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Abstract

Bacterial infections and antibiotic resistance represent significant global public health challenges, necessitating the
development of innovative antibacterial agents with targeted delivery capabilities. Our study utilized macrophages’
natural ability to recognize bacteria and the increased reactive oxygen species (ROS) at infection sites to develop

a novel nanoparticle for targeted delivery and controlled release. We prepared bacteria-activated macrophage
membranes triggered by Staphylococcus aureus (Sa-MMs), which showed significantly higher expression of Toll-

like receptors (TLRs), compared to normal macrophage membranes (MMs). These Sa-MMs were then used to coat
vancomycin-loaded amphiphilic nanoparticles with ROS responsiveness (Van-NPs), resulting in the novel targeted
delivery system Sa-MM@Van-NPs. Studies both In vitro and in vivo demonstrated that biocompatible Sa-MM@
Van-NPs efficiently targeted infected sites and released vancomycin to eliminate bacteria, facilitating faster wound
healing. By combining targeted delivery to infected sites and ROS-responsive antibiotic release, this approach

might represent a robust strategy for precise infection eradication and enhanced wound healing.
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Introduction

Since the beginning of the 21st century, bacterial infec-
tions have become a significant threat to global public
health. The widespread use of antibiotics has worsened
bacterial resistance, leading to substantial social and
economic burdens. In 2019, deaths directly attributed
to antibiotic resistance were reported to be equal to the
combined deaths from acquired immunodeficiency syn-
drome (AIDS) and malaria. Antibiotic resistance is now
the third leading cause of death globally, after ischemic
heart disease and stroke [1]. By 2025, it is estimated
that there will be 10 million deaths every year world-
wide due to antibiotic-resistant infections [2]. Currently,
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antibiotics remain the primary treatment for bacterial
infections. However, the development of novel antibiotics
presents significant challenges. Therefore, the most effec-
tive strategy is to efficiently deliver existing antibiotics
to the infection site, ensuring precise release to enhance
local therapeutic effectiveness, reduce toxicity, and miti-
gate the evolution of antibiotic resistance [3].

Biomimetic drug delivery systems, especially those
utilizing cell membrane-coated nanoparticles, have gar-
nered considerable interest for their improved circula-
tion, targeting capabilities, and biocompatibility [4]. Cell
membrane coating technology, employing cell mem-
branes as carriers, facilitates the targeted delivery of
core nanoparticles, irrespective of the nature of the core
nanomaterials [5]. This approach has employed a diverse
range of cell membranes [6], such as those from erythro-
cytes [7, 8], leukocytes [9], platelets [10], tumor cells [11],
stem cells [12, 13], and hybrid membranes [14, 15]. For
example, Wang et al. developed neutrophil membrane-
encapsulated nanoparticles capable of delivering antibi-
otics precisely to inflammatory sites and extending their
half-life [16]. Similarly, Hu et al. used M1 macrophage
membrane (M1-MM)-coated nanoparticles to delay
phagocytosis-mediated clearance, increasing circulation
time, and effectively concentrating drugs at tumor sites,
thereby inhibiting primary tumor growth, recurrence,
and metastasis without significant side effects [17]. Addi-
tionally, hybrid biomimetic nanoparticles were developed
for ovarian cancer therapy by fusing membranes from
murine-derived ID8 ovarian cancer cells with red blood
cell membranes. These hybrid nanoparticles exhibited
targeted self-recognition in both in vitro and in vivo stud-
ies, as well as prolonged circulation time [15]. Although
cell membrane coating has improved the targeting of
nanoparticles, achieving on-demand drug release at the
disease site has emerged as a major challenge.

