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Patients with osteoporosis face challenges such as decreased bone density, a sparse trabecular structure,
weakened osteogenic ability, and impaired angiogenesis, leading to poor osseointegration and implant failure.
Surface modification of implants with biologically active molecules possessing various functions is an effective
strategy to improve osseointegration. In this study, we constructed a simple multifunctional coating interface
that significantly improves osseointegration. In brief, a multifunctional coating interface was constructed by
coupling the Rgd adhesive peptide, Ogp osteogenic peptide, and Ang angiogenic peptide to Lyse (ke), which self-
assembled layer by layer with TA to form the (TA-Rgd@ogp@ang)n composite membrane. This study charac-
terized the surface morphology and biomechanical properties of the coating under both gas and liquid phases and
monitored the deposition process and reaction rate of the two peptides with TA using a quartz crystal micro-
balance. Moreover, (TA-Rgd@ogp@ang)n exhibited a triple synergistic effect on cell migration and adhesion,
osteogenic differentiation, and angiogenesis. It also ameliorated the high ROS environment characteristic of
osteoporosis pathology, promoted angiogenic bone defect regeneration in osteoporosis, thereby avoiding poor
osseointegration. This work provides a new approach for the prevention of implant failure in pathological en-
vironments by constructing multifunctional coatings on implants, with tremendous potential applications in the
fields of orthopedics and dentistry.

1. Introduction

The efficient osseointegration at the interface between bone and
implant is a dynamic process, wherein cells surrounding the implant
secrete various cellular factors to promote the recruitment of osteogenic
cells and induce osteogenic differentiation, thereby establishing a direct
and stable connection between bone and implant to achieve osseous
integration [1-3]. This process plays a crucial role in the successful
placement of intraosseous implants in clinical practice. Osteoporosis is a
chronic metabolic disease prevalent worldwide, particularly among
postmenopausal women and individuals aged 50 and above [4,5], who
also constitute a significant population requiring dental implants.
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However, osteoporosis is characterized by abnormal osteoclast activity
and impaired osteogenic potential of bone marrow mesenchymal stem
cells, leading to an imbalance in bone homeostasis, manifested clinically
as decreased bone density, alterations in trabecular bone structure, and
prolonged bone healing time [6,7]. Compared to normal bone, osteo-
porotic bone exhibits a diminished capacity for recruiting mesenchymal
stem cells and osteogenic cells, shows limited osteogenic function,
excessive osteoclastic resorption, and impaired angiogenesis during the
bone integration process, resulting in implant failure [8-10]. Therefore,
achieving osseointegration of implants under osteoporotic pathological
conditions presents a significant challenge.

Natural titanium and its alloys are widely used in the field of
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orthopedics due to their excellent biocompatibility, corrosion resistance,
lightweight, and superior mechanical properties [11]. However, the
inherent biological inertness of bare titanium implants weakens bone
integration [12]. For patients with metabolic diseases such as osteopo-
rosis, these bare implants are more prone to failure. Various surface
modification strategies to promote osseointegration on titanium surfaces
have been extensively researched, which include doping of inorganic
coatings, immobilization of bioactive molecules, and layer-by-layer as-
sembly techniques. Among them, the fixation of fusion peptides (FPs)
via silanization presents a promising approach as it can simultaneously
address multiple biological behaviors, effectively overcoming the chal-
lenge of limited anchoring sites in achieving multifunctional biological
processes [13,14]. The research team led by Yong Huang first modified
the Ti surface with alkynyl-functionalized silane reagents in a one-step
manner, and then linearly fused antimicrobial peptides (AMPs,
HHC36) and osteogenic peptides (Rgd) via orthogonal click reactions.
This peptide-modified titanium (Ti) implant coating possesses dual
functionality of antimicrobial and osteogenic promotion, effectively
promoting osseointegration [15]. However, silanization is highly
dependent on the metal substrate and may not be a universally appli-
cable fixation method. As titanium metal gradually replaces other ma-
terials, this modification approach may lose its original advantages.
Yong Huang’s team further combined the fusion peptide-modified tita-
nium dioxide nanotubes with 3D printed titanium scaffolds to create a
new dual-functional scaffold with bone induction and antibacterial
properties [16]. However, when fusion peptide chains are too long, it
may cause misalignment or loss of amino acid sequences, and main-
taining the respective conformations of two peptide domains close to
each other may affect their functionality. Inspired by mussels, dopamine
(DOPA) is another widely used method for connecting surfaces with
biomolecules. Bai et al. conjugated bone marrow mesenchymal stem cell
(BMSC)-targeting peptide sequence (E7) and osteogenic growth peptide
(Y5) with DOPA to achieve cell settlement and osteogenic differentiation
on the implant surface [17]. However, this method fails to explain the
quantity and proportion of the two peptides on the interface, and the
presentation of peptide bases at the material interface is elusive.
Layer-by-layer assembly (LbL) is a universal surface technique, and its
assembly process is gentle, making it more suitable for bioactive coat-
ings [18,19]. However, traditional LbL requires assembly units such as
polymers, and active biological molecules may be easily buried beneath
the modification layer, rendering them unable to express [20]. Existing
reports have made substantial progress in constructing multifunctional
implant interfaces, but overcoming these challenges and improving the
efficiency and reliability of peptide-modified materials remains a sig-
nificant challenge.

Tannic acid (TA) is a natural polyphenol derived from plants and is
rich in phenolic hydroxyl groups. It offers abundant reactive sites and is
easily complexed with various types of peptides, leading to the devel-
opment of diverse functional materials for various applications and
plays a crucial role in bone tissue engineering [21-23]. In a previous
study by our research group, we constructed a functional platform based
on polyamino acids and short peptides. Through a polyphenol-peptide
network, LbL techniques were employed, where polyamino acid
linkers and polyphenols were sequentially assembled through electro-
static interactions [24]. Multiple short peptides with different func-
tionalities could form multilayer composite films at the interface
through common polyamino acid linkers. This assembly method ad-
dresses issues such as burst release observed in previous studies while
preserving the original structures and functionalities of individual
peptides. This provides new insights into meeting the diverse re-
quirements for bone integration in osteoporosis.

Based on the pathological characteristics of osteoporosis, an ideal
implant for the treatment of osteoporotic bone defects should possess
multiple functions, such as the ability to regulate the surrounding
pathological microenvironment for bone homeostasis, strong stem cell
migration and adhesion capabilities, and promotion of osteogenesis and
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angiogenesis. Peptides exhibit rich functionality in this regard. Among
them, the Rgd adhesion peptide (arginine-glycine-aspartic acid) in-
teracts extensively with cell membrane integrins, guiding cell adhesion
and migration [25]. Ogp 1is a physiologically endogenous
fourteen-amino acid peptide found in human serum, capable of pro-
moting the differentiation of bone marrow stem cells into osteoblasts
[26,27]. A novel binding sequence, Ser-Val-Val-Tyr-Gly-Leu-Arg
(SVVYGLR), has been identified as an amino acid sequence in osteo-
pontin (OPN) involved in angiogenesis [28]. The vascular system is
essential for the transport of nutrients, oxygen, hormones, growth fac-
tors, and neurotransmitters and is indispensable for osteogenesis. The
SVVYGLR peptide significantly promotes the adhesion and proliferation
of BMSCs and possesses the multiple functions, such as inhibiting oste-
oclast growth, enhancing osteoblast proliferation and differentiation,
and promoting vascularized bone regeneration and remodeling [29].

Therefore, in this study, leveraging the aforementioned platform
concept, we utilized the common hexamer lysine K¢ to simultaneously
integrate the Rgd adhesion peptide, which possesses cell migration and
adhesion capabilities; the Ogp peptide, which promotes stem cell and
osteogenic differentiation; and the SVVYGLR peptide, which exhibits
angiogenic osteogenic properties (referred to as the angiogenic peptide
Ang in this paper), into a composite membrane, termed (TA-Rgd@og-
p@ang)n. This composite membrane aims to improve osseointegration
of implants and regulate bone homeostasis under osteoporotic condi-
tions (Scheme 1). The paper analyzes the deposition process, physico-
chemical properties, mechanical performance, and visualization of
peptide fixation of the (TA-Rgd@ogp@ang)n membrane. Additionally,
the (TA-Rgd@ogp@ang)n membrane effectively promoted early cell
migration and adhesion, ameliorated the high ROS environment in
osteoporosis, induced osteogenic differentiation and mineralization of
osteoblast precursor cells and bone marrow mesenchymal stem cells
(BMSCs), and promoted vascularized bone regeneration. This represents
anovel and effective strategy for improving osseointegration of implants
under osteoporotic conditions.

