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A B S T R A C T   

Osseointegration is an important indicator of implant success. This process can be improved by coating modified 
bioactive molecules with multiple functions on the surface of implants. Herein, a simple multifunctional coating 
that could effectively improve osseointegration was prepared through layer-by-layer self-assembly of cationic 
amino acids and tannic acid (TA), a negatively charged molecule. Osteogenic growth peptide (OGP) and the 
arginine-glycine-aspartic acid (RGD) functional polypeptides were coupled with Lys6 (K6), the two polypeptides 
then self-assembled with TA layer by layer to form a composite film, (TA-OGP@RGD)n. The surface morphology 
and biomechanical properties of the coating were analyzed in gas and liquid phases, and the deposition process 
and kinetics of the two peptides onto TA were monitored using a quartz crystal microbalance. In addition, the 
feeding consistency and adsorption ratios of the two peptides were explored by using fluorescence visualization 
and quantification. The (TA-OGP@RGD)n composite membrane mediated the early migration and adhesion of 
cells and significantly promoted osteogenic differentiation and mineralization of the extracellular matrix in vitro. 
Additionally, the bifunctional peptide exhibited excellent osteogenesis and osseointegration owing to the syn
ergistic effect of the OGP and RGD peptides in vivo. Simultaneously, the (TA-OGP@RGD)n membrane regulated 
the balance of reactive oxygen species in the cell growth environment, thereby influencing the complex bio
logical process of osseointegration. Thus, the results of this study provide a novel perspective for constructing 
multifunctional coatings for implants and has considerable application potential in orthopedics and dentistry.   

1. Introduction 

The integration of implant and bone tissue called osseointegration, 
after implantation is a complex process that involves various cells and 
biomolecules. This includes process such as cell adhesion, cell migra
tion, osteogenic differentiation, and extracellular matrix (ECM) miner
alization, which are crucial to the success of osseointegration [1–4]. 
Rapid cell adhesion and migration enable cells to occupy the interface 
between the implant and bone tissue, this not only reduces the risk of 
bacterial infection but also provides a basis for cell osteogenic differ
entiation and mineralization [5]. Programmed osteogenic differentia
tion and ECM mineralization can promote bone formation and 

remodeling, which is the key for successful osseointegration [6]. In 
addition, reactive oxygen species (ROS) regulate cell behavior through 
redox signals to maintain homeostasis in the bone tissue environment. 
Foreign body implantation and trauma fragments induce excessive ROS 
production in the area around the implant, which negatively affects 
osseointegration [7,8]. For example, excessive ROS levels can reduce the 
rate of cell adhesion and migration, promote bone resorption, and 
inhibit osteogenesis. Therefore, the importance of maintaining normal 
ROS levels in the bone tissue environment to enable osteogenesis cannot 
be overlooked [9,10]. Accumulating evidence has shown that preparing 
implants with multiple bioactive functions can aid in the above complex 
biological processes and overcome the associated challenges to promote 
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osseointegration. 
Functional peptides derived from living organisms can confer ma

terial surfaces with activity and regulate cell behavior. Compared with 
proteins, these peptides have the advantages of having a simple struc
ture, high activity, and strong specificity [11–13]. With the gradual 
advancement and cost reduction of peptide synthesis technology, 
numerous biologically active peptides have been applied in bone tissue 
engineering [14]. For example, the arginine-glycine-aspartic acid (RGD) 
sequence extracted from ECM proteins can specifically bind to 11 types 
of integrins on cell membranes and has been widely modified for use on 
implant surfaces to improve cell adhesion and migration [15]. Osteo
genic growth peptide (OGP) is a physiologically endogenous 14-residue 
peptide present in human serum and is widely used in bone tissue en
gineering for its ability to promote the proliferation and differentiation 
of osteoblasts and bone marrow stem cells [16,17]. BFP-1, a derivative 
peptide of bone morphogenetic protein-7 (BMP-7), exhibits angiogenic 
properties and can significantly promote bone formation [18]. Thus, 
integrating peptides with different functions at the material interface to 
develop multifunctional implants is an effective strategy to achieve 
implant–bone integration. 

Previous studies have used a wide range of methods to integrate 
peptides and construct multifunctional implants with surface coating. 
Mas-Moruno et al. constructed a novel peptide–based platform for the 
dual expression of bioactive peptides using solid-phase synthesis [19] 
with the help of Lys active residues to connect two active sequences, i.e., 
RGD adhesion polypeptide and lactoferrin-derivatized LF1-11 antimi
crobial peptides. Thereafter, the platform was grafted onto the surface of 
titanium by introducing sulfhydryl groups to develop an 
adhesion-promoting and antibacterial multifunctional surface [20]. 
However, this synthetic method majorly relies on thiol-metal interface 
interactions and is not a universal immobilization method. Fusion pep
tides can simultaneously exhibit various biological behaviors that can 
effectively solve the problem of limited fixed sites. Wang et al. synthe
sized fusion peptides using the orthogonal click technology to promote 
Cu(I)-catalyzed azidoalkyl cycloaddition (CuAAC-sb) through the so
dium borohydride reduction to immobilize HHC36 antibacterial se
quences and QK angiogenic sequences [21]. Subsequently, a 
multifunctional implant coating exhibiting both vascularization and 
antibacterial properties was developed using the click reaction on the 
surface of titanium and an alkyne-containing alkane coupling agent, 
thus effectively promoting osseointegration. However, excessively long 
fusion peptide chains may cause lead to structural changes occurring in 
the amino acid sequence, such as dislocation or loss. Furthermore, the 
original conformation becomes difficult to maintain because of similar 
polypeptide domains, which can affect the function. Moreover, the 
synthesis and purification of fusion peptides is both time and 
resource-consuming and easily affected by environmental factors (e.g., 
temperature and pH). This can lead to problems with stability and 
consistency that limit clinical application. Some studies have simply 
blended two different peptides while effectively controlling their ratio; 
however, the presentation of peptide groups at the material interface 
remains elusive [22–24]. Although substantial progress has been made 
in the construction of multifunctional implant interface because of these 
reports, overcoming these challenges and improving the efficiency and 
reliability of peptide-modified materials remains considerably chal
lenging. Therefore, novel methods and techniques are being explored. 

Layer-by-layer (LbL) self-assembly is a simple, efficient, and uni
versal surface-modification technology. Traditional LbL assembly units 
usually involve polymers [25]. The polymer structure can be complex; 
active biomolecules can be easily buried under the modified layer and 
may not be sensed by receptors on the cell membrane. Tannic acid (TA) 
is a natural polyphenol derived from plant sources and is rich in phenolic 
hydroxyl groups. It provides abundant reactive sites and can serve as a 
versatile platform for material engineering and surface functionaliza
tion. Moreover, TA is rich in catechol groups, which exhibit strong af
finity for various substrates and can actively inhibit microbial adhesion 

and colonization [26,27], and play a crucial role in bone tissue engi
neering. In a previous study on the supramolecular assembly of peptides 
[28], we found that polyphenols exhibit multiple synergistic cross
linking interactions with different peptide side groups and that in the 
interaction ratio between positively charged peptides and polyphenols 
in the peptide-polyphenol network, other amino acids are stronger. The 
ability of polyphenols to readily complex with different types of poly
peptides can lead to the development of various functional materials for 
various applications. 

