, the incision was sutured and cefuroxime sodium was adminis-
tered intramuscularly daily for postoperative infection prophylaxis.
After 5 and 8 weeks, rats were euthanized by overdose of sodium
pentobarbital, and femur samples were collected. Samples were fixed in
4 % paraformaldehyde for further analysis. All animal experiments were
performed according to the Animal Care Guidelines of the Wenzhou
Institute, University of Chinese Academy of Sciences (WUCAS) and
approved by the Animal Ethics Committee of WUCAS.
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2.6.1. Microfocus computed tomography (Micro-CT)

The femurs containing the implants were scanned using a micro-
computed tomography (micro-CT) scanner operated at 80 kV, 300 pA,
and 360° rotation with a 0.6° step. A region of interest (ROI) 200 pm
from the implant surface was reconstructed using associated CTAn and
CTVol software. Bone volume (BV), total volume (TV), and trabecular
number (Tb. N) were measured from the reconstructed three-
dimensional images.

2.6.2. Histological analysis

Osteogenesis and osseointegration on the surfaces of Ti screws were
evaluated through histological staining and quantitative analysis. The
samples were first fixed with paraformaldehyde, washed with water,
dehydrated with ethanol and clarified with xylene, before being
embedded in poly (methyl methacrylate). Next, the embedded blocks
were sliced into longitudinal sections measuring 300 pm in thickness at
the implantation center using a hard tissue slicer (EXAKT 300CP), and
further ground down to 10 pm thickness using a Grinding System
(EXAKT 400 CS). Toluidine blue staining was then applied to the sam-
ples, and optical microscope images were taken using a Ni-U microscope
from NIKON. Using Image-Pro Plus6.0 software, bone-implant contact
(BIC) was quantified, representing the percentage of implant circum-
ference directly in contact with bone tissue in the threaded area. The
mean BIC (%) was determined using the following formula:

contact lengths between bone and implant
length of the implant within the bone tissue

mean BIC (%) = < ) * 100%

2.6.3. Biomechanical push-out test

The interfacial shear strength between bone and implant was
assessed through push-out testing. Specifically, femur samples contain-
ing Ti rod implants were secured onto an Instron E10000 instrument,
which was outfitted with a 500 N load cell. The Ti rods were then
gradually pulled out from the surrounding bone at a constant rate of 1
mm/min, until complete detachment occurred. The interfacial shear
strength was determined as the maximum load at implant failure and
was recorded for further analysis.

2.7. Data processing and statistical analysis

Statistical analyses were performed using GraphPad Prism 9.5
(GraphPad Software Inc., CA, USA) and the graphical representation was
done using Origin 2023b (OriginLab, MASS, USA). The results are
expressed as mean =+ standard deviation (SD). The significance between
the experimental groups was assessed using the t-test and indicated by
the symbols “*”, “**” and “***” for p < 0.05, p < 0.01 and p < 0.001,
respectively. In addition, statistical significance compared to the Control
group was marked by #p < 0.05, *#p < 0.01 or *##p < 0.001, while non-
significant differences were labeled as “ns”. All experiments were
independently replicated three times, unless otherwise specified.