2. Materials and methods
2.1. Materials

TA (molecular weight, 1701.2 Da), Ogp (KKKKKK-GGYGFG-
GYGFGG), Rgd (KKKKKK-Acp-Rgd-Acp-Rgd-Acp), and Ang (KKKKKK-
Acp-SVVYGLRSVVYGLR) polypeptides were synthesized by Nanjing
Peptide Valley Biotechnology Co., Ltd (Nanjing, China), 30 % hydrogen
peroxide (Hz03), 25 % ammonia, 98 % sulfuric acid, tris
(hydroxymethyl)-aminomethane (Tris) (>99 %), Actin Fluorescent
Myosin, Triton X-100, Paraformaldehyde (4 %), sodium f-glycer-
ophosphate, alizarin red S, and fetal bovine serum (FBS) were purchased
from Gibco. Vitamin C, BCIP/NBT alkaline phosphatase kit, 4,6-diami-
dino2-phenylindole (DAPI) and Counting Kit-8 (CCK-8) were pur-
chased from Beyotime Institute of Biotechnology. Matrix gel,
Immunofluorescence staining of CD31.Silicon wafers and 14-mmdia-
meter round glass coverslips were washed at 98 °C with piranha solu-
tion (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 airffow.

2.2. Preparation of the(TA-Rgd)n, (TA-Rgd@ogp)n, (TA-Ogp@ang)n,
(TA-Rgd@ang)n, and (TA-Rgd@ogp@ang)n coating

First, freshly cut 1 ecm x 1 cm silicon wafers were cleaned with
piranha solution (a mixture of 70 % concentrated H,SO4 and 30 % H305)
at 95 °C for 2 h, followed by thorough rinsing with deionized water and
drying with a stream of dry nitrogen gas. The pretreated clean silicon
wafers were used as substrates for coating deposition and layer-by-layer
(LbL) assembly. Subsequently, TA, Rgd, Ogp, and Ang were separately
dissolved in buffer solutions at a concentration of 1 mg/mL at pH 7. The
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Scheme 1. (a) The amino-acid structural formula of the polypeptide. (b) Coating preparation process and biological applications.

buffer solution used was 10 mM Tris-HCI, pH adjusted to 7 using 1 M
Tris or HCL. The three peptides were combined pairwise in proportion to
form new solutions [22] (in accordance with previous studies, based on
mass ratios), resulting in Rgd@ogp, Ogp@ang, Rgd@ang, and
Rgd@ogp@ang, each at a total concentration of 1 mg/mL (pH = 7). The
substrates were alternately immersed in TA and peptide solutions, with
each single-layer immersion lasting for 10 min, until the desired number
of layers (n) was obtained. After each layer immersion, thorough rinsing
with deionized water and drying with nitrogen gas were performed,
resulting in (TA-Rgd)n, (TA-Rgd@ogp)n, (TA-Ogp@ang)n, (TA-Rg-
d@ang)n, and (TA-Rgd@ogp@ang)n coatings.

2.3. Thickness test of coating

The ellipsometric spectroscopy model (SE) can accurately monitor
the changes in polarization state of incident light waves at material in-
terfaces upon reflection by measuring the polarizing angle (y) and phase
difference (A) , and also can calculate the refractive index, thickness,
and quality of the information interface coating. The Woollam M2000UI
ellipsometric spectrometer (J.A. Woollam Co., Inc., Lincoln, NE) was
utilized, with WVASE32 serving as the analysis software, employing two
incident angles, 65° and 70°. The values of y (polarization angle) and A
(phase) were measured between 245 and 1000 nm. These two param-
eters (y and A) are related to the thickness and optical properties of the
sample and can be calculated using the following equations:

i T
tan l//e’A Er—P = p(@o,hl, ...,hj,Na_Ns,le ....7NJ)
N

where rp and rs are the reflection coefficients parallel and perpen-
dicular to the incident surface, respectively, p is the complex reflectance,
00 is the angle of incidence, hj is the thickness of the layer, and Na, Ns,
and Nj are the complex refractive indices of the environment, substrate,
and layer, respectively.

2.4. Quartz crystal microbalance

The dynamics of film assembly during the layer-by-layer process
were monitored using a quartz crystal microbalance with dissipation
monitoring (QCM-D) capable of dissipative functionality. Gold-coated
quartz crystal sensors were cleaned in a mixture of NH3-Hy0 (25 %),
H30, (30 %), and H20 (1:1:5) at 75 °C for 1 h, followed by thorough
rinsing with deionized water and drying with nitrogen gas. The gold-
coated quartz crystal sensors were then installed in the flow chamber
of a Q-Sense instrument, and Tris-HCI buffer solution was flowed over
the chip until the system reached equilibrium. Subsequently, TA, buffer
solution, peptides, and buffer solution were sequentially passed through
the chip, each for 10 min, until the desired number of layers (n) was
achieved. The flow rate of the injected solution was 100 pL/min, and
real-time monitoring of changes in energy dissipation (AD) and reso-
nance frequency (Af) at different harmonics (v = 3, 5, 7, 9 ...) was
performed. Data from v = 3 were used for image plotting.
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2.5. X-ray photoelectron spectrometer analysis

The assembled TA/peptide coatings were characterized using X-ray
photoelectron spectroscopy (ESCALAB 250) to obtain peak data under
the conditions of a take-off angle of 90° and an energy of 20 eV. For the
subsequent material characterization experiments, the experimental
groups are (TA-Rgd)n, (TA-Rgd @ ogp)n, (TA-Ogp @ ang)n, (TA-
Rgd@ang)n, and (TA-Rgd @ ogp @ ang)n, with n = 10.

2.6. Water contact angle characterization of coatings

The contact angle is the angle between the solid-liquid interface
passing through the liquid interior and the gas-liquid interface. In
research, the water contact angle (WCA) is commonly used to measure
the hydrophilicity of materials. This experiment uses the static contact
angle drop method using the KRUSS DSA1 1.80 version contact angle
analyzer. Deionized water was used as the probing droplet to measure
the WCA of the samples. Specifically, 5 pL of ultrapure water was pre-
cisely dropped onto the sample surface, and the moment of contact
between the ultrapure water and the sample surface was captured using
a high-speed camera. Then use OneAttension software to analyze the
size of the WCA. Water contact angle need to be measured at least 3 time
with 6 spots on one sample.

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 stability
of the coating was explained by the change of film thickness with im-
mersion time.

2.8. Mechanical performance testing of coatings

Surface mechanical properties, morphology, adhesion, and rough-
ness of the coatings were measured using an atomic force microscope
(AFM, Dimension Icon, Bruker). Firstly, the samples were placed on the
AFM sample stage and securely fixed using vacuum adsorption. Subse-
quently, the surface of the coating samples was characterized using the
tapping mode of MikroMash silicon cantilevers, and roughness was
calculated using accompanying software. To calculate the Young’s
modulus, the Derjaguin-Muller-Toporov model was employed to fit the
retraction curves of force versus separation obtained from the AFM
measurements. The principle of adhesion energy testing involves
applying appropriate force to the coating using an AFM probe. As the
probe approaches the coating, it experiences attractive forces. Upon
contact with the coating, these attractive forces transform into repulsive
forces, and the measured force corresponds to the adhesion energy of the
coating.

2.9. SEM testing of coatings

By utilizing SEM (Scanning Electron Microscope), we observe and
analyze the surface morphology and microstructure of coatings. In the
SEM testing process, the coating samples first need to be properly pre-
pared to ensure good conductivity and cleanliness. Then, the samples
are placed in the scanning electron microscope, where signals (such as
secondary electrons) generated by the interaction between high-energy
electron beams and the coating surface are utilized to form images. By
adjusting the parameters of the electron beam and applying image
processing techniques, clear and detailed images of the coating surface
morphology can be obtained.

