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ARTICLE INFO ABSTRACT

Keywords: Orthopedic and dental implantations under bacterial infection microenvironment face significant challenges in
Metal-phenolic network achieving high-quality bone-implant integration. Designing implant coatings that incorporate both immune
Implant defense and anti-inflammation is difficult in conventional single-functional coatings. We introduce a multi-
Osseointegration . . . . 3 . . . . . .

Inflammation functional nanointerface using a zinc finger-inspired peptide-metal-phenolic nanocoating, designed to enhance
Abaloparatide implant osseointegration under such conditions. Abaloparatide (ABL), a second-generation anabolic drug for

treating osteoporosis, can be integrated into the design of a zinc-phenolic network constructed on the implant
surface (ABL@ZnTA). Importantly, the phenolic-coordinated Zn?* jons in ABL@ZnTA can act as zinc finger motif
to co-stabilize the configuration of ABL through multiple molecular interactions, enabling high bioactivity, high
loading capacity (1.36 times), and long-term release (>7 days) of ABL. Our results showed that ABL@ZnTA can
modulate macrophage polarization from the pro-inflammatory M1 towards the anti-inflammatory M2 pheno-
type, promoting immune osteogenesis with increased OCN, ALP, and SOD 1 expression. Furthermore, the
ABL@ZnTA significantly reduces inflammatory fibrous tissue encapsulation and enhances the long-term stability
of the implants, indicated by enhanced binding strength (6 times) and functional connectivity (1.5—3 times) in
the rat bone defect model infected by S. aureus. Overall, our research offers a nano-enabled synergistic strategy
that balances infection defense and osteogenesis promotion in orthopedic and dental implantations.
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1. Introduction

Implants are commonly used in traumatic orthopedics and denture
restoration [1]. However, open fractures and accompanying bacterial
infections often hinder the effectiveness of implants in achieving
osseointegration. Infection after fracture internal fixation (IAFF), is a
possible complication after orthopaedic surgery (ranging from 1 to 2 %
for closed fractures and up to 30 % for open fractures) [2-4]. Besides,
individuals with severe periodontal disease or apical periodontitis may
encounter difficulties of immediate implantation (failure rate increasing
3-5 times) [5-7]. Orthodontic temporary devices have a failure rate of
11-17 %, frequently within the first-month post-implantation, signifi-
cantly impacting treatment effectiveness and duration [8]. The
anti-infective capabilities of implants in different clinical scenarios
prove to be crucial [9]. Many strategies have been employed to fabricate
smart stimulus-responsive materials for bone therapy and bone regen-
eration [10-12]. Although previous implant coatings have demon-
strated antimicrobial effects [13,14], achieving a delicate balance
between immune defense and inflammation suppression remains a sig-
nificant challenge and complex endeavor [15-18]. Namely, facilitating
proper osseointegration necessitates the provision of appropriate,
reasoned stimuli for staged bone healing [19-21]. Nevertheless, con-
ventional implant coatings often exhibit only a single antimicrobial or
anti-inflammatory function and lack sufficient osteogenic activity. For
example, during immediate implant placement following the extraction
of teeth affected by severe periodontitis, the buccal threads of implants
are frequently exposed without bone coverage, leading to implant
loosening and failure [22].

Bioactive molecules, such as osteogenic peptides, miRNAs, and an-
tibodies, are rapidly emerging in the application of bone regeneration
due to their excellent osteogenic functions [23-26]. Especially, para-
thyroid hormone (PTH) and parathyroid hormone-related protein
(PTHrP) have been proven to regulate calcium homeostasis, skeletal
development, and bone remodeling by activating the parathyroid hor-
mone 1 receptor (PTH1R) [27-29]. As an analog of PTHrP, abalopara-
tide (ABL) is a peptide containing 34 amino acids that has been approved
by the Food and Drug Administration (FDA) for treating osteoporosis as
a bone anabolic agent [30]. Although the receptor binding domain (the
first 21 amino acids) is identical in both molecules, ABL distinguishes
itself through strategic amino acid substitutions occurring between po-
sitions 22 and 34 of the PTHrP sequence, acquiring a higher degree of
stability [31]. The medication of ABL is a more economical approach,
with a price point lower than that of teriparatide (TPTD, PTH 1—34) for
the treatment of women at increased risk of fractures [32]. Additionally,
ABL has a relatively less propensity to promote bone resorption than
TPTD and shows a significantly lower incidence of hypercalcemia [33].
We have previously found that ABL outperforms TPTD in protecting
against alveolar bone loss in periodontitis [34], and the bioactive cal-
cium phosphorus nanoflowers loaded with ABL can promote alveolar
bone regeneration in the tooth extraction sockets [35]. However, the
current use of ABL is generally oral or by subcutaneous injection (the
half-life is about an hour or less) [36], which makes it challenging to
achieve an effective local concentration at the tissue engineering bone
repair interface. Moreover, the structural stability and bioactivity of ABL
are highly sensitive to the preparation process and applied
microenvironment.