Therefore, in the present study, we redesigned the OGP and the RGD 
polypeptides (OGP/RGD) and connected these to the cationic amino 
acid sequence Lys6 at the front end (Scheme 1a and b) to ensure that they 
can self-assemble with TA in a simple LbL manner by virtue of the 
interaction force of the polypeptide-polyphenol network, thereby 
obtaining a multifunctional implant coating to promote osteointegration 
(Scheme 1c). Our results show that the (TA-OGP@RGD)n membrane is 
an effective multifunctional coating material that can effectively pro
mote early cell migration and adhesion during osseointegration and 
regulate ROS and inducing early differentiation and mineralization of 
osteoblasts, which is a novel and effective strategy to improve implant 
osseointegration. We believe that this strategy will provide as a basis for 
the construction of an efficient multifunctional implant interface in the 
future. 

2. Experimental section 

2.1. Materials 

TA (molecular weight, 1701.2 Da), OGP (KKKKKK-GGYGFGG- 
YGFGG), and RGD cell adhesion (KKKKKK-Acp-RGD-Acp-RGD-Acp- 
RGD) polypeptides were synthesized by Hangzhou Specialized Peptide 
Biology Co. Ltd (Hangzhou, China). Polyethyleneimine (PEI; 10,000 99 
%), 30 % hydrogen peroxide (H2O2), 25 % ammonia, 98 % sulfuric acid, 
tris(hydroxymethyl)-aminomethane (Tris) (≥99 %), and 4,6-diamidino- 
2-phenylindole (DAPI) were purchased from Sigma. Paraformaldehyde 
(4 %), Triton X-100, sodium β-glycerophosphate, alizarin red S, and fetal 
bovine serum (FBS) were purchased from Solarbio Life Science. Vitamin 
C, BCIP/NBT alkaline phosphatase kit, Cell Counting Kit-8 (CCK-8), and 
ferric reducing antioxidant power (FRAP) assay kits were purchased 
from Beyotime Institute of Biotechnology. Silicon wafers and 14-mm- 
diameter round glass coverslips were washed at 98 ◦C with piranha 
solution (30 % hydrogen peroxide and 70 % concentrated sulfuric acid, 
V/V) for 2 h, followed by repeated washing with anhydrous ethanol and 
deionized water under sonication, and dried under nitrogen airflow. 

2.2. Preparation of the(TA-RGD)n, (TA-OGP)n, and (TA-RGD@OGP)n 
coating 

Tannic acid (1 mg/mL), RGD (1 mg/mL), OGP (1 mg/mL) and 
RGD@OGP (1:1, c1/c2, 1 mg/mL), The four substances were dissolved 
in buffer solutions of three different pH(10 mM Tris-HCl system at pH 
7.0, pH 8.0, and pH 9.0). The four peptides are dissolved in three buffer 
solutions with different pH. The pretreated clean silicon wafer was used 
as a substrate for the LbL assembly via coating deposition. Before as
sembly, the wafer was immersed in PEI (1 mg/mL) for 20 min. After a 
layer of PEI was coated on the substrate surface, the wafer was alter
nately immersed in TA and polypeptide solutions for 20 min until the 
required number of layers (n) was obtained. Each layer was thoroughly 
washed with deionized water and dried using nitrogen. The TA and 
peptide solutions had the same pH value during LbL assembly. 

2.3. Thickness test of coating 

Coating thicknesses were measured using a Woollam M2000UI (J. A. 
Woollam Co., Inc., Lincoln, NE) multiangle spectroscopic ellipsometer 
with WVASE32 analysis software for two incident angles of 65◦ and 70◦. 
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The Ψ (polarized angle) and Δ (phase) values were measured between 
245 and 1000 nm. The Model of Spectroscopic Ellipsometry (SE) can 
accurately monitor the polarization angle (ψ) and phase difference (Δ) 
to represent the change of the polarization state of the incident light 
wave when it is reflected at the material interface, and calculate the 
quantitative information of the refractive index, thickness, and quality 
of the coating on the interface. These two parameters (ψ and Δ) are 
related to the thickness and optical properties of the sample and can be 
calculated by: 

where rp and rs are the reflection coefficients of parallel and 
perpendicular directions to the plane of incidence, ρ is the complex 
reflectance ratio, θ0 is the angle of incidence, hj is the thickness of the 
layers, Na, Ns, and Nj are the complex refractive indices of the ambient, 
substrate, and the layers, respectively. 

2.4. Quartz crystal microbalance 

The kinetic changes during the LbL assembly of thin films were 

detected using a quartz crystal microbalance (QCM-D) with dissipation. 
The gold-coated quartz crystal sensor was washed in a mixture of 
NH3⋅H2O (25 %), H2O2 (30 %) and H2O (1:1:5) at 75 ◦C for 1 h, rinsed 
thoroughly with deionized water, and dried using nitrogen. The chip 
was installed in the flow chamber of Q-Sense and Tris-HCl buffer was 
passed across it until the system reached equilibrium. Thereafter, TA, 
buffer, peptide, and buffer was passed in sequence across the chip, each 
for 20 min, until the assembly reached the required number of layers (n). 
The flow rate of the injected solution was 50 μL/min, and the energy 
dissipation (ΔD) and resonance frequency (Δf) changes under different 
overtones (ν = 3, 5, 7, 9 …) were monitored in real time; data when v =
3 were used to draw the image. 

2.5. Mechanical properties and surface morphology analysis of the 
coating 

The surface mechanical properties, surface morphology, adhesion 
energy, and roughness of the coating were measured using an atomic 

Scheme 1. (a) Schematic representation of the TA and peptide structures. (b) Schematic illustration of the experimental design and LbL assembly. (c) Biological 
applications of multifunctional coatings. 
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force microscope (AFM; Dimension Icon, Bruker). First, the sample was 
placed on the AFM sample table and fixed using vacuum adsorption; 
then, the surface of the coating sample was characterized in MikroMash 
silicon cantilever percussion mode and the roughness was calculated by 
a subsidiary software. To calculate the Young’s modulus, the retract 
curve of the force versus separation plots was fitted using the Derja
guin–Muller–Toporov model. 

2.6. Characterization of water contact angle of coatings 

The water contact angle was measured using the static contact drop 
method on the KRUSSDSA1 version 1.80 droplet shape analyzer, with 
deionized water used as the probe titration liquid. 

2.7. Coating stability test 

The prepared TA-polypeptide coating was immersed in PBS buffer, 
and the film thickness was measured at 1, 2, 3, and 4 weeks. The 
experiment was carried out at normal temperature. The stability of the 
coating was calculated as the change of film thickness with immersion 
time. 