2.10. Quantitative determination of polypeptides by fluorescence labeling

Visualization and quantitative determination of peptides were per-
formed using fluorescence labeling. MCA-labeled Rgd, TAMRA-labeled
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Ogp, and FITC-labeled Ang were prepared to visualize the adsorption
of the two peptides on the substrate surface. According to the previously
mentioned coating preparation method, TA/peptides were assembled
layer by layer into composite films (TA-Rgd)n, (TA-Rgd@ogp)n, (TA-
Ogp@ang)n, (TA-Rgd@ang)n, and (TA-Rgd@ogp@ang)n, with n = 10.
Subsequently, fluorescence distribution before and after assembly was
monitored using laser confocal microscopy to determine peptide dis-
tribution, and fluorescence intensity was fitted using ImageJ software.
Next, standard curves for the three fluorescently labeled peptides were
obtained using a UV-visible near-infrared spectrophotometer. Finally,
the absorption of residual fluorescent peptides in the solution before and
after assembly was measured, and the peptides adsorbed on different
combination interfaces were quantified using the standard curves.

2.11. Cell culture

This study involved three cell lines. MC3T3-E1 osteoblasts and bone
marrow mesenchymal stem cells (BMSCs) derived from mouse bone
marrow were obtained from Procell Life Science & Technology Co., Ltd.
They were cultured at 37 °C in a 5 % carbon dioxide atmosphere in
a-MEM basal medium supplemented with 100 U/mL penicillin, 100 mg/
mL streptomycin, and 10 % FBS. Human umbilical vein endothelial cells
(HUVECs) obtained from Procell Life Science & Technology Co., Ltd.
were cultured at 37 °C in a 5 % carbon dioxide atmosphere in DMEM
basal medium supplemented with 100 U/mL penicillin, 100 mg/mL
streptomycin, and 10 % FBS. All cell experiment groups were the control
group, the (TA-Rgd)n group, the (TA-Rgd @ ogp)n group, the (TA-Ogp
@ ang)n group, the (TA-Rgd @ ang)n group, and the (TA-Rgd @ ogp @
ang)n group, with n = 10.

2.12. Intracellular reactive oxygen species (ros) clearance experiment

The MC3T3-E1 cells (4 x 10%) were seeded onto the coverslips in the
wells of a 24-well plate, with both blanks and peptide-coated coverslips.
After 24 h of culture, negative and positive controls were established,
with the positive group stimulated by replacing the normal culture
medium with HyO5 (500 pM). After 10 h of stimulation, the intracellular
ROS detector DCFH-DA probe was added, and the cells were incubated
in the dark in the cell culture incubator for 25 min. Subsequently, the
cells were fixed with 4 % paraformaldehyde for 15 min, followed by
staining of the cell nuclei and cytoskeleton with DAPI and phalloidin-
labeled rhodamine, respectively, for 15 min and 30 min. The fluores-
cence intensity of ROS before and after stimulation, as well as changes in
cell morphology and quantity, were observed using laser confocal mi-
croscopy, and the clearance of ROS was quantified using Image J soft-
ware for statistical analysis.

2.13. Cell migration

The MC3T3-E1/HUVEC cells (1 x 10°) were seeded onto the cov-
erslips in the wells of a 24-well plate. After 1-2 days of culture, when the
cells had fully covered the entire coverslip, three evenly spaced
perpendicular scratches were made on each coverslip using a sterile 200
pL pipette tip. Subsequently, the coverslips were washed once with PBS,
and the culture medium was replaced with serum-free medium. The cells
were then cultured for an additional 24 h. Cell migration to the
scratched area was observed and photographed using an inverted fluo-
rescence microscope. The migration area of cells on each coverslip was
analyzed using Image J software.

2.14. Cell adhesion test

To evaluate cell adhesion strength, MC3T3-E1 cells (2.5 x 10*) were
seeded in 24-well plates, divided into blank group, positive control
group, (TA-Rgd)n, (TA-Rgd@ogp)n, (TA-Ogp@ang)n, (TA-Rgd@ang)n,
and (TA-Rgd@ogp@ang)n groups, with n = 10. Glass slides coated with
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collagen solution were used as the positive control group. After cell
seeding, the cells were cultured in a cell culture incubator for 12 h,
followed by agitation at 150 rpm for 30 min on a horizontal shaker. Cell
viability in each group was assessed using the CCK8 assay kit, indirectly
indicating the adhesion of cells to the coating surface. Additionally, the
cell cytoskeleton and nuclei were stained after exposure to shear force
for observation.

2.15. Early cell adhesion and spreading

First, MC3T3-E1/HUVEC cells (4 x 10" were seeded onto blank and
peptide-coated cell slides in a 24-well plate. After incubation for 2 and 4
h, the cells were fixed with 4 % paraformaldehyde for 15 min each.
Subsequently, 0.1 % TritonX-100 was added for 5 min to open the cell
membrane channels. The cells were then stained for the cytoskeleton
using rhodamine-phalloidin (red) for 30 min. After staining, the cells
were washed three times with PBS for 10 min each wash. Next, the cells
were stained for nuclei with DAPI (blue) for 15 min. The cells were
washed again three times with PBS for 10 min each wash. Finally, the
slides were sealed with anti-fluorescence quenching agent, and changes
in cell number and morphology were observed using confocal laser
scanning microscopy (CLSM). Cell adhesion and spreading area were
analyzed using Image J.

2.16. Cell viability and proliferation

MC3T3-E1/HUVEC cells (1 x 104 were seeded onto blank and
peptide-coated cell slides in a 24-well plate. The culture medium was
changed every 1-2 days, and cell viability was assessed at two time
points using the CCK8 assay kit. On the 6th day, the cells were fixed with
paraformaldehyde, stained with Calcein/PI live-dead staining kit, and
visualized using CLSM to observe cell proliferation images.

2.17. Tube formation assay

The tube formation assay was conducted to assess the angiogenic
ability of HUVECs in vitro. Initially, HUVECs were seeded at a density of
2 x 10% cells per well in both empty wells and wells coated with peptides
in a 24-well plate and cultured for 48 h. Subsequently, 50 pL of basement
membrane matrix was added to each well of a 96-well plate and allowed
to gel. The cells from each well were then centrifuged and seeded onto
the gel at a density of 5000 cells per well, with serum-free medium. After
6 h of incubation, tube-like structures were imaged using an inverted
microscope. The length and number of tubes were quantified using
Image J software.

2.18. Tube formation-related immunofluorescence staining

Initially, human umbilical vein endothelial cells (HUVECs) were
seeded at a density of 4 x 10* cells per well in both empty wells and
wells coated with peptides in a 24-well plate. After 2 days of culture, the
cells were fixed with 4 % paraformaldehyde solution, washed with PBS,
and treated with 0.2 % Triton X-100 (Solarbio, China) for 15 min at
room temperature. Subsequently, the cells were incubated with PBS
containing 5 % bovine serum albumin (BSA) for 1 h at room temperature
to block non-specific binding of CD31. Following blocking, the cells
were incubated with CD31 antibody overnight at 4 °C in the dark. After
washing with PBS, the cells were stained with DAPI for 5 min to visualize
the cell nuclei, and images were acquired using laser confocal micro-
scopy. The fluorescence intensity of CD31 was quantified using Image J
software.

2.19. Osteogenic staining analysis

Seeding MC3T3-E1 cells at a density of 2 x 10* cells per well. On
both the 4th and 7th days, the cells were fixed with 4 %
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paraformaldehyde for 15 min. Subsequently, ALP activity was detected
using the BCIP/NBT staining kit, and staining was observed using an
upright microscope. On the 14th and 21st days, cells were stained with a
0.1 % solution of Alizarin Red S (pH 4.2) for 30 min. After fixation, cells
were washed with PBS three times, air-dried, and mounted with neutral
gum for observation. BMSCs were seeded following the same procedure,
and ALP staining was performed on the 4th and 7th days, while ARS
staining was conducted on the 7th and 14th days.

2.20. Osteogenic genes expression

Investigation of tube formation and osteogenic-related gene expres-
sion was conducted separately. BMSCs/HUVEC were seeded at a density
of 2 x 10° cells per well onto both blank and peptide-coated surfaces
(peptide-coating was performed on cell slides in six-well plates). After 7
days of cell culture, total RNA from MC3T3-E1 cell samples was
extracted using the FastPure® Cell/Tissue Total RNA Isolation Kit V2.
The RNA was then reverse transcribed into ¢cDNA using the HiScript III
All-in-one RT SuperMix Perfect for qPCR kit. DNA samples were
amplified using the Taq Pro Universal SYBR qPCR Master Mix Kkit.
Finally, forward and reverse primers for osteogenic and tube formation-
related genes, with B-actin serving as the housekeeping gene, are listed
in Table S1. Data were analyzed using the 2AL8 method and normal-
ized to the average of the control group.