Metal-phenolic networks (MPNs) have emerged as a versatile class of
self-assembled supramolecular materials, comprising polyphenol
building blocks and metal ions [37,38]. Our group and other researchers
have demonstrated that the inherent adherent properties of polyphenols
enable MPN deposition onto various materials, allowing for the rational
design of functional surfaces [39]. Furthermore, the catechol or galloyl
groups of MPNs provide high binding affinity through multiple in-
teractions (e.g., metal coordination, hydrogen bonding, and hydropho-
bic interaction) with diverse metals, biomacromolecules, membranes,
and living cells for functional achievements [40,41]. However, these
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previous studies have only explored the reversible interactions between
polyphenols and bioactive molecules [42], and these relatively weak
interactions, mediated by simple non-covalent hydrogen bonds or hy-
drophobic interaction, result in low loading capacity and non-desirable
rapid release from the MPN-functionalized surfaces [43,44].

To overcome the low network robustness and loading efficiency of
biotherapeutics, we obtained inspiration from the bionic design of the
zinc finger motif. The zinc finger motif, consisting of approximately 30
amino acids in a loop stabilized by Zn?* ion, is a common structural
motif in DNA-binding protein [45]. The characteristic motifs of amino
acid residues in peptide chains (4 Cys or 2 Cys and 2 His) coordinate
with Zn" to stabilize the a-helix structure within the motif. In this study,
we introduce an ABL-integrated Zn'tannic acid (TA)-constructed MPN
nanointerface for the multifunctional surface functionalization of bone
implants under bacterial infection, denoted as ABL@ZnTA. Given that
ABL peptide also possesses characteristic a-helical structures, the
MPN-coordinated Zn", mimicking a zinc finger motif, can maintain the
stability of ABL peptide within the Zn-TA nanocoating [46,47], thus
enhancing loading capacity and exhibiting excellent antimicrobial per-
formance [48]. In addition, the preservation of structural and functional
integrity can be further attributed to the multiple interactions, such as
hydrogen bonds, hydrophobic interactions, and ion interactions, be-
tween TA and ABL molecules. Importantly, the ABL@ZnTA nanointer-
face achieves precise modulation of staged osseointegration, enabled by
a fine balance between anti-inflammatory and immunomodulation
(Fig. 1A). Early macrophage phenotypic modulation and reduction of
inflammatory fibrous tissue encapsulation under bacterial infection lead
to the restoration of the normal metabolic state, building an optimal
osteo-immune microenvironment for direct bone formation at the sub-
sequent contact interface. Collectively, this biomimetically-designed
ABL@ZnTA demonstrates as a nano-enabled synergistic and balancing
strategy for implant infection defense and osteogenesis promotion in the
applications of trauma repair and immediate dental implantation.

2. Materials and methods
2.1. Fabrication of ABL@ZnTA assembly on Ti implants

Commercially pure Ti disks (#10 x 1 mm®) were used in this study.
The disks were cleaned in acetone, ethanol, and ultrapure water using
ultrasound in sequence. Next, the samples were placed in 850 pL of Milli-
Q water, followed by adding 50 pL of TA (10 mg/mL) and 100 pL of ABL
(10 mg/mL). The resulting mixture, containing ABL, TA, and Ti sub-
strate, was mixed vigorously using a vortex mixer for 5 s, then incubated
in an Eppendorf thermomixer at 4 °C and 1400 rpm for 4 h. The above
TA-ABL/Ti substrates were then slightly dried and gently rinsed in 1 mL
of Zinc sulfate solution (ZnSO4 0.3 mg/mL), which harvested
ABL@ZnTA/Ti substrates.

The surface topography of the substrates was analyzed using a
scanning electron microscope (SEM, JEOL JSM-7500 F, Japan).
Elemental mapping, including carbon (C), oxygen (O), nitrogen (N), and
zinc (Zn) elements, was performed using energy-dispersive X-ray spec-
trometry (EDS) equipped with the SEM machine. The wettability of
various substrates was determined using the water contact angle appa-
ratus (Zhongchen Digital Technic Apparatus Co., Shanghai), with 5 pL
RO water in each test. The elemental composition and chemical state of
TA-ABL and ABL@ZnTA surfaces were analyzed by Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Spec-
trum Two, PerkinElmer, USA) and X-ray photoelectron spectroscopy
(XPS, AXIS Supra, Kratos, USA). The methodology of release and
adhesion behavior and molecular dynamics simulations is described in
Supplementary materials.

2.2. Invitro experiment

MC3T3, a murine-derived osteoblast precursor cell line, and
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Fig. 1. Schematic illustration for the nanoengineering of the ABL@ZnTA nanointerface. (A) Clinical situations in which functional coatings can be applied, including
traumatic fractures and immediate dental implantation in bacterial infection microenvironment. (B) Preparation of the TA-ABL and ABL@ZnTA nanointerfaces on Ti
implants. (C) Multiple interactions between TA and ABL, and metal chelation between TA and Zn". (D) Osseointegration process on clinically used Ti implant through

anti-inflammation and immunomodulation against bacterial infection.