Wound healing is a multifaceted biological process
comprising three stages: inflammation, proliferation, and
tissue remodeling [18—-20]. Bacterial infections can trig-
ger intense inflammatory responses, which make it diffi-
cult to heal the defective tissue, and even cause systemic
complications such as sepsis, threatening the life and
safety of patients. In response to bacterial infection and
immune reactions, wounds often develop unique micro-
environments distinct from healthy tissue. For instance,
the inflammatory response elevates reactive oxygen
species (ROS) levels at the site of infection. Therefore,
employing ROS-responsive nanosystem to deliver anti-
biotics to the infected site may be an effective strategy
[21, 22]. Borates and derivatives, especially phenylbo-
rate, serve as a key chemical functional group in cells
with ROS reactivity [23, 24]. Yang et al. covalently modi-
fied maltodextrin (MD) with 4-(hydroxymethyl) phenyl-
boronic acid pinacol ester to prepare ROS-responsive
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MD-prodrugs, which were internalized and degraded
back to MD, reactivating dormant bacteria and increasing
their sensitivity to rifampicin [25]. Zhao et al. developed
and synthesized a polymeric prodrug, polyglutamic acid
modified with 4-hydroxymethyl phenylboronic acid caf-
feic acid ester (PBC). The PBC can break the boronic acid
ester bond in response to high ROS levels, releasing two
antioxidant molecules, caffeic acid and 4-hydroxybenzyl
alcohol, which can scavenge the localized excess of ROS
on-demand [26]. Although nanoscale ROS-responsive
prodrugs facilitate controlled drug release, nanoparticles
must navigate through a complex physiological environ-
ment before reaching the target tissue, during which
they are prone to being cleared by the immune system
[27-29].

Macrophages are essential to innate immunity, func-
tioning as the main defense against bacterial infections.
Through pattern recognition receptors (PRRs), mainly
toll-like receptors (TLRs), they detect bacterial patho-
gen-associated molecular patterns (PAMPs) to trigger an
inflammatory response [30]. TLRs are located on the cell
surface and within cells to detect various PAMPs. Surface
TLRs, including TLR1, TLR2, and TLR6, identify bacte-
rial lipoproteins, whereas TLR4 detects lipopolysaccha-
rides (LPS) and specific viral membrane proteins. TLR5
recognizes flagellin, a protein found in bacterial flagella.
Intracellular TLRs, such as TLR3, TLR7, TLRS8, and
TLRY, detect nucleic acids from viruses and bacteria [31].

Leveraging the altered microenvironment of bac-
terially infected tissues and the bacterial recognition
capabilities of macrophages, we engineered bacterial
pre-activated macrophage membranes to encapsulate
antibiotic-loaded ROS-responsive nanoparticles. These
innovative nanoparticles are designed to target infection
sites and release antibiotics in response to ROS, facili-
tating the healing of infected wounds (Sch. 1). Staphy-
lococcus aureus (S. aureus), a leading cause of wound
infections [32—34], was selected as the model bacterium,
while vancomycin, the last line of defense against Gram-
positive bacterial infections [35, 36], served as the model
drug. The design of our nanoparticles involves two key
stages: (1) S. aureus triggered macrophages to acquire
membranes with enhanced bacterial recognition capa-
bilities, termed Sa-MMs; (2) Sa-MMs were integrated
onto the surface of vancomycin-loaded ROS-responsive
nanoparticles (Van-NPs) using extrusion, resulting in
Sa-MM@Van-NPs. The integration of MMs endowed
the nanoparticles with biomimetic properties, allowing
them to evade immune clearance. The presence of bac-
terial-specific receptors on Sa-MMs facilitated preferen-
tial accumulation at bacterial infection sites compared
to normal tissues, thereby minimizing drug toxicity.
With elevated ROS levels at the infected sites, Sa-MM@
Van-NPs degraded, releasing vancomycin and effectively
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Sch. 1 Schematic illustration of bacteria-activated macrophage membranes coated ROS-responsive nanoparticle for infected wound healing: A. Sche-
matic of Sa-MM@Van-NPs synthesis. B. Schematic of the antibacterial mechanism of Sa-MM@Van-NPs

eradicating bacteria while promoting wound healing. We
anticipated that this nanoparticle, Sa-MM@Van-NPs,
may represent a promising strategy for highly targeted
and efficient antibacterial therapy.