2.21. Osteogenesis evaluation in vivo

The protocol for all animal implantation surgeries was approved by
the Wenzhou Institute, University of Chinese Academy of Sciences. All
procedures were conducted following the standards described in the
guidelines for the care and use of laboratory animals. Ethics number:
WIUCAS23061401.

2.21.1. Implantation surgery

Purchase 18 healthy female Sprague-Dawley rats, 10 weeks old,
weighing 270-300g, from the Zhejiang Experimental Animal Center.
Allow for a 1-week acclimatization period. Subsequently, establish the
osteoporosis (OVX) model as follows: Prior to surgery, all animals are
intraperitoneally anesthetized with a dose of 2 % sodium pentobarbital
(Sigma Aldrich, USA) at 2 mL/kg body weight. A longitudinal incision is
made on the right side of the spine, approximately 1 cm below the rib
arch on the back. The skin, muscles, and peritoneum are sequentially
incised to expose the bilateral ovaries (white fat masses), which are then
thoroughly removed. Hemostasis is achieved by ligating bleeding points,
followed by suturing. Three months later, Micro-CT testing is performed
to confirm the successful establishment of the osteoporosis model, fol-
lowed by bone implantation surgery.

The rats were randomly divided into 6 groups: Ti, (TA-Rgd)n, (TA-
Rgd@ogp)n, (TA-Ogp@ang)n, (TA-Rgd@ang)n, and (TA-Rgd@og-
p@ang)n, with n = 10. Each group consisted of 3 rats, totaling 6 tita-
nium rods. During implantation, each rat received two implants with
different surface modifications, with one implant inserted into each
femur to minimize individual differences. Prior to surgery, all animals
were intraperitoneally anesthetized with a dose of 2 % sodium pento-
barbital at 2 mL/kg body weight, and the hind limbs were shaved. The
rats were then positioned in a supine position and secured. Subse-
quently, a longitudinal incision was made at the midline of the knee joint
skin, and the soft tissues were dissected. Using a dental handpiece, cy-
lindrical holes with a diameter of 1.2 mm and a length of 10 mm were
drilled along the longitudinal axis of the femur. The prepared titanium
implants were then inserted into the holes. After surgery, the soft tissues
were closed, and the skin was sutured. Eight weeks later, the rats were
euthanized with an overdose of sodium pentobarbital, and the bilateral
femurs were harvested and fixed in 4 % paraformaldehyde for subse-
quent testing.
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2.21.2. Microcomputed tomography analysis

Micro-computed tomography (Micro-CT) was used to image the
distal femur with the following parameters: voltage, 80 kV; current, 300
mA; scanning resolution of 18 pm. The specimen was rotated 360° at
intervals of 0.5° during scanning. Following data acquisition and
reconstruction, the proprietary software (CTAn and CTVol) was
employed to reconstruct the region of interest around the distal femur
and generate analyses of bone volume (BV), total volume of bone (TV),
trabecular bone density, and trabecular separation.

2.21.3. Histology and histomorphometry
Histological analysis was performed to characterize the osseointe-
gration at the bone-implant interface, primarily utilizing toluidine blue
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staining, HE staining, and Masson’s trichrome staining. All samples were
decalcified and embedded in paraffin, followed by tissue sectioning.
Subsequently, the sections underwent staining with hematoxylin and
eosin (HE), Masson’s trichrome stain, and immunofluorescence staining
for CD31/0CN.

2.22. Statistical analysis

All data are reported as the average of at least three duplicates, with
the error bar indicating the standard deviation. At least 6 randomly
selected images were performed to analyze cell numbers and cell area
with Image J.Statistical analysis was performed using the t-test and one-

way ANOVA, and significance was noted as * p < 0.05, **p < 0.01,

(a) (b) (©
75 30
— —TA-Rgd 0 (TA-Rgd), 0 (TA-Rgd@ogp), 20
— =TA-Rgd@ogp e 24
- 60 TA-Ogp@ang 7 -50 .
) — =TA-Rgd@ang 7 -50 15
545 ~ =TA-Rgd@ogp@ang . i ﬁ‘ -100 18 <& ﬁ B
2 s -z = 2 S Z-100 L0
-] i =z 7 = -150 2= 2 -
£ 30 - 2z a & a
o I B < <
- »r -200 6 -150 L5
= 15 i’/’ -
=
25
e = 250 0 200 Lo
0 =300 T
0 5000 10000 15000 0 5000 10000 15000
0 2 4 6 8 10 12 Time (s) Time (s)
Number of bilayers (n) me (s, :
(d) (e) )
16 0 0 i
04 (TA-Ogp@ang), : (TA-Rgd@ang), 0 (TA-Rgd@ogp@ang),
. -100 24 [24
= “ = -100
-501 e [ —~ I8 g
— ¢ Q 200 18 i S i
g s S K = = =
=-1004 = g -300 g o200 oy
z a4 4« <
4 400 H6
-1504 6 -300
-500 ro
0 Lo
-200 -600 -400
0 5000 10000 15000 0 5000 10000 15000 5000 10000 15000
Time (s) Time (s) Time (s)
(£ ;
(h) (i)
75 TA-Rgd N
- > Nis +
o [] . C-NHy
;’ \ N -
Y @ | TA-Rgd@ogp >
?60 \ 2z [
z \ 2% H =
- TA-Ogp@
E 45 “ . o . ol g REGANE oyt
= \ -
g \ . 1 ‘Z’ TA-Rgd@ang N .
530 ' A - A - e i_a Ny
= V ~ = | TA-Rgd@ogp@ang N
15 TA-Redaang
- & A A A A TA-Rgdaogpaa . . r r
R R
e ?‘@(.,0%0@@ O & ' 396 398 400 402 404
. AN N RN G 1200 1908 30 0 48 2 ¢ - Binding Energy (ev)
@) P‘X& Binding Energy (ev) (k) £ 80%
3 CaTA
. = Peptide
< £ 60%
0 A~ 24.8% g
2557, . . D
24.3% 5.7% 244% & 40%
132% 4 625% 1y, 6338 ) 5, 641% | 1069 65% 1% 643% o
520%
T
3
TA-Rgd TA-Rgd@ogp TA-Ogp@ang TA-Ogp@ang TA-Rgd@ogp@ang £ 0% S S S S
LA C @ @ @
Y 9T o e e®
P AT L o C

< p

Fig. 1. (a) Thickness analysis of TA and different peptides at pH 7. (b—f) QCM-D analysis of TA and different peptides self-assembled deposition at pH 7 showing
frequency and dissipation changes as functional curves of time. (g) Change of contact angle of TA-Rgd, TA-Rgd@Ogp, TA-Ogp@ang, TA-Rgd@ang and TA-
Rgd@ogp@ang coatings. (h) XPS spectra of TA-Rgd, TA-Rgd@Ogp, TA-Ogp@ang, TA-Rgd@ang and TA-Rgd@ogp@ang coatings. (i) N1s spectra of TA-Rgd, TA-
Rgd@Ogp, TA-Ogp@ang, TA-Rgd@ang and TA-Rgd@ogp@ang coatings. (j) Analyze element percentage content by XPS. (k) Composition analysis different coatings.
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< 0.001, and ****p < 0.0001.
3. Result
3.1. Deposition process and material characterization of coatings

Firstly, according to the data from the ellipsometer (Fig. 1a), a trend
of layer-by-layer growth is observed for TA and peptides at pH 7, indi-
cating successful deposition of the coatings onto the substrate. Specif-
ically, the TA-Rgd coating reached a thickness of 65 nm after assembly of
12 bilayers. Meanwhile, the thickness of coatings for TA-Rgd@ogp, TA-
Ogp@ang, TA-Rgd@ang, and TA-Rgd@ogp@ang groups was relatively
close, with deposition thickness ranging between 35 and 40 nm,
significantly lower than that of the TA-Rgd coating. The deposition
process of the self-assembled coatings was further monitored using
quartz crystal microbalance with dissipation monitoring (QCM-D)
(Fig. 1b-f). The frequency (f) of each group gradually decreased, indi-
cating successful assembly of tannic acid and peptides on the substrate
surface. Subsequently, by fitting the deposition curves with the Sauer-
brey model, the adsorbed mass of TA and peptides in each layer of the
thin films was obtained (Figs. S1a-b), along with the functional curves of
deposition thickness and deposition layers. The total adsorbed mass of
TA in the TA-Rgd coating was approximately 5256 + 17.8 pm/cm?
while the total adsorbed mass of peptides was 5516 + 12.4 pm/cm?. In

()
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the coatings of TA mixed with peptides from the other four groups, the
adsorbed mass of both TA and peptides could reach 2500-3000 pm/cm?.
The deposition thickness data showed consistency with the ellipsometer
results (Fig. S1c).