RAW264.7 cells, a murine-derived macrophage cell line, were gener-
ously provided by the State Key Laboratory of Oral Diseases, West China
Hospital of Stomatology. The cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) (HyClone, USA) supplemented with 10 % fetal
bovine serum (Gibco) and 1 % antibiotic solution of penicillin/strepto-
mycin (Gibco) at 37 °C in a humidified incubator with a 5 % CO; at-
mosphere. The cells were passaged through trypsinization once they
reached 80 % confluence. The culture media was changed every 2 d. The
methodology of compatibility evaluation, immuno-modulatory proper-
ties, anti-oxidative and reactive oxygen species (ROS) scavenging ca-
pacity, and osteogenic potential are described in Supplementary
materials. The cells were treated with 1 pg/mL lipopolysaccharides
(LPS) or Hy02 (200 pM) to induce inflammatory or excess ROS
microenvironment.

2.3. Antibacterial assessment

Staphylococcus aureus (S. aureus) was used in the present study. The
preservation solution of S. aureus was resuscitated in fresh Luria Broth
solution for 18 h while gently shaking at 150 rpm at 37 °C.
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Subsequently, the S. aureus suspension was diluted to 2 x 107 CFU/mL.
Then, 40 pL of the diluted bacterial suspension was seeded onto coated
Ti substrates (n = 3). The plates were incubated at 37 °C for 24 h. The
relative bacterial viability was determined using the agar plate dilution
method. The bacterial suspension was diluted 10-fold in LB. 30 pL of
bacterial diluent was spread over a solid Luria Broth agar (LBA) plate
and cultured at 37 °C overnight. The relative bacterial viability was
determined by counting the colony-forming units (CFUs) on LBA plates,
which was estimated by calculating the ratio of colony numbers in the
experimental group to those in the control group. All assays were per-
formed 3 times.

For morphological Characterization, S. aureus suspension was inoc-
ulated onto the Ti substrates and cultured overnight. After 24 h of cul-
ture, S. aureus was fixed with 2.5 % glutaraldehyde at 4 °C overnight.
Subsequently, the fixed samples were dehydrated with gradient ethanol
(30, 50, 75, 85, 95, and 100 %) for 15 min sequentially. Finally, the
bacteria were dried for further observation using SEM.
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2.4. In vivo experiment

The animal experiments were approved by the Research Ethics
Committee of West China Hospital of Stomatology, Sichuan University,
China (No. WCHSIRB-D-2023-362) and performed by the guidelines for
animal experimentation of the university/the Animal Research N3CRs
guidelines for Reporting of In Vivo Experiments (ARRIVE) guidelines. A
total of 36 male Sprague—Dawley rats (7-week-old, 150—170 g each)
were purchased from Dashuo (Chengdu, China). The rats were main-
tained in a specific pathogen-free (SPF) animal facility with a daily 12-h
day/night cycle and provided free access to food and water. The sample
size was calculated using power analysis, and a minimum of 4 rats was
required in each group at each time point (Supplementary materials).

After one week of adaptive feeding, the rats were randomly assigned
to 3 groups: the pristine Control group, the TA-ABL group, and the
ABL@ZnTA group. The Ti-6A1-4V implants (¢1.5 x 3 mm, sandblasted
and acid-etched) were used in the experiment. All the coated implants
were soaked in an S. aureus solution (106 CFU/mL) for 30 min. The rats
were anesthetized by intraperitoneal injection of sodium pentobarbital
to ensure analgesia in the surgical site. Following anesthesia, the hind
limbs were shaved, and surgical procedures were carried out aseptically.
A scalpel made a 10-mm incision on the inside of the knee joint, and then
the muscles, patellas, and associated ligaments were uncovered to
expose the femoral condyle cartilage. The implant cavity (#1.5 mm) was
created by a pilot drill of a dental hand-piece with the irrigation of
precooled sterilized physiological saline. Then, implants were gently
inserted into the drilled holes, and the soft tissues were sutured. To
prevent infection after surgery, penicillin (100,000 IU) was adminis-
tered via intramuscular injection. The evaluation of immune response,
biomechanical test and bone-to-implant contact, Micro-CT analysis, and
histomorphometry were conducted (Supplementary materials).

2.5. Statistical assessment

The data were presented as mean + SD. Statistical analysis was
performed using GraphPad Prism 8.0 software (GraphPad Software,
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Inc., CA, USA). All experiments were repeated at least 3 times, and
representative results were presented. Two-group differences were
assessed by Student’s t-test, while the differences among three or more
groups were assessed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey posthoc test for multiple comparisons, as detailed in the
respective figure legends. The P-values (*<0.05, **<0.01, ***<0.001)
indicate significant differences.

3. Results
3.1. Preparation and characterization of the ABL@ZnTA nanointerface

We successfully synthesized ABL@ZnTA nanointerfaces, as
confirmed by SEM, EDS mapping, contact angle, and XPS characteriza-
tions (Fig. 1B). SEM shows that TA-ABL and ABL@ZnTA coatings form a
rougher interface nearly uniformly covered with nanoparticles, which
facilitates the recruitment and adhesion of osteoblasts and immune cells
(Fig. 2A). Furthermore, Fig. 2B displays the characteristic elemental
signals of the surface, particularly the uniform distribution of the Zn
element from the MPN structure [49,50], and the presence of ABL
peptide is attributed to the N element [51].

