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Orthopedic implants account for 99% of orthopedic surgeries, however, orthopedic implant-related infection is
one of the most serious complications owing to the potential for limb-threatening sequelae and mortality. Current
antibiotic treatments still lack the capacity to target bone infection sites, thereby resulting in unsatisfactory
therapeutic effects. Here, the bone infection site targeting efficacy of D6 and UBIy9.4; peptides was investigated,
and bone-and-bacteria dual-targeted nanoparticles (NPs) with D6 and UBIly9.4; peptides were first fabricated to
target bone infection site and control the release of vancomycin in bone infection site. The results of this study
demonstrated that the bone-and-bacteria dual-targeted mesoporous silica NPs exhibit excellent bone and bacteria
targeting efficacy, excellent biocompatibility and effective antibacterial properties in vitro. Furthermore, in a rat
model of orthopedic implant-related infection with methicillin-resistant Staphylococcus aureus, the growth of
bacteria was evidently inhibited without cytotoxicity, thus realizing the early treatment of implant-related
infection. Hence, the bone-and-bacteria dual-targeted molecule-modified NPs may target bacteria-infected
bone sites and act as ideal candidates for the therapy of orthopedic implant-related infections.

1. Introduction high doses over a prolonged period [4,5]. However, the current anti-

biotic therapy is still far from satisfactory, with treatment failure rates of

Orthopedic implant-related infection (OII) is a catastrophic compli-
cation after orthopedic surgery that can lead to the failure of the oper-
ation, joint deformity, amputation, or death. It has become a global
challenge with an enormous economic burden on public health systems
[1-3]. Unfortunately, there is currently no gold standard for the therapy
of orthopedic implant-related infections. Antibiotic therapy continues to
play a vital role in the clinical treatment of orthopedic implant-related
infections, usually involving systemic or local antibiotic therapy at

approximately 20% [6]. There are various reasons for such high rates.
First, clinical biochemical examinations, joint fluid analysis, and imag-
ing investigations fail to diagnose orthopedic implant-related infections
at an early stage, leading to improper treatment, treatment delay, and
even no treatment [7-9]. Second, bone tissue has biological specificities,
such as low blood flow, high density, and poor permeability, which
result in poor penetration of antibiotics into the bone. Third, the infec-
tion sites cannot be located, which leads to blindness in the treatment.

Abbreviations: OII, Orthopedic implant-related infection; TEOS, tetraethyl orthosilicate; MSNs, mesoporous silica nanoparticles; rBMSCs, Rat bone marrow
mesenchymal stem cells; MRI, magnetic resonance imaging; MRSA, methicillin-resistant Staphylococcus aureus; SEM, scanning electron microscope; TEM, trans-
mission electron microscopy; FTIR, fourier transform infrared spectroscopy; BET, Brunauer-Emmett-Teller; MHB, Mueller-Hinton broth; CLSM, Confocal laser
scanning microscope; XRD, X-ray diffraction; CCK-8, Cell Counting Kit-8; MIC, minimum inhibitory concentration.
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Furthermore, orthopedic implant-related infections are often accompa-
nied by the formation of bacterial biofilms that become resistant to
antibiotics, thereby resulting in prolonged infection [10,11]. In addi-
tion, systemic exposure to high-dose antibiotics can cause severe tox-
icities and adverse effects, such as hepatic and renal toxicity [12,13].

Traditional antibiotics still suffer from issues of efficacy and feasi-
bility [14,15]. They are not able to target bone infection sites and are
unsuccessful at the biofilm, resulting in unsatisfactory therapeutic ef-
fects. Several strategies were being developed to counteract the crisis of
antibiotic  resistance, including antibiotic-strengthening and
antibiotic-free strategy, such as phototherapy and photo-assisted anti-
biotics. However, such strategies are only viable for subcutaneous tu-
mors and wound infections and are thus unsuitable for treating deep
infections [16,17]. Therefore, it is an urgent need to invent a novel
therapeutic approach to enhance the antibacterial efficacy. Nanotech-
nology has gained tremendous interest in antibacterial applications
owing to its intrinsic antibacterial activity, targeted delivery, and
reduced opportunities for resistance development [18-21]. Yang et al.
synthesized bacteria-targeted peptide-functionalized mesoporous silica
nanoparticles (MSNs) for delivery of gentamicin to the infection site to
enhance the antibacterial activity of intracellular pathogens and elimi-
nate inflammation caused by bacteria [22]. Furthermore, silicon nano-
particles (NPs) can be modified with cyclic 9-amino-acid peptide to
target Staphylococcus aureus and control the release of vancomycin to
enhance antibacterial efficacy [23]. For bone infection, the targeted
delivery of antibiotics to the bone tissue can improve the bone pene-
tration, which may result in improved activity against bacteria in bone
tissue [24]. Although bacteria- or bone-targeted NPs have been widely
investigated for the targeted delivery of antibiotics to the infection site
or bone site, these studies simply targeted soft tissue infection sites or
bone sites and lacked specific targeting to the infected bone. This results
in poor penetration of antibiotics into the bone infection site and poor
treatment outcomes.

Bone targeting and bacterial targeting had been widely investigated
in the bone disease such as bone tumor, bone infection. Among that
Peptide D¢, synthesized by Kasug in 2000, is an effective bone-targeted
drug carrier molecule, due to aspartic acid have high affinity with bone
tissue [25-28]. Peptide UBlgg.4; is the most commonly used
bacteria-targeted agent with six positively charged residues, which
could result in better targeting capability duo to higher negative charge
of S. aureus [29]. Studies have shown that UBIg.47 show 100% sensi-
tivity and 88% specificity for vertebral osteomyelitis [30]. Other studies
have demonstrated that UBIy9.4; can distinguish between infection and
aseptic loosening around the prosthesis [31]. Therefore, UBIg.41 pep-
tides are promising for clinical applications in locating infected lesions.

In this study, we developed a bone-and-bacteria dual-targeted MSN
approach to achieve targeted delivery of vancomycin to the bone
infection site and improve the therapeutic efficacy of orthopedic
implant-related infection. We investigated the bone infection site tar-
geting efficacy of D6 and UBI2g.41, which could target bone and bacteria,
respectively. Moreover, bone-and-bacteria dual-targeted MSNs were
fabricated to target the delivery of vancomycin to the bone infection site,
and the antimicrobial activity of dual-targeted MSN in vitro against
methicillin-resistant Staphylococcus aureus (MRSA) was investigated to
evaluate its antibacterial efficacy in an animal model of orthopedic
implant-related infection.