The surface properties of coatings can influence cellular behavior.
This study investigated the hydrophilicity, stability, surface composition
analysis, and mechanical properties of the coatings. Firstly, a smaller
contact angle indicates better hydrophilicity of the material in water
contact angle tests. As shown in Fig. 1g, the contact angles of the
peptide-modified coatings decreased to 20-30° compared to pure tita-
nium (68.8 + 0.4°), with the lowest contact angle of 22.2 + 1.4°
observed for the TA-Rgd coating. These results indicate that the peptide-
modified coatings significantly improve the hydrophilicity of pure tita-
nium. Subsequently, stability tests of the coatings (Fig. S2) showed that
after immersion in PBS for two weeks, the thickness decrease of the
coatings was within 10 nm, the coating remains relatively stable within
two weeks without significant release. Furthermore, XPS analysis was
performed to further understand the proportion of compound compo-
sition and material interactions in the coating samples. Fig. 1h shows the
complete spectra of the five peptide coatings, all containing nitrogen
elements, indicating successful binding of peptides at the interface. In
Fig. 1i, peak deconvolution of the N peak reveals binding peaks of
C-N and C-NH3+, without the presence of C=N bonds. Fig. 1j
displays the atomic ratios on the TA-Rgd, TA-Rgd@ogp, TA-
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Fig. 2. (a) AFM images of TA-Rgd, TA-Rgd@Ogp, TA-Ogp@ang, TA-Rgd@ang and TA-Rgd@ogp@ang coatings in a liquid environment. (b) Adhesion energy images
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distribution of the coated Young’s modulus.
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Ogp@ang, TA-Rgd@ang, and TA-Rgd@ogp@ang coatings, from
which the molar mass ratio of TA to peptides on the five coatings
was derived, as shown in Fig. 1k. Interestingly, except for the TA-
Ogp@ang coating, the mass of TA is twice that of the peptides,
while the mass ratio of TA to peptides on the other coatings is close
to 1:1, similar to the feed ratio.

In AFM experiments, the surface morphology, mechanical proper-
ties, and adhesion energy of the interfaces of gas-phase (Fig. S3) and
liquid-phase coatings (Fig. 2) were studied separately. In the gas phase,
the surfaces of the TA-Rgd and TA-Rgd@ogp@ang coatings appeared
uniformly smooth, while the morphologies of the TA-Rgd@ogp, TA-
Ogp@ang, and TA-Rgd@ang coatings were similar, exhibiting discon-
tinuous rough structures (Fig. S3a). As shown in Figs. S3b—c, the adhe-
sion energy and Young’s modulus of the coating surfaces followed a
Gaussian distribution. Based on the JKR theory equation reflecting the
adhesion force of the coatings, the surface adhesion energy of the pep-
tide coatings was obtained, with the adhesion energy of the TA-Rgd
coating being the highest at 0.0576 + 0.00362 N/m, slightly lower for
the other coating interfaces at 0.03-0.04 N/m. Figs. S3d—e showed that
the Young’s modulus of the TA-Rgd@ogp@ang ternary composite
coating was the highest at 1.36 GPa. In the liquid phase, there were
slight differences in morphology compared to the gas phase, with sur-
faces of all coatings except TA-Rgd exhibiting continuous spherical
rough structures (Fig. 2a). The surface adhesion energy of the coatings
remained highest for the TA-Rgd coating at 0.00881 + 0.000575 N/m,
approximately 10 times lower than in the gas phase (Fig. 2b—c). How-
ever, the Young’s modulus decreased overall by three orders of magni-
tude, with the highest being 1.26 MPa for TA-Rgd@ang (Fig. 2d—e). As
shown in Fig. S4, the microstructure of the coating surface can be
observed under scanning electron microscopy (SEM).

3.2. Qualification of peptide content via fluorescent labeling

The above results confirm the binding of these peptides to the
modified substrate surface; therefore, it is crucial to determine whether
they are immobilized at the preset volume ratio. The fluorescence dis-
tribution at the coating interfaces of different experimental groups ap-
pears uniform (Fig. 3a). In samples treated with different ratios of mixed
peptides, two and three peptides respectively exhibit distinct fluorescent
labeling. Subsequently, quantitative analysis of the average fluorescence
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intensity and peptide density on different experimental groups was
conducted (Fig. 3b and c), confirming that the trend of fluorescence
intensity variation is consistent with the peptide ratio (Standard curves
for polypeptide quantification are shown in Fig. S7). Interestingly, the
amount of peptides adsorbed on the TA-Rgd coating is 54.9 pg, while the
total amount adsorbed on both TA and mixed peptide coatings is close to
54.9 pg.

3.3. Oxidation resistance of the coating

To investigate the antioxidative properties of the coating interfaces,
MC3T3-E1 cells were treated with a certain concentration of HyO to
simulate the release of ROS in vivo under oxidative stress imbalance
conditions. To observe the effects of HyO, stimulation on cell status
before and after, staining of the cell cytoskeleton and nucleus was per-
formed (Figs. S5a-b). As shown in Fig. S5a, the morphology of HyO5-
stimulated blank control cells exhibited shrinkage and elongation. In
contrast, cells on the TA-Rgd, TA-Rgd@ogp, TA-Ogp@ang, TA-
Rgd@ang, and TA-Rgd@ogp@ang membranes showed no obvious
changes. The morphology of the blank control cells without HyO4
stimulation was normal and exhibited tight connections (Fig. S5b).
Subsequently, statistical analysis of the changes in cell area for each
group was conducted (Fig. S5c). It was observed that compared to cells
before Hy0O, treatment, the cell area of the control group (in red)
significantly decreased, while the cell area on the membranes of the
other groups showed no significant changes. Furthermore, changes in
the immunofluorescence intensity of ROS fluorescence probes (in green)
were analyzed to intuitively assess the ROS content inside the cells. As
shown in Figs. S5a-b, the green fluorescence intensity of the four groups
stimulated with HyO, was significantly higher than that of the non-
stimulated groups, indicating successful induction of ROS by the Hy04
model. After HoO5 stimulation, the ROS fluorescence intensity of cells on
the TA-Rgd, TA-Rgd@ogp, TA-Ogp@ang, TA-Rgd@ang, and TA-
Rgd@ogp@ang membranes decreased to varying degrees compared to
the blank control. Quantitative analysis of the average fluorescence in-
tensity of ROS produced by each group in Fig. S5d revealed that after
H,0, stimulation, the average fluorescence intensity on the blank sur-
face reached 130 RFU, while the intensity on the membranes of the other
five groups decreased to around 100 RFU. Therefore, it can be concluded
that the coating surfaces have the ability to scavenge reactive oxygen
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species. There were no significant differences observed among the TA-
Rgd, TA-Rgd@ogp, TA-Ogp@ang, TA-Rgd@ang, and TA-
Rgd@ogp@ang groups.

3.4. Promoting osteoblast migration, early adhesion, and proliferation in
vitro

The cell scratch assay is a commonly used method to demonstrate
cell migration ability. In Fig. 4a, it can be observed that after 24 h of
migration, the migration area of the coatings modified with various
peptides and the control group all showed significant increases. The
statistical results in Fig. 4d show that the migration area proportion of
the blank group is 15 %, TA-Rgd is 52%, and TA-Rgd@ogp@ang reaches
59 %. The proportions of the other groups are around 50 %. It can be
inferred that peptide coatings can effectively promote cell migration,
with TA-Rgd@ogp@ang coating showing the best performance.