Additionally, Fig. 2C illustrates that the TA-ABL and ABL@ZnTA
surfaces exhibit more excellent hydrophilicity than the pure Ti surfaces.
Fig. 2D shows that the phenolic hydroxyl vibrational band is observed
near 1192 cm™!. Additionally, peaks near 1040 and 1450 cm ™! corre-
spond to the C-OH vibrational band and the benzene ring framework,
respectively, confirming the presence of TA. Polyphenol-peptide in-
teractions alter the conformation of the peptide and induce spectral
changes in the amide I band at 1647 cm ™! (mainly C=0 stretch) and
amide II band at 1567 cm™! (C-N stretching coupled with N-H bending
modes). Besides, C, N, O, and Zn are detected on the surfaces in the XPS
spectra (Fig. 2E and F). Compared to the TA-ABL group, the N:C ratios
are higher in the ABL@ZnTA group, indicating more peptides on the
surface.

A Control TA-ABL ABL@ZnTA B | Elemental analysis C
,J 20+ Kkkk
Pure Ti e |
2
280
[y
6 -
3
" m ﬁ
O ,
0 (0\ P‘%\’ ’(P‘
?:
D E F
— TA-ABL — O1s — TA-ABL . TA-ABL
€y — ABL@ZnTA 2 | ABL@ZnTA @ — ABL@ZnTA
< o S | c1 = Zn2s
@ S g = | s S \
Q - = L ‘ N1s ’\ g
E 2 | “‘ 2
7] %) A N D
& g I -
= = i £
1600 1400 1200 1000 600 500 400 300 1028 1024 1020 1016

Wavenumber (cm™)

Binding Energy (eV)

Binding Energy (E) (eV)

Fig. 2. Characterization of the TA-ABL and ABL@ZnTA nanointerfaces. (A) Micromorphology of the TA-ABL and ABL@ZnTA coatings measured by SEM. (B) EDS
including C, N, O, and Zn of the ABL@ZnTA coating. The Zn signal from the elemental analysis indicates the formation of the metal-phenolic network on the
ABL@ZnTA nanointerface. (C) Static water contact angle of the sample surfaces. (D) ATR-FTIR of the TA-ABL and ABL@ZnTA surfaces. XPS broad spectra (E) and
high-resolution XPS spectra of Zn2s (F) of the TA-ABL and ABL@ZnTA nanointerfaces.
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3.2. Sustained release property and molecular mechanism of interactions

Fig. 3A shows that, though the introduction of TA leads to a decrease
in peak intensity, the a-helix structure of ABL maintains after the
polyphenol functionalization [52]. Both TA-ABL and ABL@ZnTA coat-
ings exhibit long-term release behavior of ABL peptides (Fig. 3B). The
cumulated dose of the ABL@ZnTA coating is 1.36 times higher than that
of the TA-ABL coating, indicating the ability to anchor and stabilize
more peptides, but remained at microdose with no apparent burst
release. The loading efficiency of ABL, TA, and Zn" in the ABL@ZnTA
group is provided in Fig. S1A, and the coating disassembly is mainly by
destroying ionic interaction in Fig. S1B. The remaining coating is still
observed at 21 d, especially in the ABL@ZnTA/Ti implant (Fig. 3C). The
Young’s modulus and hardness of TA-ABL and ABL@ZnTA coatings are
shown in Fig. S2, exhibiting similar mechanical strength with cancellous
bone around the implant [53].

Fig. 3D shows the multiple dynamic interactions among TA, ABL, and
Zn", indicating many non-covalent bonds, such as electrostatic inter-
action, hydrogen bond, cation-r, and hydrophobic interaction. Visuali-
zation of the simulation trajectory for the docking conformation of TA
and ABL is shown in the Supporting Information. When the system
reaches equilibration, the TA and ABL molecules are closely overlapped
compared to their start states, suggesting that solid interactions have
formed between the TA molecule and the ABL peptide (Figs. 1C and 3D).
The simulated root mean square deviation (RMSD) is shown in the top
right corner of Fig. 3D. RMSD values are stable after 100 ns, indicating
that the complex conformation is also stable and the simulation reaches
equilibrium. Thus, 100—200 ns simulation trajectories are used for
subsequent energy calculation and analysis. The bottom right corner of
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Fig. 3D shows the absolute value of the Calculation of Receptor-Ligand
binding free Energy using the MMPBSA method. The negative ATOTAL
value indicates that the acceptor ABL peptide and the ligand TA can
indeed bind. Fig. 3E shows the representative interactions between TA
and ABL peptides. The electrostatic interaction (—136.15 + 6.94 kcal/
mol) and hydrogen bond (—80.98 + 4.46 kcal/mol) are found to be the
two main intermolecular interactions between TA and ABL, which ac-
counts for 93.9 %, demonstrating the robust interactions between
phenolic hydroxyl from TA and amide group from ABL peptide.
Consequently, the phenolic-coordinated Zn" found in ABL@ZnTA
functions similarly to a zinc finger motif, co-stabilizing ABL peptide
through various molecular interactions. This synergy facilitates height-
ened bioactivity, substantial loading capacity, and sustained release of
ABL over an extended period.

3.3. Biocompatibility, anti-inflammatory, and immunomodulatory
activity

The biocompatibility of the ABL@ZnTA coating was evaluated by
initial adhesion activity and cell viability [54]. The confocal laser
scanning microscopy (CLSM), SEM, Live/Dead cell staining, and cell
counting kit 8 (CCK-8) showed the surfaces show no toxicity to MC3T3
and RAW264.7 cells under the physiology condition (Fig. 4A—C and
Fig. S3).