3. Results and discussions
3.1. Characterization of the PC/Fe@K4RGD/OGP coating

The (PC/Fe),-MPNs coatings were fabricated following previous re-
ports, exhibiting linear growth characteristics (Fig. S1) relative to the
number of layers. The PC/Fe@Ks-RGD, PC/Fe@Kg-OGP, PC/Fe@Kp-
RGD/OGP coatings were constructed by grafting K¢-RGD, Kg-OGP. Ke-
RGD/OGP peptides onto (PC/Fe)s-MPNs coatings (32.125 + 2.314 nm).
Optimal graft thickness growth of different peptides was achieved by
optimizing the grafted PH (Figs. S2a—c). Immersing (PC/Fe)s-MPNs in 1
mg/mL RGD/OGP (;.1) at pH 7.5 for 24 h resulted in an appropriate
thickness of PC/Fe@Kg-RGD/OGP coating of 40.80 nm (thickened by
8.917 + 1.436 nm) (Fig. 1a). QCM-D monitoring under pH 7.5 showed
continuous deposition of K¢-RGD, Kg-OGP and Kg-RGD/OGP peptides
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Fig. 1. Characterization of the PC/Fe@Kg-RGD/OGP coating. (a) Thickness growth of PC/Fe@Kg-RGD, PC/Fe@K4-OGP, and PC/Fe@Kg-RGD/OGP at PH = 7.5. The
shifts of /\F and /AD monitored by QCM-D during fabricating (b) PC/Fe@K4-RGD, (¢) PC/Fe@Kq-OGP and (d) PC/Fe@Kg-RGD/OGP coatings at pH 7.5. (e) Total
XPS spectra and (f) the molar ratio of elements of PC/Fe@Ks-RGD, PC/Fe@Kqs-OGP, and PC/Fe@Ks-RGD/OGP coatings. (g) Zeta potential changes of coating surface
resulting from different peptides adsorption on (PC/Fe)s-MPNs, while surface hydrophilicity changes of both types of composite coatings are shown in (h). (i) SEM
and 3D AFM images of the front of PC/Fe@Kg-RGD, PC/Fe@Ks-OGP and PC/Fe@K4-RGD/OGP coatings in air. (j) The roughness quantification of these coatings. (k)
The change of coating thickness with treatment time in PBS, 0.9%NaCl, DEME. Scale bars in (i) are 500 nm.. (N > 3, no significance noted as “ns”, *p < 0.05, **p <
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during coating, indicated by decreasing AF and increasing AD
(Fig. 1b—d). The thickness of peptides deposited on the surface of (PC/
Fe)s-MPNs in liquid phase was obtained by the Voigt model in the
affiliated software of QCM-D and showed a trend of gradual increase
with the addition time of peptides (Figs. S3a-c). QCM-D confirmed
successful peptide grafting and revealed a mixed peptide layer of 9.59
nm. The elemental distribution of the coatings was investigated by XPS,
which directly demonstrated the successful grafting of K¢-RGD, Kg-OGP
and Kg-RGD/OGP peptides onto the PC/Fe-MPNs surface by the
appearance of the N1s peak and the weakening of the Fe peak intensity
(Fig. 1e). The grafting situation of the peptides on the coating surface
was also reflected in the changes of the elemental ratios (Fig. 1f). Within
the depth range that XPS can probe, we can calculate that the molar ratio
of RGD to PC molecules in the PC/Fe@Ks-RGD coating was about 1:
5.15; the molar ratio of OGP to PC molecules in the PC/Fe@Kg-OGP
coating was about 1: 5.3, respectively (Table S2).

Grafting of K¢-RGD, Ke-OGP and K¢-RGD/OGP peptides changed the
surface charge and hydrophobicity of the coatings. Zeta potential
changes of coatings coated on polystyrene (PS) beads were measured.
The results in Fig. 1g show that the surface of (PC/Fe)s-MPNs was
negatively charged, while the surfaces of PC/Fe-MPNs coatings modified
with Kg-conjugated peptides exhibited a significant increase in charge,
which was due to the large number of lysine residues in Ke. The

hydrophobicity changes of the coatings deposited on Ti substrates were
observed using a contact angle goniometer. As shown in Fig. 1h, the
water contact angle (WCA) of peptide-grafted Ti surfaces were signifi-
cantly lower than that of bare Ti surfaces. The exceptional hydrophi-
licity of peptides, particularly RGD peptides, accounts for this
observation. SEM and AFM were used to observe the coatings at the
nanoscale and found that PC/Fe-MPNs, PC/Fe@K¢s-RGD, PC/Fe@Kg-
OGP and PC/Fe@Kg-RGD/OGP were uniformly deposited on the Ti
surface and formed a rough surface (Fig. 1i). Fig. 1j shows that the
analyzed roughness of peptide-grafted PC/Fe-MPNs surfaces increased
compared to PC/Fe-MPNs surfaces, among which PC/Fe@Kg-RGD/OGP
had the highest roughness. As a composite coating with the potential to
promote tissue integration and repair, it must remain stable under
physiological conditions. The coatings were immersed in PBS, 0.9 %
NaCl solution, DMEM medium, and the change in thickness over time
was monitored (Fig. 1k). The results showed that the thickness of the
coatings did not significantly decrease during the 21 days observation
period, indicating that the PC/Fe@Ks-RGD/OGP composite coating
remained stable under physiological conditions.

