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Bacterial infection and delayed osseointegration are two major challenges for titanium-based orthopedic im-
plants. In the present study, we developed a functionalized titanium implant Ti-M@A by immobilizing antimi-
crobial peptide (AMP) HHC36-loaded diselenide-bridged mesoporous silica nanoparticles (MSNs) on the surface,

Ei‘rl;m}?a o which showed good long-term and mechanical stability. The functionalized implants can realize the sustained
o PUABES release of AMP over 30 days and exhibit over 95.71 % antimicrobial activity against four types of clinical
sseointegration

bacteria (S. aureus, E. coli, P. aeruginosa and MRSA), which arose from the capability to destroy the bacterial
membranes. Moreover, Ti-M@A can efficiently inhibit the biofilm formation of the bacteria. The functionalized
implants can also significantly promote the osteogenic differentiation of mouse bone marrow-derived mesenchymal
stem cells (nBMSCs) because of the Se in MSNs. Notably, it can trigger macrophages toward M2 polarization in
vitro by scavenging ROS in LPS-activated macrophages. Consequently, in vivo assays with infection and non-
infection bone defect models demonstrated that such bioactive implants can not only kill over 98.82 % of
S. aureus, but also promote osseointegration. Hence, this study provides a combined strategy to resolve bacterial
infection and delayed osseointegration for titanium implants.

1. Introduction disability, sepsis and even patient death [10-12]. Once infection occurs,

pathogens tend to accumulate on the implant surface and form biofilms

Titanium-based materials have been widely used as orthopedic im-
plants in the clinic [1] due to their excellent mechanical properties [2],
biocompatibility [3] and corrosion resistance [4]. However, bacterial
infection and delayed osseointegration are still two major problems that
remain with the use of titanium implants due to their bioinert surface
[5]. Biomaterial-associated infection (BAI) is a serious global problem
[6,71, accounting for 4 %-15 % of nosocomial infections worldwide [8,
9]. BAIs have serious consequences, including surgical failure,

to protect themselves from immune defenses and environmental pres-
sure [13]. Therefore, it is extremely difficult to treat bacterial infections
of implants. On the other hand, delayed osseointegration can lead to
loosening, accompanied by the production of wear particles to trigger
inflammatory reactions and bacterial infection [14]. It has been re-
ported that approximately 18 % of clinical implant failures are caused by
aseptic loosening [15]. Notably, these two problems, i.e., bacterial
infection and delayed osseointegration, reinforce each other and
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together lead to a high rate of implant failure.

Functionalizing the implant surface is an efficient strategy to over-
come these problems. To prevent bacterial infection, various antibac-
terial agents can be immobilized on the implant surface. Common
incorporated agents include metal ions/nanoparticles (e.g., silver, cop-
per, zinc or gold) [16-19] and antibiotics (e.g., cephalothin, carbeni-
cillin, amoxicillin or vancomycin) [20-23]. However, the potential
toxicity of metals and drug resistance of antibiotics limit their applica-
tion. Recently, antimicrobial peptides (AMPs) have become promising
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candidates because of their broad-spectrum antibacterial properties and
low drug resistance [24-26]. In particular, some short AMPs, e.g., the
rationally designed peptide HHC36 (sequence:
Lys-Arg-Trp-Trp-Lys-Trp-Trp-Arg-Arg), exhibited excellent antibacterial
activity against common clinical bacteria [27,28]. Increasing physical
and chemical methods have been developed to anchor AMPs onto tita-
nium implant surfaces [27,29], such as physical adsorption [30] and
covalent binding [31-33]. On the one hand, the physical adsorption
method may not be effective for an extended period of time due to the
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Fig. 1. Characterization of the functionalized titanium surfaces. (a) Schematic diagram showing the preparation process of the functionalized titanium implant. (b)
TEM image of MSNs. (c) Nitrogen adsorption-desorption isotherms and (d) pore size distribution of MSNs. (e) SEM images and (f) fluorescent images of different
functionalized surfaces. (g) The quantitative results of the mean fluorescent intensity (MFI) on the indicated surfaces. (h) The drug release curves of AMPs from Ti-
M@A200 in PBS. (i) The drug release curves of AMPs from Ti-M@A200 in switched microenvironments between PBS and H,0,. The periods with blue color were in
PBS, and those with orange color were in PBS containing 100 pM H,0,. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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poor stability of the adsorbed AMP, and the burst release of such cationic
peptides in the early stage may cause unwanted cytotoxicity. On the
other hand, the covalent binding method is difficult to control the
grafting efficiency, and the exposed AMPs on the surface are susceptible
to enzymatic degradation [34]. Thus, controlled AMP delivery remains a
challenge in titanium-based biomaterials. Therefore, the tailored design
of sophisticated titanium surfaces should be able to realize the
controllable and long-term activity of AMPs, thus achieving maximal
antibacterial effects with minimal side effects.

Bioactive materials exhibit advantages in immune bioactivities by
regulating cell behaviors and functions [35-37]. A common strategy to
regulate osteogenic properties is to integrate bioactive factors with im-
plants. Selenium (Se) is an essential element in the human body and
plays regulatory roles in osteogenesis, inflammation and so on [38,39].
Se can protect stem cells from osteogenic differentiation inhibition and
improve osteogenic activity by inhibiting oxidative stress [40]. Beyond
regulating inflammation and osseointegration, Se-containing bioactive
materials have been employed as redox-responsive carriers for the
controlled delivery of biomolecules [41]. With these findings in mind,
we hypothesized that the Se-assisted functionalization of titanium im-
plants might integrate on-demand AMP release and regulation of
inflammation and osseointegration for efficient and safe regenerative
medicine applications.