Results and discussions

Bacteria-activated macrophage characterization

To obtain the Sa-MM, RAW?264.7 cells were co-cultured
with S. aureus to activate macrophages (Fig. 1A). TLR2
and TLR4 on macrophage membrane are crucial for
identifying extracellular pathogens [37, 38]. Initially, we
assessed the expression of these receptors on macro-
phages. Quantitative real-time polymerase chain reac-
tion (qPCR) revealed significant upregulation of TLR1,
TLR2, and TLR6 mRNA expressions in macrophages
after bacterial stimulation (Fig. 1B). The TLR1 or TLR6
can form heterodimers with TLR2 to recognize lipopro-
teins [39]. The TLR2 /TLR1 heterodimer can recognize
triacylated lipoproteins, whereas the TLR2 /TLR6 het-
erodimer is associated with the recognition of diacylated

lipoproteins and lipoteichoic acid [40, 41]. This upregu-
lation aligned with their established functions in detect-
ing Gram-positive bacteria. In contrast, TLR4 mRNA
levels did not show a significant change, aligning with
its primary role in detecting LPS from Gram-negative
bacteria [42—-44]. Immunofluorescence staining further
confirmed the upregulation of TLR2 and TLR4 protein
expressions (Fig. 1C). Statistical analysis indicated a 2.2-
fold increase in TLR2 fluorescence intensity and only a
1.5-fold increase in TLR4 fluorescence intensity (Figure
S1). These findings were corroborated by flow cytom-
etry analysis (Fig. 1D). The differences in TLR4 mRNA
expression and protein expression may be due to post-
translational modifications [45, 46]. Consequently, incor-
porating MMs with these specific receptor expressions
onto nanoparticles may enhance their ability to recognize
and bind to specific pathogenic bacteria.
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Synthesis and characterization of Sa-MM@Van-NPs

Amphiphilic nanoparticles responsive to ROS were syn-
thesized through the self-assembly of PBAP-CDI-Man-
nose (PCM), where 4-(hydroxymethyl) phenylboronic