3.2. Mechanical properties of coatings

In an attempt to delve deeper into the mechanical properties of the
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coating surfaces, AFM was used to investigate the structures and prop-
erties of various bioactive coatings in both gas and liquid phases. Similar
to the gas phase, all coatings in the liquid phase exhibited discontinuous
rough structures formed by the adhesion and aggregation of numerous
particles (Fig. 2a). The roughness was fitted using the Nano Scope
analysis software, and as shown in Fig. 2d, the PC/Fe@K¢-RGD/OGP
coating in the liquid phase (6.976 + 0.454 nm) showed a significant
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change compared to the PC/Fe-MPNs (9.142 + 0.431 nm). This value
was noticeably higher than both PC/Fe@Kg-RGD (7.682 + 0.500 nm)
and PC/Fe@Kg-OGP (8.042 + 0.561 nm). Fig. S4a and Fig. 2b illustrate
the Young’s modulus of the coatings in the liquid and gas phases along
with their distribution curves. The quantitative analysis results in Fig. 2e
reveal that the PC/Fe@Kg-RGD/OGP coating displayed a higher Young’s
modulus in the liquid phase (8.255 + 0.301 MPa) compared to the PC/
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Fig. 2. Mechanical properties of different coatings. (a) AFM images of the front of PC/Fe-MPNs, PC/Fe@K¢-RGD, PC/Fe@Ks-OGP, and PC/Fe@Kg-RGD/OGP in
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Fe-MPNs coating (6.46 + 0.242 MPa), and exceeded the PC/Fe@XKs-
RGD (5.76 + 0.305 nm) and PC/Fe@Kg-OGP (7.115 + 0.651 nm).
Fig. S4b presents a similar trend in the gas phase, indicating improved
hardness and stiffness in two peptide-modified coating materials, lead-
ing to a superior resistance to external forces. Fig. S4c and Fig. 2¢ show
the adhesion energies of the coatings and their mechanical curves. The
results in Fig. 2f indicate that the PC/Fe@Kg-OGP (6.01 + 0.196 mN/m)
and PC/Fe@Kg-RGD/OGP (5.91 + 0.276 mN/m) coatings have higher
adhesion energies in the liquid phase compared to the PC/Fe-MPNs
coating (3.065 + 0.121 mN/m). Fig. S4d depicts a similar phenome-
non in the gas phase. This suggests that the newly designed coatings can
adhere more securely to the substrate and therefore have a longer life.

3.3. Quantification of peptides adsorbed on the coating

The above results proved the successful construction of PC/Fe@Kg-
RGD/OGP composite coating, and various characterization results such
as QCM-D indicated that the growth patterns of Kg&-RGD and Kg-OGP on
the PC/Fe-MPNs coating surface were similar. Therefore, it is worth
exploring to determine whether the final ratio of K¢-RGD and K¢-OGP in
PC/Fe@Ks-RGD/OGP composite coatings can be affected by changing
the feeding ratio of K¢-RGD and Kg-OGP to affect their biological
properties. Firstly, we used LSCM to observe the distribution of fluo-
rescent peptides on the coated surface. As shown in Fig. 3a, a homoge-
neous fluorescence distribution was observed across the experimental
groups, indicating the even distribution of peptides on the surfaces. On
the surface of PC/Fe-MPNs treated solely with MCA-Kg-RGD peptide, red
light was unobservable, while blue light was perceptible. In contrast,
blue light was not detectable on pure Tamra-Ks-OGP peptide-treated
PC/Fe-MPNs, but red light could be easily observed. Furthermore, in
PC/Fe@Ks-RGD/OGP coating with different feeding ratios, the decrease
in MCA-Kg-RGD incorporation resulted in a gradual decline in blue
fluorescence intensity. Similarly, the quantity of Tamra-K¢-OGP peptide
increased and the intensity of red fluorescence gradually augmented.
The above phenomenon of blue or red fluorescence changing with the
change of feed ratio possibly indicate the successful immobilization of
Ke-RGD and Kg-OGP peptide at the predetermined ratios.

The trend of fluorescence intensity of the coating with respect to the
feed ratio was further confirmed by quantitative results obtained
through standard curve analysis of the UV absorbance of MAC-K¢-RGD

Materials Today Bio 24 (2024) 100921

and TAMRA-Ke-OGP (Fig. S5). The result of Fig. 3b showed that the
corresponding peptide densities in PC/Fe@Kg-RGD and PC/Fe@K¢-OGP
were found to be 43.54 + 2.93 and 37.01 + 1.21 pg/cm?, respectively.
After treatment with an RGD: OGP solution of mass ratio 2:2, the con-
centration of immobilized Kg-RGD on the PC/Fe@Kg-RGD/OGP coating
was 22.05 + 1.44 pg/cm?, while that of K¢-OGP was 19.01 + 1.34 pg/
cm?. The molar ratio of immobilized K¢-RGD to K¢-OGP (1.02:1) on the
PC/Fe@K4-RGD/OGP coating was similar with the feeding ratio, and
alsoo not far from with the molar ratio of RGD to OGP peptides (0.95:1)
calculated from the surface element distribution as shown in Fig. 1f and
Table S2. Notably, immobilization ratio onto the PC/Fe@Kg-RGD/OGP
coatings exhibited consistent variation across different feed ratios,
namely with 3:1 or 1:3 solutions. Specifically, Fig. 1c illustrates the
density ratio of grafted peptides on the coating surface changing pro-
portionally with the feeding ratio of 3:1, 2:2, and 1:3.