2.8. Quantitative determination of polypeptides by fluorescence labeling 

MCA-labeled RGD and TAMRA-labeled OGP were prepared to visu
alize the adsorption of the two peptides on the substrate surface. RGD: 
OGP were mixed in different volume ratios (5:5, 8:2, and 3:7) in the dark 
as required for LbL assembly. Thereafter, the polypeptide distribution 
and fluorescence intensity before and after assembly were monitored 
under confocal laser light. The standard curves of the two fluorescently 
labeled peptides were measured separately using a UV spectrophotom
eter. Finally, the absorbance of the remaining fluorescent peptides at 
different ratios in the solution before and after assembly was measured, 
and the peptides were quantified using standard curves. 

2.9. Cell adhesion test 

MC3T3-E1 cells (2.5 × 104) were seeded in 24-well plates, and 
divided into blank, positive control, (TA-RGD)6, (TA-OGP)6, and (TA- 
OGP@RGD)6 groups. A glass slide coated with collagen solution acted as 
the positive control group. After culturing in the cell incubator for 12 h, 
the plates were shaken at 150 rpm for 30 min, and the cell viability of 
each group was detected using the CCK8 kit to indirectly illustrate the 
adhesion of the cells onto the coating surface. 

2.10. Cell culture 

MC3T3-E1 cells derived from mouse bone marrow was purchased 
from Punosi and cultured in α-MEM basic medium supplemented with 
100 U/mL penicillin, 100 mg/mL streptomycin, and 10 % FBS at 37 ◦C 
with 5 % carbon dioxide. On the second day, cells were cultured in a 25- 
mm2 flask and grown to an 80 % density. 

2.11. Cell migration 

MC3T3-E1 cells (2.5 × 105) were inoculated on slides in a 6-well 
plate. After culturing for 24h, a sterile 100-μL pipette tip was used to 
make three uniform vertical scratches on the slides of each well. After 
washing the slides with PBS, the medium was replaced with serum-free 
medium for 24 h. The cells that migrated to the scratched area were 
observed using inverted fluorescence microscope. 

2.12. Early cell adhesion and spreading 

MC3T3-E1 cells (4 × 104) were inoculated on blank slides in 24-well 
plates and the circular slides were coated with peptide materials. After 2 

and 4 h of culturing, the cells were fixed with 4 % paraformaldehyde, 
and then 0.1 % TritonX-100 was added to disrupt the cell membrane. 
The cytoskeleton and nuclei were then stained with rhodamine (red) and 
DAPI (blue) labeled with cyclopeptide, respectively. Changes in the cell 
number and morphology were observed using laser confocal scanning 
microscope (CLSM), and the cell adhesion and spreading area were 
counted using ImageJ. 

2.13. Cell viability and proliferation 

MC3T3-E1 cells (1 × 104) were inoculated on blank and coated slides 
in 24-well plates. The culture medium was changed every 1–2 days, and 
the cell viability was detected using a CCK8 kit on days 1 and 3. Cells 
were fixed using paraformaldehyde on day, and the cytoskeleton and 
nucleus were stained with rhodamine (red) and DAPI (blue) labeled with 
cyclopeptide. Cell proliferation was observed using CLSM. 

2.14. Antioxidant activity test 

Using a FRAP kit, a standard curve was plotted to examine the 
relationship between concentration and strength of iron reduction and 
antioxidant capacity. The reaction solution (540 μL) was added to the 
sample of the coating material and incubated at 37 ◦C for 5 min. The 
solution was then transferred to a 96-well plate, and the absorbance of 
the sample was measured at 593 nm using a spectrophotometer. The 
antioxidant activity of different substrates was determined using the 
same method. 

2.15. Intracellular ROS scavenging 

MC3T3-E1 cells (4 × 104) were inoculated on blank and coated slides 
in 24-well plates. After 24 h of culturing, negative and positive controls 
were established, and the normal medium was replaced with H202 (300 
μM) stimulation medium. After stimulation for 12 h, the intracellular 
ROS detector DCFH-DA probe was added and incubated for 20 min. Cells 
were then fixed with 4 % paraformaldehyde, and the nuclei and cyto
skeleton were stained. The effect of scavenging ROS was calculated 
based on the fluorescence intensity of ROS before and after stimulation, 
as well as the changes in cell morphology and number. 

2.16. Osteogenic staining analysis 

Early osteogenic differentiation is characterized by alkaline phos
phatase (ALP) activity, and alizarin red S is an indicator of calcium 
deposition. MC3T3-E1 cells were inoculated at a density of 2 × 104 cells/ 
well. At days 7 and 14, cells were fixed with 4 % paraformaldehyde. ALP 
activity was then detected using the BCIP/NBT kit and cells were visu
alized using a microscope. On days 14 and 21, cells were stained with 
0.1 % alizarin red S solution for 30 min (pH 4.2). After fixing, the cells 
were washed with PBS three times, and 10 % cetylpyridinium chloride 
solution added for 1 h. The absorbance at 593 nm was measured to 
quantify the calcium nodules. 

2.17. Osteogenic genes expression 

MC3T3-E1 at 2 × 104 cells/well were seeded onto (TA-OGP@RGD)6 
coatings. After 14 days of culturing, the RNA of MC3T3-E1 cells was 
extracted using TRIzol reagent and reverse transcribed to cDNA using 
the PrimeScript RT kit. β-actin was used as the housekeeping gene, and 
the forward and reverse primers for osteogenesis-related genes are listed 
in Table S1. Data were analyzed using the 2− △△ct method were 
normalized to the mean values of the control group. 
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2.18. In vivo osteogenesis evaluation 

2.18.1. Implantation surgery 
All protocols involoving animals were approved by the Wenzhou 

Research Institute of National Science. All procedures were performed 
according to the standard guidelines described in the Guide for the Care 
and Use of Laboratory Animals. 

Nine healthy 8-weeks old male Sprague–Dawley rats (weight, 
270–300 g) were housed in cages for 2 weeks, following which they 
were randomly assigned to three groups (three replicates per group). 
Before surgery, all animals were anesthetized using an intraperitoneal 
injection of 2 % pentobarbital sodium (Sigma Aldrich, USA) at a dose of 
3 mL/kg body weight. After shaving their hind limbs, the rats were 
immobilized in the supine position. Thereafter longitudinal skin in
cisions were made, and a cylindrical hole 1.2 mm in diameter and 10 
mm in length were made in the direction of the major axis of femur. The 
prepared titanium implant was then gently inserted in the holes. Two 
implants with different modified surfaces were placed in each rat with 
one implant per femur. After surgery, the soft tissues were closed, and 
the skin was sutured. After 5 and 8weeks, the rats were euthanized using 
sodium pentobarbital, and the bilateral femurs were removed and fixed 
in 4 % paraformaldehyde, respectively. 