In this study, we developed a bioactive titanium implant by
anchoring the AMP of HHC36 and Se on the surface for their anti-
infection, anti-inflammation and pro-osseointegration effects (Fig. 1a).
First, we immobilized diselenide-bridged mesoporous silica nano-
particles (MSNs) as a carrier with HHC36 on a titanium surface through
silica coupling agents. We investigated the antimicrobial activity of the
functionalized implant against four clinical bacteria (Staphylococcus
aureus (S. aureus), Escherichia coli (E. coli), Pseudomonas aeruginosa
(P. aeruginosa) and methicillin-resistant S. aureus (MRSA)). Next, we
evaluated the influence of the implant on the osteogenic activity to
mouse bone marrow-derived mesenchymal stem cells (mBMSCs) and the
polarization of RAW 264.7 macrophages in vitro, along with the regen-
erative effect in a New Zealand rabbit bone defect model in vivo. Our
study provides a proof of concept for the employment of bioactive
functionalization to overcome bacterial infection and dysregulated
inflammation for effective implant osseointegration.

2. Experimental section
2.1. Materials

Titanium (Ti) wafers (5 x 5 x 0.1 and 10 x 10 x 0.1 mm®) and rods
(p 2 mm x 6 mm) were purchased from Chenhui Metal Ltd. (Baoji,
China). The peptides were synthesized by Qiangyao Biotechnology Co.,
Ltd. (Shanghai, China). y-Aminopropyl triethoxysilane (APTS) was
purchased from Sigma-Aldrich. (Missouri, USA). Sodium hydroxide
(NaOH) and ethanol were purchased from Guangdong Reagent Tech-
nology Co., Ltd. (Zhaoqing, China). Phosphate-buffered saline (PBS) was
obtained from ThermoFisher Biochemical Products Co., Ltd. (Beijing,
China). LB agar, nutrient broth and tryptic soy broth were purchased
from Guangzhou Huankai Microbial Sci. & Tech. Co., Ltd. (Guangzhou,
China). Staphylococcus aureus (S. aureus, ATCC 6538P), Escherichia coli
(E. coli, ATCC 8739), Pseudomonas aeruginosa (P. aeruginosa, ATCC
15442) and methicillin-resistant Staphylococcus aureus (MRSA, ATCC
43300) were purchased from Guangdong Microbial Culture Collection
Center (Guangzhou, China). Micro BCA assay kit, fetal bovine serum
(FBS) and 0.25 % trypsin were obtained from ThermoFisher Biochemical
Products Co., Ltd. (Beijing, China). BCA Protein Assay kit was purchased
from Lead Biotech (Guangzhou, China). Alkaline phosphatase assay kit
and DAPI were purchased from Beyotime Biotechnology Ltd. (Guangz-
hou, China). F-actin was purchased from AAT Bioquest (California,
USA). Triton X-100 was purchased from Invitrogen (California, USA).
Hexadecylpyridinium chloride was purchased from Sigma-Aldrich (St
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Louis, USA). Trizol reagent with RNA extract kit was purchased from
Invitrogen (Carlsbad, USA). Reverse transcription kit and reverse/for-
ward primers were purchased from TAKARA (Kyoto, Japan). Basal
medium with r-glutamine (1 %) and penicillin/streptomycin (1 %), and
mouse bone marrow-derived mesenchymal stem cells (mBMSCs) were pur-
chased from Cyagen Ltd. (Guangzhou, China). Macrophages RAW 264.7
cells were purchased from Yuanjing Biotechnology Ltd. (Guangzhou,
China).

2.2. Preparation and characterization of MSN@AMP

The bis[3-(triethoxysilyl)propyl] diselenide (BTESePD) was synthe-
sized as reported in our previous work [41-43]. The MSN nanoparticles
were synthesized via a modified sol-gel method. First, 0.6 g of cetyl-
trimethylammonium tosylate (CTAT) was dissolved in 40 mL of water as
the structure-directing agent. Then, 0.15 g of triethanolamine (TEAH3)
was used as the alkaline catalyst, and the solution was continuously
stirred at 80 °C for 30 min. A mixture of 3.0 g tetraethyl orthosilicate
(TEOS) and 2.0 g BTESePD was added dropwise to the above solution
and stirred for another 4 h. The obtained MSNs were centrifuged,
washed with ethanol, and refluxed in an ethanol solution of NH4NO3 to
remove CTAT.

For AMP loading, the MSNs and AMPs were suspended in 95 %
ethanol with different mass ratios of MSN to drug. The mixture was
continuously shaken at 500 rpm for 24 h. The AMP-loaded MSNs (M@A)
were washed and collected for further applications.

The loading content of AMP was analyzed by a Micro BCA assay [44].
In brief, the supernatant after centrifugation was treated with the
working reagent of the Micro BCA assay kit (MA:MB:MC = 25:24:1).
Then, the systems were incubated in the dark at 37 °C for 2 h. The
absorbance of the incubation solution at 562 nm was measured by a
microplate reader (Varioskan Flash, Thermo, USA). The supernatant
concentration of the AMP was calculated according to a fitted standard
curve. The loading capacity (LC) of MSN was calculated as follows:

LC % = (Total drug — supernatant content)/AMP loading MSN mass
x 100 %

The morphologies of MSN nanoparticles were characterized by
Transmission Electron Microscope (TEM, JEM-2100F, JEOL, Japan) and
Scanning Electron Microscope (SEM, JSM6330F, JEOL, Japan). The
hydrodynamic diameter and zeta potential of the MSNs and M@A in
water were characterized by a Nano-ZS 90 Nanosizer (Malvern In-
struments, Worcestershire, UK). The specific surface areas and pore size
distributions were evaluated and calculated by the Brunauer—-Emmett-
Teller (BET) and Barrett-Joyner—Halenda (BJH) methods, measured by
an automatic gas adsorption analyzer (Autosorb iQ, Anton Paconta
Technology, USA). XPS assays were performed on a spectrometer
(ThermoFisher ESCALAB Xi+) using an Al Ka (1486.4 eV and 650 pm
spot size) radiation source. The analyzer pass energy was set at 100 eV
for survey scans and at 40 eV for high-resolution scans.