Fig. 4D is a mechanistic map of immunomodulation. The quantita-
tive real-time polymerase chain reaction (QRT-PCR) results reveal that
the TA-ABL and ABL@ZnTA coatings decrease the expression of nitric
oxide synthase (iNOS), tumor necrosis factor-a (TNF-q), and interleukin
15 (IL-15) mRNA while promoting the gene expression of interleukin 4

A ~ B
10— ¢ Ptt)_lyphlt_an?(! S — e Surface morphology of remained coating -
o unctionalization < Cumulative 136 i
E 5+ E 5 release ratio 1.0 PBS TAABL ABL@ZnTA
=3 —
E 0l 34 0005 1.0 15 ';§
o © > gy
5 g 3 og
S -5 2, | S S ¢ Slow
© [} bt release R
:_35-10- — Native ABL 4 8 TA-ABL P ) = ST
i m 4 — :
25 ABL with TA Q | ABL@ZNTA - O3 o
o 200 220 240 260 01 2 3 4 5 6 a8 0 Hm.,
Wavelength (nm) Time (days) i
D Multiple dynamic interactions E Representative interactions
= ~_ Electrostatic MyAroasT Bord.
Metal chelation £08 interaction ydrog
o 9) - / ‘ . a s
Hydrogen bond °p = P« — £
. u_“z:_\.. 00 i g:t.\ ) BN
Hydrophobic ~ *=*. oA o Y0 160 200 3 > \’
interaction  w_{ Time (ns) M2« * R
HO, OH " (\6 \ y
p% r@(, S Hydrophob
HO, = 0% 0%, & o . ydrophobic
" " o A SN S - | _
o j?’ on ‘e BS D‘?’\e W e Callonz interaction
HO, : = © -~
H b o -50 g
) x oM Oom,‘@\k 5:(2 5_1 00 b
Cation-n o 22
interaction Electrostatic & @ 450
interaction %)

Fig. 3. Sustained release property and molecular mechanism of multiple interactions. (A) Circular dichroism spectroscopy of native ABL and TA-ABL complex. The
a-helix structure of the ABL peptide is maintained. (B) Release kinetics of ABL peptide over 6 days in PBS. Both TA-ABL and ABL@ZnTA coatings achieve satisfactory
release of ABL, and the accumulated dose of the ABL@ZnTA coating is 1.36 times higher than that of the TA-ABL coating. (C) SEM of the coated Ti samples after
soaking in PBS for 7 and 21 days. The remaining coating is still observed, especially in the ABL@ZnTA/Ti implant. (D) Left: Schematic diagram of the multiple
dynamic interactions among TA, ABL, and Zn". Right: RMSD of the simulated trajectory and the absolute value of Calculation of Receptor-Ligand binding free energy
of different interactions. (E) Four representative interactions between TA and ABL peptide. To differentiate the various components, the TA molecules, the amide
group on ABL (labeled gray), and the interaction forces are marked in blue, green, and violet, respectively.
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Fig. 4. Biocompatibility, anti-inflammatory, and immunomodulatory activity of the ABL@ZnTA nanointerface. (A) CLSM and SEM observation of MC3T3 and
RAW264.7 cells morphology seeded on with various coatings for 2 days. Nucleus and cellular actin filaments of cells are labeled with the DAPI (blue) and FITC
(green). The arrowheads represent the cellular pseudopodia. For SEM, the MC3T3 cells are pseudo-colored to yellow and RAW264.7 to blue for visual observation.
(B) Calcein-AM/PI double staining of RAW264.7 cells for 2 days (Calcein AM-positive cells, green; PI-positive cells, red); semi-quantitative analysis of the proportion
of live and dead cells in the top left of images. (C) CCK-8 results of RAW264.7 cells for 2 and 3 days. (D) Schematic diagram of macrophage polarization under LPS/
H,0, stimulus and subsequent effect on osteogenesis. (E and F) Relative mRNA expression of M1 and M2-related genes in macrophage under stimulation of 1 pg/mL
LPS detected for 2 days by qRT-PCR analysis, n = 3. (G) Inmunofluorescence of iNOS and CD206 of macrophage under 1 pg/mL LPS stimulation for 2 days. (H) CCK-
8 result of macrophages on the ABL@ZnTA coating of different concentrations stimulated with H,O, (200 pM) for 12 h, n = 3. (I-K) Representative fluorescence
images and quantification of DCFH-DA, CellRox, and CellTracker staining for intracellular ROS stimulated with H,O5 (200 pM) for 2 h, n = 3. (L) Total antioxidant
capacity with ABTS method result of extracellular ROS for 1 day, n = 5. Data are presented as mean + SD. Statistical significance was calculated via one-way ANOVA
\Lvith Tukey posthoc test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).
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Fig. 5. Enhanced osteogenesis and osteoimmunomodulation of the ABL@ZnTA nanointerface in vitro. (A) Schematic diagram of osteogenic differentiation evalu-
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seeded on the culture plate and incubated in a macrophage-conditioned medium stimulated with H,O,. (B) Relative mRNA expression of osteogenesis-related genes
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posthoc test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).