2. Materials and methods
2.1. Materials

The chemicals used in the experiments, including tetraethyl ortho-
silicate (TEOS), 3-aminopropyltriethoxysilane (APTES), hexadecyl tri-
methyl ammonium bromide (CTAB, 25 wt% in H30), 1-ethyl-3(3-
(dimethylamino) propyl) carbodiimide (EDC), N-hydroxysuccinimide
(NHS), Fe(acac)3, sodium citrate (NagCe¢Hs07-2H20), and all organic
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chemicals, were obtained from Sigma-Aldrich Trading Co., Ltd.
(Shanghai, China). COOH-PEG-COOH (MW = 4KD, Seebio, Shanghai),
The D¢ peptide, UBIyg.41 peptide, PEG-D6 and PEG-UBIyg.4; were syn-
thesized by GL Biochem (Shanghai, China), and their characterization
results are presented in Figs. S1-S6. Fetal bovine serum, penicillin-
streptomycin, trypsin, and o-MEM were obtained from Gibco Life
Technologies Co. (NY, USA). The LIVE/DEAD BacLight Bacterial
Viability kit (Thermo Fisher). All chemicals were of analytical grade and
were not further purified.

2.2. Methods

2.2.1. Surface functionalize MSN with PEG-Dg and PEG-UBIz9.4;

Synthesis of MSN: 6.0 g CTAB and 0.16g triethanolamine was dis-
solved in 60 mL Deionized water (DI water) at 80 °C and stirred for 1h,
then dropwise added the mixed solution of 16 mL cyclohexane and 4.0
mL TEOS. After reacting at 60 °C for 8h, the mixture was repeatedly
purified by centrifugation and washed with ethanol and DI water. Af-
terward, the MSNs were dispersed in ethanol containing 12 M HCl and
stirred at 50 °C for 12 h to remove CTAB. The synthesized monodisperse
silica was collected by centrifugation, washed with ethanol, and dried
under vacuum at 37 °C for 12 h.

MSNs surface amination: The MSNs were modified with amine-
containing silane APTES. Briefly, 1 g MSNs were added to 100 mL
toluene then added 1 mL APTES, and the mixture was refluxed at 80 °C
for 20 h, followed by centrifugation at 11000 rpm for 15 min. Subse-
quently, it was centrifuged and washed with absolute ethanol at 11000
rpm for 15 min and lyophilized for 36 h to obtain MSN-NH; powder.

Activation of the carboxyl group: (1) Activation of bone-targeted
polyethylene glycol: 9.6 mg EDC, 5.8 mg NHS, and 1 mg -COOH-PEG-
Dg were added to PBS (0.2 M, pH = 6.1) and stirred at room temperature
(RT) for 30 min to activate the carboxyl group. (2) Activation of
bacteria-targeted Polyethylene Glycol: 9.6 mg EDC, 5.8 mg NHS, and 1
mg -COOH-PEG-UBIyg.4; was added to PBS (0.2 M, pH = 6.1) and stirred
at RT for 30 min to activate the carboxyl group. (3) Activation of bone-
targeted and bacteria-targeted polyethylene glycol: 9.6 mg EDC, 5.8 mg
NHS, 0.5 mg -COOH-PEG-Dg, and 0.5 mg -COOH-PEG-UBIyg9.4; Were
added to PBS (0.2 M, pH = 6.1) and stirred at RT for 30 min to activate
the carboxyl group.

Amidation reaction: Mixed 100 mg MSN-NHy with 40 mL PBS (pH
= 7.4) and the above solution were added after carboxyl activation.
After adjusting the pH to neutral, the solution was stirred at RT for 12 h.
Afterward, it was subjected to repeated centrifugation and washing with
distilled water at 11000 rpm to obtain bone-targeted MSN (MSN@D),
bacteria-targeted MSN (MSN@UBI), and dual-targeted (bone-targeted
and bacteria-targeted) MSNs (MSN@D&U). The obtained powder was
lyophilized and stored at 4 °C. To obtain FITC-labeled MSNs, MSNs were
mixed with 2 mL of FITC aqueous solution (1 mg/mL). After being
shaken under dark conditions for 24 h at 37 °C to reach equilibrium, the
FITC-loaded MSNs were collected via centrifugation.

Characterization: The morphology of the NPs was examined by
scanning electron microscope (SEM, Hitachi, Japan) and transmission
electron microscopy (TEM, Hitachi, Japan). The BET surface area and
pore size of MSNs was characterized by nitrogen adsorption-desorption
using BET and Barret-Joyner-Halenda model analysis. The chemical
states of the NPs were analyzed by fourier transform infrared spectros-
copy (FTIR, Thermo Fisher Scientific, USA) and X-ray diffraction (XRD,
Bruker, USA). The zeta potential of the NP suspension was measured
using a Nanosize & Zeta Potential Analyzer (Litesizer 500, Austria).

2.2.2. Drug loading and in vitro release

Vancomycin loading into MSNs: Vancomycin loading into MSN
was performed following an impregnation approach. Vancomycin and
MSNs (MSNs, MSN@D, MSN@UBI, or MSN@D&U) were added to PBS
(pH 7.4) at a weight ratio of 1:1 and stirred for 16 h at room temperature
(RT). After repeated centrifugation and washing, the supernatant was
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collected and recorded for absorption at 280 nm to quantify free van-
comycin. The encapsulation efficiency and loading capacity were
calculated as follows: encapsulation efficiency (%, w/w) = (feed drug
content - free drug content)/feed drug content x 100%; loading capacity
(%, w/w) = (feed drug content - free drug content)/(feed drug content
+ NP content - free drug content) x 100%.

Vancomycin release assays from MSNs in vitro: 10 mg of loaded
MSN material was dispersed in 5 mL PBS buffer solution (pH = 7.4),
sonicated for 10 min, and transferred to a dialysis bag (12 kDa molecular
weight cutoff) that allowed only vancomycin diffusion. At specific time
points (2h, 4h, 6h, 12h, 24h, 72h, 120h, and 168 h), the solution was
collected for further analysis and replaced with fresh medium. The
absorbance at a wavelength of 280 nm was measured using a UV-Vis
spectrophotometer (Shimadzu UV-2600).