3.4. Cell proliferation, anchoring and migration capacity on different
coatings

Biomaterials, once implanted, can reside within the body for short-
term, long-term, or even permanent durations. The cellular activity at
the interface of the implant primarily determines the success of
osseointegration [31]. To enhance the cytocompatibility of the coating,
we designed the PC/Fe@Kg-RGD/OGP coating. By regulating the
feeding ratio of the two synergistic peptides, we aimed to construct a
more efficiently bioactive interface.

We assessed the capability of MC3T3-E1 cells to colonize, proliferate,
survive and migrate on all coating surfaces. After 3 days of culture, cells
seeded on all coating surfaces were stained with DAPI (nucleus, blue)
and TRITC Phalloidin (cytoskeleton, red) (Fig. 4a). Cells adapted well to
all surfaces regardless of coating types, demonstrating excellent cyto-
compatibility of all coating surfaces. Cell viability on days 1, 3 and 7 was
quantified using the CCK-8 assay (Fig. 4b). Peptide-modified coating
surfaces supported significantly higher cell numbers and vitality
compared to PC/Fe-MPNs and Ti surfaces. Notably, surfaces modified
with both peptides exhibited distinctly enhanced cell viability compared
to individual peptide modified PC/Fe@Ks-RGD and PC/Fe@Kg-OGP
coatings. For the early cell anchoring experiments of MC3T3-E1 cells,
serum-free media were used to evaluate the initial adhesion of MC3T3-
El cells onto diverse substrates, given the inevitable impact of serum
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constituents on non-specific cellular adhesion. After 2 h and 4 h of in-
cubation, adherent MC3T3-E1 cells were detected via TRITC Phalloidin
staining (Fig. 4c), and single cell areas were statistically analyzed using
ImageJ (Fig. 4d). As expected, under serum-free conditions, while cells
adhered to all substrata, coatings containing RGD peptide, namely PC/
Fe@Ks-RGD, PC/Fe@Kg-RGD/OGP (3.1) and PC/Fe@Kg-RGD/OGP (2.9,
demonstrated earlier and clearer cell adhesive capability compared to
the control group and PC/Fe-MPNs surface. To validate the impact of
coatings on cell migratory ability, scratches were made on peptide-

noted as “ns”, *p < 0.05, **p < 0.01, ***p < 0.001 using t-test, and *p < 0.05, **p < 0.01 or

###p < 0.001 compared with the Control group.)

modified coating surfaces with adhered cells (without damaging the
coatings), and cell migration was observed microscopically after 24 h
incubation in serum-free media (Fig. 4e), with migration rates calcu-
lated (Fig. 4f). As expected, cells on the control group and PC/Fe-MPNs
surfaces exhibited little migration, whereas distinctly enhanced migra-
tory abilities were observed on peptide-modified PC/Fe-MPNs surfaces,
especially on PC/Fe@Ks-RGD/OGP (3.1) coating.

The results suggest that the PC/Fe@Kg-RGD/OGP coating with co-
immobilized RGD and OGP peptides demonstrates a more potent



Z. Shou et al. Materials Today Bio 24 (2024) 100921

effect in promoting MC3T3-E1 cell adhesion, migration and prolifera- osseointegration in vivo.
tion. This is attributed to the specific binding of RGD peptides to integrin
receptors (e.g., avp3, a5p1) on the cell membrane, thereby activating 3.5. Osteogenic differentiation of MC3T3-E1 on different modified