To investigate the role of coating surface in inducing cell adhesion
behavior, the number of cells and images of cell cytoskeleton were
observed using inverted microscopy at 2 h and 4 h, as shown in Fig. 4b.
At 2 h, in the blank control, there were slightly fewer cells, with cells
presenting a round shape and lacking cell extensions. In contrast, in the
experimental groups modified with peptide coatings, the number of cells
increased significantly, and cell morphology gradually transitioned from
round to polygonal, although the cytoskeleton did not fully extend
around the periphery. Among them, cells on the TA-Rgd@ogp@ang
coating interface exhibited the best spreading, with morphology
similar to normal cells. At 4 h, the cytoskeleton of the control group
gradually extended, while cells on interfaces modified with peptide
coatings had completely spread out, establishing tight and extensive
connections between cells. The statistical results of cell number and cell
spreading area are presented in Fig. 4e and f, respectively, consistent
with the observed results in the images. The TA-Rgd@ogp@ang coating
interface mediated the best cell adhesion, consistent with the conclu-
sions drawn from the migration experiments.Subsequently, the cells
remaining on the coating surface, while experiencing centrifugal force,
were employed to mimic the adhesive behavior of cells subjected to
shear force. As shown in Fig. 4c, compared to the control group, the TA-
Rgd coating maintained the original cell state under shear force. In
Fig. 4g-i, statistical analysis of cell number, area, and cell viability
revealed that, compared to the control, the other peptide coatings
exhibited good shear resistance. To better illustrate cell proliferation on
the coatings, two cell lines, osteoblasts (Fig. S6a) and endothelial cells
(Fig. S6b), were selected. Cell viability was measured at any two time
points (Figs. S6¢c-d), and visualization was achieved through live/dead
staining. The results showed no significant difference between the
coated materials and the control on the first or second day. However, on
the third day, interfaces modified with peptide coatings significantly
enhanced the proliferation of both cell lines compared to the control,
with cell viability ranging between 1.5 and 2.5.

3.5. The peptide coatings enhanced migration, adhension and
angiogenesis of HUVECs in vitro

To explore the vascularization and migration ability of implant
surface coatings, endothelial cell migration area was observed after 24 h
using a cell scratch assay, reflecting migration ability. In Fig. 5a, coat-
ings modified with peptides all exhibited significant migration-
promoting abilities. Statistical analysis in Fig. 5c revealed that the TA-
Rgd coating had the best migration ability, with a migration rate of
60 %, while TA-Rgd@ogp, TA-Ogp@ang, TA-Rgd@ang, and TA-
Rgd@ogp@ang showed significant differences compared to the con-
trol, with migration rates reaching 50 %. As shown in Fig. 5b, vascu-
larization was observed after 6 h of cell growth. In the control group,
scattered cell clusters were observed, with no obvious tubular structures.
Only a few incomplete tubular branches were observed in TA-Rgd and
TA-Rgd@ogp, while abundant and obvious tubular branches were
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present in TA-Ogp@ang, TA-Rgd@ang, and TA-Rgd@ogp@ang. Statis-
tical analysis (Fig. 5d-h) revealed significant differences in total branch
length, branch number, and number of tubes containing Ang materials
compared to the control, with TA-Rgd@ogp@ang showing the best ef-
fect followed by TA-Rgd@ang. Subsequently, the adhesion ability of
HUVEC cells was further observed (Fig. 6a). At 2 h, compared to the
control group, cells on the peptide-modified coatings exhibited clear
vascular structures and extensive cell-cell communication. Statistical
analysis of cell number (Fig. 6¢) and cell area (Fig. 6d) from the images
showed significant differences in all four groups of coatings compared to
the control, with more cells and larger spreading areas observed, except
for TA-Ogp@ang.

To further explore the expression of angiogenesis-related factors on
the coating surface, as shown in Fig. 6b, the immunofluorescence
staining of endothelial adhesion molecule CD31 revealed similar cell
adhesion patterns. It can be observed that TA-Rgd@ang and TA-
Rgd@ogp@ang exhibited abundant green fluorescence surrounding
the cells, indicating high expression of CD31. As shown in Fig. 6e, sta-
tistical analysis of CD31 immunofluorescence revealed significant dif-
ferences between TA-Ogp@ang and the control group, which was
slightly lower than TA-Rgd@ang and TA-Rgd@ogp@ang. Subsequently,
in Fig. 6f and g, the gene expression levels of VEGF and CD31 were
quantitatively analyzed, with TA-Rgd@ogp@ang showing the highest
expression levels for both factors.

3.6. Promotion of osteogenesis and mineralization of bone marrow
mesenchymal stem cells in vitro

To investigate the functionality of coating materials in osteogenic
differentiation and mineralization, the alkaline phosphatase (ALP) ac-
tivity, Alizarin Red S (ARS) mineralization, and expression of
osteogenic-specific marker genes were evaluated. Firstly, ALP activity
peaked on day 4 and gradually decreased thereafter (Fig. 7a-b). By day
14, extracellular matrix mineralization was evident, with larger and
more intense red nodules observed (Fig. 7c—d). The results indicate that
coatings containing osteogenic peptides, such as Ogp, exerted a more
pronounced osteogenic induction effect on bone marrow mesenchymal
stem cells (BMSCs). Among them, the TA-Rgd@ogp@ang coating
exhibited the best effect. Furthermore, quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) was performed to
investigate the expression of osteogenic marker genes including osteo-
calcin (OCN), RUNX2, ALP, and type I collagen (COL-I) (Fig. 7e-h). The
results revealed that, except for RUNX2, the expression levels of the
other genes were consistent with the staining data mentioned above,
indicating that coatings containing Ogp osteogenic peptides exhibited
the highest expression levels, with TA-Rgd@ogp@ang demonstrating
the most favorable effect.

3.7. Construction and repair of osteoporotic bone defects

The in vitro results indicate that mixed peptide coatings are beneficial
for osteogenic differentiation and angiogenesis. To further investigate
the bone integration of implant surface coating materials in osteoporotic
bone defects, an osteoporotic rat (OVX) bone defect model was estab-
lished. Figs. S8a-c show micro-computed tomography (u-CT) images of
the distal femoral metaphysis bone trabeculae three months after
modeling in both the OVX and sham surgery (Sham) groups. The Sham
group exhibited normal bone tissue structure, while the OVX group
showed significantly disrupted bone trabecular structure and obvious
bone loss. Additionally, the OVX group had significantly decreased bone
volume/total volume (BV/TV), trabecular number (Tb.N), and connec-
tivity density (Conn.D), while trabecular spacing (Tb.Sp) was signifi-
cantly increased, and trabecular thickness (Tb.Th) showed no significant
difference, indicating the successful establishment of the osteoporotic
model (Fig. 8d). Subsequently, surgery was performed to implant bone
defects in the distal femur, and the experiment was terminated after 8
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Fig. 4. (a) MC3T3-E1 cell migration on different coatings for 0 and 24 h, respectively. (b) Fluorescence microscope images of MC3T3-E1 cells seeded on different
coatings for 2 and 4 h. (c) Fluorescence microscope images of cell adhesion under shear force. (d) Quantitative analysis of cell mobility in (a). (e) Number of MC3T3-
E1 cells per pm? on different coatings. (f) Cell area of MC3T3-E1 cells per pm? on different coatings. (g) The number of nuclei of cells cultured on coating under shear
force. (h) Cell area of MC3T3-E1 cells per pm? on different coatings under shear force. (i) Cell vibility of MC3T3-E1 cells on different coatings under shear force
(difference analysis and results are compared with glass in the same period).
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Fig. 5. (a) HUVEC cell migration on different coatings for 0 and 24 h, respectively. (b) The wound healing assay was performed to evaluate the effects of peptide
composite on the migration ability of HUVEC. (c) Quantitative analysis of cell mobility in (a). (d—h) Tubular networking assessed in terms of number of segments,
total segments lengtht, number of nodes, number of junctions, and total brunch length.

weeks of further feeding. The 3D models of the implants and surface neo-
bone were constructed using CTVol (Fig. 8e). The results showed that,
compared to the blank titanium rod, all five peptide-coated groups
exhibited varying degrees of neo-bone formation. Among them, coatings
carrying Ogp peptide, such as TA-Rgd@ogp, TA-Ogp@ang, and TA-
Rgd@ogp@ang, showed abundant dense neo-bone formation on the
surface. In contrast, the neo-bone formation area of TA-Rgd and TA-
Rgd@ang was smaller. BV/TV, Tb.Th, Tb.N, and Tb.Sp data were ob-
tained from p-CT (Fig. 8f-i). The bone volume fraction of TA-
Rgd@ogp@ang was the highest at 21 %, followed by TA-Rgd@ogp
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and TA-Ogp@ang coatings at 18.7 % and 18.2 %, respectively.