570



L. Xu et al.

(IL-4), interleukin 10 (IL-10), and transforming growth factor-s (TGF-f)
(Fig. 4E and F). There is no difference in the immunomodulatory effect
between the TA-ABL and ABL@ZnTA nanointerfaces. Besides, the
immunofluorescence results (Fig. 4G) show that the functional coatings
inhibit the M1 phenotype marker iNOS protein expression and promote
the M2 phenotype marker CD206 protein expression.

As shown in Fig. 4H, the cell viability is restored by more than 75 %
in all ABL@ZnTA coatings of various concentrations, especially the
ABL@ZnTA 100 and 200 groups. Combined with previous experimental
results, the ABL@ZnTA 100 was used in the following experiments.
Besides, as shown in Fig. 4I and J, the nano-coating groups show
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fluorescence reduction compared with the control group of DCFH-DA.
Besides, the TA-ABL and ABL@ZnTA exhibit a drastic scavenging abil-
ity on cellular ROS accumulation, with the mean fluorescence intensity
of CellRox green staining reduced in half compared to the Control +
H20, group (Fig. 41 and K). In addition, for the micro-environmental
ROS scavenging capacity, the Trolox-Equivalent Antioxidant Capacity
of the TA-ABL and ABL@ZnTA coatings is higher than that of the control
group, near 1 mM (Fig. 4L and Fig. S4). The anti-inflammatory and anti-
oxidative stress effects primarily stem from the phenolic hydroxyl
groups in polyphenols. Consequently, both TA-ABL and ABL@ZnTA
groups demonstrate favorable outcomes in conditions characterized by
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Fig. 6. Early anti-inflammatory and immune modulation of ABL@ZnTA nanointerface in vivo. (A) Schematic illustration of the study timeline. (B) SEM of the
sandblasted acid etching Ti implant surface after functionalized modification. (C) Serum TNF-a level at 3 days, n = 3. (D) H&E staining of the peri-implant area at 3
days (asterisks, inflammatory cell infiltrate; arrowheads, newborn osteoid). Immunohistochemistry and semi-quantitative analysis of the positive cell number of M1
marker iNOS (E and F) and M2 marker CD206 (G and H) at 3 days, n = 4 (arrowheads indicate the positive area). Data are presented as mean + SD. Statistical
significance is calculated via one-way ANOVA with Tukey posthoc test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).
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inflammation or elevated levels of ROS.
3.4. Enhanced osteogenesis and osteoimmunomodulation in vitro

Fig. 5A shows the schematic diagram of osteogenic differentiation in
inflammatory or excess oxidative stress conditions. Compared with the
control group, the osteoblasts cultured on the ABL@ZnTA group exhibit
the highest mRNA levels under LPS-stimulated conditions (Fig. 5B),
including runt-related transcription factor 2 (RUNX 2), alkaline phos-
phatase (ALP), and collagen type 1 (COL 1). To further evaluate the
osteoimmune responses and antioxidation of phenolic-peptide coating,
MC3T3 cells were seeded in the culture plate and incubated in a
macrophage-conditioned medium with HyOs. The results confirm that
both TA-ABL and ABL@ZnTA coatings show satisfactory immuno-
osteogenesis effects and antioxygenic properties. Besides, the osteoim-
munomodulation capacity is ameliorated when the Zn element is
incorporated.

There is almost no visual difference in Ti disks among the samples on
day 0. Fig. 5D reveals that ALP expression is darker and denser in the
ABL@ZnTA group than in the control group, implying excellent poten-
tial for early osteogenic differentiation. After 14 and 21 d of osteogenic
differentiation, the control group shows few scattered calcium nodules,
while the ABL@ZnTA group displays a significant increase in calcium
nodules, which is further validated by the quantitative analysis of aliz-
arin red S (ARS) (Fig. 5E) [55]. SEM result of surface morphology is
shown in Fig. 5F and Fig. S5. There is slightly more calcium deposition at
3 d, but evident granular or crumby calcium-phosphate mineralized
products are formed at 40 d in the ABL@ZnTA coating.

Fig. 5G shows the diagram of the antibacterial properties of coated Ti
implants. The CFUs of S. aureus are prominent on LBA plates in the
control group. At the same time, the density and colonies of the bacteria
decrease dramatically on the ABL@ZnTA surface (Fig. 5H and I).
Meanwhile, the morphology of S. aureus is presented at the bottom of
Fig. 5H. It exhibits a relatively smooth and integrated surface in a uni-
form spherical shape on the pure Ti disk, while the rough surface with a
lot of wrinkles in an irregular shape in the ABL@ZnTA group, indicating
that the ABL@ZnTA coating inhibits bacteria growth to some extent via
contact killing mode.