2.18.2. Microcomputed tomography analysis 
Microcomputed tomography (micro-CT) was used to photograph the 

distal femur with the following parameters: voltage, 80 kV; current, 300 
mA; and 360◦ rotation with a 0.5◦ rotation step. The focus was on new 
bone formation between bone tissue and implants. Briefly, the region of 
interest around the distal femur was reconstructed using the affiliated 
software (CTAn and CTVol), and the bone volume (BV) and total volume 
(TV) of bone were generated. 

2.18.3. Biomechanical pullout test 
The bone-to-implant binding strength was evaluated using the 

pushout test. The sample was mounted on an Instron E10000 (Instron, 
USA) equipped with a 500-N manometer, and the titanium rod was 
pulled out from the bone at a displacement rate of 1 mm/min until 
complete separation.The maximum failure load was recorded. 

2.18.4. Histology and histomorphometry 
Hard tissue sectioning was used to characterize the bone bonding 

effect at the bone-implant interface. Briefly, all samples were fixed with 
paraformaldehyde, washed by double-distilled water, dehydrated using 
ethanol, made transparent using xylene, and then embedded in poly
methyl methacrylate. The embedded block was cut into 300-μm thick 
slices along the longitudinal axis and implantation center using a hard 
tissue slicer (EXAKT300CP), and then cut into 10-μm-thick slices using a 
grinding system (EXAKT400CS). The samples were stained with tolui
dine blue and visualized using optical microscope (OLYMPUSBX43). 
Bone-implant contact (BIC, the percentage of implant perimeter in direct 
contact with bone tissue in the implant area) was calculated using 
Image-Pro Plus software. 

2.19. Statistical analyses 

All data are reported as the average of at least three duplicates, with 
the error bar indicating the standard deviation. At least 10 randomly 
selected images were used to analyze cell numbers and cell area using 
Image J (https://imagej.net/downloads). Statistical analyses were per
formed using single-factor analysis of variance (ANOVA) and two-factor 
ANOVA for comparisons. The significance was noted as * p < 0.05, **p 
< 0.01, ***p < 0.001, and ****p < 0.0001. 

3. Results and discussion 

3.1. Coating preparation and deposition process 

TA is a natural polyphenol derived from plants and is rich in phenolic 
hydroxyl groups. It can combine with various bioactive molecules 
through covalent and noncovalent interactions [29]. Further, pH is an 
important factor regulating the growth mode of the LbL assembly. 
Therefore, we first explored the changes in film thickness during the 
self-assembly of TA with OGP and RGD under different pH conditions 
and investigated the optimal pH for the assembly of TA and OGP@RGD 
hybrid peptides. Ellipsometry is an optical method of recording the 
polarization change when reflected on the surface of the sample. The 
relative polarization changes can indicate the changes in ellipsometry 
parameters, refractive index n, and optical thickness, enabling the 
deduction of the film thickness [30,31]. Based on the ellipsometer 
measurements (Fig. S1), at pH 7, the film thickness of the TA–OGP (~66 
nm) assembled with seven double layers was similar to that of TA–RGD 
(~68 nm) (Fig. S1a). At pH 8, the film thickness of (TA-RGD)7 was as 
thick as 60 nm and the film thickness of (TA-OGP)7 was >45 nm 
(Fig. S1b). At pH 9, the film thicknesses of both (TA-RGD)7 and 
(TA-OGP)7 could only reach approximately 35 nm (Fig. S1c). Thus, the 
assembly effect of TA with OGP or RGD was optimal at pH 7 and the 
binding ability of the two peptides of RGD or OGP to TA was the same. 
Therefore, the mixture of TA and OGP@RGD (1:1) at pH 7 was used to 
analyze the thickness of the self-assembled monolayers. The growth 
trend of the membrane thickness of (TA-OGP@RGD)7 was similar to that 
of the single peptide, and the membrane thickness was ~70 nm (Fig. 1a). 

QCM-D is a mass-sensitive sensor that can detect the molecular 
adsorption on the surface of biomaterials. It is also used to measure 
adsorption mass, adsorption thickness, viscoelasticity change, and 
adsorption conformation change [32]. To accurately determine whether 
the binding ability and reaction rate of the RGD and OGP peptides to TA 
were consistent, QCM-D was used to monitor and analyze the coating 
self-assembly deposition process, and the polypeptide adsorption quality 
at pH 7 was measured. The frequency of RGD, OGP, and OGP@RGD 
peptides gradually decreased in the six bilayer assemblies (Fig. 1b–d), 
indicating that TA and the peptides were successfully assembled on the 
chip surface. We also observed that the frequency shift of TA with OGP, 
RGD, and mixed peptides were similar, indicating that the mass depo
sition of TA and the three peptides is fundamentally the same. The fre
quency curves of the three peptides were subjected to kinetic fitting 
(Figs. S2d–f); the results are shown in Table S2. After ExpDec1 model 
fitting, the reaction slope of TA with OGP peptides was 124.30 ± 2.71 
and those of RGD and OGP@RGD were 116.00 ± 1.83 and 100.94 ±
2.89, respectively. The reaction rates of the three peptides were similar 
to those of TA. Following this, the adsorption quality of the three pep
tides was analyzed. It was observed that the adsorption quality gradually 
increased with an increase in the number of deposition layers. After 
depositing six bilayers, the density of the three peptides did not signif
icantly differ, with all reaching 3500–4000 μm/cm2 (Fig. S2a). The 
function curve of the film thickness and the number of deposited layers 
was obtained by fitting the acoustic Voigt and Sauerbrey model 
(Figs. S2b and c), and this was consistent with the adsorption curve of 
the polypeptides. This evidence confirmed the consistency of the bind
ing ability and reaction rate between the RGD and OGP peptides and TA. 
Therefore, OGP@RGD mixed peptides and TA can be assembled while 
retaining the structural characteristics of RGD and OGP. 

3.2. Surface characterization 

Surface properties such as mechanical properties, roughness, adhe
sion energy, stability, and hydrophilicity of the coating under physio
logical conditions can affect biological function [33]. First, the coating 
must be sufficiently stable to maintain a long-term curative effect in 
vivo. Fig. 1e presents the variation in the thickness of the assembled 
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coating immersed in PBS over time. In the first 2 weeks, the coating 
thickness decreased within the normal range and began to stabilize in 
the third week. By the fourth week, the coating thickness decreased by 
approximately 8 nm, indicating that the coating was sufficiently stable 
under physiological conditions. Thereafter, the adhesion of the different 
coatings was evaluated based on the viability of cells on the coated 
surface under centrifugal force. The results indicated that the viability of 
cells grown on (TA-RGD)6, and (TA-OGP@RGD)6 did not significantly 
differ from that of those grown on collagen; however, the cells grown on 
(TA–OGP)6 performed poorly (Fig. 1f). To examine the mechanical 
properties of the coating surface, the structure and performance of 
different bioactive coatings in gas and liquid phases were tested using 
AFM. In the gas phase, the morphology of the three coatings modified by 
peptides was relatively close, with all exhibiting discontinuous rough 
structures (Fig. 1g–i), and Young’s modulus and adhesion energy of the 
(TA-RGD)6 coating showed the best effect, compared with the other two 
peptide coatings. (Fig. S3). Fig. 2a–c shows the surface morphology of 
the coating in liquid environment. The coating surface exhibited a 
discontinuous rough structure, and the roughness was fitted using the 
Nano Scope analysis software. The roughness of (TA-RGD)6 was 17.5 

