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A B S T R A C T   

The limited osteointegration often leads to the failure of implant, which can be improved by fixing bioactive 
molecules onto the surface, such as arginyl-glycyl-aspartic acid (RGD): a cell adhesion motif. Metal-Phenolic 
Networks (MPNs) have garnered increasing attention from different disciplines in recent years due to their 
simple and rapid process for depositing on various substrates or particles with different shapes. However, the 
lack of cellular binding sites on MPNs greatly blocks its application in tissue engineering. In this study, we 
present a facile and efficient approach for producing PC/Fe@c(RGDfc) composite coatings through the conju
gation of c(RGDfc) peptides onto the surface of PC/Fe-MPNs utilizing thiol-click reaction. By combined various 
techniques (ellipsometry, X-ray photoelectron spectroscopy, Liquid Chromatography-Mass Spectrometry, water 
contact angle, scanning electronic microscopy, atomic force microscopy) the physicochemical properties 
(composition, coating mechanism and process, modulus and hydrophilicity) of PC/Fe@c(RGDfc) surface were 
characterized in detail. In addition, the PC/Fe@c(RGDfc) coating exhibits the remarkable ability to positively 
modulate cellular attachment, proliferation, migration and promoted bone-implant integration in vivo, main
taining the inherent features of MPNs: anti-inflammatory, anti-oxidative properties, as well as multiple substrate 
deposition. This work contributes to engineering MPNs-based coatings with bioactive molecules by a facile and 
efficient thiol-click reaction, as an innovative perspective for future development of surface modification of 
implant materials.   

1. Introduction 

The limited tissue-binding and regenerative potential on the surface 
often lead to poor osteointegration and the failure of orthopedic im
plants [1]. The interfacial interaction between an implant and its sur
rounding biological environment plays a critical role on the outcomes of 
the implant [2]. Grafting bioactive molecules, such as growth factors 
[3], and extracellular matrix-like protein [4,5], etc., onto implant sur
faces to provide necessary bio-signals for osteointegration was demon
strated as one of the potent strategies for improving implant 
osteointegration. However, due to the fragilility of bioactive molecules, 

an environmentally friendly, efficient, and simple yet versatile strategies 
for immobilizing is still highly pursuit. 

Metal-polyphenol networks (MPNs) formed by metal ions and 
phenolic ligands [6,7] have garnered increasing attention from different 
disciplines in recent years due to their simple and rapid process to de
posit on various substrates or particles with different shapes [8,9], since 
reported by Caruso et al. The wide range of applicable metal ions [10] 
(Fe3+, Cu2+, Mg2+, etc.), the large family of polyphenols [11] (more 
than 8000 species of polyphenols have been identified), selective 
permeability, stimuli responsiveness and good thermal stability, make 
MPNs very promising in drug delivery [12], bioactive coating [13], 
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environmental engineering [14] and daily life [15], etc. Recently, MPNs 
have been designed as multifunctional implant coatings because they 
retain the inherent functions of polyphenols and metal ions. For 
example, Huang et al. explored the MPNs formed by tannic acid 
(TA)/catecholamine and Cu (II) for potential cardiovascular applica
tions because of their synergistic anti-inflammatory, antibacterial, and 
anticoagulant properties [16]. Asgari et al. put forward a Mg-phenolic 
network strategy aimed at bolstering the corrosion resistance and 
osteo-compatibility of degradable Mg alloys through adjustment of the 
Mg concentration in the coating [17]. 

It is noteworthy that Ding et al., after a careful discussion, proposed 
that the polydopamine (PDA) coating caused a decrease in cell viability 
in standard tests, which was caused by the energy consumption caused 
by the intensified local motility of cells [18]. Similar to the PDA coating, 
our experiments and the results of some published papers show that 
MPNs-coated surface is not a very effective surface. During the culture 
process of cells on MPNs-coated surfaces, there is no significantly 
enhanced cell viability [17], migration [19], and adhesion capacity 
[20]. This may be caused by the lack of cell recognition and binding sites 
[21]. Therefore, how to graft bioactive molecules on the surface of MPNs 
to improve their biocompatibility is a question worth exploring. In the 
past decade, biomaterials designed based on DOPA or MPNs have been 
extensively explored. Among them, Li et al. used physical adsorption to 
link growth factors on the TA/Fe-MPNs surface to enhance the cell 
interaction at the implant interface. However, physical adsorption often 
leads to drug exfoliation due to weak non-covalent bonds and is unable 
to play long-term bioactivity [22]. Chemical grafting on the coating 
surface is a feasible method [23], but Chemical grafts often rely on the 
molecular design and harsh conditions. Still need to create a simple, 

mild, universal, and cost-effective approach to construct bioactive in
terfaces. Among which the click reaction provides a new idea for the 
immobilization of bioactive molecules due to its mild and direct reaction 
conditions, fast reaction rate, and strong specificity [24]. Some re
searchers have achieved efficient grafting of multiple types of peptides 
by clicking dibenzylcyclooctyne (DBCO)-capped peptides onto the sur
face of DOPA-N3-coated materials [25,26]. However, click reactions 
have not been reported on the surface of more functional MPNs. 

Peptide sequences with minimal structural domains are a hot 
research topic in the biomedical materials field as they exhibit excellent 
biocompatibility and biodegradability [27]. The 
glycine-arginine-aspartic acid (RGD) peptides, which are specific amino 
acid sequences found in extracellular matrices (ECMs), are the most 
commonly used and effective pro-adhesion peptides [28]. Among them, 
cyclo-(Arg-Gly-Asp-D-Phe-Cys) (c(RGDfc)) is an affordable and widely 
available modified variant of the RGD sequence, with a D-Phe and Cys 
residues added to its C-terminus to form a ring structure, which also 
introduces a thiol group on the molecule [29,30]. Some studies have 
shown that, due to this loop structure, compound c(RGDfc) peptide on 
the surface of materials can more effectively and non-specifically bind to 
various integrin receptors on cell membranes and induce cellular 
integrin gene expression, promote cell adhesion, and differentiate and 
mature [31,32]. Meanwhile, the c(RGDfc) ring structure increases its 
stability and biocompatibility in biological materials [33]. 

In this study, PC/Fe@c(RGDfc) composite coatings were innova
tively constructed by grafting c(RGDfc) on the surface PC/Fe-MPNs 
using click reaction (Scheme 1). Among them, proanthocyanidins (PC) 
as a mature coating construction strategy has been extensively studied 
by our research group [34–36]. Here PC/Fe-MPNs as a multifunctional 

Scheme 1. (a) The structure of PC and its schematic diagram, (b) the structure of c(RGDfc) and its schematic diagram, (c) the construction of MPN and its oxidation 
in alkaline environment, (d) the reaction of the sulfhydryl group of cysteine on c(RGDfc) with MPN under alkaline conditions, (e) the schematic diagram of the 
construction of PC/Fe@c(RGDfc) composite coating on various substrates. Created with BioRender.com. 
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building block, serving three distinct roles: (i) providing versatile sub
strate modification through its adhesive properties, (ii) acting as an 
platform for immobilizing c(RGDfc), and (iii) functioning as an inter
mediate layer with notable antioxidant activity [37]. While c(RGDfc) 
provides cell-recognizable sites for PC/Fe@c(RGDfc) composite coating, 
modified PC/Fe-MPNs serve as an efficient tissue-integrated interface. 
Our research demonstrates that the PC/Fe@c(RGDfc) composite coating 
not only enhanced the biomedical properties of MPNs such as cell 
adhesion, proliferation, migration, and anti-oxidation in vitro, but also 
improved host tissue integration and mechanical fixation. 