2.2.3. HA (Hydroxyapatite) binding capability and bacterial affinity

In vitro HA binding evaluation: HA binding capability was
measured as described in previous reports [32]. In brief, 50 pg mL™!
FITC-labeled MSNs in 20 mL DI water containing HA (0.75 mg mL'!) was
stirred at 550 rpm at 37 °C for 4 h. At the predetermined time point, an
aliquot of 200 pL was diluted with 1.0 mL DI water and centrifuged at
1000xg for 5 min to remove the HA and bound MSNs. The MSNs con-
centration in the supernatant was quantified by measuring FITC fluo-
rescence intensity. Bound MSNs were calculated by subtracting the
unbound MSNs from the total MSNs.

Bacterial affinity studies: The targeting capability of MSNs in vitro
was investigated using MRSA (ATCC 43300). Bacteria were allowed to
grow in Mueller-Hinton broth (MHB) at 37 °C for 12 h in an incubator
shaker at 250 rpm. Subsequently, the mid-log phase suspension of MRSA
cells was incubated with MSN material (10 pg mL 1) at 37 °C for 30 min
with gentle stirring for 2 h. Afterward, the mixture was centrifuged at
4000xg for 10 min, and the bacteria pellets were fixed with 2.5%
glutaraldehyde. SEM observations and chemical analyses were carried
out using a Hitachi S4800 equipped with a Kevex Sigma energy
dispersive spectrometer (EDS). The bacterial affinity of the MSNs was
further explored using flow cytometry. Briefly, MRSA suspensions were
incubated with FITC-labeled NPs (10 pg mL™1) for 30 min at 37 °C.
Finally, the localization of the materials on the bacteria was quantified
by flow cytometry.

2.2.4. Invitro antibacterial assay

Determination of the MIC: The MICs against MRSA were investi-
gated as previously described [33], bacteria in the logarithmic phase of
growth were diluted to 1 x 10® CFU mL~'in MHB medium. Thereafter, a
two-fold dilution series of NPs, from 1024 pg mL™! to 1 pg mL™}, were
prepared and plated in a volume of 100 pL in 96-well plates. Bacterial
suspensions (100 pL) were added to each well. The plates were incu-
bated for 18 h at 37 °C, and the MIC was determined as the lowest
concentration that resulted in complete growth inhibition.

Time kill assay: The growth curves of MRSA were recorded using a
SPARK 10 M microplate reader (TECAN, Switzerland) to evaluate the
antibacterial properties of the NPs. Briefly, the bacteria were diluted to
approximately 10° CFU mL ™! after reaching the logarithmic phase and
supplemented with MICs of NPs with a total volume of 500 pL in each
well of a 48-well plate. Subsequently, the 48-well plate was loaded into a
microplate reader for continuous culture at 37 °C to obtain growth
curves. The absorbance at 600 nm in each well was monitored every 1h
for 12 h. The culture medium was used as a negative control, and the
bacterial suspension without the MSNs was defined as a positive control.

Morphological characterization of bacteria: MRSA (10° CFU
mL 1) was incubated with MSN material at 37 °C for 6 h. After treat-
ment, bacterias were collected by centrifugation at 5000 rpm for 10 min
and fixed with 2.5% glutaraldehyde overnight at 4 °C. Afterward, the
samples were dehydrated, freeze-dried, and sputter-coated with plat-
inum, as described above. Finally, the samples were observed using
SEM.
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Biofilm inhibition assay: Ti discs were placed into the wells of a 24-
well cell culture plate. Thereafter, 1 mL of bacterial culture (10° CFU
mL™Y) containing MSNs@V or vancomycin at their respective MICs was
added and incubated at 37 °C for 18 h. At the desired time point,
planktonic cells were removed from the Ti substrate by washing twice
with sterile PBS solution. For CLSM, the biofilms on the Ti substrate
were stained with the LIVE/DEAD BacLight Bacterial Viability kit ac-
cording to the manufacturer’s instructions.

In addition, the biofilms were stained with 1% crystal violet for 15
min. The Ti discs were rinsed twice with DI water and solubilized with
96% ethanol. The optical density at 595 nm was determined as a mea-
sure of biofilm mass using a microtiter plate reader. The anti-biofilm
properties of each MSN@V were further evaluated by SEM, and further
processing of the samples was performed as described above.

2.2.5. Cell cytotoxicity, morphology and hemolytic activity of MSN

Rat bone marrow mesenchymal stem cells (rBMSCs) were isolated
and expanded as described in previous study [34]. The third generation
of rBMSCs was used in the experiments.

Cytotoxicity assay: The cytotoxicity of the MSNs was evaluated
using the Cell Counting Kit-8. Briefly, rBMSCs were seeded in a 96-well
plate for 24 h in a standard cell culture atmosphere. Subsequently,
different samples with concentrations of 0-1000 pg mL ™! were added to
96-well plates plated with rBMSCs for another 1, 3, or 5 d. At the pre-
determined time points, 90 pL fresh cell culture medium and 10 pL CCK-
8 solution were added to each well and incubated for an additional 2 h.
The absorbance at 450 nm was detected using a spectrophotometer.
Each measurement was performed on three distinct samples, repeated in
triplicate. Then the live/dead staining kit (Dojindo, Japan) was used to
evaluate cell viability. The cells were treated with different MSNs (64 pg
mL™Y) for 24 h. The samples were stained with calcein acetoxymethyl
ester and propidium iodide for 15 min at 37 °C away from light. Images
were observed using a fluorescence microscope (Nikon, Japan).

Morphological assessment of cells: Rhodamine phalloidin (Invi-
trogen) were used to analyze the cell morphology and cytoskeleton.
Briefly, cells were co-cultured with MSNs (64 g mL ™) for 24h, then the
cells were fixed in 4% paraformaldehyde for 30 min, washed three times
with PBS, and permeabilized with 0.25% Triton X-100 at room tem-
perature for 30 min. Thereupon, F-actin was stained with rhodamine
phalloidin for 30 min in the dark, and 4,6-diamidino-2-phenylindole
(DAPI) was added to stain the nuclei. The images of the samples were
observed using CLSM.