2.3. Preparation and characterization of the functionalized titanium (Ti)
surfaces

Ti wafers were cleaned by sonicating for 15 min in ethanol and 15
min in deionized water. To obtain hydroxyl-modified titanium (Ti-OH),
Ti wafers were treated with 5 M NaOH solution at 60 °C for 24 h. The
samples were washed with distilled water for 3 times and dried in ni-
trogen. For the preparation of functionalized Ti wafers, Ti-OH sub-
strates were subsequently soaked in 95 % ethanol solution containing
APTS (1 mg/mL), or 95 % ethanol solution containing APTS (1 mg/mL)
and M or M@A with different concentrations (25, 50, 100, 200, 300 pg/
mL) at 50 °C for 12 h. The functionalized samples were referred to as
Ti-S, Ti-M and Ti-M@A, respectively.

FITC-tagged AMP was used to characterize the modification of M@A
on the titanium surface. Different concentrations of FITC-tagged AMP
(50, 100, 200, 400, 600 pg/mL) or M@A-FITC solutions (25, 50, 100,
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200, 300 pg/mL) were used to construct the functionalized surfaces (Ti-
A or Ti-M@A). Then, the fluorescence distribution and average fluo-
rescence intensity (MFI) on the surfaces were observed by a fluorescence
microscope (DFC550, Leica, Germany). For the drug release analysis, Ti-
M@A with FITC-tagged AMP (10 x 10 x 0.1 mm?) was soaked in 500 pL
of PBS and gently shaken at 100 rpm at 37 °C. At the indicated times, the
amount of released AMP in the supernatant was analyzed based on the
fluorescence intensity of FITC measured by a microplate reader (Vari-
oskan Flash, Thermo, USA).

To characterize the stability of MSN and M@A on the titanium sur-
faces, Ti-M and Ti-M@A (10 x 10 x 0.1 mm3) were immersed in 300 pL
PBS buffer and gently shaken at 37 °C. The PBS buffer was changed
every 7 days, and the samples were removed at the indicated times and
dried. The change in surface morphology was observed by SEM
(JSM6330F, JEOL, Japan).

For the mechanical stability assay, Ti rods (¢ 2 mm x 6 mm) were
used to prepare the functionalized Ti-M and Ti-M@A implants. Then,
two holes (¢ 3 mm) were drilled into the freshly harvested rabbit femurs.
Additionally, Ti screws (¢ 2.8 mm) were used to prepare the function-
alized Ti-M, and the holes (¢ 2.3 mm) were drilled into the freshly
harvested pig femurs. After repeated insertion and extraction of the
implants, the morphology of the surface was observed by SEM
(JSM6330F, JEOL, Japan).

2.4. In vitro antimicrobial assay

Bacteria were plated on agar plates and cultured overnight. Then, a
single bacterial colony was incubated in broth culture medium for 6 h at
37 °C at 220 rpm. After that, the bacterial suspension was counted by the
spectrophotometer method and diluted with PBS to obtain the indicated
concentration.

For the agar plate test, the surfaces (5 x 5 x 0.1 mrn3) were inde-
pendently placed into 48-well plates. Then, 10 pL of bacterial suspension
(1 x 10° CFU/mL) was dropped on each implant surface. After 2 h of
culture at 37 °C, the implants were independently transferred into 2-mL
Eppendorf tubes. Then, 990 pL PBS was added, and the system was
vortexed thoroughly. After that, 10 pL of diluted bacterial solution was
dropped on agar plates and spread over, followed by CFU colony
counting after overnight incubation at 37 °C.

For the scanning electron microscopy (SEM) assay, the surfaces (5 x
5 x 0.1 mm®) were placed into 48-well plates independently. Then, 10
L of S. aureus suspension or E. coli suspension (1 x 10® CFU/mL) in PBS
was dropped onto the implants and cultured at 37 °C for 2 h. Then,
paraformaldehyde solution (4 %) was added to fix the bacteria at 4 °C
for 12 h, and gradient dehydration was performed with ethanol from 30
% to 100 %. The samples were coated with gold for the SEM assay
(JSM6330F, JEOL, Japan).

For the antibiofilm assay, bacterial suspensions were centrifuged and
resuspended in TSB medium (1 x 10% CFU/mL). Then, 10 pL of the
bacterial suspension was placed on the implants (10 x 10 x 0.1 mm®),
followed by the addition of 990 pL of TSB medium. The system was
cultured for 36 h at 37 °C. After 24 h of culture, the culture medium was
replaced. Then, the medium was extracted gently, and the implants were
washed carefully with PBS. Subsequently, the implants were stained
with 250 pL of crystal violet solution for 30 min in the dark and cleaned
carefully with PBS buffer. The formation of biofilms was photographed
by a digital fluorescence microscope (DFC550, Leica, Germany) under a
bright field. After that, we used ethanol to dissolve the crystal violet of
the biofilm, and the absorbance was determined by an ELISA reader
(TECAN Infinite M200 PRO, Switzerland) at 590 nm.

2.5. Invitro cell assay
The mBMSCs were cultured in mesenchymal stem cell growth me-

dium at 37 °Cin a 5 % CO; incubator. RAW 264.7 cells were cultured in
DMEM containing fetal bovine serum (10 %) at 37 °C in a 5 % CO,
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incubator. The medium was replaced every 3 days, and cells at passages
3-5 were used for the experiments.

For the CCK-8 assay, the implants (5 x 5 x 0.1 mm?) were incubated
with mBMSCs or RAW 264.7 cells for the indicated times. Then, the
implants were moved to a new 48-well plate, and 250 pL of culture
medium containing 10 % CCK-8 solution was added. After 2 h of incu-
bation at 37 °C in the dark, 100 pL of the solution was transferred to a
96-well plate, and the absorbance was determined by an ELISA reader
(TECAN Infinite M200 PRO, Switzerland) at 450 nm.