2. Materials and methods 

2.1. Main materials 

Proanthocyanidins (PC, Cas: 4852-22-6), iron(III) nitrate non
ahydrate (Fe(NO3)3•9H2O, Cas: 7782-61-8) were obtained from Mack
lin, anhydrous sodium acetate (Cas: 127-09-3) and tris(hydroxymethyl) 
aminomethane (Tris, Cas: 1185-53-1) were obtained from aladdin. The c 
(RGDfc) peptide was purchased from Hangzhou All Peptide Biotech
nology Co., Ltd. Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s 
medium (DMEM) and Minimum Essential Medium Eagle (MEM) were 
purchased from Gibco. 4% paraformaldehyde, Triton X-100, rhodamine 
phalloidin (phalloidin-TRITC), and polypropylene (PP) sheets were 
purchased from Sigma. 6-diamidino-2-phenylindole (DAPI), Cell 
Counting Kit-8 (CCK-8), and the ROS assay kit and ferric reducing 
antioxidant capacity (FRAP) assay kit were purchased from Dojindo 
Laboratories and Beyotime Institute of Biotechnology. Vitreous cell 
culture plates (Cas: 801004) were purchased from NEST Biotechnology. 
Other cell culture consumables, such as cell culture dishes (Cas: 
TCD000035) and centrifuge tubes (Cas. CFT312150), were purchased 
from Guangzhou Jet Bio-Filtration Co., Ltd. All chemicals were used 
without further purification. Silicon wafers (SSPs), quartz plates (Alfa 
Aesar), and round glass coverslips (14 mm diameter, NEST) were 
washed with piranha solution (70% H2SO4 and 30% H2O2, 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 prepared and used with extreme caution). The 
deionized (DI) water used in the experiments was purified using the 
Milli-Q system, providing a resistivity greater than 18.25 MΩ cm. 

2.2. Preparation of PC/Fe-MPNs and PC/Fe@c(RGDfc) 

PC/Fe@c(RGDfc) hybrid coating comprising of PC/Fe-MPNs coating 
and c(RGDfc) peptide was synthesized using a two-step method in 
aqueous media at room temperature (Scheme 1): fabricating PC/Fe- 
MPNs coating and following conjugation of c(RGDfc) onto PC/Fe- 
MPNs coating. 

2.2.1. Preparation of the PC/Fe-MPNs coating 
The PC/Fe-MPNs coating was prepared according to the procedure 

already reported [34,35]. In detail, PC was dissolved in acetic acid so
dium acetate buffer solution (10 mM, pH 4.5) to obtain a solution with a 
concentration of 0.5 mM. Fe (NO3)3 was dissolved in DI water to obtain a 
solution of 1.5 mM. As shown in Scheme 1c, the MPN coating prepa
ration occurred within a 5 mL tube housing a clean silicon wafer sub
strate measuring 1 cm × 1 cm. Initially, 1 mL of the PC solution was 
added swiftly by 1 mL of the Fe(NO3)3 solution (in less than 10 s). The 
mixture was vigorously vortexed for 30 s and left undisturbed for 10 
min. Subsequently, 1 mL Tris-HCl buffer solution (0.3 M, pH 8) was 
added and mixed for 30 s to stabilize the membrane structure. Finally, 
the PC/Fe-MPNs coated substrate was carefully rinsed with DI water and 
mildly dried with an air stream. This deposition process was repeated 
until the desired thickness of the MPN coating was achieved, denoted as 
(PC/Fe)x-MPNs, where x was the number of cycles. 

2.2.2. Preparation of the PC/Fe@c(RGDfc) coating 
The c(RGDfc) peptide was dissolved in Tris-HCl buffer solution (10 

mM, pH = 8.5) to obtain a solution with a concentration of 1 mg/mL. As 
shown in Scheme 1d, the preparation process of the PC/Fe@c(RGDfc) 
coating was carried out in a 5 mL tube that contained a substrate coated 
with PC/Fe-MPNs (1 cm2, 5 or 10 layers), to which the c(RGDfc) solution 
was added and left for 24 h. The PC/Fe@c(RGDfc) coated substrate was 
then rinsed with DI water and dried gently with an air stream, resulting 
in stable PC/Fe@c(RGDfc) coatings. In the subsequent experiments, 
based on the previous work [35,38], we selected PC/Fe@c(RGDfc) 
coatings based on 5 layers MPN for in vivo and in vitro experiments. 

2.3. Characterization 

The as-prepared MPN coatings were stored at 4 ◦C and thoroughly 
dried before undergoing any characterization. The thickness of the 
coatings was determined using optical ellipsometry (M-2000UI, J.A. 
Woollam). Surface morphologies were examined using a scanning 
electron microscope (SEM) (SU8010, Hitachi). X-ray photoelectron 
spectroscopy (XPS) spectra of silicon wafer-coated MPN samples were 
obtained using a Thermo-Electron ESCALAB 250 spectrometer equipped 
with a monochromatic Al X-ray source (1486.6 eV). Liquid 
Chromatography-Mass Spectrometry (1290 Infinity II+ 6135MS, Agi
lent, USA) obtained MS mass spectra of c(RGDfc), c(RGDfc) + PC, and 
+PC after alkylation of c(RGDfc) with 1 mM iodoacetamide (Cas: 144- 
48-9, Macklin). Water contact angle (WCA) analyses were performed 
using the static sessile drop method on a KRUSS DSA1 version 1.80 drop 
shape analyzer with water as the probe liquid. The zeta potentials of PC/ 
Fe-MPNs and PC/Fe@c(RGDfc) coatings on the surface of PS beads (φ =
3um) were measured using a Zetasizer Nano ZS ZEN3600 (WM2016002, 
Malvern). 

2.3.1. Factors of PC/Fe@c(RGDfc) fabrication 
The fabrication of PC/Fe@c(RGDfc) coatings was investigated with 

regard to pH, c(RGDfc) concentration, deposition time, and thickness of 
PC/Fe-MPNs. Tris (10 mM) was utilized to adjust the pH values of the c 
(RGDfc) solution to 7, 7, 7.5, 8, 8.5 and 9. The concentration of the c 
(RGDfc) solution was adjusted to 0.01, 0.1, and 1 mg/mL using Tris-HCl 
buffer with a fixed PH. By extending the introduction time of the c 
(RGDfc) solution onto the PC/Fe-MPNs coating, PC/Fe@c(RGDfc) 
coatings with varying deposition times were obtained. Additionally, by 
increasing the cycle number of the PC/Fe-MPNs coating, surfaces graf
ted with c(RGDfc) peptide with different thicknesses were achieved. 

2.3.2. Decomposition process of PC/Fe@c(RGDfc) 
The decomposition process of PC/Fe@c(RGDfc) was conducted by 

immersing a substrate coated with PC/Fe@c(RGDfc) into PBS solution 
(pH 7.3)，0.9% NaCl solution, DMEM medium and DMEM containing 
trypsin (0.5 mg/mL) for the desired duration (0–14 days). Subsequently, 
the sample was washed with DI water and dried under vacuum. The 
thickness of the coating was measured using optical ellipsometry. 