acid pinacol ester (PBAP) served as hydrophobic ele-
ment and D-mannose as hydrophilic element (Fig. 2A).
And the mechanism of ROS responsiveness [24, 47] was
shown in Figure S2. The chemical structure of the PCM
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Fig. 1 Characterization of bacteria-activated macrophages triggered by S. aureus: A. Schematic representation of bacteria-activated macrophages trig-
gered by S. aureus. B. gPCR analysis of RAW264.7 cells revealed mRNA expression levels for TLR1, TLR2, TLR4, and TLR6 (n=3; mean+£SD; **p <0.001,
***%n <0,0001). C. Immunofluorescence images of TLR2 (red) and TLR4 (green) expressions in RAW264.7 cells, with nuclei stained in blue (scale bar =100
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Fig. 2 Preparation and characterization of Sa-MM@Van-NPs: A. Synthetic process of PCM. B. "H NMR spectra of PCM. C. FT-IR spectra of PCM. D. TEM im-
ages of Van-NPs (up) and Sa-MM@Van-NPs (down). E. Particle sizes of Van-NPs and Sa-MM@Van-NPs were measured using DLS, with results presented as
mean +SD (n=3).F.The zeta potentials of Van-NPs and Sa-MM@Van-NPs were evaluated using DLS, with results presented as mean +SD (n=3). G. Tyndall
effect observed in Van-NPs and Sa-MM@Van-NPs after 12 h of hydrolysis without or with 100 pM H,O,. H. Hydrolysis kinetics of Van-NPs and Sa-MM@
Van-NPs in PBS buffer without or with 100 pM H,0, at different time points. I. Specific protein analysis of macrophage members, Van-NPs, and Sa-MM@
Van-NPs by Western blotting. J. Co-localization images of dual fluorescent labeled DiO-Sa-MM@Dil-NPs in RAW264.7 cells. Cell nuclei were stained with
DAPI (blue), NPs with Dil (red), and Sa-MMs with DiO (green), with a scale bar of 20 um. K. In vitro drug release profiles of Van-NPs and Sa-MM@Van-NPs
were evaluated with and without 100 uM H,0, (n=3, mean +SD)
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was confirmed using '"H NMR [48, 49] (Fig. 2B). Fourier
transform infrared (FT-IR) spectral was conducted to fur-
ther determine the successful synthesis of PCM (Fig. 2C).
The successful reaction of PBAP with CDI (PBAP-CDI)
is evidenced by the loss of the O-H stretching vibrational
absorption peak at 3325 cm™! and the emergence of the
C=0 stretching vibrational absorption peak of the ester
group at 1760 cm™! [50], alongside the C=C and C=N
double bonding stretching vibrational absorption peaks
on CDI (1,1'-carbonyldiimidazole) at 1515 cm™'. The
infrared spectrogram of PCM showed a strengthened
O-H stretching vibrational absorption peak at 3414 cm™?,
compared to the water peak on PBAP-CD], indicating a
successful reaction with Mannose [51, 52]. Subsequently,
vancomycin was encapsulated in the hydrophobic core
of the nanoparticles via nano-precipitation, resulting in
a drug encapsulation efficiency (DEE) of about 80% and
a drug loading efficiency (DLE) of approximately 7%.
Sa-MM@Van-NPs were synthesized by coating Sa-MM
onto Van-NPs using an extrusion technique. Transmis-
sion electron microscopy (TEM) showed that Van-NPs
had a roughly spherical shape, whereas Sa-MM@ Van-
NPs displayed a corona layer about 20 nm in diam-
eter, due to the functionalized Sa-MM coating [53, 54]
(Fig. 2D). Dynamic light scattering (DLS) revealed that
the average hydrodynamic diameter of Sa-MM@Van-
NPs increased from 127.6+4.98 nm to 178.0+3.51 nm
compared to uncoated Van-NPs (Fig. 2E). And the poly-
mer dispersity index (PDI) was 0.2866, indicating a rel-
atively uniform particle size distribution [55, 56]. The
zeta potential decreased to a level comparable to MM,
indicating the successful synthesis of Sa-MM@Van-NPs
(Fig. 2F). The enhanced electrostatic repulsion between
nanoparticles helps to prevent aggregation, thus improv-
ing stability [57]. Furthermore, Western blot analysis ver-
ified that key membrane antigens including CD36, CCR2,
and TNFR2, were present on both MMs and Sa-MM@
Van-NPs surface, indicating that the macrophage mem-
branes on the Sa-MM@Van-NPs resembled those on
macrophages (Fig. 2I). Dual fluorescent labeling experi-
ment was performed to further confirm the successful
encapsulation of Sa-MM by labeling the core nanopar-
ticles (NPs) with red fluorescent dye Dil (Dil-NPs) and
Sa-MM with green fluorescent dye DiO (DiO-Sa-MM).
Then, DiO-Sa-MM@Dil-NPs were incubated with mac-
rophages. As depicted in Fig. 2], the red fluorescence
surrounding the nucleus extensively overlapped with the
green fluorescence, confirming the successful encapsula-
tion of Sa-MM components onto the NPs. Considering
that the effect of proteins in vivo is an important factor,
the particle size of Sa-MM@Van-NPs was measured in
simulating body fluids with 10% fetal bovine serum (FBS)
solution (Figure S3), indicating relatively stable over 5
days.
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H,0, was selected to evaluate the responsiveness of
the nanoparticles to ROS due to its relative stability,
accessibility and abundance in vivo [58, 59]. They were
exposed to 100 pM H,O, solution (the pathological oxi-
dative microenvironment) [58, 60] for 12 h followed by
laser irradiation to observe the Tyndall effect. As shown
in Fig. 2G, both Van-NPs and Sa-MM@Van-NPs sus-
pensions exhibited a weakened Tyndall effect light path,
indicating structural instability of the nanoparticles after
exposure to the ROS-mimicking H,O, solution. There
was visible movement of solid particles in the light path,
suggesting disruption or degradation of the nanoparticles
under ROS conditions. In the H,O,-treated group the
blue color of the suspensions significantly faded within
1 h and almost disappeared after 12 h, while the control
group showed no noticeable color change (Fig. 2H). The
ROS-responsive drug release profile was evaluated by
monitoring vancomycin release from Sa-MM@Van-NPs
in Phosphate Buffered Saline (PBS) with and without 100
uM H,0O, using a microplate reader. As shown in Fig. 2K,
the cumulative percentage of drug release from Sa-MM@
Van-NPs increased from approximately 63% to around
78% in the presence of H,O,, a response similar to that
observed for Van-NPs. The above results indicated the
successful preparation of Sa-MM coated ROS-responsive
amphiphilic nanoparticle.