Hemolytic activity: The hemolytic activities of MSNs were deter-
mined by hemolysis of rat erythrocytes. Fresh rat blood was obtained
from anesthetized rats by cardiac puncture into syringes containing
3.8% sodium citrate as an anticoagulant. The red blood cells were sub-
sequently washed three times with 25 mL of PBS and centrifuged at
116 xg for 5 min at 4 °C. The cell pellets were resuspended in a 4% (v/v)
red blood cell suspension with prechilled PBS, and 100 pL was added to
each well of the 96-well plates. Afterward, a two-fold dilution series of
MSNs, from 512 pg mL ™! to 2 pg mL ™1, was added to each well to reach a
final volume of 200 pL. After 1 h of incubation at 37 °C, the plate was
centrifuged and the supernatant were transferred to a new 96-well
microplate. The release of hemoglobin was determined by measuring
the absorbance of the supernatant at 414 nm. For calibration, 0% and
100% hemolysis were determined in PBS and 0.1% (v/v) Triton X-100,
respectively.

2.2.6. In vivo therapy and histochemistry analysis

All animal experiments were approved by the Animal Ethics Com-
mittee of Shanghai Rat&Mouse Biotech Co.,Ltd (Ethic ID: 2020R016)
and were conducted in compliance with all relevant ethical regulations
for animal testing and research. Three-month-old female Sprague
Dawley (SD) rats, obtained from Shanghai Rat&Mouse Biotech Co.,Ltd,
were used for surgical intramedullary implantation. The Ti implant (1.5
mm in diameter and 15 mm in length) was contaminated with MRSA
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(10° CFU mL 1) and were implanted in the left femurs via the femoral
condyles. The rats were housed in ventilated cages on corn bedding and
provided with water and chow ad libitum (six rats in each group). Over
the course of 1 d after orthopedic implant surgery, saline, MSNs (10 mg
kg™1), or vancomycin (10 mg kg~ ') were intravenously injected. After 3
weeks, the rats were sacrificed by cervical dislocation.

Evaluation of gross bone pathology and radiology: The cortical
bone destruction of rats was examined with X-ray after 3 weeks. The
radiographic scores were calculated as described in previous studies (N
= 5) [35,36]. Five rats per group were sacrificed 3 weeks after surgery,
and the femurs were dissected to evaluate the gross bone pathology
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according to the aforementioned criteria. In addition, the femurs were
scanned using a micro-CT scanner (SkyScan 1072; Bruker). Trabecular
morphometry was characterized by analyzing the BV/TV and Tb. Th and
Tb. Sp.

Quantitative determination of MRSA: Briefly, animals were
sacrificed, the Ti implant were removed, and the surrounding bone tis-
sue was ground under a sterile environment after 3 weeks (N = 5). The
Ti implants were detached by sonication, and the bones were crushed in
PBS. The number of bacteria on Ti implants and surrounding bone tissue
was determined by plating serial dilutions. Furthermore, CLSM and SEM
were used to determine the bacterial colonization on Ti implants in vivo.

PEG-D6
< PEG- UBI29-41

.

X-ray

Micro-CT

—— PEG-D6 - PEG- UBI29-41 « Vancomycine & MRSA @ Dead MRSA

Scheme 1. Synthesis of mesoporous silica nanoparticles (MSNs) with dual targeting (bone targeting and bacteria targeting) and investigation of their biofunction in
vitro and in vivo. Then we evaluated the antimicrobial activity of dual-targeted MSN in vitro against methicillin-resistant Staphylococcus aureus (MRSA) and
investigated its antibacterial efficacy in an animal model of implant-related infection.
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Evaluate the histopathology of the bone tissue around the Ti
implant: Dissected femurs were decalcified with 10% EDTA for 4 weeks
and subjected to histological analysis using H&E staining and Gram
staining according to a previously described method [37]. Bone histo-
morphometry was performed using optical microscopy. To evaluate the
biosafety of MSNs, the major organs of the rats were stained with H&E.

2.3. Statistical analysis

All experiments were performed using biological replicates, and the
data are expressed as the mean + standard deviation. One-way analysis
of variance (ANOVA) was used to analyze the significant differences
between samples. P values < 0.05 were considered to indicate statisti-
cally significant results.

3. Results and discussion

3.1. Bone infection site targeting efficacy with D6 and UBI29.4; modified
nanoparticles

D6 and UBIlyg.41 peptides exhibit excellent bone- and bacteria-
targeting ability, respectively, and have been widely used to modify
NPs for the targeted delivery of drugs to bone or to trace bacteria and
improve the therapeutic efficacy of bone diseases such as bone tumors
and osteoporosis [27,38,39]. However, for bone infection,
bone-targeted NPs deliver antibiotic vehicles lacking bacterial targeting,
and the bacteria-targeted NPs deliver antibiotic vehicles lacking bone
targeting. In this study, we investigated the bone infection site targeting
efficacy of bone-and-bacteria dual-targeted MSN modified with D6 and
UBlg9.4; peptides, further, the therapeutic efficacy of orthopedic
implant-related infection with dual-targeted MSN loading vancomycin
was also investigated (Scheme 1).

Fe304 NPs were used to characterize the targeting efficacy on bone
infection sites of D6 and UBIyg.41 peptides. The characterization results
of FesO4 nanospheres were demonstrated in Fig. S7 and Fe3O4 NPs
possessed good biocompatibility (Fig. S8).

As shown in Fig. 1a, PEG-Dg- or PEG-Dg and PEG-UBIy9.4;-modified
Fe304 NPs (Fe304@D and Fe304@D&U) exhibited stronger binding with
HA in contrast to UBIag.41-modified Fes04 NPs (Fe304@UBI). In addi-
tion, it was confirmed that the FITC fluorescence intensity was linearly
correlated with NP concentration (Fig. 1b). The results suggested that
PEG-Dg-or PEG-Dg and PEG-UBIyg.41-modified NPs showed enhanced
bone-targeting capacity. Subsequently, we investigated the affinity of
Fe304 NPs for bacteria in vitro. The flow cytometry results demonstrated
that PEG-UBIy9.41- or PEG-Dg and PEG-UBIyg.41-modified NPs showed
enhanced bacterial affinity (Fig. 1c and d), thereby confirming the dual
targeting of the NPs.