2.3.3. Free radical scavenging assays 
The total antioxidant capacity of the coatings was assessed using the 

Total Antioxidant Capacity Assay Kit with the FRAP method. Firstly, a 
working curve was established according to the protocol provided by the 
FRAP assay kit. FeSO4 solutions with specific concentrations (0, 0.15, 
0.3, 0.6, 0.9, 1.2, and 1.5 mM) were prepared and added to a 96-well 
plate, followed by the addition of the working solution (180 μL). After 
incubating for 5 min at 37 ◦C, the absorbance of the 96-well plate was 
measured at 593 nm using a spectrophotometer. The total antioxidant 
activities of the coatings, glass, and Trolox solution (1 mM) were 
determined immediately after preparation and after two months of 
storage, following the same procedure. Glass and Trolox served as the 
negative and positive control, respectively. Based on the measured in
tensities, the antioxidant activity of each sample was calibrated using 
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the standard curve. 
The DPPH radical scavenging activity of the coatings was determined 

using the DPPH radical scavenging Capacity Assay Kit (Cas: BC4750, 
Solarbio). Briefly, glass, VC (0.3 mg/mL), PC/Fe-MPNs, and PC/Fe@c 
(RGDfc) coatings (50 nm, 2 cm2) were mixed with the working solution. 
The absorbance at 515 nm was obtained using a Lambda 25 spectro
photometer from PerkinElmer. The calculation formula for the DPPH 
radical scavenging rate of the samples is as follows 

DPPH inhibition rate (%)=

[

Abs blank −
Abs control − Abs sample

Abs blank

]

× 100% 

The ABTS radical scavenging activity of the PC coatings was deter
mined using the ABTS radical scavenging Capacity Assay Kit (Cas: 
BC4770, Solarbio). Briefly, glass, VC (1.5 mM), PC/Fe-MPNs, and PC/ 
Fe@c(RGDfc) coatings (50 nm, 2 cm2) were mixed with the assay kit’s 
working solution. The absorbance at 405 nm was obtained using a 
Lambda 25 spectrophotometer from PerkinElmer. The calculation for
mula for the ABTS radical scavenging rate of the samples is as follows 

ABTS inhibition rate (%) =

[

Abs blank −
Abs control − Abs sample

Abs blank

]

× 100%  

2.4. Cell culture 

The NIH3T3 (Cas: CL-0171) and the Human umbilical vein endo
thelial cells (HUVECs, Cas: CP-H082) were purchased from Pricella Life 
Science&Technology Co.,Ltd and cultured in Cell Culture Bottle (75 mL 
volume) in DMEM medium (Gibco, 8123125, Waltham, USA) with 10% 
FBS (Gibco, 16000044, Waltham, USA). Bone-marrow mesenchymal 
stem cells (BMSCs) were isolated from the bone marrow of SPF C57BL/6 
mice aged 3 weeks as the previous study described [39]. The BMSCs 
were planted on Cell Culture Bottle (75 mL volume) in MEM medium 
(Gibco, 2276722, Waltham, USA) with 10% FBS. All the cells were 
maintained in a humidified incubator with an atmosphere of 37 ◦C and 
5% CO2. The medium was replaced every 2–3 days. The cells were 
passaged with 0.25% trypsin after reaching 90% confluence. 

2.4.1. Cell viability assay 
The Cell Counting Kit-8 (CCK-8) assay was conducted following the 

guidelines provided by the manufacturer. Briefly, 5 × 104 cells/well 
were seeded in 24-well plates with different coatings. At the end of the 
culture, the medium was replaced with 350 μl of basic medium con
taining 35 μl of CCK-8 solution and incubated for an additional 2 h at 
37 ◦C. Subsequently, transfer the liquid from the 24-well plate to the 96- 
well plate and the absorbance at 450 nm for each well was measured 
using an enzyme labeling measuring instrument (Tecan, Infinite 200 
Pro, USA). 

2.4.2. SEM analysis 
The samples of cells were fixed with a 2.5% glutaraldehyde solution 

at 4 ◦C for 12 h, followed by dehydration using an ethanol series (15%, 
30%, 50%, 70%, 80%, 90%, 95%) in two consecutive 10-min intervals at 
each concentration. Subsequently, the samples were dehydrated with 
100% ethanol in three consecutive 20-min intervals. To preserve the 
cellular structure, the dried samples were processed using a Leica EM 
CPD300 and then coated with platinum using an EM ACE600 (60-s 
deposition, 20 mA). Microstructural characterization was carried out 
using a scanning electron microscope (WM2017015, HITACHI) operated 
at 3 kV. 

2.4.3. Cell cycle analysis 
Cells were seeded on various coatings until reaching 80% conflu

ence. Following trypsin digestion without EDTA, the cells were 

collected, gently rinsed, and suspended in ice-cold PBS to ensure a ho
mogeneous cell suspension with minimal aggregation. Subsequently, the 
cells were centrifuged at 4 ◦C, 300g for 4 min, and the resulting cell 
pellet was washed twice with pre-cooled PBS. The washed cells were 
then stained with a 50 μg/mL propidium iodide (PI) staining solution in 
the dark for 5 min. Fluorescence emitted by PI was measured using flow 
cytometry (BD Biosciences, NJ, USA). The proportions of cells in each 
phase of the cell cycle (G0/G1, S, and G2/M) were analyzed using the 
dedicated cell cycle analysis software provided with the instrument. 

2.4.4. Cell migration test 
The Cell migration test was performed using coated-coverslips. Once 

the cells reached 80% confluence on the respective coatings, scratches of 
uniform width were created on the cell monolayer using a sterile 200 μl 
pipette tip. The scratched areas were gently washed three times with 
PBS. Subsequently, medium without fetal bovine serum (FBS) was 
added, and the plates were incubated in a 37 ◦C incubator for 24 h. 
Microscopic images of the scratches were captured at 0 h and 24 h using 
a microscope and analyzed using ImageJ software. Each experiment was 
repeated independently a minimum of three times. The cell migration 
rate was determined using the following formula: 

cell migration (%)=

(

1 −
width of the scratch at 24 h

initial scratch width

)

∗ 100%  

2.4.5. Cell attachment and spreading at early stage 
Cells were seeded on different coatings (2 cm2) at a density of 4 ×

104 cells/cm2. At 2 h and 4 h after seeding, the coverslips were gently 
washed with PBS and subsequently fixed by immersion in 4% para
formaldehyde for 15 min. The coverslips were then treated with PBS 
containing 0.2% (v/v) Triton X-100 for 10 min, followed by three rinses 
with PBS. Subsequently, all coverslips were sequentially stained with 
phalloidin-TRITC (red fluorescent dye, Cas: CA1610, Solarbio) to visu
alize actin filaments, and DAPI (blue) to stain the cell nuclei. The cell 
morphology was examined using laser scanning confocal microscopy 
(LSMC) (Nikon A1, Japan). 

2.4.6. Cell adhesion assay 
The cell adhesion assay was conducted following previously 

described methods [40]. In brief, 4 × 104 cells per well were seeded into 
24-well plates on coverslips that were pre-coated with 10 μg/mL 
collagen (Sigma, Cat.No.9007-34-5) as the control, and onto various 
coatings as treatments. After 4 h of incubation, the plates were gently 
washed with PBS for 15 min to remove non-adherent cells. The attached 
cells were subsequently assessed for cell viability using CCK-8. The cell 
adhesion rate was determined using the following formula: 

cell adhesion (%)=

(
OD of Adhesion cells

OD of Total cells

)

∗ 100%  

2.4.7. Intracellular ROS level and fluorescence analysis 
Oxidative stress induction in cells was performed using H2O2 [41]. 