Immune escape and active targeting

One significant challenge with current delivery systems
is the frequent clearance of nanoparticles by the mono-
nuclear phagocyte system before reaching their intended
target sites [29, 61, 62]. Encapsulating MMs on the sur-
face of nanoparticles serves as an autologous camou-
flage, thereby reducing immune clearance. Therefore, we
investigated the phagocytosis of Sa-MM@NPs by mac-
rophages. Dil was encapsulated in the cores of nanopar-
ticles (DiI-NPs) and Sa-MM@NPs (Sa-MM@DIiI-NPs) to
monitor the cellular uptake process. As shown in Fig. 3A,
macrophages uptake increased over time in both the
DiI-NPs and Sa-MM@DilI-NPs groups. However, the red
fluorescence intensity of the Sa-MM@DIiI-NPs group was
lower than that of the Dil-NPs group at the same time
points, suggesting that the drug delivery system encapsu-
lating MMs may represent an effective strategy to evade
macrophage clearance.

The targeting of Sa-MM@NPs to bacteria was assessed
through flow cytometry and scanning electron micros-
copy (SEM). As shown in Fig. 3B, bare NPs exhibited a
binding rate of only 6.53% with S. aureus, whereas NPs
coated with MMs (MM@NPs) showed a higher binding
rate (15.4%). Surprisingly, NPs incorporating bacteria-
stimulated MMs (Sa-MM@NPs) demonstrated an even
stronger binding rate (28%). SEM images supported these
results. Figure 3C showed that the NPs, MM@NPs, and
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Sa-MM@NPs groups adhered numerous particles to the  enhanced the NPs’ ability to adhere to bacteria and that
S. aureus surface compared to the control group. More-  bacteria-activated MMs further improved their bacterial
over, the Sa-MM@NPs group exhibited the highest par-  recognition capability.

ticle adhesion, followed by the MM@NPs group. These In summary, these findings demonstrated the encap-
results together underscored that encapsulating MMs  sulation of MMs effectively mitigated the immune
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clearance, while bacteria-stimulated MMs additionally
enhanced their adhesion and targeting efficacy towards
bacteria.