Moreover, the magnetic resonance imaging (MRI) contrast perfor-
mance of Fe304 NPs was characterized. Fig. 1e shows the T2WI images
of the NP (including Fe304@SiO2, Fe304@D, Fe304@UBIL, and
Fe304@D&U) phantoms at various concentrations by a 7T MRI scanner.
To evaluate the potential of Fe3O4 NPs as diagnostic MRI contrast
agents, the T2 signal intensity (SI) of Fe3O4 NP phantoms at various
concentrations were measured. As shown in Fe3Oy4, the T2 SI revealed a
concentration-dependent darkening effect and decreased significantly
with increasing concentration for the four kinds of Fe3O4 NPs. Moreover,
the T2 SI of the Fe304@D&U phantom was higher compared to the other
Fe304 NP phantoms at the same concentration. In addition, the results
showed strong linear relationships between the T2 relaxation rates (1/
T2) and Fe304 NP concentrations (Fe3O4@SiO5: R? = 0.969, Fe304@D:
R? =0.988, Fe30,@UBL: R? = 0.978, Fe30,@D&U: R? = 0.990) (Fig. 1),
suggesting Fe3O4 NPs as suitable contrast agents for MRL

The preliminary results of the Fe304 NPs in vitro enabled the accu-
rate evaluation in vivo. The four groups of bacteria-bearing rats were
examined using a 7T MRI scanner at an early stage of infection (3 d after
the bacterial infection), and matched T2WI images were acquired before
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and 30 min after the intravenous administration of Fe304 NPs. As shown
in Fig. 1g, the T2 SI of the infected left femur of rats significantly
decreased in all the groups after injection, while the signal dropping of
Fe3O4@D&U-treated rats was more remarkable compared to the other
Fe304 NP groups. As shown in Fig. 1h, within the Fe304 NP subgroups,
the T2-post/T2-pre SI of the infected left femur of rats gradually
decreased in the Fe30,4,@Si0-, Fe304@D, Fe304@UBI, and Fe304,@D&U.
After 30 min of injection, rats were sacrificed, and the left femurs and
organs (heart, liver, spleen, lung, and kidney) were obtained to measure
the Fe concentrations. As shown in Fig. 1i, the Fe concentrations were
significantly increased in the left femurs of Fe304@D&U-treated rats
compared to other groups, showing a higher NP accumulation in bone
infection site. In addition, Fig. S9 displays the histopathological studies
of the major organs of the rats after MRI testing in vivo. As expected, no
agglomerated particles and no signs of organ damage were observed in
the organs, suggesting that the FesO4 NPs did not cause histological
toxicity to the main organs of rats. Therefore, bone-and-bacteria dual-
targeted NPs could effectively target the bone infection site.

3.2. Synthesis of MSN and surface functionalize MSN with PEG-D¢ and
PEG-UBl19_41

The targeted delivery of drugs to the disease site plays a critical role
in enhancing the disease treatment efficacy [40]. Based on the excellent
bone infection site targeting effect of D6-and UBI2g.41-modified NPs, we
synthesized D6-and UBIlyg 41-modified MSNs to target the delivery of
vancomycin to the bone infection site. MSNs have been extensively
employed as drug delivery systems because of their advantages,
including ultrahigh specific surface area, large pore volume, ease of
surface modification, ordered mesoporous structure, uniform, adjust-
able, and tunable pore size, and excellent biocompatibility [41,42]. The
morphologies of MSN, MSN@D (PEG-D6-modified MSN), MSN@UBI
(PEG-UBly9.41-modified MSN), and MSN@D&U (PEG-D6 and PEG-U-
Blyg.41-modified MSNs) were characterized by scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM). As shown
in Fig. 2a, the MSN materials had uniform spherical particles with a size
of approximately 100 nm. Additionally, TEM images confirmed that the
MSN materials had excellent dispersity, uniform size distribution, and a
highly ordered mesoporous structure (Fig. 2b). Fourier-transform
infrared (FTIR) spectroscopy was used to confirm the successful prepa-
ration of bone-and-bacteria dual-targeted MSNs (Fig. 2c). The charac-
teristic peak at 1082 cm ™' was assigned to the stretching vibration of
0-Si-0, and the characteristic peak at 799 cm™! was assigned to the
symmetric stretching vibration of Si-OH. The CH stretching modes of
the methyl and methylene groups of the polymer chain corresponding to
the PEG vibration spectrum were between 2980 cm™! and 2880 cm ™.
The PEGylated structure was confirmed at 2934 cm™!, which was
attributed to the C- of linear PEG. The asymmetric stretching vibration of
CH, at 1460 cm ™! is attributed to the asymmetric bending vibration of
—N(CH3)s", which coincides with the spectrum of pure MSNs. It was not
found in the spectrum of pure MSN, but the 1654 cm™! peak in the
spectrum was observed in MSN@D, MSN@UBI,, and MSN@D&U, which
was confirmed to be the -NH bend and —CN of the amide stretch, con-
firming the successful formation of amide bonds. The Ng
adsorption-desorption isotherms of MSN exhibited type IV isotherm
characteristics, indicating a mesoporous structure and a narrower size
distribution of MSNs (Fig. 2d and e). The corresponding pore volume,
Brunauer-Emmett-Teller (BET) surface area, and mesopore size were
calculated to be 1.63 cm® g1, 414.88 m® g1, and 3.49 nm, respectively.

MSNs are highly polar owing to the large amount of Si-OH on the
surface and the zeta potential, which is —20.9 mV (Fig. 2f). MSN was
functionalized with amino groups by a silane coupling agent to endow a
positive charge on MSNs, and the zeta potential of the obtained MSN-
NH; was +26.7 mV. However, the zeta potential of MSN@D dropped to
+21.9 mV. This phenomenon may result from -COOH PEGylation,
which increases the negative charge, thereby reducing the zeta
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Fig. 2. Characterization of the MSNs. a, b) Characterization of MSNs with Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM), scale
bar:100 nm. c) Fourier-transform infrared spectra of MSNs. d, e) N, adsorption-desorption analysis and pore size distributions of MSN. f) Zeta potential of MSNs. g)

Vancomycin release profile of MSNs in vitro.

potential. After the covalent formation of PEG-UBIyg 41 or PEG-Dg/PEG-
UBIy9_41, the zeta potential increased to +31.8 mV and +26.5 mV,
respectively. The change in zeta potential proved that MSN had
completed amino functionalization, PEGylation, and targeted peptide
modification.