Cells were seeded onto coated-coverslips at a density of 5 × 104 

cells/cm2. After 24 h of culture, the medium was replaced with MEM 
containing or lacking 500 μM H2O2 for 12 h. The negative control was 
maintained with MEM supplemented with 10% FBS. The ROS level of 
cells was evaluated using DCFH-DA (Beyotime, China, S0033) following 
the provided instructions. DCFH-DA was diluted with serum-free me
dium to a final concentration of 10 μmol/L, and the collected cells were 
suspended in the diluted DCFH-DA solution, incubating in a cell incu
bator for 20 min to ensure complete probe-cell contact. Prior to detec
tion using flow cytometry (BD Biosciences, USA), the cells were washed 
thrice with serum-free cell culture medium to remove any residual 
DCFH-DA. 
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2.4.8. Osteogenic differentiation assay 
MEM medium containing 100U/ml penicillin, 100mg/ml strepto

mycin and 10% FBS was supplemented with 10 mM β-glycerol phos
phate (Sigma-Aldrich, USA), 0.1μM 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 
staining were used as early and late markers of osteogenic differentia
tion, respectively. BMSCs were seeded at a density of 2×104 cells/well. 
After 7 days of osteogenic induction, ALP activity was evaluated by 
staining using the BCIP/NBT Alkaline Phosphatase Color Development 
Kit (Cas: G1481, Beijing Solarbio Science & Technology Co., Ltd.) and 
ALP Assay Kit (Beyotime, China) according to the manufacturer’s in
structions. To assess late-stage mineralization, cells were fixed with 4% 
paraformaldehyde after 14 and 21 days of culture, then were incubated 
with 0.1% alizarin red S solution (pH 4.2) for 30 minutes. After being 
observed and photographed with a microscope, calcium deposits were 
extracted using 10% cetylpyridinium chloride solution for 1 hour and 
were quantified by measuring absorbance at 593 nm. 

2.5. Animal test 

Eighteen Sprague-Dawley (SD) rats weighing approximately 300g 
and aged around 6 weeks were randomly assigned to three groups: 
control (Ti rods without coating), PC/Fe-MPNs (Ti rods coated with (PC/ 
Fe)10-MPNs), and PC/Fe@c(RGDfc) (Ti rods coated with PC/Fe@c 
(RGDfc)). After intraperitoneal injection of 1 mL of 10% sodium 
pentobarbital solution, a 1 cm skin incision was made in the femur of the 
rear leg to expose the lateral side of the femur. The implants, measuring 
1 mm in diameter and 6 mm in length, were inserted perpendicularly 
into the femurs using constant cooling with 0.9% NaCl solution. 

Following disinfection with povidone iodine, the wound was su
tured, and cefuroxime sodium was administrated via intramuscular in
jection daily to prevent infection. After an 8-week period, rats were 
sacrificed, and femur samples were collected. The samples were 
immersed in 4% paraformaldehyde for further analysis. All animal 
procedures were conducted in strict accordance with the Guidelines for 
Care and Use of Laboratory Animals of Wenzhou Institute, University of 
Chinese Academy of Sciences (WIUCA) and were approved by the Ani
mal Ethics Committee of WIUCA (WIUCAS23020803). 

2.5.1. Microfocus computed tomography (Micro-CT) 
The femurs containing the implanted materials were subjected to 

micro-CT scanning using a voltage source of 80 kV, a current of 300 μA, 
and a rotational angle of 360◦ (with a step rotation of 0.6◦) and 36 μm 
resolution. The region of interest (ROI) located 200 μm away from the 
surface of the titanium implants was reconstructed using the associated 
software (CTAn and CTVol). From this reconstruction, bone volume 
(BV), total volume (TV) of bone, and trabecular number (Tb. N) were 
obtained. 

2.5.2. Histological analysis 
After micro-CT scanning, histological staining and quantitative 

analysis were conducted to assess osteogenesis and osseointegration on 
the surfaces of Ti screws. To begin, all samples were fixed with para
formaldehyde, washed with water, dehydrated in ethanol, and clarified 
in xylene. Subsequently, they were embedded in poly (methyl methac
rylate). The embedded blocks were then sectioned into slices measuring 
300 μm in thickness along the longitudinal axis and implantation centre 
using a hard tissue slicer (EXAKT 300CP). These sections were further 
ground down to a thickness of 10 μm using a Grinding System (EXAKT 
400 CS). Next, the samples were stained with toluidine blue, and images 
were captured using an optical microscope (Ni–U, NIKON). The bone- 
implant contact (BIC), which represents the percentage of the implant 
circumference directly in contact with bone tissue in the threaded area, 

was quantified using Image-Pro Plus6.0 software. The mean BIC (%) was 
determined using the following formula: 

mean BIC (%)=

(
contact lengths between bone and implant

length of the implant within the bone tissue

)

∗ 100%  

2.5.3. Protein isolation and western blot 
Total protein was extracted from the tissue surrounding the implants 

using a RIPA buffer (Beyotime, China, P0013B) supplemented with 1 
mmol/l PMSF (Beyotime, China, ST505). Proteins (40 μg) were sepa
rated by SDS-PAGE (6% and 12%) and transferred to PVDF membranes 
(USA, Millipore, IPVH00010). Following transfer, the membranes were 
blocked in Tris-buffered saline (TBST) containing 5% nonfat milk at 
37 ◦C for 2 h. Subsequently, they were incubated overnight at 4 ◦C with 
primary antibodies against Collagen I (1:750; AF7001, Affinity Bio
sciences, OH, USA), Vinculin (1:1000; AF5122, Affinity Biosciences, OH, 
USA), Cyclin (1:1000; AF0931, Affinity Biosciences, OH, USA), and beta- 
Actin (1:10000; AF7018, Affinity Biosciences, OH, USA). After washing 
the membranes three times with TBST solution, they were incubated 
with secondary antibodies (1:6000; S0001, Affinity Biosciences, OH, 
USA) for 1–2 h at 37 ◦C. The bands were visualized using an ECL-Plus 
detection kit (New Cell & Molecular Biotech Co., Ltd, P10100), and 
the membranes were analyzed using ImageJ software. 

2.5.4. Biomechanical push-out test 
Bone-implant interfacial shear strength was evaluated by push-out 

testing. Femur samples containing titanium rod implants were moun
ted on an Instron E10000 instrument equipped with a 500 N load cell. 
The titanium rods were pulled out at a constant rate of 1 mm/min until 
completely detached from the surrounding bone. Maximum load at 
implant failure was recorded as the interfacial shear strength. 

2.6. Data processing and statistical analysis 

Statistical analyses were conducted using GraphPad Prism 9.5 
(GraphPad Software Inc., CA, USA). The graphs were generated using 
Origin 2023b (OriginLab, MASS, USA). The results are presented as 
mean ± standard deviation (SD). The t-test was employed to assess the 
significant difference between each pair of groups, and was indicated by 
the symbols "*", “**” and “***” for p < 0.05, p < 0.01 and p < 0.001, 
respectively. #p < 0.05, ##p < 0.01 or ###p < 0.001 indicated a sta
tistically significant difference compared to the Control group. No sig
nificance was noted as “ns”. Independent replication of all experiments 
was performed three times, unless otherwise specified. 

3. Results and discussion 

3.1. Preparation and characterization of PC/Fe@c(RGDfc) 

The PC/Fe@c(RGDfc) hybrid coating composed of a (PC/Fe)5-MPNs 
complex layer with an average thickness of 32.08 ± 1.43 nm (Fig. S1) 
and a following conjugated c(RGDfc) peptide layer with an average 
thickness of 12.15 ± 1.24 nm (Fig. 1a). The presence of peaks corre
sponding to characteristic elemental signals (such as S2p and N1s in c 
(RGDfc)) in the XPS spectra directly confirmed the success of the c 
(RGDfc) modification (Fig. 1b), which could be supported by the 
changed elements (S, N, Fe, O, and C) in the PC/Fe-MPNs and PC/Fe@c 
(RGDfc) (Fig. 1c). The ratio of S and N elements on the PC/Fe@c(RGDfc) 
coating surface is (1.12:8.98), which is approximately equal to the ratio 
of S and N elements in c(RGDfc) (C24N8O7S1), which also indicates that c 
(RGDfc) peptide was nondestructively grafted on the PC/Fe-MPNs 
surface. 