nm, which was higher than that of (TA-OGP)6 and (TA- OGP@RGD)6. 
According to the JKR theoretical equation reflecting the coating adhe
sion, the surface adhesion of the polypeptide coating was obtained, and 
the adhesion energy of (TA-RGD)6, (TA-OGP)6, and (TA-OGP@RGD)6 
were 3.6, 4.4, and 3.4 μN m− 1 (Fig. 2d–f). The adhesive ability of 
(TA-OGP)6 was higher than that of (TA-RGD)6 and (TA-OGP@RGD)6 in 
the liquid environment, but not in the gas environment. The difference 
in adhesive ability may be due to differences in the hydration of the 
polypeptide coatings, which are influenced by the test environment 
(liquid or gas). Moreover, (TA-RGD)6 exhibits greater hydrophilicity 
than (TA-OGP)6, which leads to a softer and more porous coating surface 
when exposed to a liquid environment. As a result, the adhesion energy 
of RGD is reduced when compared to the gas phase. No significant dif
ference was found in the Young’s moduli of the three types of poly
peptide coatings (Fig. 2g–i) of approximately 20–25 MPa. The 
morphology of the polypeptide coating obtained in the air environment 
was not significantly different from that in the liquid environment, 
although the Young’s modulus and adhesion of the polypeptide coating 
obtained in the air environment are higher than those in the liquid 
environment. 

Fig. 1. (a) Analyses of the layer thickness of the mixed TA and OGP/RGD peptides (1:1) at pH 7. QCM-D analysis of six bilayers of TA and different peptides self- 
assembled deposition at pH 7 showing frequency and dissipation changes as functional curves of time (b) (TA-RGD)n, (c) (TA-OGP)n, and (d) (TA-OGP@RGD)n. (e) 
Thickness of the coating changes with time in PBS solution. (f) Cell adhesion under shear force. (g–i) AFM images of (TA-RGD)6, (TA-OGP)6, and (TA-OGP@RGD)6 
coatings in air environment. 
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To further confirm the successful grafting of TA and the peptides, we 
conducted an analysis of the coating components using XPS. In Table S3, 
you can observe the atomic ratios of TA and the peptides. Additionally, 
in Figs. S4a and b, the appearance of the N peak indicates the successful 
binding of the two components. Further analysis of the N1s peak reveals 
the absence of C––N double bonds (Figs. S4c and d), allowing us to 
exclude the possibility of Schiffbase covalent interactions between TA 
and the peptides. Previous studies have indicated that hydrophilicity is 
not only conducive to the adsorption of proteins on the coating surface 
but also to early cell adhesion; moreover, it effectively promotes 

osseointegration [34]. The contact angle of the biomaterial surface, 
measured using the contact angle meter, can reveal the hydrophilicity 
and hydrophobicity of the sample and is widely used to prove the 
effectiveness of the surface modification scheme [35]. The contact angle 
of (TA-OGP)6-modified material was 38.65◦ and that of (TA-RGD)6-
modified material was 24.42◦ (Figs. S5a and b) After modification with 
the compound polypeptide (TA-OGP@RGD)6, the contact angle (31.75◦) 
was between the two peptides. Compared with the single metal sub
strate, the interface modified by two types of peptides had improved 
hydrophilicity to promote cell adhesion and growth. 

Fig. 2. (a–c) AFM images of (TA-RGD)6, (TA-OGP)6, and (TA-OGP@RGD)6 coatings in a liquid environment. (d–f) Adhesion energy images of (TA-RGD)6, (TA-OGP)6, 
and (TA-OGP@RGD)6 coatings in a liquid environment. (g–i) Young’s modulus images of (TA-RGD)6, (TA-OGP)6, and (TA-OGP@RGD)6 coatings in a liquid envi
ronment. (j) Surface roughness of (TA-RGD)6, (TA-OGP)6, and (TA-OGP@RGD)6 coatings in a liquid environment. (k) Quantitative analysis (d–e) of adhesion energy 
in a liquid environment. (l) Quantitative analysis (g–i) of shear modulus in a liquid environment. 
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3.3. Quantification of peptide content via fluorescent labeling 

The above results confirmed that these peptides bind to the modified 
substrate surface; therefore, it was important to determine whether they 
were immobilized at the preset volume ratio. The fluorescence distri
bution of different experimental groups was uniform, indicating the 
uniformity of surface peptides (Fig. 3a). In addition, in the samples 
treated with different peptide ratios, the intensity of red light (OGP) 
gradually decreased and that of blue light (RGD) gradually increased, 
indicating that the OGP and RGD peptides were successfully adsorbed on 
the substrate surface at the designed ratio. The average fluorescence 
intensity and peptide density of different experimental groups were 
quantified (Fig. 3b and c), and the results confirmed that the trend of 
fluorescence intensity change was consistent with the peptide ratio. The 
amount of final peptide on the substrate surface was quantified using a 
standard curve (Fig. S6). Fig. 3d and e shows that at a 5:5 ratio of OGP/ 
RGD, the amount of MCA-RGD and TAMRA-OGP was 9.73 and 9.13 μg, 
respectively, and the ideal and actual ratios were 1.11:1, respectively. 
Other ratios exhibited similar results; therefore, we considered that the 
two peptides were immobilized at the preset volume ratios. This result 
preliminarily demonstrates the possibility of the hypothesis through the 
joint connection of K6 peptide and LbL self-assembly to achieve the 
regulation of the ratio of the two peptides. 