3.8. The histological and morphometric evaluation in vivo

Further analysis of the formation of new bone around different im-
plants was conducted using HE, Masson’s trichrome, and toluidine blue
staining. HE staining images (Fig. 9a) revealed that compared to the
control group, the implants covered with peptide coatings had a
continuous and smooth contact surface with the new bone, indicating
good healing (especially TA-Rgd@ogp and TA-Rgd@ogp@ang). Similar
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Fig. 6. (a) Fluorescence microscope images of HUVEC cells seeded on different coatings for 2 and 4 h. (b) Fluorescence microscope images of CD31 in HUVEC cells
on different coating surfaces. (c) Number of HUVEC cells per pm2 on different coatings. (d) Cell area of HUVEC cells per pm2 on different coatings. (e) Mean CD31
immunofluorescence intensity was shown. mRNA expression levels of differentiation-related proteins (f) VEGF, (g) CD31 after culturing HUVEC cells on different

coatings at 7 days.

results were observed in the Masson’s trichrome staining images
(Fig. 9b). As the colors in Masson’s staining change gradually with bone
maturation (from blue to red), we concluded that the new bone for-
mation in the TA-Rgd@ogp and TA-Rgd@ogp@ang groups was more
mature compared to that in the TA-Ogp@ang group. Toluidine blue
staining is essential for evaluating the bone integration interface. As
shown in Fig. S8, there was more new bone formation in the TA-
Rgd@ogp and TA-Rgd@ogp@ang groups, with a continuous bone
integration interface (blue lines) and a larger contact area.

To investigate the phenotypes of osteogenesis and angiogenesis
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around different implants in vivo, immunohistochemical staining was
performed to detect OCN (yellow, a marker for bone mineralization) and
CD31 (yellow, a marker for blood vessel formation). As shown in Fig. 9c,
compared to the control, the expression of OCN (orange circles) was
higher in the TA-Ogp@ang and TA-Rgd@ogp@ang coatings, with the
latter showing more pronounced expression. As depicted in Fig. 9d, the
expression of CD31 was significantly increased in the TA-Rgd@ang and
TA-Rgd@ogp@ang coatings (orange arrows). In summary, the TA-
Rgd@ogp@ang coating exhibited favorable effects on both angiogen-
esis and osteogenesis.
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Fig. 7. Osteogenic staining analysis: (a) BMSCs cells were seeded on different peptide coatings and stained for ALP on days 4 and 7. (b) ALP activity quantification
assay. (c) BMSCs cells were cultured on different coatings and stained for ARS on 7 and 14 days. (d) Quantification of alizarin red S staining; mRNA expression levels
of differentiation-related proteins (e) OCN, (f) RUNX2, (g) ALP, and (h) COL-1 after culturing BMSCs cells on different coatings at 7 days. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

capacity, and decreased bone vascularization function, which leads to a
higher failure rate of pure titanium implants and poor bone integration

Patients with osteoporosis face difficulties such as decreased cell [30,31]. In the past decade, the design of biomolecule coatings on

recruitment ability, reduced bone density, weakened

osteogenic titanium-based materials to confer multifunctionality to the titanium
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Fig. 8. The microcomputed tomography of sham surgery rat (a) and ovariectomy rat (b). (c) 3D image of sham and ovariectomy rat. (d) Quantitative analysis of bone
volume/total volume (BV/TV), trabecular number (Tb.Th), trabecular thickness (Tb.N), and trabecular separation (Tb.Sp) of the femur in Sham and OVX rats 8 weeks
after surgical castration. (e) Representative 3D reconstruction images of new bone. (f-i) Quantitative results of BV/TV (Bone volume fraction), Tb. N (Trabecular

number), Tb. Th (Trabecular Thickness), and Tb.Sp (Trabecular separation).

surface for improving poor bone integration has been widely applied
[32-36]. Here, we report a multifunctional interface strategy that can
rationalize and optimize cell migration and adhesion, bone inductive-
ness, bone vascularization, and other functions onto titanium implants
through simple LbL assembly.

Preliminary experimental exploration by our research group showed
that under pH 7 conditions, both TA and Ke-peptide exhibited a linear
growth trend when mixed at a 1:1 ratio (c1:c2) of polypeptides with the
same linker [24]. Under this experimental condition, we synthesized a
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series of peptide coatings: TA-Rgd, TA-Rgd@ogp, TA-Ogp@ang,
TA-Rgd@ang, and TA-Rgd@ogp@ang. Through combined analysis
using ellipsometric spectroscopy and quartz crystal microbalance with
dissipation (QCM-D), changes in coating thickness and mass during LbL
deposition were accurately understood. Ellipsometric spectroscopy is a
commonly used optical technique to characterize the properties of thin
films at interfaces, and appropriate data processing can obtain quanti-
tative information such as the thickness and quality of films at interfaces
[37]. QCM-D measurements with dissipation monitoring capability are



J. Liu et al. Materials Today Bio 27 (2024) 101150

(a) Ti TA-Rgd TA-Rgd@ogp TA-Ogp@ang TA-Rgd@ang  TA-Rgd@ogp@ang

ining images

HE sta

_~
=
~

.

.

ining images

Masson sta

e
ang

o
S’

ining images

OCN sta

(d) TA-Ogp@ang
- v, o
2 2
]
E
on
i
g
g
2 s
=
Q

Fig. 9. Evaluation of new bone formation and maturation in vivo: (a) Representative HE staining images of surrounding bone tissue for different implants. (b)
Representative Masson staining images of new bone maturation around different implants. Blue and red represent low and high maturity of bone tissue, respectively.
(¢) Immunohistochemical evaluation of osteogenic factor OCN expression, with red circles indicating osteogenic expression locations. (d) Immunohistochemical
evaluation of vascular factor CD31 expression, with orange arrows indicating CD31-positive vessels. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

15



J. Liu et al.

highly sensitive to the quality of surface binding layers, with a resolution
on the order of ng/cm2 [38]. From the structure of the Rgd peptide, it
can be observed that compared to Ogp/Ang peptides, Rgd is rich in
arginine and possesses a large amount of positive charge, leading to a
more pronounced interaction with TA, resulting in significantly higher
thickness and adsorption mass of TA-Rgd coatings compared to other
peptide coatings (Fig. 1a—f and Figs. Sla—c). This is consistent with the
findings of Caruso et al. [39], indicating that positively charged peptides
exhibit stronger interactions with polyphenols (K, of 2 x 104 M’l). The
remaining peptide coatings show a certain degree of Rgd dependence,
with slightly higher thickness when Rgd peptides are present in the
coating composition, but with no significant differences. It can be
inferred that, excluding the interference of Rgd carrying charges, coat-
ings of mixed peptides TA-Rgd@ogp, TA-Ogp@ang, TA-Rgd@ang, and
TA-Rgd@ogp@ang at the same kg junction demonstrate similar depo-
sition rates. This approach avoids competitive relationships between
two or three peptides simultaneously assembling with TA, preserving
the spatial conformation and functionality of the peptides themselves.

In the material characterization tests, we selected a coating assembly
of 10 layers (the minimum film thickness covering the substrate) for
experimentation [24]. Hydrophilic surfaces of implants aid in wetting,
adsorption, and substance transfer, facilitating rapid reaction with the
moist blood environment of the wound, thereby accelerating bone
integration and shortening the treatment cycle [40]. The contact angle
of the peptide-modified coating interface significantly decreased
compared to pure titanium, exhibiting excellent hydrophilicity (Fig. 1g),
which is closely related to the hydrophilic amino acids in the peptides.
TA contains multiple hydrophobic aromatic rings and hydrophilic
phenolic hydroxyl groups, providing abundant reaction sites that can be
involved in various dynamic covalent bonding, metal-organic coordi-
nation interactions, and non-covalent interactions [41]. To determine
the primary forces between TA and peptides, XPS analysis showed only
C-N bonds in the N peak, with no appearance of C=N double bonds
(Fig. 1i), indicating that the binding force between TA and peptides is
mainly non-covalent interactions, excluding covalent bonding. During
AFM testing, surface properties changed under different environments,
resulting in variations in the applied force and consequently changes in
morphology and Young’s modulus in gas and liquid phases (Fig. 2a and
S3a). Peptides form adhesive layers in biological interfaces due to
electrostatic, hydrogen bonding, and other interactions [42]. It can be
assumed that the stronger the binding force between peptides and the
interface, the stronger their adhesion and viscosity. This may be why the
adhesion of TA-Rgd coatings in gas and liquid phases in AFM testing is
slightly higher than that of other coatings (Fig. 2b—c and Figs. S3b—c).
Additionally, exposure to a liquid environment leads to softer and more
porous coating surfaces. Differences in adhesive capability may also
result from differences in the hydration of peptide coatings, which are
influenced by the testing environment (liquid or gas).