The grafting of c(RGDfc) can alter surface charge and hydrophilia. 
Zeta potential measurements of (PC/Fe)5-MPNs and PC/Fe@c(RGDfc) 
coatings on PS spheres showed that (PC/Fe)5-MPNs had a negative 
surface charge, while the PC/Fe@c(RGDfc) composite coatings had 
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significantly increased surface charge with increasing c(RGDfc) con
centration (Fig. 1d). Additionally, c(RGDfc) grafting altered surface 
hydrophilia. The introduction of hydrophilic PC/Fe complexes resulted 
a lower water-contact angle for the Ti surface. Modification with c 
(RGDfc) peptides further decrease water-contact angle, resulting in a 
super-hydrophilic PC/Fe@c(RGDfc) composite coating (Fig. 1e). As a 
composite coating with the potential to promote organization and 
integration and repair, it must maintain good stability under physio
logical conditions. Coatings were evaluated for stability by immersion in 
PBS, 0.9% NaCl solution, DMEM medium, and DMEM containing trypsin 
(0.5 mg/mL), and changes in thickness were monitored over time 
(Fig. 1f). Results showed that the coating thickness did not significantly 
decrease during the 14 days observation period, indicating the PC/Fe@c 
(RGDfc) composite coating remained stable. 

The PC/Fe-MPNs coating and PC/Fe@c(RGDfc) coating were syn
thesized on various types of substrates (Fig. 1g). Obvious black coating 
attachment could be observed on the surface of CaF2, Ti, Al, Glass, 
Ceramic and PS. Since c(RGDfc) is a colorless and transparent material, 
there is no significant difference between PC/Fe-MPNs coating and PC/ 

Fe@c(RGDfc) coating under the light microscope. Further, surface 
morphology was observed using scanning electron microscopy (SEM) 
(Fig. 1h). Compared with the unmodified Silicon surface, the deposition 
of PC/Fe complexes leads to the aggregation of nanoparticles, resulting 
in an increase in surface roughness of PC/Fe-MPNs. Further fixation of c 
(RGDfc) resulted in an increase in coating thickness but had no signifi
cant effect on its structural features and surface roughness. 

3.2. Mechanism and Factors of constructing PC/Fe@c(RGDfc) 

X-ray Photoelectron Spectroscopy (XPS) and Liquid 
Chromatography-Mass Spectrometry (LC-MS) was used to reveal the 
main mechanism of PC/Fe@c(RGDfc) construction. In the detailed C1s 
spectra of the PC/Fe-MPNs (Fig. S2b), three peaks were observed: C–C/ 
C––C at 284.3 eV [36], C–O at 286.4 eV [42] and C––O at 288.1 eV [43]. 
In contrast to the C1s spectra of PC (Fig. S2a), the presence of C––O bond 
at 288.1 eV suggests that under alkaline conditions (pH = 8.5, in air), the 
remaining hydroxyl group on PC was oxidized to form a semi-quinone 
radical under the action of oxygen, which subsequently rearranged to 

Fig. 1. Characterization of PC/Fe@c(RGDfc). (a) The thickness of c(RGDfc) adsorbed on (PC/Fe)5-MPNs. (b) The total XPS spectra of the PC/Fe-MPNs and the PC/ 
Fe@c(RGDfc) coatings, along with the elemental molar ratio obtained by XPS analysis in (c). (d) Zeta potential changes of coating surface resulting from c(RGDfc) 
adsorption at different concentrations on (PC/Fe)5-MPNs, while surface hydrophilicity changes of both types of composite coatings are shown in (e). (f) The variation 
of coating thickness with treatment time in PBS, 0.9%NaCl, DEME with or without 0.25% trypsin. (g) Optical photographs of PC/Fe-MPNs and PC/Fe@c(RGDfc) 
composite coatings on different substrates. (h) SEM photos and ImageJ roughness fitting of these coatings adhering to silicon substrate. N = 3, no significance noted 
as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, using t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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quinones [44,45]. It has been reported that such oxidation often occurs 
in the B ring (catechol or galloyl group) of flavonoid polyphenols with 
C6–C3–C6 structure [46]. These reactive intermediate products readily 
react with cysteinyl thiol group in c(RGDfc) [47]. 

To investigate whether physisorption was involved in the formation 
of the PC/Fe@c(RGDfc) coating, PC/Fe@c(RGDfc) was immersed in 2% 
Sodium dodecyl sulfate (SDS) solution with gentle shaking for 10 min to 
elute possible physisorption c(RGDfc) layer [48]. The results in Fig. S3 
show that compared with the thickness before washing (40.04 ± 1.57), 
the thickness after washing (39.88 ± 1.20) did not decrease signifi
cantly. This completely excludes the formation of a c(RGDfc) layer on 
the PC/Fe-MPNs coating surface due to physical adsorption. Mean
while，in the detailed N1s spectra of c(RGDfc) and PC/Fe@c(RGDfc) 

coatings (Fig. 2a and b), the peak area ratio of C––N bond (8.94%– 
9.52%) did not change. On the other hand, the ratio of C––N and C––O in 
the C1s spectrum of PC/Fe@c(RGDfc) is maintained at 2.16: 15.75 
(Fig. S2c). Both of these suggest that the arginine residue of c(RGDfc) did 
not react, implying that the Schiff base bond was not involved in the 
grafting of c(RGDfc). Therefore, we considered that the covalent binding 
of free PC residues on the PC/Fe-MPNs coating to the c(RGDfc) cysteine 
residue resulted in the grafting of c(RGDfc) peptide, for which we 
examined the interaction between PC and c(RGDfc) peptide by LC-MS. 
As shown in Fig. 2c, the analysis of intact c(RGDfc) revealed a peak at 
579.2 m/z. When c(RGDfc) (1 mM) was incubated with PC (1 mM) in 10 
mM Tris-Hcl buffer (pH 8.5) at 37 ◦C for 30 min, the intensity of the c 
(RGDfc) peak was reduced. Meanwhile, since the modified c(RGDfc) 

Fig. 2. Mechanism and Factors of the construction of c(RGDfc) peptide-grafted PC/Fe-MPNs substrates. N1s peaks of (a) c(RGDfc) and (b) the PC/Fe@c(RGDfc) 
composite coating. (c) LC-MS analysis of the interaction between c(RGDfc) and PC. (d) The thickness of c(RGDfc) adsorbed on (PC/Fe)5-MPNs at different PH values, 
(e) concentrations of c(RGDfc), and (f) after different deposition time. (g) Thickness changes of c(RGDfc) grafted on PC/Fe-MPNs formed with different cycles in the 
PC/Fe-MPNs fabrication process. (h) Schematic of the PC/Fe@c(RGDfc) coating construction mechanism, Created with BioRender.com. N = 3, no significance noted 
as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05, ##p < 0.01 or ###p < 0.001 compared with the Control group, using t-test. 
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corresponds to the addition of one molecule of PC per peptide, a peak of 
1155.3 m/z was generated. On the other hand, no adduct peak was 
observed after incubation of thiol-alkylated (S-carbamidomethylated) c 
(RGDfc) (636.3 m/z) and PC, indicating that the cysteine thiol group is 
the target of covalent modification of PC. These observations provide 
strong evidence that c(RGDfc) can covalently bind PC via the sulfhydryl 
group in cysteine, generating S-cysteinyl-PC conjugates, which resulted 
in grafting of c(RGDfc) onto PC/Fe-MPNs coating. 