downstream signaling pathways including protein kinase C, MAPK and substrates

tyrosine kinases. Concurrently, the immobilized OGP peptides can

effectively stimulate osteoblastic proliferation and metabolism. By The balance between osteoblasts and osteoclasts is closely related to
optimizing the ratios of RGD and OGP peptides within the coating, their the bone healing mechanism, and higher osteogenic activity of osteo-
synergistic effects can enhance MC3T3-E1 cellular adhesion, migration blasts favors bone formation over osteoclastic differentiation, thereby
and proliferation, which are critical for early osteogenesis and integrating implants into bone through new bone formation [32,33]. We
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investigated the in vitro osteogenic differentiation of MC3T3-E1 cells on
surfaces with different coatings. Following 7 days of osteogenic induc-
tion, ALP staining (Fig. 5a) and activity analysis (Fig. 5b) indicated
enhanced early osteogenesis with Peptide-grafted coatings versus
PC/Fe-MPNs. And the coatings supplemented with Kg-OGP (1:3, 2:2,
3:1, 0:4) was higher than that of the coatings grafted with K¢-RGD alone
(4:0). PC/Fe@Kg-RGD/OGP (;.3) exhibited higher ALP activity than
PC/Fe-MPNs or single peptides, demonstrating the synergistic effect of
RGD and OGP. ARS staining (Fig. 5a) and calcium quantification
(Fig. 5¢) of MC3T3-E1 cultured in osteogenic induction medium for 21
days also showed dipeptide (2:2, 1:3) co-modified surfaces enhanced
mineralization versus single peptides or PC/Fe-MPNs. Therefore, the
osteoinduction of different surfaces showed the dependence of K¢-OGP
content; sufficient K¢-OGP content (not less than 50 %) was crucial to
promote the osteogenic differentiation of MC3T3-E1. Cell osteogenic
differentiation is a complex process. PC/Fe@Ks-RGD/OGP (2:2) was
selected for subsequent RT-qPCR experiments, considering the promo-
tion of proliferation, adhesion, migration and osteogenesis as well as its
application in vivo.
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RT-qPCR was further employed to evaluate the expression of f-cat-
enin and osteogenic-related genes (OCN, OPN, ON and Collagen I) in
MC3T3-E1 cells cultured on different coating surfaces for 7 days
(Fig. 5d-h). The results showed that PC/Fe@Kg-RGD/OGP (2.2) signifi-
cantly upregulated the mRNA levels of p-catenin, OCN, OPN, ON and
Collagen I in surface-cultured MC3T3-E1l cells. These levels were
markedly different from those on the PC/Fe-MPNs coating and the
surfaces grafted single peptides. The findings suggest that the newly
designed material effectively upregulates the expression of osteogenic-
related genes in MC3T3-E1 cells, with OPN showing the most signifi-
cant upregulation. Moreover, the high expression of p-catenin indicates
that PC/Fe@Kg-RGD/OGP may promote osteogenesis by activating the
Wnt/p-catenin pathway. Numerous studies have indicated the close as-
sociation between the Wnt/f-catenin pathway and osteogenic differen-
tiation of MC3T3-E1 cells. To elucidate the plausible involvement of the
Wnt/f-catenin pathway in the enhanced expression of osteogenic-
related genes mediated by the novel biomaterials, we used B-catenin
small interference RNA(siRNA) to selectively block the Wnt/p-catenin
signaling pathway in MC3T3-E1 cells cultured with different coatings
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for 7 days. Subsequently, we evaluated the mRNA expression of genes
closely associated with osteogenesis. The study revealed that targeted
silencing of p-catenin significantly impeded the upregulation of
osteogenic-related genes in MC3T3-E1 cells cultured on the novel bio-
materials (Fig. 5i—j). Therefore, it is plausible to propose that the PC/
Fe@Kg-RGD/OGP (2.2 coating enhances osteogenesis of MC3T3-E1 cells
by inducing the activation of the Wnt/p-catenin signaling pathway.

3.6. Anti-osteoclast differentiation of BMMs on different modified
substrates

Bone remodeling relies on osteoclasts derived from the bone mono-
nuclear macrophage lineage (BMM), so we investigated the effect of
different coatings on mBMMs, focusing on their effect on osteoclastic
differentiation. After 5 days, mBMMs treated with M-CSF and RANKL
integrate to form multinucleated structures and grow substantially
(Fig. 6a and b), while most mBMMs grown on coatings remained
mononuclear morphology. Notably, PC/Fe-MPNs and PC/Fe@Ks-RGD/
OGP coatings significantly reduced multinucleated cell formation,
especially when the latter of RGD and OGP was grafted with peptide
ratios of 2:2 (Fig. 6¢). The TRAP activity assay showed a more than 3.5
times fold reduction in TRAP activity for mBMMs cultured on the PC/
Fe@Ks-RGD/OGP (2.) coating compared to the control group (Fig. 6d).
Moreover, this coating also significantly reduced TRAP activity
compared to PC/Fe-MPNs and other single peptide grafted groups.
Further, we assessed the expression levels of osteoclast differentiation
and inflammatory genes in BMMs grown on PC/Fe@Kg-RGD/OGP (2.2
and other coatings. All polyphenol-containing coatings significantly
downregulated TRAP and CTSK gene expression compared with the
control group (Fig. 6e and f). We also found a decrease in the proin-
flammatory marker IL-6 and an increase in the anti-inflammatory
marker IL-10 in all cells cultured with polyphenol-containing coatings
(Fig. 6g and h), and the changes in the PC/Fe@Kg-RGD/OGP (2.2 coating
group seemed to be the most definitive.