3.4. Early cell adhesion and diffusion 

Cell adhesion is the first biological behavior after bone biomaterial 
implantation, that has an important impact on subsequent proliferation, 
differentiation, and osteogenesis [36]. Osteoblasts differentiate from 
mesoderm mesenchyma and can secrete bone matrix, the main 
component of which is type I collagen. After the formation of collagen 
fibers, the vesicular structure containing calcium, phosphorus and other 
components in the cytoplasm of osteoblasts will be released and 
deposited on the collagen fibers to form crystallized apatite to miner
alize the bone matrix [37]. Therefore, the early adhesion and diffusion 
of osteoblasts is key to favorable osseointegration. After MC3T3-E1 cells 
were inoculated on the surface of the material for 2 and 4 h, the adhesion 
of cells in the early stage on the coatings of (TA-OGP)6, (TA-RGD)6, and 
the mixed peptides at different ratios were observed vis fluorescence 
microscopy, and a glass slide was used as a control. At 2 h after inocu
lation, the cells on (TA-OGP)6 were slightly diffused compared with 
those on the glass surface (Fig. 4a). Cells on (TA-RGD)6 and hybrid 
peptide-modified surfaces exhibited significant spreading. Cells in all 
samples spread further at 4 h compared with those at 2 h. The cell shape 
was clear at 4 h especially for the mixed polypeptides at different ratios 
and was relatively close to the fully expanded shape of osteoblasts. To 
evaluate the cell adhesion and diffusion, two important indexes, cell 
number and cell area, were used. The area and number of cells per mm2 

are shown in Fig. 4b and c. At 2 and 4 h, the number of cells adhered to 

Fig. 3. Quantification of peptide content on the mixed peptide–decorated glass surfaces via fluorescent labeling. (a) Visualization of fluorescently labeled peptides 
(TAMRA-OGP peptide and MCA-RGD peptide) immobilized on glass substrates (Scale bar = 20 μm). (b) Average fluorescence intensity of the peptides-decorated 
substrates with different volume ratios (n = 6). (c) Quantitative peptide density of the peptide-decorated substrates with different volume ratios (n = 6). (d) 
Determination of polypeptide content with different volume ratios (n = 6). (e) Comparison of the actual and theoretical ratios of the two peptides. 
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the (TA-OGP)6 film was slightly higher than that of the control, 
consistent with the fluorescence images. The number of (TA-RGD)6 cells 
was 3-fold higher than that of the control group at 2 h and then 
decreased to 1.5-fold at 4 h. When OGP and RGD were assembled at a 5:5 
ratio, the number of cells was 4-fold that of the control group at 2 h and 
significantly different at 4 h. For the cell area (Fig. 4c), the cell area on 
the (TA-OGP)6 membrane was slightly higher than that on glass at 2 and 
4 h, and (TA-RGD)6 and mixed peptides at the 5:5 ratio were signifi
cantly different from those on glass at 2 and 4 h. This could explain why 
cells on the (TA-RGD)6 and mixed peptide 5:5 ratio membranes spread 
faster than cells on glass. In both time periods, cell area and number 
were the highest at the 5:5 ratio. 

3.5. Cell migration 

The migration of osteoblasts is an important physiological event 
involved in bone healing and remodeling. Osteoblasts migrate to the 
bone defect site, which supports their proliferation and differentiation 
[38]. After 24 h, the cells migrated to varying degrees on the surface of 
each material (Fig. 4d). For the migration area of cells on the coating 
surface, the migration effect of mixed peptides in different proportions 
was optimal at 43 % (Fig. 4e). The migration area did not differ between 
treatments with OGP or RGD alone but significantly differed from the 
control group. (TA-RGD)6 can effectively regulate cell behavior and 
induce cell migration because of the close and extensive communication 

between RGD peptides and cell membrane surface. The migration ability 
of (TA-OGP)6 was similar to that of (TA-RGD)6. The OGP peptide may 
stimulate the activity of osteoblasts and promote their growth to enable 
migration in osteoblast culture. However, the mixed peptides in 
different ratios have the advantages of both peptides, both of which 
promote cell migration. 

3.6. Cell viability and proliferation 

MC3T3-E1 cells are subcloned cells isolated from mouse embryonic 
osteoblast precursors and can promote osteogenic differentiation and 
bone matrix mineralization during osseointegration [39]. MC3T3-E1 
cells were inoculated on the surface of the peptides film to evaluate 
the biocompatibility of TA-peptides. To quantify the proliferation of 
cells in the different groups, cell viability was assessed using CCK-8 on 
days 1, 3, and 7 of cell culturing. On these days, the cell viability was 
maintained at about 1.0 for the (TA-RGD)6 and at different proportions 
of mixed polypeptide membranes (Fig. 4f), although this was not 
significantly different from the control. However, the viability of the 
cells grown on (TA-OGP)6 membrane decreased slightly on days 1 and 7 
and was lowest on day 3 at approximately 0.7. Thus, considering the 
negative electricity of the (TA-OGP)6 membrane, long-term culturing is 
not conducive to cell proliferation (Fig. S5c). However, the membrane of 
(TA-RGD)6 and mixed peptides neutralized the negative charge carried 
by TA itself and was biocompatible in vitro. To visualize the results of 

Fig. 4. (a) Fluorescence microscope images of MC3T3-E1 cells seeded on different coatings for 2 and 4 h; (b) Number of MC3T3-E1 cells per μm2 on different 
coatings; (c) Cell area of MC3T3-E1 cells per μm2 on different coatings (d) Cell migration on glass, (TA-OGP)6, (TA-RGD)6, and mixed peptides in different pro
portions for 0 and 24 h, respectively. (e) Quantitative analysis of cell mobility in (a). (f) Histogram of cell viability with glass, (TA-OGP)6, (TA-RGD)6, and mixed 
peptides in different proportions in cultures at day 1, 3, and 7. (g) The number of nuclei of cells cultured on coating for 7 days (difference analysis and results are 
compared with glass in the same period). (h) Fluorescence microscope images of MC3T3-E1 cells cultured on different coating surfaces for 7 days. 
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CCK-8 analysis, the cytoskeleton and nucleus were fluorescently stained 
on day 7. The cells cultured on the coating showed good tensile 
morphology with no significant difference among the groups (Fig. 4g 
and h). 

3.7. Oxidation resistance of the coating 

In normal cells and tissues, ROS is in a state of dynamic equilibrium 
through biological elimination and production. In the nonphysiological 
state, such as after trauma and inflammation, the oxidative stress 
microenvironment is unbalanced, releasing a large amount of ROS, 
destroying the cell membrane and corresponding lipids, and causing 
failed osseointegration. Therefore, it is crucial for the implant surface 
coating to have ROS-scavenging ability. MC3T3-E1 cells were treated 
with H2O2 to simulate the release of ROS in vivo and the cytoskeleton 
and nuclei were stained (Fig. 5a). In the fluorescence images, the nuclei 
of the glass group stimulated by H2O2 had shrunk and the cell 
morphology was narrow and lengthened. However, the cells on the 
membrane with different proportions of mixed peptides were not 
significantly affected. The number and area of cells in the control group 

decreased compared with those before H2O2 treatment, whereas the 
number and size of cells on the coating did not significantly change in 
the other five analyzed groups (Fig. 5b and c). The number and area of 
cells on the membrane coated with RGD alone and with the 5:5 ratio of 
OGP/RGD were the highest of the groups, with no significant difference 
before and after stimulation. An ROS probe was added to the cells to 
determine the intracellular ROS content according to the immunofluo
rescence intensity. The green fluorescence intensity of the four groups 
stimulated by H2O2 was significantly higher than that of the unstimu
lated group, indicating that the H2O2 model was successful in inducing 
ROS (Fig. 5d). Before and after H2O2 stimulation, the fluorescence in
tensity of the other five groups of coatings decreased in varying degrees 
compared with that of the glass surface. The average fluorescence in
tensity on the glass surface reached approximately 90 % before H2O2 
stimulation and decreased to approximately 60 % on the rest of the 
polypeptide coatings (Fig. 5e and f). After H2O2 stimulation, the average 
fluorescence intensity on the glass surface was approximately 60 % but 
decreased to about 30 % on the rest of the polypeptide coatings. 
Therefore, we considered that the coating surface has an excellent ROS- 
scavenging ability. 