For the cell morphology assay, the implants (10 x 10 x 0.1 mm?®)
were cultured with mBMSCs or RAW 264.7 cells for the indicated times
and incubated with paraformaldehyde at 4 °C for 1 h. Then, 0.1 %
Triton-PBS solution was added to permeabilize the cells for 10 min.
Next, the cells were stained with F-actin for 1 h in the dark and DAPI for
8 min in the dark. The implants were washed with PBS before each step.
The cell morphology was observed by confocal laser scanning micro-
scopy (CLSM) (Leica TCS SP5, Germany).

For the Alizarin red staining assay, the implants (10 x 10 x 0.1 mm?®)
were cultured with mBMSCs (5 x 10* cells). After 24 h of incubation, the
culture medium was changed to osteogenic induction medium con-
taining 10> mM dexamethasone, 50 pM ascorbic acid and 10 mM so-
dium B-glycerophosphate. At the indicated times, the implants were
moved to a new 24-well plate and washed with PBS. The cells on the
implants were stained with alizarin red for 15 min in the dark. Then, the
implants were washed with distilled water to eliminate excess staining.
The precipitates were observed by stereo microscopy (Zeiss SteREO
Discovery. V12, ZEISS). Finally, the precipitates were dissolved in 10 %
cetylpyridinium chloride and quantified by an ELISA reader (TECAN
Infinite M200 PRO, Switzerland) at 562 nm.

To assay alkaline phosphatase (ALP) activity, the implants (10 x 10
x 0.1 mm®) were cultured with mBMSCs (5 x 10* cells). After 24 h of
incubation, the culture medium was changed to osteogenic induction
medium. At the indicated times, the implants were moved to a new 24-
well plate. Then, the implants were washed with PBS and immersed in
350 pL of Western and IP cell lysate (without inhibitor) at 4 °C for 2 h.
The lysate was collected and centrifuged for 3 min at 12000 rpm at 4 °C,
and the supernatant was collected for ALP activity detection. The ALP
Activity Assay Kit was used to analyze the ALP activity, and the BCA
Protein Assay Kit was used to detect the protein content.

For the quantitative real-time polymerase chain reaction (QRT-PCR)
assay, the implants (10 x 10 x 0.1 mm?) were cultured with mBMSCs (5
x 10* cells). After 24 h of incubation, the culture medium was changed
to osteogenic induction medium. At the indicated times, total RNA was
extracted using TRIzol reagent with an RNA extraction kit. RNA reverse
transcription was performed using the Prime Script TMRT reagent Kkit.
qRT-PCR was performed using a real-time fluorescence quantitative PCR
instrument (QuantStudio 6 Flex, Life Technologies, USA) under two-step
cycling conditions. The PCR primer sequences are presented in Table S1.

RAW 264.7 macrophages were used to evaluate anti-inflammatory
activity in vitro. The implants (10 x 10 x 0.1 mms) were cultured
with RAW 264.7 (3 x 10* cells) for 3 days. Then, the cells were treated
with/without LPS (40 ng/mL)-containing media to stimulate macro-
phage polarization. After culture for another 24 h, the anti-
inflammatory activities were evaluated.

qRT-PCR was used to evaluate the expression levels of representa-
tive proinflammatory genes of the M1 type (TNF-a, iNOS) and anti-
inflammatory genes of the M2 type (IL-1ra and CD206) in RAW 264.7
after different treatments. The PCR primer sequences are presented in
Table S2.

To assess macrophage polarization, characteristic surface bio-
markers of M1-type macrophages (CD86) and M2-type macrophages
(CD206) on different substrates were assayed by flow cytometry (Beijing
Challen Biotechnology Co., Ltd, FongCyte). Macrophages were trans-
ferred into 24-well plates and rinsed with PBS. After that, the cells were
collected with a cell scraper and rinsed with blocking buffer for 20 min
at 4 °C. Then, the cells were washed and stained for BV510 CD11b, APC
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CD86 (M1 marker) and FITC CD206 (M2 marker). Finally, macrophage
polarization was quantified by using a flow cytometer and analyzed by
using FlowJo software.

2.6. Invivo study

The in vivo experiments were approved by the Medical Laboratory
Animal Center of Guangdong Province (Foshan, China). New Zealand
white rabbits (10-12 weeks, 2.0-2.5 kg) were used (18 for the infection
model, 12 for the non-infection model). The rabbits were anesthetized,
and two holes (¢ 3 mm) were drilled in each of the two femurs. For the
infection model, the samples (¢ 2 mm x 6 mm) were implanted with the
S. aureus suspension (1 x 108 CFU/mL, 15 pL). For the non-infection
model, the samples were implanted without bacteria. The soft tissues
were closed, and the skin was sutured. Ti, Ti-M and Ti-M@A implants
were employed for the in vivo assay.

For the antimicrobial assay, after 7 and 60 days of implantation, the
rabbits were sacrificed. The implants were collected, immersed in
nutrient broth medium, and shaken for 4 h at 120 rpm/min at 37 °C.
Then, the bacterial suspensions were collected to evaluate the bacterial
viability by blood agar plates.

For hematoxylin and eosin (H&E) staining, at the indicated times
after implantation, the femurs without implants were collected and
immersed in 4 % paraformaldehyde for 3 d and in ethyl-
enediaminetetraacetic acid (EDTA) for 45 d, followed by dehydration
with a gradient of ethanol solutions (50 %, 70 %, 80 %, 95 % and 100 %)
for 2 h, 2 h, 1.5 h, 1 h (twice) and 45 min (twice). The tissues were
placed in dimethylbenzene for 30 min and embedded in paraffin wax for
2 h at 60 °C. After cooling for solidification, 4 pm sections were ac-
quired. For H&E staining of the anti-infection assay, the sections were
treated with hematoxylin for 2 min and eosin solution for 5 min. The
sections were observed by a Pannoramic Scanner (3DHISTECH, Pan-
noramic P250FLSAH).