In normal tissues or cells, reactive oxygen species (ROS) are main-
tained in a dynamic equilibrium through biological elimination and
generation. However, under non-physiological conditions such as
trauma, inflammation, etc., the oxidative stress microenvironment be-
comes imbalanced, leading to the release of large amounts of ROS,
which damages cell membranes and corresponding lipids, resulting in
failed bone integration [43,44]. Therefore, the ability of implant surface
coatings to eliminate reactive oxygen species is essential. The TA-Rgd,
TA-Rgd@ogp, TA-Ogp@ang, TA-Rgd@ang, and TA-Rgd@ogp@ang
groups all demonstrate significant ROS scavenging capabilities, with
no significant differences among the groups (Fig. S5d). It can be inferred
that TA plays a primary role in antioxidant activity within the coatings
[45]. This is crucial for regulating the balance of the high ROS micro-
environment in osteoporosis, which is a prerequisite for the coatings to
exert important biological functions. Since the integration and
long-term success of implants are determined by complex reactions
occurring at the tissue-material interface, one of the most relevant issues
in bone tissue engineering is the ability to reconstruct communication
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between autografts and the surrounding biological environment.
Therefore, cell migration, adhesion, and proliferation are induced by
coordinated transmembrane signals occurring in cells close to the
implant surface, which are necessary for implant colonization. Cell
adhesion is mainly achieved through two different mechanisms: (1)
interactions between heparin binding sites on the extracellular matrix
(ECM); (2) interactions of cell membrane heparan sulfate proteoglycans.
In simple terms, it involves the recognition and interaction between
integrin receptors and protein ligands in the ECM [46]. Xiao-Yu Yang
et al. engineered crosslinked nanolayer interfaces using synthetic pep-
tides synthesized from poly[LA-co-(Glc-alt-Lys)] and modified with Rgd
and p-FGF molecules, which enhanced cell adhesion and differentiation
[47]. Since the Rgd peptide motif interacts extensively with cell mem-
brane integrins, coatings containing Rgd peptides exhibit higher cell
migration and adhesion compared to other mixed peptide coatings
(Fig. 4d—f and Fig. 5c). Furthermore, the TA-Rgd@ogp@ang coating
showed the highest cell migration rate, indicating that the peptide ac-
tivity was not lost, and there was a certain synergy among the three
peptides, consistent with the conclusions from material characterization
validation, that there was no competition between the various peptide
groups. The adhesive force at the interface of the TA-Ogp@ang coating
was slightly lower, possibly due to the negative polarity of the material
interface [22]. Moreover, with the joint verification of osteoblasts and
endothelial cells, it can be inferred that the universality of coating ma-
terials in promoting cell migration abilities can be applied to other
medical fields.

The vascular system serves as a crucial conduit for the transportation
of nutrients, oxygen, hormones, growth factors, and neurotransmitters,
which are indispensable for bone regeneration and remodeling [48-50].
Recent studies have indicated that the bone integration process in
osteoporosis involves not only the structural reconstruction of bone
absorption and bone formation but also vascular regeneration, which
constitutes an important part of the entire process [51,52]. HUVECs can
retain their rapid proliferation characteristics on matrix gel, providing a
good simulation of in vitro angiogenesis. Both matrix gel experiments
and immunofluorescence staining of CD31 (an endothelial adhesion
molecule distributed at tight junctions between endothelial cells,
involved in vascular genesis [53]) have demonstrated that the
TA-Rgd@ogp@ang promotes the best vascularization effect (Figs. 5b
and 6b), fully illustrating that the Ang peptide retains its original
vascularization function when bound to the coating, and its function is
complemented by the Rgd and Ogp peptides. As an early marker of
osteogenic activity [54], the early activity of ALP (at 4 days) provides
sufficient evidence for the excellent differentiation-inducing ability of
the Ogp peptide on BMSC cells (Fig. 7a). Combined with the minerali-
zation characterization of late-stage osteogenesis using ARS staining
(Fig. 7b), the synergistic effect of the mixed peptide coating
TA-Rgd@ogp@ang on bone healing is demonstrated.

After demonstrating the excellent cell migration and adhesion
capability, osteogenic properties, and bone vascularization potential of
the TA-Rgd@ogp@ang implant coating in vitro, we further investigated
the bone integration ability of the implant through in vivo studies. In this
study, we performed bilateral ovariectomy (OVX) on rats to establish an
osteoporosis model (Fig. 8a—-d). All results from micro-CT, HE, Masson
(Fig. 8e—i and Fig. 9a-b), and toluidine blue staining (Fig. S8) confirm
that the TA-Rgd@ogp@ang coating is most conducive to new bone
formation and bone integration around the implant. Immunohisto-
chemical staining observations (Fig. 9c-d) revealed a significant in-
crease in osteogenic markers (OCN) in both TA-Rgd@ogp@ang and TA-
Rgd@ogp coatings, and a significant increase in vascular markers
(CD31) in TA-Rgd@ogp@ang and TA-Rgd@ang coatings. In summary,
the TA-Rgd@ogp@ang coating combines the advantages of Ogp osteo-
genic peptide and Ang angiogenic peptide, promoting osteogenesis and
bone vascularization, consistent with our in vitro experimental results.

The toxicological evaluation of medical materials is particularly
important. Based on existing research reports, the coating is composed
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of relatively safe polyphenols and peptides. Secondly, the coating is
applied in an amount of approximately nanograms, and stability tests
further prove that the coating itself is stable and unlikely to have sig-
nificant release. Finally, in vitro experiments using CCK8 and live/dead
staining have shown that the toxicity of the coating is very low.
Therefore, we believe that it will not have a significant impact on future
practical applications. However, before actual application, it must un-
dergo a series of standardized toxicity evaluations.

In conclusion, our multifunctional molecular coating strategy com-
bines the polyphenolic peptide network (TA-Kg-peptide) with layer-by-
layer assembly technology to rationally integrate and optimize cell
migration and adhesion, osteoinductivity, and bone vascularization onto
titanium implants. Besides offering desirable biological functionalities,
the layer-by-layer assembly approach provides a slower and more
enduring effect, as physically adsorbed peptides are prone to desorb
from the implant surface and rapidly lose activity in the free state.
Conversely, peptides covalently grafted tend to exhibit short-term burst
release, thereby compromising their biological functionalities. Further-
more, this strategy offers advantages such as ease of operation, mild
experimental conditions, and uniform modification of irregularly sha-
ped implants. The hydrophilicity of the titanium surface is increased
after modification with active peptides, which aids in enhancing cell
compatibility. Additionally, the interaction between the common junc-
tion Kg and the polyphenolic interface enables the realization of several
peptides without interference, thereby collectively exerting effects.
Therefore, in our study, achieving bone integration of titanium implants
in osteoporotic environments can be easily accomplished. This also
provides a universal and feasible approach to achieving various persis-
tent biological functionalities on biomaterials, thus holding significant
promise for future medical devices.

5. Conclusion

In summary, this study successfully fabricated a biofunctional TA-
Rgd@ogp@ang composite coating with excellent mechanical and ad-
hesive properties, as well as layer-by-layer sustained release capability,
and applied it to titanium implants to improve osseointegration under
osteoporotic conditions. The TA-Rgd@ogp@ang composite coating
modulates the high ROS microenvironment of the bone marrow to
maintain bone homeostasis, promoting osteogenic function of MC3T3-
E1l and BMSCs. Additionally, it induces endothelial cell angiogenesis,
facilitating the transportation of nutrients, oxygen, hormones, growth
factors, and neurotransmitters, and it effectively exerts a triple effect of
cell migration and adhesion, osteogenesis stimulation, and angiogenesis
promotion under osteoporotic pathological conditions. This effectively
addresses the issue of poor osseointegration of implants under osteo-
porotic pathological conditions.
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