3.5. Early anti-inflammatory and immune modulation of the ABL@ZnTA
nanointerface in bacterial infection microenvironment

We established a femoral bone defect model with S. aureus infection
(Fig. 6A). The SEM result shows that the coatings can be successfully
loaded on the porous surface (Fig. 6B). Bone metabolism spans a lengthy
timeline, starting from an early phase of mechanical stability—under-
scored by initial implant-bone contact and an immediate inflammatory
reaction—leading into a prolonged phase of biological stability, marked
by the healing and remodeling of bone tissue. Thus, a 28-day observa-
tion period is commonly selected to assess long-term stability in rat bone
defect and implantation studies. Serum TNF-a levels significantly
increased in the control group, were moderately elevated in the TA-ABL
group, and were lowest in the ABL@ZnTA group, indicating the early
anti-inflammatory effect of the coating. As shown in Fig. 6D of hema-
toxylin & eosin (H&E) staining, after 3 d of S. aureus infection, the peri-
implant area is dominated by fibrous tissue, which forms immature
woven bone. A large amount of osteoid and immature trabecular bone is
evident in the ABL@ZnTA group, and inflammatory cells are rare,
indicating the excellent antibacterial and anti-inflammatory effects of
TA and Zn?".

The results show a significant increase in iNOS™ expression in the
control group, suggesting an increase in macrophage M1 polarization
and a marked inflammatory response around the implant under infected
conditions. A few iNOS" macrophages exist in the TA-ABL group,
whereas iNOS™ expression is almost invisible in the ABL@ZnTA group
(Fig. 6E and F). Besides, the expression of CD206" cells is virtually
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invisible in the control group, indicating very little M2 polarization of
macrophages (Fig. 6G and H). A small amount of CD206" expression is
seen in the TA-ABL group. In contrast, CD206™ expression significantly
increases in the ABL@ZnTA group, presumably due to the synergistic
effect of TA and Zn, resulting in the phenotypic transformation of
macrophages.

3.6. Enhanced osseointegration strength and osteogenesis promotion in
bacterial infection microenvironment

Fig. 7A displays the representative load-displacement curves and
corresponding average maximum push-out force (Fmax). After func-
tional modification, however, the Fmax of ABL@ZnTA increases sharply
to 28.52 + 4.63 N, much higher than those of the control (4.93 + 1.42
N) and TA-ABL (13.48 + 7.36 N) groups. According to the SEM analysis,
the regenerated bone tissue has permeated the implants, as indicated by
some micropores filling with the new bone tissues. The porous structure
is visible around the control implant, suggesting less bone tissue
covering the surface and explaining why implants in the control group
are more accessible to push out. The newly formed bone tissue sur-
rounding the TA-ABL and ABL@ZnTA implants is drastically more
extensive and denser, but the latter is almost wrapped with more regular
and thicker freshly formed bone tissues. EDS mapping results show
phosphorus deposits on the TA-ABL surface, while the ABL@ZnTA
coating exhibits a significant increase in both calcium and phosphorus,
suggesting extensive calcified matrix development.

The regenerated bone quality and quantity around the implants 28
d after implantation were reconstructed and analyzed through Micro-
CT. Larger bone volume and a higher bone-implant contact area are
found around the TA-ABL and ABL@ZnTA nanointerfaces (Fig. 7C). The
quantitative Micro-CT analysis coupled with corresponding images of
new trabecular bone exhibits that the trabecular bone number (Tb.N)
and trabecular bone thickness (Tb.Th) increase in both coated implants
(Fig. 7D and Fig. S6). To analyze the osseointegration further, hard
tissue section staining of Methylene blue magenta was operated on in
our study. In Fig. 7E, a thin new tissue layer around the implant is dis-
played in the control group. More uniform and continuous new bone is
found and tightly connected with the modified implants, especially for
the ABL@ZnTA implants.

Fig. 7F shows some fibrous tissue and sparse bone trabeculae around
the bone-implant interface in the control group, while a small amount of
woven bone is observed in the TA-ABL group. In the ABL@ZnTA group,
there is a significant increase of lamellar bone tightly integrated onto the
coated implant, with bone trabeculae structurally regular and aligned,
and abundant neovascularization is observed. This was further verified
by Masson’s Trichrome staining (Fig. 7G and H) [56], which shows that
most of the control group is aged bone tissue (stained red), probably due
to infection and inflammation. In the ABL@ZnTA group, the network of
collagen fibers is evident, and there is a significant increase in new bone
formation (stained blue). The bottom of Fig. 7G and I shows significantly
higher expression in the ABL@ZnTA group than the control group,
indicating higher osteogenic activity and appealing osseointegration of
functional coating. As shown in Fig. S7, there is no significant difference
in the number of TRAPT osteoclasts at the peri-implant or periphery
periosteum, suggesting that the coating does not affect osteoclastic ac-
tivity. In addition, H&E staining of the internal organs shows no statis-
tical difference (Fig. S8).

4. Discussion

We developed a multifunctional implant nanocoating through the
engineering of an integrative peptide-metal-phenolic network inspired
by the structure of the zinc finger motif. The potential advantage of the
nanointerface is the versatility to modify various implants made from
metals, ceramics, and polymers [57]. To understand the bonding
mechanisms of the phenolic-peptide network, TA molecules coordinate
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Fig. 7. Enhanced osseointegration strength and osteogenesis promotion in the long term. (A) Schematic diagram of the biomechanical push-out test and load-
displacement curves of the implants at 28 days, n = 3. (B) Representative images of new bone tissue attachment to the implant interface at 28 days by SEM and
EDS mapping (arrowheads indicate the calcified tissue). (C) Representative images of the three-dimensional reconstructed Micro-CT images and Tb.Th of newborn
bone at 28 days (arrowheads indicate the new bone formation). (D) Quantitative analysis of Micro-CT data including Tb.N, Tb.Th, Tb.Sp, and BV/TV, n = 4. (E) Bone-
implant interface by hard tissue sections stained with Methylene blue magenta (arrowheads indicate new bone in direct contact with the implant). (F) Histological
examination of H&E staining (arrowheads indicate the new blood vessels in the peri-implant area). (G) Evaluation of osteogenic differentiation by Masson’s Tri-
chrome staining (blue, new bone, labeled by yellow arrowheads; red, mature bone); and immunohistochemistry of osteogenic marker (arrowheads indicate the
positive area of COL 1), and corresponding semi-quantitative analysis, n = 4 (H and I). Data are presented as mean =+ SD. Statistical significance was calculated via
one-way ANOVA with Tukey posthoc test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).