For methylene blue & basic fuchsin staining, after the indicated
implantation period, the femurs with implants were collected and fixed
in 10 % formalin and dehydrated 8 times with acetone at —20 °C. Then,
the tissues were embedded in polymethylmethacrylate (PMMA), eroded
with 2 % hydrochloric ethanol for 1 min and washed with distilled
water. After that, the tissues were immersed in methylene blue for 1 min
and basic fuchsin for 1 min. Finally, the tissues were cut into 10-20 pm
sections with a microtome (SAT-001, AoLiJing, China) and observed by
digital fluorescence microscopy (Leica, DM6M).

For micro-CT analysis, the femurs with implants were fixed in 4 %
paraformaldehyde for 72 h and immersed in 75 % ethanol. Then, the
samples were scanned with a pCT-100 micro-CT scanner (SCANCO
Medical AG, Switzerland). The bone-to-implant contact (BIC), the bone
volume per total volume (BV/TV) and the trabecular thickness (Tb.Th)
were calculated.

2.7. Statistical analysis

The experiments used at least 3 parallel samples, and the results are
shown as the means =+ standard deviations. Statistical significance was
calculated by Origin 8.0 using the t-test method. The confidence levels
were set as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).

3. Results

3.1. Synthesis and characterization of the functionalized titanium
implants

Diselenide-bridged MSNs were prepared according to our previous
reports. The TEM images showed that the diselenide-bridged MSNs had
a uniform spherical morphology with an average diameter of approxi-
mately 50 nm (Fig. 1b) and possessed an obvious mesoporous structure.
The N, adsorption-desorption isotherm showed a typical type IV curve
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and well-defined pore sizes (centered at 12.7 nm). Based on the BJH
model, the surface area and total pore volume of MSNs were 490.83 m2/
g and 1.025 cm®/g, respectively (Fig. 1c and d). The loading capacities
of the AMP HHC36 were 280.8, 379.2 and 409.3 pg/mg with mass ratios
of MSN to AMP mass ratios of 1:1, 1:2 and 1:3, respectively. Considering
the drug loading capacity and efficiency, the optimal drug-carrier mass
ratio was determined to be 1:2 for subsequent experiments with a
loading efficiency of 27.5 %; and this sample was referred to as M@A.
Additionally, the zeta potential of M@A (—12.1 mV) was lower than that
of pristine MSNs (—26.9 mV), further confirming the successful ab-
sorption of the positively charged peptide (Fig. S1).

The smooth pristine Ti substrates after alkali treatment were
oxidized to form hydroxyl-modified Ti substrates (Ti-OH) with rough
network microstructures on the surface (Fig. 1e and Fig. S2). Then, APTS
was further used as a crosslinking reagent to anchor the MSNs or M@A
on the Ti-OH substrate to prepare Ti-M and Ti-M@A, respectively. The
scanning electron microscopy (SEM) images showed that the rough
network microstructures of the substrate enabled the MSNs and M@A to
anchor abundantly onto the Ti-OH surface on Ti-M and Ti-M@A200,
respectively (Fig. 1e and Fig. S2). The fluorescence assay results with
the FITC-labeled AMP showed that the content of the anchored M@A
increased as the feeding concentration of M@A increased from 25 pg/
mL (Ti-M@A25) to 300 pg/mL (Ti-M@A300), demonstrating that the
density of the nanoparticles on Ti-OH was concentration dependent
(Fig. 1f and g). Moreover, the MFI of Ti-M@A200 (2319.65. a.u.) was
similar to that of Ti-M@A300 (2414.97. a.u.) (Fig. 1g). Considering the
comparable MFI and corresponding amounts of AMP loaded on Ti-
M@A200 and Ti-M@A300, we selected Ti-M@A200 (denoted Ti-
M@A) for subsequent experiments. Additionally, to characterize the
non-specific adsorption of AMP molecules on the surface, we used FITC-
tagged AMP instead of M@A for testing. The results (Fig. S3) showed
that the increase of the surface fluorescence was very limited after
reacting with the fluorescent peptide, with the MFI of only 423.07 a.u.
for the surface obtained with AMP concentration of 600 pg/mL. This
value was much lower than that of Ti-M@A200 and Ti-M@A300, indi-
cating that the non-specific adsorption of AMP on the surface could be
considered negligible.

Moreover, the weakened Ti peak and enhanced Si peak of Ti-M@A in
the XPS spectrum indicated the successful immobilization of M@A on
the substrate (Fig. S4). The divided C=O0 peak in the high-resolution C1s
spectrum indicated that the AMP in the MSNs was stable during the
immobilization process (Fig. S4).

The release properties of the AMP from Ti-M@A were further char-
acterized. Ti-M@A showed a slow and sustainable release of the AMP for
30 days under physiological conditions, which might reduce the adverse
effects of antimicrobial peptide leakage on osseointegration (Fig. 1h).
According to previous researchers [45], acute and long-term bacterial
infection will induce a redox microenvironment with an increased HyO4
concentration. We therefore used PBS containing 100 pM H30, to
simulate the microenvironment of bacterial infection and studied the
release profiles of the AMP from Ti-M@A in this switched microenvi-
ronment. The slow release of the AMP changed to burst release from
Ti-M@A in the presence of HyO, and then returned to normal condi-
tions, highlighting the achievement of effective bacterial
infection-responsive AMP release (Fig. 1i). These results demonstrated
that Ti-M@A could sustainably release the AMP in response to the
microenvironment of bacterial infection.