Excessive osteoclast activation on implant surfaces can lead to
abnormal bone resorption and implantation failure, while appropriate
osteoclast activity is critical for bone regeneration and remodeling.
Previous studies have shown that polyphenols such as PC can inhibit
osteoclast differentiation by modulating signaling pathways including
RANKL-RANK [34] and NF-«B [35], and OGP and RGD peptide also
plays a regulatory role in osteoclast adhesion, proliferation and differ-
entiation [36,37]. Our results demonstrated that the rationally designed
PC/Fe@Kg-RGD/OGP (2.2) coating retains these potentials, effectively
controlling excessive osteoclast activation while preserving necessary
osteoclast activity. And the RT-QPCR results suggested that the immune
microenvironment might play a key role in the osteoclast differentiation
on the coated surface.

3.7. Polarization of macrophage and antioxidant activity of MC3T3-E1
on different modified substrates

Macrophages, a class of white blood cells with critical immunolog-
ical roles, can be polarized into distinct states (M0, M1, M2), each tasked
with specific biological functions [38]. The status of macrophages plays
a crucial role in the outcome following the implantation of biomaterials.
In the presence of LPS and IFN-y, all coated surfaces showed a significant
reduction in the proportion of M1 phenotype macrophages (CD86")
compared to Ti surfaces (Fig. 7a-b). Interestingly, compared to other
coatings, surfaces mainly grafted with K¢g-RGD peptides (4:0, 3:1, 2:2)
demonstrated a clearer inhibition of M1 macrophage polarization.
Conversely, all coatings increased the proportion of M2 phenotype
macrophages (CD206") (Fig. 7a, c). Notably, surfaces grafted with
Ke-OGP peptides (2:2, 1:3, 0:4) distinctly increased the proportion of M2
phenotype macrophages (CD206") compared to PC/Fe-MPNs surfaces.
Among these coatings, the PC/Fe@K¢-RGD/OGP (2.2) coating retained
the activity of PC and RGD in inhibiting M1 macrophage polarization
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and the activity of OGP peptide in promoting M2 macrophage polari-
zation, which was used for further study. M1 macrophages induce local
inflammation by secreting TNF-a, IL-1p, IL-6, IL-12, etc., while M2
macrophages secrete factors like IL-4, IL-10, VEGF, regulating angio-
genesis, fibrosis and tissue repair processes. ELISA analysis of the cell
culture supernatant revealed a significant decrease in the inflammatory
factor (TNF-a) (Fig. 7d) and a substantial increase in the
anti-inflammatory factor (IL-10) (Fig. 7e) and angiogenic (VEGF)
(Fig. 7f) factors secreted by macrophages on the PC/Fe@Kg-RGD/OGP
(2:2) coating surface. The decrease in TNF-0, and increase in IL-10 are
majorly attributed to the anti-inflammatory capacity of PC, while the
increase of VEGF mainly depended on the pro-angiogenic ability of RGD
peptide.

Subsequently, Ti plates modified with PC/Fe@Ks-RGD/OGP (2:2)
coating were implanted into rats for 5 days to observe their modulatory
effect on macrophages (Fig. 7g). The polarization pattern induced by
bare Ti substrates predominantly manifested as a significant increase in
M1 macrophages, likely associated with a marked inflammatory
response at the implantation site. Quantitative results revealed that PC/
Fe@Kg-RGD/OGP coating significantly promoted a significant increase
in M2 macrophages (Fig. 7h), suggesting an in vivo anti-inflammatory
effect. Collectively, these results indicate that PC/Fe@Kg-RGD/OGP
coating can provide a material-friendly microenvironment around the
implant, promoting osteogenesis and osseointegration.

Under normal physiological conditions, ROS production and elimi-
nation are dynamically balanced. However, damage, implant insertion,
or long-term implant wear can hardly avoid inducing a high-ROS envi-
ronment [39]. Ideally, materials should be designed to lower intracel-
lular ROS levels. In the presence of hydrogen peroxide, DCFH-DA green
fluorescence intensity significantly increased in the positive control
MC3T3-E1 cells, while cells co-cultured on different coatings did not
show notable enhancement (Figs. S6a—c). This depended mainly on the
anti-ROS capability of the PC/Fe-MPNs coating, which the newly
designed PC/Fe@Kg-RGD/OGP coating well retained. ROS, arising as
cell metabolism byproducts, act as second messengers intracellularly
and participate in various biological processes as important regulatory
factors balancing immune cells and bone/osteoclast homeostasis [40].
Excessive ROS levels have been shown to suppress osteoblast function
and obstruct bone matrix secretion and mineralization [41]. Concur-
rently, ROS stress also activates osteoclasts via RANKL, inducing M1
macrophage polarization and bone resorption [42]. Thus, the superior
anti-inflammatory and antioxidant properties of PC/Fe@Kg-RGD/OGP
(2:2) coating could counteract peri-implant inflammation and ROS stress,
ultimately enhancing in vitro and in vivo osteogenesis [3].