Fig. 5. Oxidation resistance of the coating: (a) Fluorescence microscope images of MC3T3-E1 cells on different coating surfaces before and after treatment with 300- 
μM H2O2. (b) The number of cells per μm2. (c) Cell area on the coating before and after H2O2 stimulation. (d) Fluorescence microscope images of ROS levels in 
MC3T3-E1 cells on different coating surfaces before and after H2O2 stimulation. (e) Average fluorescence intensity of intracellular ROS before and after H2O2 
stimulation. (f) Positive rate of intracellular ROS levels generated by cell counting. (g) Oxidation resistance of the coating was measured using a FRAP kit at 5 min, 24 
h, and 1 week. 
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Antioxidant properties are crucial to the success of the implant; 
therefore, the total antioxidant capacity of the coating surface was tested 
using the FRAP kit. The antioxidant capacity did not differ significantly 
among the groups in the first 5 min. After 24 h, all coatings except the 
control had excellent oxidation resistance. Within 1 week, the oxidation 
resistance of each coating remained high. (Fig. 5g). However, the anti
oxidant capacity of (TA-OGP@RGD)6 was higher than that of (TA-RGD)6 
and (TA-OGP)6 tested by FRAP kit. It is influenced by multiple factors, 
including surface roughness, binding surface area, binding density, 
surface porosity, and the synergistic effect of the dual peptides, among 
others. These factors contribute to (TA-OGP@RGD)6 having the optimal 
antioxidant effect, with TA being the primary component responsible for 
its antioxidant properties. 

3.8. Analysis of osteogenic staining in vitro 

ALP is an extracellular enzyme produced by osteoblasts, and the 
expression and activity are clear features of osteogenic differentiation 
and an important index to reflect the early differentiation of osteoblasts 
[40,41] ALP staining was performed on the day 7 and 14 of cell culture 
(Fig. 6a and b). ALP activity was generally low at day 7, and a large 
number of unstained osteoblasts could be seen especially in the control 
group, only a small amount of light blue could be seen (Under the 
alkaline condition of pH9.2~9.8, intracellular alkaline phosphatase can 
hydrolyze AB-BI phosphate and release phosphonaphthol, which does 

not couple diazonium salt to form colored products, and the active site of 
alkaline phosphatase is blue), with the ALP activity being the lowest. 
Compared with that in the control group, the different ratios of 
(TA-RGD)6, (TA-OGP)6, and OGP/RGD showed more coloration and 
increased color depth. The staining range and intensity of the coating 
containing OGP peptides were more significant than that of the RGD 
coating alone. Under different ratios of OGP and RGD, the ALP activity 
was slightly lower at 2:8, and the best with the 5:5 mixed peptide ratio 
among the four groups. By day 14, the activity of ALP increased in all 
groups. Consistent with this trend on day 7, the ALP activity of the 
(TA-RGD)6 group was still slightly higher than that of the control group, 
whereas the membrane of (TA-OGP)6 and OGP/RGD (5:5) showed dense 
blue-purple coloration and had strong ALP activity. Thus, the (TA-OGP)6 
and the different ratios of OGP/RGD had an excellent ability to promote 
osteogenic differentiation. 

Alizarin red S reacts with calcium nodules, and the effect of 
osteogenesis-related ECM mineralization can be confirmed by alizarin 
red S staining after induction and culturing in vitro [42] to reflect the 
induction of osteogenesis. ECM mineralization occurs late, so alizarin 
red S staining was performed on day 14 and 21 of cell culture (Fig. 6c 
and d). On day 14, little difference was observed between the experi
mental and control groups, and no obvious calcium nodules were 
observed in the experimental group. On day 21, calcium nodules were 
still not observed in the control group, but the staining was significantly 
deeper than that on day 14. The surface of (TA-RGD)6 film was dyed 

Fig. 6. Osteogenic staining analysis: (a) MC3T3-E1 cells were seeded on glass and coatings of (TA-OGP)6, (TA-RGD)6, and mixed peptide in different proportions and 
stained for ALP on days 7 and 14. (b) ALP activity quantification assay. (c) MC3T3-E1 cells were cultured on different coatings for 14 and 21 days, and alizarin red S 
staining was used as an indicator of bone mineralization. (d) Quantification of alizarin red S staining (n = 3); mRNA expression levels of differentiation-related 
proteins (e) COL-1, (f) ALP, (g) OCN, and (h) RUNX2 after culturing MC3T3-E1 cells on glass, (TA-OGP)6, (TA-RGD)6, and (TA-OGP@RGD)6 coatings at 14 days. 
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reddish, and a few calcium nodules had appeared. (TA-OGP)6 and 
different proportions of OGP/RGD did not significantly differ, the whole 
membrane surface was dyed red, and more dark red calcium nodules 
could be observed. Similar to the trend of ALP results, the 5:5 mixed 
peptide ratio produced the best results. Thus, (TA-RGD)6 could slightly 
promote matrix mineralization while the single OGP coating and 
different proportions of mixed peptides could significantly induce ECM 
mineralization. The ALP activity and ECM mineralization ability of 
(TA-RGD)6 had slightly increased compared with those of the control 
group. The (TA-RGD)6 exhibited excellent migration and adhesion 
properties in the early stage, which provided a relatively favorable 
environment for osseointegration. OGP peptides can regulate osteogenic 

differentiation and induce the appearance of calcium nodules. There
fore, these peptides can induce ALP activity and promote ECM miner
alization on the mixed polypeptide membrane to promote 
osseointegration. 

Based on the above experimental studies, the synergistic effect of 
OGP/RGD at the 5:5 ratio was most effective and exhibited a superior 
ability to promote early cell adhesion, cell migration, and osteogenic 
differentiation. Therefore, we chose the proportion of mixed peptides at 
a 5:5 ratio for subsequent experiments. 