The long-term stability of the functionalized surfaces was also
characterized. The SEM results showed that the morphologies and
amount of MSNs on Ti-M and Ti-M@A had slight decrease after 30 days
of degradation (Fig. 2a and b), and the vast majority of the nanoparticles
were immobilized evenly on the substrates. We also characterized the
mechanical stability of the implant by simulating possible mechanical
damage during surgery (Fig. 2c to e, Fig. S5). After mechanical insertion
and removal, the surface had negligible changes and still showed an
even distribution of abundant nanoparticles. These results demonstrated
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that MSN-assisted interfacial functionalization on the titanium surface
had excellent degradation and mechanical friction stability, meeting the
requirements for further application.

3.2. In vitro antimicrobial activities

The antimicrobial activities of Ti-M@A against four types of bacteria,
including S. aureus, E. coli, P. aeruginos and MRSA, were investigated in
vitro. The implant had no observable bactericidal ability without AMP
(Ti, Ti-OH, Ti-S and Ti-M), while the bactericidal performance was
positively correlated with the concentration of M@A (Fig. 3a). Notably,
due to the similar content of anchored M@A, both Ti-M@A (Ti-
M@A200) and Ti-M@A300 showed strong, broad-spectrum antimicro-
bial activity, killing 98.02 % and 98.13 % of S. aureus, 98.50 % and
98.39 % of E. coli, 96.87 % and 96.50 % of P. aeruginosa, and 95.71 %
and 96.04 % of MRSA, respectively. The antibacterial mechanism was
then explored. The SEM images showed that the S. aureus and E. coli
adhered to the Ti, Ti-OH, Ti-S and Ti-M substrates maintained intact
cell walls and integrated membranes (Fig. 3b). Conversely, membrane
shrinkage and severe cytoplasm leakage from the S. aureus and E. coli
adhered to Ti-M@A were observed, recovering the antibacterial mech-
anism by destroying their membrane (Fig. 3b). Bacteria can attach to the
surface of the implant and form biofilms, leading to bacterial infection
and preventing osseointegration [46,47]. Therefore, the inhibitory
ability against biofilms was further evaluated by a crystal violet staining
assay. Compared to the Ti, Ti-OH, Ti-S and Ti-M groups, the negligible
violet staining on the Ti-M@A surface indicated effective inhibition of
biofilm formation, being consistent with the antimicrobial activity re-
sults (Fig. 3c). Quantitative analysis further demonstrated that the bio-
films of S. aureus, E. coli, P. aeruginosa and MRSA on Ti-M@A were
significantly decreased to 21.99 %, 50.33 %, 25.68 % and 44.40 %,
respectively, compared to those on pristine Ti (Fig. 3d). These results
together demonstrated that Ti-M@A exhibited excellent antibacterial
and anti-biofilm activities.

3.3. In vitro biocompatibility, osteogenic activity and anti-inflammatory
activity

Since biocompatibility is an inevitable concern with implants in
tissue engineering, the cytotoxicity of the functional substrate to
mBMSCs, one of the main cell types involved in osseointegration, was
evaluated by CCK-8 assay (Fig. 4a and Fig. S6). The results showed that
all implants exhibited negligible cytotoxicity to the cells. After 1, 3 and 5

days of culture, cell viability on Ti-M@A was comparable to that on the
Ti substrate. The cytoskeleton and nuclei of the cells were observed by
CLSM by co-staining with F-actin and DAPI, and the results showed no
significant difference in the number or morphology of the cells on all
implants even after 5 days of culture (Fig. 4b). These results demon-
strated that the functionalized surfaces exhibited excellent biocompat-
ibility with negligible influence on the adhesion, spread and
proliferation of mBMSCs.

We further evaluated the osteogenic activities of the functionalized
substrates with mBMSCs. The alkaline phosphatase (ALP) quantitative
results at 7 and 14 days showed that the mBMSCs on Ti-M and Ti-M@A
displayed 1.22- and 1.22-fold (7 days) and 1.25- and 1.28-fold (14 days)
higher levels of ALP activity than those on the pristine Ti, respectively,
demonstrating the enhanced osteogenesis of mBMSCs (Fig. 4c).
Furthermore, we found that this promoting effect was caused by the
presence of Se in MSN, as the osteogenic activity of Ti-M(Se-) to mBMSCs
disappeared when the Se element was removed, especially after 14 days
of culture (Fig. S7). Meanwhile, after 7 and 14 days of culture, the cal-
cium deposition of mBMSCs was 2.85- and 2.69-fold (7 days); and 1.52-
and 1.45-fold (14 days) higher on Ti-M and Ti-M@A than that of the
pristine Ti via ARS assay, respectively, demonstrating that the MSN-
assisted interfacial functionalization promoted the differentiation of
stem cells into osteoblasts (Fig. 4d and e). The improved osteogenic
differentiation of mBMSCs on the functionalized surfaces was also
characterized by qRT-PCR (Fig. 4f and g). After 7 days of culture, the
expression levels of the osteogenic-related genes RUNX2 and OPN were
significantly upregulated on Ti-M and Ti-M@A compared with those on
the Ti substrate (Fig. 4f). After 14 days of culture, the expression level of
the RUNX2 gene decreased, while the expression levels of the OCN and
OPN genes were consistently higher than those in the Ti group (Fig. 4g).