3.3. Vancomycin loading and release assays from MSNs

The loading efficiency and release properties of vancomycin were
further studied. The vancomycin solution concentrations before and
after loading were measured and calculated using an ultraviolet-visible
(UV-Vis) spectrophotometer. The maximum UV absorption peak
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appeared at 280 nm, indicating the successful loading of vancomycin.
The encapsulation efficiency and drug loading efficiency were 19 +
0.57% and 15.96 + 0.14%, respectively. The amount of vancomycin
released was calculated based on the supernatant vancomycin concen-
tration measured by UV-Vis, and the drug release curves of MSN@V,
MSN@D@V, MSN@UBI@V, and MSN@D&U@V are shown in Fig. 2g.
After a relatively faster release within 24 h, vancomycin release was
sustained. The cumulative release rates of MSN@V, MSN@D@V,
MSN@UBI@V, and MSN@D&U@V at 168 h were 81.76%, 82.70%,
90.68%, and 87.60%, respectively. The cumulative release of
MSN@UBI@V and MSN@D&U@V at 24 and 168 h was higher
compared to the other two groups. This difference may be related to the
different zeta potentials of the materials. Those results demonstrated
that the synthesized MSNs possessed high dispersity, uniform particle
size, high specific surface area, and large pore volume and could sustain
release vancomycin for 168 h.

3.4. HA binding capability and bacterial affinity of dual targeting MSNs

To characterize the bone-binding affinity of D6 peptide-modified
NPs, the in vitro hydroxyapatite (Cajo(PO4)s(OH)2, HA) adsorption
assay with FITC-labeled NPs (FITC-NPs) was investigated. HA was
selected as a perfect model substrate in that it is a major natural inor-
ganic mineral component of human bones [43]. As shown in Fig. 3a,
PEG-Dg or PEG-Dg and PEG-UBIyg.41-modified NPs (MSN@D,
MSN@D&U) exhibited stronger binding with HA in contrast to NPs that
were not labeled with peptides Dg or Dg/UBI5g.41. In addition, the FITC
fluorescence intensity was identified to be linearly correlated with the
concentration of NP (Fig. 3b). The results suggested that PEG-Dg or
PEG-Dg/PEG-UBIyg_41-modified MSN had an enhanced bone-targeting
capacity. Afterward, we investigated the affinity of MSNs for bacteria
in vitro. The bacterial affinity of NPs plays a vital role in antibacterial
activity [44].

As shown in Fig. 3c, the interaction of MRSA with highly negative
unmodified MSNs was low; this is in line with the literature and can be
attributed to the strong electrostatic double-layer repulsion between
MRSA and unmodified MSNs. In contrast, bacterial cells were heavily
surrounded by MSN@UBI or MSN@D&U because of the strong specific
hydrogen bonding interactions between the well-oriented UBI3g.41
moieties on the surface of MSN@UBI or MSN@D&U and bacterial cell
walls. We further performed flow cytometry experiments to investigate
the bacterial affinity of the NPs. Approximately 72.4 + 2.8% of the FITC-
labeled MSN@D&U-treated MRSA presented fluorescence (Fig. 3d and
e) that was much higher than that of FITC-MSN (2.01 + 0.35%) and
FITC-MSN@Dg (23.2 + 2.8%) treated MRSA cells. Thus, the flow
cytometry results demonstrated that PEG-UBIyg_41- or PEG-Dg/UBIl2g_41-
modified NPs showed enhanced bacterial affinity. In the present study,
De-modified NPs greatly improved the bone-targeting performance. Our
results also demonstrated that UBIpg.41-modified NPs possessed
increased bacterial affinity, which could enhance thetherapeutic effect.

3.5. The antibacterial activity of the NPs against MRSA

Traditional antibiotic treatment poses an enormous risk by causing
antibiotic resistance and serious adverse reactions in the post-antibiotic
era [45], which may lead to more severe toxic symptoms [46,47]. To
cope with this challenge, targeted delivery strategies based on NPs have
recently been applied to treat infections with relatively low antibiotic
doses and decreased adverse effects [48]. In this study, we successfully
constructed a vancomycin-loaded NP with bone-and-bacteria dual--
targeting properties to target bacterial infected bone sites. To determine
the antibacterial activity of the NPs against MRSA, we conducted min-
imum inhibitory concentration (MIC) experiments. MSN@UBI@V and
MSN@D&U@V had the strongest inhibitory effects on the growth of
MRSA cells. The MIC values of MSN@V, MSN@D@V MSN@UBI@V, and
MSN@D&U@V against MRSA were 32, 32, 16, and 16 pg mL~!
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(Table S1), respectively. Compared to MSN@V and MSN@D@V,
MSN@UBI@V and MSN@D&U@V exhibited stronger antibacterial ef-
fects. One of the reasons may be that MSN@UBI@V and MSN@D&U@V
released more vancomycin within 24 h. Another emerging reason for
this divergence in results is the presence of UBIyg.41, a cationic human
antimicrobial peptide, which showed high sensitivity, specificity, and
accuracy in detecting bacterial infection [29,49]. For these reasons,
MSN@UBI@V and MSN@D&U@V exhibited superior antibacterial ef-
fects on MSN@V and MSN@D@V in vitro.

Morphological changes in MRSA were characterized by SEM to es-
timate the antibacterial activity of MSNs@V. The untreated bacteria had
normal shapes, clear borders, and membrane integrity, whereas
MSNs@V-treated bacterial membranes were seriously damaged and
highly distorted from the original morphology (Fig. 4a). Many of the NPs
accumulated on the surface of the cells, especially in the MSN@UBI@V
and MSN@D&U@V groups, which is consistent with the results shown
in Fig. 3c.