With the judgement on coating thickness tested by optical ellips
ometry, and the coating conditions were optimized by varying the pH 
(Fig. 2d), concentration of c(RGDfc) solution (Fig. 2c), and deposition 
time (Fig. 2f). When the c(RGDfc) concentration was maintained at 1 
mg/mL in a buffer with a pH value of 8.5, the thickness growth of the 
PC/Fe@c(RGDfc) coating reached equilibrium within 24 h, at about 
44.57 ± 1.048 nm. However, the results in Fig. 2f show that the grafting 
of c(RGDfc) on the surface of PC/Fe-MPNs was a slow process, which is 
not consistent with the rapid grafting rate of thiol-click reaction [49]. 
Meanwhile, the growth of the grafting thickness (12.15 ± 1.24 nm) is 
much higher than the monolayer thickness of c(RGDfc). And the results 
in Fig. 2g showed that when the number of deposition layers of 
PC/Fe-MPNs was 5, 10 and 15, the thickness of c(RGDfc) grafting was 
measured to be 11.88, 12.26 and 12.86 nm, which also means that 

substrate thickness of substrates had no discernible effect on the grafting 
of c(RGDfc). Based on this result, it’s not hard to speculate the presence 
of active layer of PC/Fe-MPNs, which is conducive to the further grafting 
of c(RGDfc) peptide. Beneath the active growth layer, the inert layer 
cannot react with c(RGDfc) peptide might because it’s difficult to be 
reachable by the diffusing c(RGDfc). 

Based on the experimental results, we can summarize the following 
key principles underlying the c(RGDfc) grafting process onto the surface 
of PC/Fe-MPNs (Fig. 2h): i. In a weak alkaline solution environment, 
oxidative reactions occur on the phenolic hydroxyl groups of PC resi
dues, generating quinone intermediates. These quinones then react 
further with the sulfhydryl groups of c(RGDfc), enabling the grafting of c 
(RGDfc) onto the PC/Fe-MPNs surface. This process does not damage the 
RGD residues. ii. The grafting of c(RGDfc) onto the PC/Fe-MPNs surface 
is dominated by Thiol-click reactions rather than Schiff base reactions. 
iii. The presence of an activation layer on the surface of PC/Fe@c 
(RGDfc) results in a thicker grafting of the c(RGDfc). 

3.3. Mechanical properties of different surfaces 

Atomic force microscopy (AFM) was used to investigate the me
chanical properties of different bioactive coatings in both air and liquid 

Fig. 3. AFM images of PC/Fe-MPNs and PC/Fe@c(RGDfc) coatings in Liquid environment. (a–b) Surface roughness, (c–d) Young’s modulus images and (e–f) 
Adhesion energy representative images and quantitative analysis. N = 3, no significance noted as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, using t-test. 
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phases. The surface morphology, young’s modulus and adhesion energy 
of the coatings was analyzed using Nano Scope analysis software. As 
demonstrated in Fig. 3a and Fig. S4a. In the air phase, the PC/Fe@c 
(RGDfc) coating had lower roughness compared to PC/Fe-MPNs coating 
(Fig. S4b), which could be attributed to the presence of grafted c(RGDfc) 
peptide. In the liquid phase, the roughness of the PC/Fe@c(RGDfc) 
coating was almost the same as that of PC/Fe-MPNs, with the former 
being 9.93 ± 0.378 nm and the latter being 9.81 ± 0.541 nm (Fig. 3b). 
The increased roughness of the PC/Fe@c(RGDfc) coating in the liquid 
phase may be attributed to the hydration and extension of the peptide 
molecules on the coating surface [50]. The Young’s modulus of the 
PC/Fe@c(RGDfc) coating was higher than that of PC/Fe-MPNs in the 
liquid environment (Fig. 3c and d), which was consistent with that 
observed in the air (Figs. S4c and d). The adhesion of the coating surface 
was obtained using the JKR theoretical equation. The result showed that 

the adhesion energy of PC/Fe@c(RGDfc) coating was found to be higher 
than that of the PC/Fe-MPNs coating in both air (Figs. S4e and f) and 
liquid (Fig. 3e and f) environments. Overall, these results indicate that 
the grafting of the c(RGDfc) peptide can alter the mechanical properties 
of PC/Fe-MPNs coating, and the better mechanical properties suggest 
potential applications in biology. 

3.4. Cell proliferation and migration ability of different surfaces 

The essential capabilities inherent to cells, such as proliferation [51], 
adhesion [52] and migration [53], are considered to be important as
pects of cell biology research. These basic functions directly exert direct 
influence on diverse aspects, including cell growth, differentiation, 
repair, immune response, ultimately orchestrating the intricate inter
play involved with regenerating local tissue deficits and facilitating 

Fig. 4. SEM images (a) and cell viability (b) of mBMSCs, HUVECs and NIH3T3 cultured on Ti, Ti-PC/Fe-MPNs, and Ti-PC/Fe@c(RGDfc). Cell cycle experiments in 
different cells on Ti, Ti-PC/Fe-MPNs, and Ti-PC/Fe@c(RGDfc). Scale bars in (a) are 200 nm. N = 3, no significance noted as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, 
and #p < 0.05, ##p < 0.01 or ###p < 0.001 compared with the Control group, using t-test. 
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tissue integration [54]. Moreover, diverse cell types partake in the 
intricate process of tissue repair. For example, in the context of bone 
defect restoration, stem cells, osteoblasts, chondrocytes, vascular 
endothelial cells, fibroblasts, and immune cells all play critical roles. 
Therefore, in this study, three distinct cell types, including mouse bone 
marrow mesenchymal stem cells (mBMSCs), human umbilical vein 
endothelial cells (HUVECs), and a mouse fibroblast cell line (NIH3T3), 
were selected and inoculated onto the surface of Ti, glass, and other 
substrates to simulate cell process on bone implant surfaces and inves
tigate the effect of PC/Fe@c(RGDfc) composite coating. 

Following onset of disease and tissue damage, cellular proliferate is 
necessary to replenish the loss of damaged cells [51]. SEM images 
(Fig. 4a) showed a significant increase in the number of cells on the 
surfaces of Ti-PC/Fe-MPNs and Ti-PC/Fe@c(RGDfc) after three days of 
culture, surpassing those observed on bare Ti surfaces. Furthermore, the 
PC/Fe@c(RGDfc) composite coatings had a higher cellular density with 

fuller cell morphology. Meanwhile, the cell viability was measured by 
CCK-8 (Fig. 4b), and the results showed that the cell viability of cells 
cultured on the Ti-PC/Fe@c(RGDfc) surface was significantly better 
than that on Ti and Ti-PC/Fe-MPNs. Notably, this difference peaks at day 
three, gradually diminishing by day seven. After being cultured on 
different substrates for 1 day, the proportion of each phase in the cell 
cycle of the three cell lines is shown in Fig. 4c, while Fig. 4d shows that 
the proportion of cells in G2-M phase was significantly higher on 
PC/Fe-MPNs and PC/Fe@c(RGDfc) composite coatings than on the Ti 
surface. The effect of PC/Fe@c(RGDfc) composite coating is more spe
cific than that of PC/Fe-MPNs coating. This indicated that cells on 
PC/Fe@c(RGDfc) composite coatings entered the cell division cycle (M 
phase) earlier and exhibited stronger cell proliferative activity. 

During the process of tissue injury repair, cell migration is one of the 
key steps in restoring the function of the damaged site. Various types of 
cells such as fibroblasts, stem cells, and endothelial cells need to migrate 

Fig. 5. (a) Scratch test of mBMSCs, HUVECs and NIH3T3 cultured on Glass, PC/Fe-MPNs, and PC/Fe@c(RGDfc) under serum-free treatment with cell migration rate 
statistics (b). Scale bars in (a) are 100 μm. N = 3, no significance noted as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05, ##p < 0.01 or ###p < 0.001 
compared with the Control group, using t-test. 
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and specifically locate to the injured area to participate in tissue 
regeneration and repair [51]. Cell migration ability under serum-free 
culture conditions was observed using a scratch assay. Multiple cells 
exhibited good crawling ability on the surface of PC/Fe@c(RGDfc) 
composite coating and almost completely covered the exposed surface 
after 24 h (Fig. 5a). Quantitative results showed that compared to the 
glass surface, there was no significant difference in cell migration rate on 
the PC/Fe-MPNs coating, while cells on the PC/Fe@c(RGDfc) composite 
coating displayed obvious migration phenomenon (Fig. 5b). These re
sults indicate that the PC/Fe@c(RGDfc) composite coating facilitates 
directed cell movement. 