Given that macrophages play crucial roles in the dynamic process of
bone repair, we characterized the polarization of macrophages on the
functionalized surfaces. After 1, 3 and 5 days of culture, MSN-assisted
interfacial functionalization on the implant surfaces did not impact
the viability or morphology of RAW 264.7 cells (Fig. 5a and b). More-
over, macrophage polarization was analyzed by qRT-PCR. After 3 days
of culture, and compared to the Ti group, the expression of proin-
flammatory cytokines and M1 marker genes (iNOS and IL-1p) in the Ti-
M and Ti-M@A groups was prominently down-regulated (Fig. 5c to d).
In contrast, the expression of anti-inflammatory cytokines and M2
marker genes (Argl and CD206) was up-regulated (Fig. 5e to f).
Consistently, flow cytometry analysis showed that the -RAW 264.7
stimulated with LPS on Ti-M and Ti-M@A showed not only decreased
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CD86-positive populations (M1 marker) (Fig. 5g and Fig. S8) but also
increased CD206 populations(M2 marker) (Fig. 5h and Fig. S9). ROS
play an important role in the process of inflammation and macrophage
polarization [48]. We thus quantitatively studied the ROS content in
macrophages and found that MSN-assisted interfacial functionalization
on implant surfaces effectively scavenged ROS in LPS-activated macro-
phages (Fig. 5i and Fig. S10), which was expected to promote the
reprogramming of macrophages to the M2 phenotype [38,49].

3.4. In vivo bone regeneration in bone defect/non-infection model

Osseointegration at the bone-implant interface is crucial for the
successful application of implants; thus, an in situ bone defect model was
used to characterize osseointegration (Fig. 6a). After implantation for 7
days, the macrophage phenotype at the bone-implant interface was
analyzed by IHC staining for iNOS in M1 macrophages and CD206 in M2
macrophages. The results (Fig. 6b) showed that a negligible iNOS-
positive population was observed on the Ti-M and Ti-M@A implants
compared with the pristine Ti implants. In contrast, a larger CD206-
positive population was observed. As reported, in the initial stage,
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macrophages can polarize towards the proinflammatory M1 type for
immune activation and then transform towards the anti-inflammatory
M2 phenotype to participate in bone repair. However, the abnormal
proinflammatory microenvironment at the bone-implant interface
severely hinders osseointegration [50,51]. Therefore, the above results
demonstrated that MSN-assisted interfacial functionalization on im-
plants could facilitate macrophage polarization towards the M2
phenotype for osseointegration in vivo.

After 60 days of implantation, methylene blue and basic fuchsin, as
well as toluidine blue staining were conducted to evaluate osseointe-
gration (Fig. 6¢c and d). The pristine Ti implants showed insufficient
osseointegration at the bone-implant interface and the appearance of
fibrous connective tissue. In contrast, MSN-assisted interfacial func-
tionalization on Ti-M and Ti-M@A showed tight bonding to the tissues,
highlighting adequate osseointegration. Then, we quantitatively
analyzed the percentage of osseointegration in the region of interest
(Fig. 6e). The improvements in the percentage of osseointegration were
detected on the Ti-M and Ti-M@A implants compared to the pristine Ti
implants, as evidenced by the higher bone-implant interface (BIC) and
lower fibrous connective tissue area (Fig. 6f and g). From the corre-
sponding Micro-CT images, we observed obviously increased bone vol-
ume per total volume (BV/TV), trabecular thickness (Tb.Th) and BIC
(Fig. 6h—j and S11). The above results demonstrated that MSN-assisted
interfacial functionalization on the Ti-M and Ti-M@A implants signifi-
cantly promoted osseointegration in vivo.

3.5. In vivo antibiosis, anti-inflammation and bone regeneration in the
bone defect/infection model

We further employed an implant-associated infection model in New
Zealand rabbits to verify the antibacterial and anti-inflammatory ac-
tivities of the implant at the interface to facilitate osseointegration in
vivo. As depicted in Fig. 7a, the implant was inserted into the defect on
the femur with S. aureus (108 CFU/mL, 15 pL). After 7 and 60 days of
implantation, the implants with the marrow around them were removed
to evaluate bacterial infection in vivo via the spread plate method. The
results showed that there were severe bacterial infections in the Ti and
Ti-M groups, but the Ti-M@A groups significantly reduced the amount
of bacteria, killing 98.82 % of S. aureus after 7 days and 99.66 % after 60
days (Fig. 7b—c). These results revealed that MSN-assisted interfacial
functionalization on Ti-M@A could enable the release of AMP to effi-
ciently inhibit infection.

Bacterial infection at implant sites triggers surrounding soft tissue
inflammation. After 7 and 14 days of implantation, H&E staining
showed that Ti and Ti-M implants were surrounded by a larger number
of inflammatory cells (Fig. 7d-f). In contrast, the inflammatory cell
infiltration around Ti-M@A was only 20.61 % and 18.93 % compared to
that around Ti at 7 and 60 days after implantation, respectively
(Fig. 7d-f). Consequently, we further investigated whether the Ti-M@A
implant could positively drive the functional reconstruction of macro-
phages. The population of iNOS-positive macrophages was markedly
reduced, whereas the population of CD206-positive macrophages
increased around Ti-M@A (Fig. 7g). These results verified that the Ti-
M@A implants showed sufficient antibiosis and anti-inflammatory
ability in vivo.
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Fig. 5. Anti-inflammatory ability of the functionalized titanium surfaces. (a) CCK-8 results for the indicated surfaces with RAW 264.7 cells after 1, 3 and 5 days of
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PCR assay (n = 3). (g) Quantitative analysis of the anti-inflammatory membrane protein CD206 by flow cytometry analysis after 3 days of culture (n = 3). (h)
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Accelerated osseointegration was observed around Ti-M@A. Meth-
ylene blue and basic fuchsin staining and subsequent quantitative
analysis demonstrated that the BIC increased, but the area of fibrous
connective tissues decreased in the Ti-M@A group (Fig. 7h—j). The
Micro-CT results also verified the excellent osseointegration around Ti-
M@A, as evidenced by the elevated BV/TV, Tb.Th and BIC values
(Fig. 7k-m and Fig. S12). The above results showed that in the bone
defect and infection model, the Ti-M@A implants could effectively
inhibit infection and inflammation while simultaneously promoting
osseointegration.