3.8. Osteogenesis and osseointegration in vivo

The in vitro experiments demonstrated that composite coatings
modulate multiple cell behaviors, with varied RGD: OGP peptide ratios
promoting specific biological effects. This can be attributed to the
complex interplay between RGD-integrin interactions and OGP
signaling pathways. RGD facilitates cell adhesion, while OGP has
osteoinductive and immunomodulatory properties [43,44]. Thus, the
optimal ratio for particular cellular responses may differ. However, our
results indicate a 2:2 RGD:OGP ratio has balanced impacts on cell
adhesion, osteogenic differentiation, and inflammation inhibition,
collectively benefiting overall bone repair in vivo. Therefore, to
demonstrate the synergistic advantage of the dipeptide coating, we
selected this ratio for the animal experiments.

Bone defect healing involves intricate coordinated processes with
multiple interacting cell types in vivo [45]. While in vitro studies
demonstrate isolated effects, in vivo assessments reflect cumulative
osteogenic and osseointegrative impacts. To further validate the osteo-
genic and osseointegrative of the designed materials in vivo, we coated
Ti rods with PC/Fe-MPNs and PC/Fe@Kg-RGD/OGP (4.0, 2:2, 0:4) coatings
and implanted them into rat femoral supracondylar bone defects
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(Fig. S7). By micro-CT scanning the removed femur together with the
implants (Fig. 8a) and using CTvol software to reconstruct the 3D model,
the formation of new bone around the implants in each group can be
visually observed (Fig. 8b). Quantitative bone volume fraction (BV/TV)
analysis revealed Ti-PC/Fe@Ks-RGD/OGP (2.2) implants generated
substantially more new bone at 5 weeks compared to Ti-PC/Fe-MPNs
and Ti-PC/Fe@Kg-OGP coatings (Fig. 8c). At 8 weeks, BV/TV of
Ti-PC/Fe@Ke-RGD/OGP (2:2) implants was 13.68 + 0.756 %, over 1.66
times fold that of uncoated Ti and significantly higher than other coat-
ings. Trabecular number (Tb. N) followed a similar trend (Fig. 8d), with
all coatings exceeding bare Ti at 8 weeks, and Ti-PC/Fe@Kg-RGD/OGP
(2:2) showing most significant differences.

Materials Today Bio 24 (2024) 100921

Histological staining can directly observe the morphology of new
bone at the interface of the bone implant. As shown in Fig. 8e, Ti-PC/
Fe@Ke-RGD/OGP (2.2 surface had the newest bone (stained with tolu-
idine blue) and showed a mature lamellar bone structure. This group
also had the largest contact area (red line frame) between the implant
and the new bone and the implant, showing a significant osseointegra-
tion effect. On the other hand, the bare Ti and PC/Fe-MPNs showed less
new bone formation, and the bone mineral deposits were scattered.
Bone-implant contact (BIC) quantitatively confirmed enhanced
osteointegration of Ti-PC/Fe@Ke-RGD/OGP (2.2), with BIC 3.06 times
and 2.61 times fold of Ti at 5 and 8 weeks respectively, and significantly
higher than single peptide coatings (Fig. 8f). This is consistent with the
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Fig. 8. Osteogenesis and osseointegration in vivo of PC/Fe@Kg-RGD/OGP. (a) Schematic diagram of micro-CT scanning. (b) Representative micro-CT 3D recon-
structed images. (¢) Quantitative analysis of peri-implant bone volume fraction (BV/TV). (d) Quantitative analysis of peri-implant trabecular bone number (Tb. N).
(e) Representative histological images of different coated Ti rob stained with toluidine blue. (f) The average histomorphometric values of bone-implant contact (BIC).
Scale bars in (e) are 100 pm.. (N > 3, no significance noted as “ns”, *p < 0.05, **p < 0.01, ***p < 0.001 using t-test, and *p < 0.05, **p < 0.01 or *##p < 0.001
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results of the pull-out mechanics test, and the Ti-PC/Fe@Kg-RGD/OGP
(2:2) coating requires the highest pull-out force (Figs. S8a—d).