Biofilms are widely recognized to act as a crucial role in the patho-
genesis of bacterial infections [50]. However, owing to the difficulty for
antibiotics to penetrate the biofilm matrix, biofilms are the main cause
of therapy failure and recurring infections. Therefore, it is important to
impair or inhibit biofilm formation during treatment. We investigated
the biofilm inhibition effect on the Ti surface of MSNs@V by confocal
laser scanning microscopy (CLSM) (Fig. 4b). Encouragingly, after
MSNs@V or vancomycin therapy, bacteria colonized the Ti disc
exhibited a lesser amount than bacteria in the MSN group. In addition,
the bacterial biofilms were stained with 1% crystal violet and quantified
using optical density measurements after incubation at 37 °C for 24 h
(Fig. 4c and d). The results indicated that MSNs@V, especially
MSN@UBI@V and MSN@D&U@V groups, significantly decreased bac-
terial adherence to Ti. We further evaluated the killing kinetics of
MSNs@V. The optical density (OD) values of MRSA suspensions incu-
bated with MSNs@V at their respective MICs for 12 h were continuously
recorded to quantify bacterial growth. The bacteria grew rapidly within
12 h, after which the growth entered the stationary phase. As depicted in
Fig. 4e, bacterial growth was completely inhibited by the four MSNs@V.
These results indicate that MSNs@V strongly inhibited bacterial growth.

Biofilms from different groups were further observed using SEM.
However, many bacterial colonies formed a dense shield on the Ti discs
in the control group. In contrast, all treatment groups showed a reduc-
tion in bacterial colonies. When the SEM micrographs were captured at
high magnification, the impaired cell membranes of bacteria treated
with MSNs@V were clearly observed (Fig. 4f). In summary, our results
demonstrated that MSNs@V, especially MSN@UBI@V and
MSN@D&U@V, possessed excellent antibacterial activity and could be
used to eradicate MRSA-related infections in vitro.

3.6. Biocompatibility of MSNs

As biosafety assessment is necessary for potential clinical applica-
tions, cytotoxicity tests were carried out to evaluate the safety of the
MSNs [51]. The MSNs were co-cultured with rat bone marrow mesen-
chymal stem cells (rBMSCs) for 1, 3, and 5 d at various concentrations
(for MSNs: from 0 to 500 pg mL™1), and the cytotoxicity of the particles
was evaluated by cell counting kit-8 (CCK-8) assay (Fig. 5a). The results
revealed that the cell viability of rBMSCs remained above 90% when the
MSN concentration range was 0-100 pg mL ™}, and the cell viability was
approximately 80% when the concentration range was 100-200 pg
mL~!. However, when the concentration was 500 pg mL~}, the cell
viability was less than 30%. Compared to the control group, i.e., MSNs,
MSN@D, MSN@UBI, and MSN@D&U showed relatively high cell
viability. When the concentration range was 0-200 pg mL~!, cell
viability was maintained above 90%. As time increased from 1 to 5 d, the
cell viability of rBMSCs cocultured with MSN@D, MSN@UBI, and
MSN@D&U decreased slightly but was still higher than 80% at a con-
centration of 500 pg mL ™!, which indicated that the MSNs had good cell
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Fig. 3. In vitro bone and bacteria targeting of MSNs. a) MSNs binding to HA was detected at 4 h. b) Calibration curve of FITC fluorescence intensity with different
concentration of FITC-NPs. ¢) SEM and elemental mapping image of MRSA after treating with MSNs, scale bar:500 nm. d) Binding the FITC-labeled MSNs to MRSA, as
measured by FACS. e) Quantitative analysis of the binding efficacy of the FITC-labeled MSNs to MRSA, as measured by FACS. The results are presented as mean + SD
(N = 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Antimicrobial efficacy of MSNs and vancomycin in vitro. a) SEM images of MRSA with MSNs or vancomycin for 6 h, scale bar: 1 pm. b) confocal laser
scanning microscopy (CLSM) images of biofilms treated with MSNs or vancomycin at respective MICs for 24 h and stained with a bacteria live-dead kit, scale bar: 500
pm (Green represents live bacteria and the red represent dead bacteria). ¢) Biofilms treated with MSNs or vancomycin at respective MICs for 24 h and stained with 1%
crystal violet. d) Quantify biofilm formation by using a microtiter plate reader. e) Time-dependent killing of MRSA by MSNs and vancomycin at the concentration of
minimum inhibitory concentration (MIC). f) SEM images of biofilms treated with MSNs or vancomycin at respective MICs for 24 h, scale bar: 50 pm. Results are

presented as mean + SD (N = 3). *P < 0.05; **P < 0.01; ***P < 0.001. (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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compatibility and low toxicity. Live/dead staining and cell morphology
assays were further applied to characterize the effect of NPs on cell
viability. rBMSCs exhibited normal shapes after incubation for 24 h with
NPs at a concentration of 64 pg mL L. This indicated that MSNs did not
cause any cell deformities or inactivation (Fig. 5b and c). These results
suggest that the NPs synthesized in this study had no apparent toxicity to
rBMSCs. Hemolytic activity assays are critical for evaluating the
hemocompatibility of NPs under physiological conditions [52]. Fig. 5d
shows the curve of the hemolysis rate versus particle concentration
(0-1000 pg mL™1). Notably, none of the synthetic MSNs tested showed
hemolytic activity at the investigated concentrations. Overall, our re-
sults demonstrated that the NPs used in this study were nontoxic within
a certain range.