We also demonstrated that the peptide-loaded system had a broad
spectrum of applications with other peptides, eg, YGFGG
(Figs. S13-S19). The method by which Ti-M@Y was prepared was
similar to that of Ti-M@A. We demonstrated the successful immobili-
zation of YGFGG on the implant surface for release over a long period of
time. Similarly, the Ti-M@Y surface exhibited excellent long-term sta-
bility and mechanical stability, which are conducive to the long-term
promotion of osseointegration after implantation. We proved that Ti-
M@Y had good biocompatibility, osteogenic and anti-inflammatory
properties in vitro. In the bone defect/non-infection model, Ti-M@Y
implants could significantly promote osteogenesis in vivo. The above
results demonstrated the broad application prospects of our peptide-
loaded system, which could enable the development of multifunc-
tional implant surfaces to meet clinical needs.

4. Discussion

Bacterial infection and poor osseointegration around titanium

implants can result in surgical failure and seriously threaten the health
of patients [5]. Considering these two problems, dual-functionalized
implants are in high demand. However, it is extremely difficult to ach-
ieve antibacterial and osseointegration properties simultaneously [13].
There have been numerous reports on the use of antimicrobial peptides
(AMPs) for the surface of titanium implants [52,53], as well as the use of
mesoporous silica nanoparticles (MSN) for loading and controlled
release of AMPs [54-56]. However, there are few studies that combine
the two.

In this study, driven by the urgent need for antimicrobial and oste-
ogenic activities on the titanium implants, we loaded AMPs into MSN
with osteogenic activity, and further constructed these nanoparticles on
the titanium surface to achieve controlled release of AMPs and effective
antimicrobial activity, as well as improved osteogenic activity of the
implant. After implantation, bacterial adhesion and osteoblast-related
cell adhesion occur on the implant surface at the same time with a
competitive relationship. The key to the success of early implantation is
the rapid osteogenic differentiation of cells and the prevention of bac-
terial infection on the implant surface [57]. Therefore, our system is
expected to play an important role in the early osseointegration process.

S.aureus, E. coli, P. aeruginosa and MRSA have been identified as the
most common microorganisms associated with implant infection and
osteomyelitis, which can have serious consequences, including surgical
failure, disability, sepsis and even patient death [58]. On the function-
alized surfaces, AMPs released from MSNs provide excellent antimi-
crobial activity, efficiently inhibiting the growth of these four types of
clinical bacteria. Additionally, in the clinic, it is important to prevent the
formation of bacterial biofilms, as most clinical infections are related to
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pathogen biofilms on the surface of implants [46,47,59]. As reported,
the antibiotic resistance of biofilms is 10-1000 times higher than that of
planktonic bacteria [59,60]. Notably, the Ti-M@A we developed could
strongly resist the formation of biofilms, therefore inhibit the infection
efficiently.

A high density of antimicrobial agents, including AMPs, on the
implant surface would produce cytotoxicity, limiting their application
[28]. Herein, we demonstrated that the cytotoxicity of AMPs could be
eliminated by hiding them in MSNs. Many studies have reported
methods of hiding AMPs, such as covering them with polymers or
mixing them into surface coatings directly [61,62]. Compared with
these strategies, our functionalized surface realized the controlled
release of the AMP, which helped to decrease toxicity while maintaining
long-term surface activity.

In addition to shielding the toxicity of the AMP, the diselenide-
bridged MSN on the surface further enhanced the osteogenic activity
of the implants. This was because Se can protect stem cells from

10

osteogenic differentiation inhibition and improve osteogenic activity by
inhibiting oxidative stress [40]. Our results also demonstrated that when
the microspheres did not contain Se, they did not possess osteogenic
activity to mBMSCs on the surface of Ti-M(Se-), especially after 14 days
of culture (Fig. S7). Additionally, we proved that Ti-M and Ti-M@A can
regulate the polarization of macrophages to the M2 type and contribute
to tissue healing because the Se in the MSNs can play an immunomod-
ulatory role. For example, Zhu et al. prepared a Se-containing phyco-
cyanin Se PC. Se PC can significantly reduce the extent of colitis in mice
because Se inhibits NF-kB nuclear translocation to reduce the tran-
scription of proinflammatory cytokines [63]. Therefore, Ti-M and
Ti-M@A were expected to enhance tissue repair.

The in vivo assay showed that the Se-containing surfaces of Ti-M and
Ti-M@A could promote osseointegration in a bone defect/non-infection
model. There was no significant difference between the two surfaces,
which indicated that the AMPs hidden in the MSNs did not have a
negative effect on osteogenesis. However, Ti-M lost the effect of
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promoting osseointegration in the bone defect/infection model, indi-
cating the limitations of the functionalization with a single type of
bioactivity. Moreover, Ti-M@A could exhibit excellent antibacterial
activity and osseointegration simultaneously in the bone defect/infec-
tion model.

Finally, the sustained drug release system we built was universal and
could be applied to control the release of other peptides, such as YGFGG.
Clinical implants required various complex surface functionalities, and
the universality of our system was expected to endow titanium-based
implants with more functions.

5. Conclusions

In summary, we developed a bioactive orthopedic titanium implant
based on diselenide-bridged MSNs that released the AMP in the sus-
tained manner. After immobilization on the titanium implants, the MSN
(M@A) exhibited long-term stability, mechanical stability, good sus-
tained release performance and excellent bioactive properties. In vitro
assays demonstrated that the functionalized Ti-M@A implant had
excellent biocompatibility and antimicrobial, anti-inflammatory and
osteogenic activities. In vivo experiments further showed that the Ti-
M@A implant significantly inhibited bacterial infection and promoted
osseointegration after 60 days of implantation in infection and non-
infection models. These findings will provide an effective strategy for
developing bioactive orthopedic titanium implants with efficient and
safe antimicrobial activity and osseointegration.
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