Notably, Ti-PC/Fe@Kg-RGD facilitated early osteointegration but
had no impact on bone regeneration at 5 and 8 weeks. Ti-PC/Fe@Kg-
OGP showed poor early osteointegration at 5 weeks but promoted bone
formation throughout, especially at 8 weeks. Thus, RGD and OGP pep-
tides synergistically regulate osteointegration and bone remodeling,
with RGD dominant in early osteointegration and OGP in bone regen-
eration and reconstruction. Ti-PC/Fe@Kg-RGD/OGP (2.2) harnesses both
advantages, demonstrating superior osteogenic and osseointegrative
properties in vivo.

3.9. Stability and application of PC/Fe@Ks-RGD/OGP coating

A comprehensive evaluation of the in vivo stability and application
prospects of the PC/Fe@Kg-RGD/OGP coating was conducted. In order
to meet the needs of orthopedic implant coating materials, the selected
materials need to be able to resist the digestion process in the body, and
also need to maintain their effects for a long time after implantation in
the body. First, the surface of bare Ti robs and Ti-PC/Fe@Kg-RGD/OGP-
coated rods, which was gently removed from the decalcified femur, was
observed using SEM. The results showed that the PC/Fe@Ks-RGD/OGP
coating formed a uniform and complete coverage on the Ti rod surface
before implantation (Fig. 9a). After 5 weeks and 8 weeks of
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implantation, the surface structure of the coating was intact and main-
tained good uniformity, although a thinning trend of the coating
thickness could be observed at high magnification. These results suggest
that the Ti— PC/Fe@Ks-RGD/OGP coating may begin to decompose and
degrade during long-term application, but overall maintain good
stability.

Bone screws are one of the most promising types of orthopedic im-
plants. Therefore, we further explored how the Ti-PC/Fe@Kg-RGD/OGP
coating resisted shear wear during implantation into cortical bone
(Fig. S9). The experimental results showed that the Ti-PC/Fe@Kg-RGD/
OGP coating could completely and uniformly cover the surface of Ti
screws before implantation (Fig. 9b). During the implantation process,
the coating on the bottom of the thread and the sidewall of the thread
still maintained uniformity (Fig. 9¢), although the coating on the top of
the thread of the Ti screw was partially peeled off due to the strong shear
force generated by the screw torsion. These results indicate that the Ti-
PC/Fe@Kg-RGD/OGP coating has anti-wear potential in this application
scenario. These findings provide a preliminary understanding of the
potential of Ti-PC/Fe@Kg-RGD/OGP coating for orthopedic implants.
However, more studies on long-term stability and wear resistance are
needed to better apply this coating clinically.

removed after decalcification

Ti-PC/Fe@K,-RGD/OGP

T i S

Fig. 9. Stability and application of Ti-PC/Fe@Kg-RGD/OGP coating. (a) SEM representative images of PC/Fe@Kg-RGD/OGP coated Ti rods before and after im-
plantation in vivo. Representative SEM images of the (b) top and (c) bottom threads of the coated peptide bone screw before and after screw in and out at the

diaphyseal site of the isolated bone.
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4. Conclusions

In this study, we designed a biomimetic PC/Fe@Kg-RGD/OGP hybrid
coating for orthopedic implants through a simple surface modification
strategy. Co-immobilization of RGD and OGP peptides on the surface of
MPNs by the K¢ group can precisely control the graft ratio and syner-
gistically regulate osteogenesis. Importantly, the optimized PC/Fe@Kp-
RGD/OGP coating demonstrated superior capacities for promoting
MC3T3-E1 adhesion, proliferation, and osteogenic differentiation at
specific RGD and OGP ratios. This hybrid coating also attenuated oste-
oclast formation and inhibited the polarization of pro-inflammatory M1
macrophages while promoted the polarization of M2 macrophages. It
also reduced oxidative stress, providing a microenvironment favoring
osteogenesis. In a rat femoral defect model, the PC/Fe@Kg-RGD/OGP
coating significantly enhanced new bone formation and bone-implant
integration compared to single peptide or non-peptide coatings. Mech-
anistically, RGD primarily modulated early osteointegration while OGP
dominated bone regeneration, and MPNs intermediate layer mainly
regulated immunity and anti-oxidative stress.

Collectively, these findings validate the PC/Fe@Kg-RGD/OGP hybrid
coating as a promising strategy for synergistically regulating osteo-
genesis and osseointegration. The simplicity of this approach provides a
highly translatable solution for clinical application. This study demon-
strates the potential of rationally engineered peptide-polyphenol syn-
ergies for next-generation bioactive implant coatings.
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