3.5. Cell-anchoring and antioxidant ability of different surfaces 

Quick cell attachment and spreading onto implants at an early stage 
are beneficial for integrating tissue cells [55]. Cell attachment onto the 
PC/Fe-MPNs and PC/Fe@c(RGDfc) coatings at an early stage was 
observed by observing the behavior of three cell lines at 2 h and 4 h after 
seeding by fluorescent images, and the cells seeded on glass were used as 
the control. Fig. 6a shows that at 2 h, cells on the surfaces of 
PC/Fe-MPNs and PC/Fe@c(RGDfc) coatings were lightly dispersed with 
clear morphology, while cells on the surface of glass were rounded. At 4 
h, cells on the surface of PC/Fe@c(RGDfc) coating showed cell fusion, 
while the cells on glass were slightly spread at 4 h. In a further analysis, 
the cell area per square millimeter, which is one of the most important 

Fig. 6. Adhesion of mBMSCs, HUVECs and NIH3T3 to Glass, PC/Fe-MPNs, and PC/Fe@c(RGDfc) coated substrates. (a) Fluorescence microscopy images of cells 
seeded on different surfaces for 2 and 4 h. (b) Cell number per square micrometer of the seeded cells. (c) Schematic representation of the cell-substrate adhesion 
ability assay after cell spreading. (d) Cell-substrate adhesion ability of cells seeded on different surfaces for 8 h. (e) Cell morphology after attachment of cells to 
different substrates. Scale bars in (a) are 50 μm, and in (e) are 40um. N = 3, no significance noted as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05, ##p <
0.01 or ###p < 0.001 compared with the Control group, using t-test. 
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indices for evaluating attachment at early stage, was also quantified. 
Fig. 6b showed that the average cell spreading area increased at 4 h for 
all samples compared to 2 h. Significantly, the adhesion area of cells on 
PC/Fe@c(RGDfc) coating was larger than that on glass and PC/Fe-MPNs 
coatings at both 2 and 4 h. In addition, to compare the ability of cells to 
attach after fully spreading on different surfaces. Cells were inoculated 
on the surface of Glass, PC/Fe-MPNs, and PC/Fe@c(RGDfc) coatings as 
shown in Fig. 6c, and the cells seeded on glass with collagen I treatment 
were used as the control. Eight hours after cell seeding, non-adherent 
cells were removed using shear force generated by shaking the me
dium with a horizontal shaker and the residual cell viability was 
measured by CCK8 to assess the ability of cells to attach after spreading. 
Fig. 6d results showed that the adhesion ability of cells on PC/Fe@c 
(RGDfc) coating was significantly different from that of glass or 
PC/Fe-MPNs coatings and similar to that of collagen I treated glass. 

Cell morphology after complete spreading was observed by SEM to 
evaluate the adhesion ability of cells on Ti implants. Fig. 6e shows that 
the morphology of cells seeded on the bare Ti surface showed obvious 
shrinkage of cytoplasm, small volume and obvious nucleus. However, 
the cells coated with Ti-PC/Fe-MPNs and Ti-PC/Fe@c(RGDfc) still 
maintained full cell morphology, and the nucleus could not be identified 
on the cell membrane surface. The cell spreading area of the PC/Fe@c 
(RGDfc) coated surface cells under the same magnification was also 
significantly higher than that of Ti and Ti-PC/Fe-MPNs surface cells. 
Notably, cells on the Ti-PC/Fe@c(RGDfc)-coated surface showed 
prominent lamellar pseudopods and filamentous pseudopods in contact 
with the substrate, which facilitated cell attachment and movement on 
the substrate. The above results indicate that the PC/Fe@c(RGDfc) 
coating provides a good functional interface for the rapid attachment 
and dispersion of cells on a variety of material surfaces. The rapid 
attachment and dispersal of cells onto grafts facilitate their counterac
tion against the effects of oxidative stress and the inflammatory envi
ronment in the early stages of tissue damage repair [56]. 

The inflammatory response and cell death caused by tissue defect 

release excessive free radicals, which often lead to oxidative stress in 
cells, and oxidative stress can affect cell metabolism and signal trans
mission, inhibit cell function, and ultimately affect the repair of tissue 
defects [57]. Hence, it becomes imperative for ideal materials to possess 
formidable free radical scavenging prowess while concurrently dimin
ishing intracellular reactive oxygen species (ROS) levels. The antioxi
dant capacity and free radical scavenging capacity of glass, PC/Fe-MPNs 
and PC/Fe@c(RGDfc) composite coatings were explored by Total Anti
oxidant Capacity Assay Kit with FRAP method, DPPH Free Radical 
Scavenging Capacity Assay Kit and ABTS Free Radical Scavenging Ca
pacity Assay Kit. The results of Figs. S5a–d show that compared with the 
glass, the PC/Fe-MPNs and PC/Fe@c(RGDfc) composite coatings have 
better total antioxidant and free radical scavenging capacity, and there 
is no significant difference in the effect between the two coatings. And, 
the long-term retention of antioxidant and free radical scavenging ca
pacity of PC/Fe-MPNs and PC/Fe@c(RGDfc) composite coatings is 
significantly higher than VC or Trolox solution. In general, PC/Fe@c 
(RGDfc) coating provides an ideal antioxidant material for removing 
excess free radicals around tissues, improving cellular oxidative stress, 
and enhancing cellular functions. 

To investigate the anti-oxidative stress properties of PC/Fe@c 
(RGDfc) composite coatings, cells cultured on different substrates were 
treated with hydrogen peroxide, a ROS inducer, to promote intracellular 
ROS production. Flow cytometry was subsequently applied to measure 
the levels of intracellular ROS. As depicted in Fig. 7a and b, the anti- 
oxidative stress effects of PC/Fe@c(RGDfc) are notably evident. ROS 
plays an important role in intracellular signal transduction and some key 
physiological responses. However, excessive accumulation of ROS acti
vates the inflammasome, leading to cell damage and death [58]. 
Proanthocyanidins (PC) have garnered substantial attention for their 
explicit antioxidative activity, substantiated by copious reports [59]. 
The newly developed PC/Fe@c(RGDfc) composite coating effectively 
retained the antioxidant activity of PC, and showed a significant ability 
to inhibit the overproduction of ROS and the overactivation of 

Fig. 7. The intracellular ROS level of different cells cultured in coated or uncoated glass with or without treatment of H2O2 was detected by fluorescent staining. (a) 
The average fluorescence intensity of cells was detected by flow cytometry. (b) Comparison of data from (a). N = 3, no significance noted as "ns," *p < 0.05, **p <
0.01, ***p < 0.001, and #p < 0.05, ##p < 0.01 or ###p < 0.001 compared with the Control group, using t-test. 
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ROS-related signaling pathways during tissue damage repair. Improve
ment of the oxidative stress microenvironment will significantly affect 
cell function, thereby improving implant-tissue integration [60]. 
Consequently, this material, endowed with exceptional free radical 
scavenging capabilities, holds immense potential in enhancing cellular 
function and facilitating tissue regeneration. 