Fig. 7. Micro-CT analysis of different titanium (Ti) implants with in vivo new bone formation. (a) Representative 3D reconstruction images (red color: regenerated 
bone tissues). (b–e) Quantitative results of BV/TV(Bone volume fraction), Tb. N(Trabecular number), Tb. Th（Trabecular Thickness）, and Tb.Sp(Trabecular sep
aration). (f) Average pullout strength of different peptide treated and untreated Ti screws (n = 5), the red wire frame shows the osseous integration. (g) Repre
sentative histological images of Ti-based stained with toluidine blue (Scale bar = 100 μm). (h) Average histomorphometric values of bone-implant contact (BIC). 
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3.9. Expression of osteogenesis-related genes 

To understand osseointegration on the coating, the expression of 
osteogenic markers at different stages of differentiation was analyzed 
using RT-qPCR. COL-1 is an ECM protein that can stimulate osteoblast 
adhesion and differentiation [43]. ALP is a typical protein product of 
osteoblast differentiation, and the activity of ALP often represents the 
early phenotypic marker of osteoblast formation [44]; OCN appears at 
the end of osteogenic differentiation and binds to Ca2+ to regulate bone 
mineralization to maintain or regenerate bone tissue [45]. Runx2 is the 
central control protein of the osteoblast phenotype and controls the 
deposition of extracellular factors of COL-I and can effectively regulate 
the differentiation of osteoblasts [46,47]. 

After the cells were cultured on the coatings for 14 days, the 
expression of mRNA of the osteoblast differentiation markers: COL-1, 
ALP, OCN, and Runx2 were analyzed via RT-qPCR (Fig. 6e–h). (TA- 
OGP)6, (TA-RGD)6, and (TA-OGP@RGD)6 all upregulated the expression 
of mRNA of osteogenesis-related proteins. Among them, the expression 
of COL-1 and Runx2 mRNA was the highest on the (TA-RGD)6 mem
brane because the RGD peptide can bind to the integrin on the cell 
membrane. The expression of ALP and OCN mRNA in (TA-OGP)6 and 
(TA-OGP@RGD)6 was significantly upregulated, and expression with 
(TA-OGP@RGD)6 was slightly higher than that with (TA-OGP)6. Thus, 
(TA-OGP@RGD)6 coating can induce an excellent osteogenic effect in 
the early and middle stage of osteogenesis, which provides an important 
guarantee that osteogenesis and osseointegration will occur. 

3.10. Implantation experiment of coating in vivo 

At 5 and 8 weeks after implantation, the titanium rods were excised 
along with the femoral condyle, and micro-CT scanning, pullout test, 
and histological staining were performed to evaluate the osteogenesis 
and osseointegration. CTVol software reconstructed the 3D model of 
femoral regeneration, as shown in Fig. 7a, where red represents the new 
bone. Quantitative analysis of BV fraction (TV) showed that (TA-OGP)6 
and (TA-OGP@RGD)6 coatings produced substantial regenerated bone 
at 5 weeks, whereas (TA-RGD)6 did not produce a significantly different 
effect from that in the control (Fig. 7b). At 8 weeks, (TA-RGD)6, (TA- 
OGP)6, and (TA-OGP@RGD)6 coatings all contained obvious new bone. 
The BV/TV of (TA-OGP)6 and (TA-OGP@RGD)6 was 14%–15 %, and 
more new bone tissue was present other than that with the (TA-RGD)6 
coating. All three coatings contained more new bone formation than the 
control group, and the number of trabeculae presented the same trend 
(Fig. 7c).The biomechanical pullout test confirmed the enhancement of 
osseointegration (Fig. 7f). At 5 and 8 weeks, the connection between the 
titanium rod with polypeptide (single or composite) and the surround
ing bone tissue was stable, which was in significantly contrast from that 
with bare titanium. The percentage of BIC analyzed using toluidine blue 
staining is the most direct evidence for evaluating osseointegration. As 
shown in Fig. 7g, compared with that with bare titanium, the 
polypeptide-coated titanium rods showed favorable osteogenesis (blue 
staining) at 5 weeks after implantation. At 8 weeks after implantation, 
although bone mineral deposition occurred on the surface of bare tita
nium, the bone mineral deposition was dispersed and not dense, and the 
interface modified by monopeptides and dipeptides had a mature bone 
structure. BIC is the most intuitive attribute for evaluating osseointe
gration. Quantitative analysis results (Fig. 7h) indicated that the BIC of 
bifunctional titanium rods (41.44 % ± 0.22 %) was nearly 2-fold that of 
bare titanium screws (20.43 % ± 0.59 %) at 5 weeks after implantation. 
The BIC of single OGP titanium rod (35.55 % ± 0.53 %) was signifi
cantly different from that of the control but slightly poorer than that of 
bifunctional titanium rod. Interestingly, a single RGD (48.72 % ± 0.47 
%) presented the best osseointegration in the early stage, whereas the 
corresponding BV/TV did not exhibit osteogenic ability; this may be 
because RGD is related to the specific recognition of integrins on the cell 
membrane and has a considerable advantage during osseointegration. 

After 8 weeks of implantation, osseointegration of the single RGD tita
nium rod (74.04 % ± 2.22 %) was maintained along with the early 
Advantage, and the bifunctional titanium rods (80.24 % ± 2.06 %) 
exhibited the best osseointegration in the late stage. The bone integra
tion effect of a single OGP titanium rod was slightly poorer than that of 
the other two groups; however, OGP plays a significant role in the 
maturity of new bone and the continuity of new bone formation in the 
late stage of osteogenesis, as can be seen in Fig. 6g. The above results 
prove the feasibility of our strategy, i.e., the two functional peptides can 
provide the required properties to the surface of TiO2 in a simple 
manner, indicating that they have considerable potential in improving 
osseointegration in vivo. 

4. Conclusion 

In this study, we developed a new type of multifunctional implant 
coating, (TA-OGP@RGD)n, where cationic amino acids combined with 
RGD and OGP peptides were adsorbed layer by layer with TA under 
electrostatic interaction to form a composite film with multifunctional 
properties. The adsorption thickness of mixed peptides of TA and 
OGP@RGD increased linearly, and the binding constants of RGD and 
OGP peptides were consistent with those TA and, therefore, avoided 
competing with the TA reaction. AFM analysis revealed that the coating 
in the liquid phase maintained adhesion energy and mechanical prop
erties. Contact angle analysis indicated that the interface modified by 
the coating was sufficiently hydrophilic to support cell adhesion and 
proliferation. Results of cell experiments indicated that this multifunc
tional coating improved the early migration, adhesion, osteogenic dif
ferentiation, and mineralization of osteoblasts. (TA–OGP@RGD)n 
exhibited favorable antioxidant properties and could maintain the 
intracellular ROS homeostasis. RT-qPCR analysis revealed that the 
expression of osteogenesis-related factors was significantly upregulated 
by the mixed peptides. In vivo studies demonstrated the favorable 
osteogenic effect of bifunctional polypeptide implants, and a large 
amount of new bone was formed in the early stage. Moreover, in the 
early and late stages of osseointegration, the BIC of dipeptide-coated 
titanium rods was approximately 2- and 4-fold that of bare titanium, 
respectively. (TA–OGP@RGD)n combines multiple functions, such as 
promoting early migration, adhesion, antioxidation, osteogenesis, and 
osseointegration, and exhibits excellent potential for the complex pro
cess of osseointegration. This may provide a new direction for the 
advancement of multifunctional coatings of implants. 
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