with Zn' ions to form a metal-phenolic supramolecular network due to
abundant galloyl groups [58]. Two galloyl groups from TA can react
with each central Zn" to create a stable octahedral complex. This allows
each TA molecule to react with several Zn" centers to anchor the
second-generation anabolic drug for treating osteoporosis, ABL. The
ABL@ZnTA nanointerface is mainly formed by reversible and
non-covalent interaction in self-assembly, which is conducive to
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maintaining the bioactivity and stability of ABL.

The mechanical properties of MPN generally range between 3 and 10
Gpa [59]. In the ABL@ZnTA system, MPN demonstrates the capability to
form a comparatively more robust network than that achieved through
traditional layer deposition modification techniques [60]. This un-
derscores its potential to resist frictional forces encountered during the
implantation process, particularly in the implantation of dental implants
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or orthodontic microscrews.

Implant-associated infections contribute to chronic inflammation
and increased risk of implant failure due to mixed pro/anti-
inflammatory responses and microbial contamination [61,62]. Be-
sides, bacterial phagocytosis can continuously activate the immune
response and M1-type macrophages, which affects osteogenesis [63,64].
Macrophages are essential in the early inflammatory response but can
remain in a prolonged ’frustrated phagocytosis’ state, unable to resolve
the chronic inflammation effectively [65]. The result proves that the
ABL@ZnTA coating exhibits excellent performance in the immunomo-
dulation of macrophage phenotype, osteogenic differentiation, and in-
hibition of pathogenic bacterial growth during the perioperatively.

Device-associated infections result from bacterial adherence and
subsequent biofilm formation at the implant site [66]. Preventing bac-
terial attachment and proliferation on implants during the perioperative
period is crucial to ensure successful implantation in the short term [67].
The antibacterial effectiveness of ABL@ZnTA surfaces was specifically
assessed against S. aureus due to its common association with
Gram-positive staphylococcal infections, particularly in surgical trauma
repair scenarios [68,69]. Zinc ions bind to bacterial enzymes’ active
sites, modifying their structures and hindering pathogen functions [70].
Acidic conditions weaken metal-phenolic interactions, causing zinc
dissociation [71]. In the mildly acidic environment of infections (pH =
4.5—6.5), due to bacterial metabolism and the host’s immune response,
early zinc release from the metal-phenolic network enhances antibac-
terial activity in the initial stages.

Intermittent administration of TPTD has been shown to enhance
bone density, yet its continuous and excessive presence results in bone
resorption [72]. This biphasic effect of parathyroid hormone analogs is
influenced by the interaction dynamics with varying states of its re-
ceptor (PTH-PTH1R) and dosing regimen [73]. Despite its inherent
instability, PTHrP fosters bone regeneration while inducing lower levels
of bone resorption and less pronounced hypercalcemic effects than
TPTD, primarily due to its quicker dissociation of PTHrP-PTH1R than
PTH-PTH1R [74]. In pursuit of augmenting the stability of TPTD and
PTHrP, researchers have synthesized the ABL peptides, effectively
extending the anabolic window and mitigating the hypercalcemic ten-
dencies. Besides, the daily release does not exceed 4 pg/mL over the
initial 3 days, ensuring that no marked osteoclastic activity is induced,
even in the early stages [75]. It may be due to the excellent slow-release
effect, releasing peptide microdose in the local area, providing a guar-
antee for long-term osteogenesis without stimulating bone resorption,
and co-constructing bone homeostatic equilibrium.

5. Conclusion

In summary, we have innovated a zinc finger-inspired MPN-based
nanointerface at the bone-implant interface, designated as ABL@ZnTA.
This multifunctional nanocoating, constructed by natural polyphenols,
osteogenic peptide ABL, and Zn?* ions, establishes a new paradigm of
nanotechnology for implant surface functionalization. The ABL@ZnTA
nanocoating not only ensures the stability of the ABL peptides through
robust multiple molecular interactions with phenolic groups but also
leverages the coordinated Zn" to mimic the Zn finger motif. The
ABL@ZnTA nanointerface has shown promising performance in the
enhancement of bone-implant osseointegration within a challenging
bacterial infection microenvironment. More importantly, ABL@ZnTA
successfully overcomes the great difficulty in balancing inflammation
mitigation and immunomodulation, thus creating a synergistic and
balancing strategy for implant infection defense and osteogenesis pro-
motion for early internal fixation of traumatic fractures and immediate
dental implantation.
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