3.6. Osteointegration ability of PC/Fe@c(RGDfc) in vitro and in vivo 

In order to explore the in vitro osteogenic ability of PC/Fe@c(RGDfc) 
coating, we inoculated mBMSCs on the surfaces of coated or uncoated 
PC/Fe-MPNs and PC/Fe@c(RGDfc) coating. After 3 days and 7 days of 
osteogenic induction culture, alkaline phosphatase (ALP) staining of 
MC3T3-E1 cells on the coating surface was shown in Fig. 8a. The ALP 
activity analysis in Fig. 8b further proved that, whether at 3 days or 7 
days, the ALP activity of mBMSCs cells in the PC/Fe@c(RGDfc) coating 
group was significantly stronger than that in the Control and the PC/Fe- 
MPNs coating group, indicating that the peptide-containing coating 
enhanced early osteogenesis. After 14 days and 21 days of osteogenic 

induction culture, alizarin red staining (ARS) and calcium quantification 
of mBMSCs cells were shown in Fig. 8c and d respectively. The results 
showed that the calcium content of PC/Fe@c(RGDfc) group was 
significantly higher than that of Control and PC/Fe-MPNs groups at 
either 3 or 7 days, suggesting that PC/Fe@c(RGDfc) coating signifi
cantly promoted the osteogenic mineralization ability of mBMSCs. 

To further ascertain the in vivo osseointegration efficacy of the PC/ 
Fe@c(RGDfc) coating, which possesses antioxidant, osteogenic and cell- 
regulatory capabilities, we surgically implanted Ti rods, with and 
without the aforementioned coating, into rat models exhibiting bone 
defects within corresponding regions of the femur for 8 weeks (Fig. S6). 
Micro-CT results showed that the Ti-(PC/Fe)10@c(RGDfc) implant group 
had significantly higher BV/TV (bone volume/tissue volume %) and 
trabecular number (Tb. N 1/mm) compared with the Ti and Ti-(PC/ 
Fe)10-MPNs groups, suggesting that the Ti-(PC/Fe)10@c(RGDfc)-coated 
material has an osteogenesis-promoting effect in vivo (Fig. 9a–d). 
Morphological analysis of histological staining and bone-implant con
tact (BIC) are the most direct evidence for evaluating osseointegration. 
As shown in Fig. 9e, Ti-(PC/Fe)10@c(RGDfc) had the best bone 

Fig. 8. PC/Fe@c(RGDfc) coating promoted cell osteogenesis in vitro. Representative images of ALP staining of mBMSCs cultured on different coatings on days 3 and 
7 of cell culture (a) and detection of ALP activity (b). Representative images of ARS staining (c) and quantification of calcium nodules (d) of mBMSCs cultured on 
different substrates for 14 and 21 days. LCSM images of mBMSCs cultured on different coatings for 7 d, and nuclei (blue) and collagen I(red) staining were performed. 
N = 3, no significance noted as "ns", ***p < 0.001 using t-test. N = 3, no significance noted as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05, ##p < 0.01 or 
###p < 0.001 compared with the Control group, using t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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osteogenesis (blue staining) at either 4 or 8 weeks, whereas there was 
the less neo-bone formation on the bare Ti and Ti-(PC/Fe)10-MPNs, and 
the Ti robs were the worst. Although there are feeble bone mineral de
posits on the surface of Ti and Ti-(PC/Fe)10-MPNs, the distribution is 
scattered and not compact. Quantitative analysis showed that the BIC of 

the Ti-(PC/Fe)10@c(RGDfc) robs (82.754%) were 2.71 and 2.15 times as 
the bare Ti robs (30.468%) and Ti-(PC/Fe)10-MPNs (38.484%) at 8 
weeks, indicating that the Ti-(PC/Fe)10@c(RGDfc) implant can promote 
better bone-implant integration. In addition, enhanced osseointegration 
was confirmed by biomechanical pull-out testing (Fig. 9g). Ti-(PC/ 

Fig. 9. Osteoinductive and osseointegration capacities of functionalized Ti-based materials in vivo. (a) Schematic diagram of the experiment in vivo. (b) Micro-CT 
was used to detect the quality of the regenerated bone around the implanted Ti rods containing different coatings after 8 weeks. (c) Comparison of the bone volume 
fraction (BV/TV %) of the implants of (b). (d) Comparison of the trabecular number (Tb. N 1/mm) of the implants of (b). (e) Representative histological images of Ti 
rob coated different coatings stained with toluidine blue. (f) The average histomorphometric values of bone-implant contact (BIC). Scale bars in (e) are 100 μm. N =
3, no significance noted as "ns", ***p < 0.001 using t-test. n = 3, no significance noted as "ns," *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05, ##p < 0.01 or 
###p < 0.001 compared with the Control group, using t-test. (Schematic illustration created with BioRender.com). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fe)10@c(RGDfc) robs were firmly connected to the surrounding bone 
tissue and require greater force to pull them out, while in Ti and Ti-(PC/ 
Fe)10-MPNs robs were weakly connected and required lesser to remove 
them. 

Mechanistically, western blots (WB) showed that the bone tissue 
around Ti-(PC/Fe)10@c(RGDfc) exhibited higher expression levels of 
Collagen I, cell proliferation-related protein (Cyclin D1) and cell 
adhesion-related protein (Vinculin) (Fig. 9h and i). Among them, Vin
culin plays a crucial role in cell-cell and cell-matrix adhesion [61]. It can 
form a complex with the cell adhesion molecules of the actin cytoskel
eton, calmodulin, and integrin family, promoting the tight attachment of 
cells to the substrate [62]. Thus, the excellent cell adhesion properties of 
PC/Fe@c(RGDfc) complex coatings may be attributed to high expres
sion of adhesion phenotypic proteins such as Vinculin. Cyclin D1 is a cell 
cycle protein that plays a crucial role in the progression of the G1 phase 
of the cell cycle [63]. Cyclin D1 binds and activates CDK4/6 (Cyclin 
Dependent Kinase 4/6), thereby promoting DNA synthesis and prolif
eration in G1-phase cells [64]. Overall, the PC/Fe@c(RGDfc) composite 
coating effectively preserved the function of RGD as a part of the 
extracellular matrix (ECM), which can bind to integrin receptors on the 
cell surface and effectively upregulate the expression of genes related to 
cell proliferation, adhesion and osteogenic differentiation. The above 
results suggest that Ti-(PC/Fe)10@c(RGDfc) has good tissue integration 
ability in vivo and promotes bone repair. 

4. Conclusion 

In conclusion, c(RGDfc) was successfully immobilized onto implant 
through the simple and efficient thiol-click reaction between cysteine in 
c(RGDfc) and quinones groups rich in PC/Fe-MPNs to accelerate implant 
osteointegration. No matter with the beneath layer, only the top layer of 
PC/Fe-MPNs is chemical active for immobilization of c(RGDfc), result
ing in a constant coating thickness of c(RGDfc), about 12.4 ± 2.04 nm. 
PC/Fe@c(RGDfc) has similar roughness to PC/Fe-MPNs, but more hy
drophilic, higher Young’s modulus and higher adhesive energy than 
those of PC/Fe-MPNs. Inheriting anti-inflammatory and antioxidant of 
PC/Fe-MPNs, PC/Fe@c(RGDfc) can promote the proliferation, adhe
sion, and migration of different types of cells on the implant surface 
while also reducing cell damage caused by high oxidative stress. 
Importantly, PC/Fe@c(RGDfc) enhanced bone regeneration and inte
gration after femoral defects in mice. Capitalizing on potent functions of 
peptides and the general coating ability of MPNs with a wide range of 
applicable metal ions and polyphenols, we believe this modification 
strategy provides a novel and effective strategy for further modifying 
MPN coatings with potential biological applications. 
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