3.7. In vivo therapy of orthopedic implant-related infection and
histochemistry analysis

Encouraged by the outstanding infection eradication ability in vitro,
we further validated the anti-infective effect using a rat model of or-
thopedic implant-related infection with MRSA. Rats were treated with
phosphate buffered saline (PBS), MSN@V, MSN@D@V, MSN@UBI@V,
MSN@D&U@V, and vancomycin via daily tail vein injections for 3
weeks. Bone destruction around the implant was observed by X-ray
examination 3 weeks after surgery, and skeletal muscle tissues were
harvested and fixed, as shown in Fig. 6a. The rats in the control group
presented obvious radiographic characteristic signs of bone implant-
related infection, as demonstrated by the osteolysis and periosteal re-
actions around the implant [53]. The destruction of the femur was
relieved after treatment with MSN@V, MSN@D@V, MSN@UBI@V,
MSN@D&U@V, and vancomycin. Among all the treatment groups,
MSN@D&U@V exhibited the greatest reduction in bone destruction and
maintained bone integrity, superior to the MSN@V, MSN@D@V,
MSN@UBI@V, and vancomycin groups. A quantitative result of the
X-ray photographs was shown in Fig. 6b. The radiographic scores after
treatment with PBS, MSN@V, MSN@D@V, MSN@UBI@V,
MSN@D&U@V, and vancomycin were 7.77 + 0.63, 5.2 +£ 0.2, 4.7 + 0.2,
3.8 + 0.3, 217 £ 0.17, and 3.83 =+ 0.19, respectively. The
MSN@D&U@V group had significantly lower mean scores than the
other groups (P < 0.05). As shown in Fig. 6¢, the trend of the inflam-
matory reaction in the articular cavity was the same as the imaged
features, and rats in the control group exhibited typical clinical symp-
toms of orthopedic implant-related infection, including intramedullary
pus formation, periosteal reactions, osteolytic lesions, and bone de-
formities. However, treatment appeared to reduce the severity of these
symptoms, and MSN@D&U@V was free from infection. The mean pa-
thology scores of bone gross after treatment with PBS, MSN@V,
MSN@D@V, MSN@UBI@V, MSN@D&U@V, and vancomycin were
3.64+0.31,3.1 +£0.18,2.98 +£0.22,2.45 4+ 0.19,1.89 + 0.17, and 2.53
+ 0.21, respectively (Fig. 6d). The mean score of MSN@D&U@V
significantly decreased (P < 0.05) compared to the other groups.
Microcomputed tomography (micro-CT) was used to analyze the bone
tissue around the Ti implant. As shown in Fig. 6e, no significant signs of
orthopedic implant-related infection were observed in the
MSN@D&U@V group. In the MSN@D&U@V group, the values of bone
volume per tissue volume (BV/TV) and trabecular thickness (Tb. Th)
were higher, whereas the trabecular separation (Tb. Sp) value for im-
plants was lower compared to other groups (Fig. 6f), suggesting that
bone destruction was least severe, which is consistent with the results
determined by X-rays.

The left femurs of sacrificed rats were harvested for bacterial load
derivation from the homogenates of the bone tissues. As shown in
Figs. S10a and S10b, the number of colonies on the bone around the Ti
implant after treatment with MSN@D&U@V was lowest within a given
treatment group. Meanwhile, Ti implants were dissected, and surface
bacteria were detached by sonication. The number of bacteria on the Ti
implant in the MSN@D&U@V group was also the lowest among all
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groups (Figs. S10c and S10d). These results confirmed that the
MSN@D&U@V group had significantly fewer bacteria in the bone tissue
around the Ti implants than all the other groups. To visualize the
attached bacteria on the Ti rod, we performed live/dead bacteria
staining by CLSM (Leica TCS SP2, Heidelberg, Germany). The results
showed that the number of viable bacteria in the MSN@D&U@V group
was lowest among all the treated groups (Fig. 6g). Moreover, the SEM
measurements of the extracted Ti rods showed consistent results
(Fig. 6h).

Furthermore, the inflammatory reaction of the decalcified bone tis-
sue was evaluated by hematoxylin and eosin (H&E) staining, and the
bacterial residue in peri-implant bone tissues was detected by Gram
staining. As shown in Fig. 6i, the canonical signs of inflammatory re-
sponses were noted in the untreated groups, which presented significant
inflammatory exudation and a large number of lymphocytes, mono-
cytes, and neutrophil infiltration in H&E staining. Meanwhile, a large
number of bacteria were observed by Gram staining in the control group
(Fig. 6j). In contrast, both inflammatory cells and bacteria were signif-
icantly reduced in the MSN@D&U@V group, which was consistent with
the results of the microbiological analysis. Therefore, the results of
histological evaluation demonstrated that MSN@D&U@V possessed
excellent antibacterial ability in vivo. Finally, the organs (heart, spleen,
liver, lung, and kidney) of rats were obtained for physiopathological
studies to evaluate the adverse effects of MSN@D&U@V.

As depicted in Fig. 7, there were no obvious abnormalities or dam-
ages in the main organs of the rats, indicating that the dual-targeting
drug delivery vehicle was biologically safe.

4. Conclusions

Bone-and-bacteria dual-targeted Fe3O4 NPs could be achieved by
covalent peptide PEG-Dg and PEG-UBIy9.4; molecules on the Fe304 NP
surface, and the dual-targeted NPs could precisely target the bone
infection site. This indicated that PEG-Dg and PEG-UBI3g9.4; could be
excellent targets for delivering NPs to the bone infection site. It was
further proved that the dual-targeted FesO4@D&U nanocomposites
exerted an excellent ability for early diagnosis of orthopedic implant
related infection by specific targeting to the infected tissue and signifi-
cantly decreased T2 SI of the bacteria-infected femur of rats. The PEG-
Dg- and PEG-UBIyg.41-modified MSN nanocomposites also exhibited
excellent bone-targeting and bacteria-targeting functions. The results of
ex vivo assay indicated that dual-targeted MSN@D&U@V nano-
composites possessed excellent antibacterial activity and could be used
to eradicate MRSA-related infections. Owing to its superior antibacterial
activity, MSN@D&U@V proved to be more efficient in treating ortho-
pedic implant related infection than vancomycin. Moreover,
MSN@D&U@V nano composite demonstrated good biocompatibility. In
summary, our results demonstrated that PEG-Dg- and PEG-UBlyg.41-
modified NPs exhibited excellent targeting to bone infection sites and
could control the release of vancomycin at the bone infection site to
enhance the treatment of orthopedic implant-related infection.
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Fig. 6. Systematic evaluation of the antibacterial
effect of MSN@V NPs in vivo using the rat implant-
related MRSA-infection model. a) After 3 weeks of
the titanium implantation, X-ray image was used to
analysis the osteolysis that result from implant-
related infection. b) Radiographic scores. ¢) After 3
weeks of titanium implantation, gross images of the
titanium implant around the bone tissue were
analyzed. d) Gross bone pathology scores of the
femur. e) Microcomputed tomography (micro-CT)
images of samples implanted for 3 weeks. f) Quanti-
tative analysis results from micro-CT evaluation. g, h)
CLSM and SEM images of extracted implants to
characterize bacteria viability, scale bar: 400 pm and
20 pm respectively. (Green represents live bacteria
and the red represent dead bacteria). i, j) Hematox-
ylin and eosin and Gram staining of decalcified bone
slices obtained after 3 weeks, scale bar: 1000 ym and
200 pm respectively. The results are presented as
mean + SD (N = 3). *P < 0.05; **P < 0.01; ***P <
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Control MSN@V MSN@D@V MSN@U@V MSN@D&U@V Vancomycm

Fig. 7. Histological evaluation of heart, liver, spleen, lung, and kidney after treatment with MSNs. Scale bar: 100 pm.
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