In vitro antibacterial activity

The antibacterial properties of Sa-MM@Van-NPs
were assessed in vitro using the spread plate method,
inhibition zone experiment and bacterial live/dead
staining assay. The antibacterial effects of various con-
centrations of Van-NPs were firstly compared in Figure
S4. At concentrations above 200 ug/mL, the antibacte-
rial rate exceeded 98%. Therefore, we selected 200 pg/
mL for the in vitro antibacterial experiments to evaluate
the effects of different treatments. The Van-NPs, MM@
Van-NPs, and Sa-MM@Van-NPs groups demonstrated
significantly fewer colonies and higher antibacterial rates
than the control group, as evidenced by colony images
(Fig. 4A), quantitative colony analysis (Fig. 4B), and anti-
bacterial rate data (Figure S5). Specifically, the antibac-
terial rate of Van-NPs was 83.1%, while those of MM@
Van-NPs and Sa-MM@Van-NPs were 90.4% and 98.1%,
respectively, suggesting that the MM coating improved
its antibacterial efficacy. Remarkably, there were only few
bacterial colonies on Sa-MM@ Van-NPs agar plates, likely
due to the high expression of TLRs on Sa-MM. The live/
dead bacterial staining assay yielded comparable results.
Red fluorescence signified dead bacteria, while green flu-
orescence signified live bacteria. Figure 4E demonstrated
that Sa-MM@Van-NPs treatment significantly increased
red fluorescence with minimal green fluorescence, while
Van-NPs and MM@Van-NPs showed a slight presence
of green fluorescence. This further confirmed that the
Sa-MM coating significantly enhanced the antibacterial
effect of the nanoparticles.

To investigate the role of ROS responsiveness in
antibacterial activity, Van-NPs, MM@Van-NPs, and
Sa-MM@Van-NPs were incubated with 100 pM H,O, for
4 h, and their antibacterial efficacy was evaluated in vitro
by measuring the diameter of the inhibition zone using
the agar disk diffusion method. As shown in Fig. 4C and
D, both with and without H,0,, Van-NPs, MM@Van-
NPs, and Sa-MM@Van-NPs groups displayed distinct
inhibition zones. In contrast, NPs lacking vancomycin
did not exhibit inhibition zones (Figure S6), likely due to
their limited diffusion ability on the agar plate. Following
the addition of H,O,, the diameter of the inhibition zone
in the Sa-MM@Van-NPs group increased from 13.4 mm
to 15.13 mm, nearly equivalent to the antibacterial effect
of free vancomycin at the same concentration (inhibition
zone diameter: 15.54 mm). This finding suggested that
vancomycin encapsulated within the hydrophobic core
was released to exert its primary antibacterial effect.

Next, we measured the OD600 values of bacteria co-
cultured with nanoparticles unloaded with vancomycin
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(NPs, MM@NPs, Sa-MM@NPs) in lysogeny broth (LB)
medium and PBS solution to evaluate their antibacterial
function. S. aureus can proliferate rapidly in LB medium
whereas its growth is severely inhibited in PBS. This was
confirmed by the fact that the OD values of the control
group in LB medium increased significantly at 4 h com-
pared to 2 h, whereas no difference was shown in PBS.
Figure 4F showed that the OD600 values for the NPs,
MM@NPs, and Sa-MM@NPs groups remained con-
sistent with control group in PBS solution. In contrast,
the OD600 values for NPs, MM@NPs, and Sa-MM@
NPs were significantly reduced in LB medium in Fig. 4G.
These results may reveal that the nanoparticles unloaded
with vancomycin may exert their antibacterial effect by
inhibiting bacterial proliferation (bacteriostatic). More-
over, Sa-MM@NPs exhibited the most potent bacterio-
static effect, followed by MM@NPs, suggesting that the
coating of MMs may enhance the recognition and adhe-
sion of NPs to bacteria and the overexpression of TLRs
on the Sa-MM cell membranes further augmented tar-
geting efficacy.

In vitro biocompatibility of Sa-MM@Van-NPs
Toxicity assessment is crucial for the application of nano-
materials. The cytotoxicity of Sa-MM@Van-NPs was
assessed in vitro using a cell counting kit 8 (CCK8) assay.
Results showed that at increasing doses of Sa-MM@Van-
NPs (up to 0.5 mg/mL), cell viability remained above
80% (Fig. 5A and B), with no significant cytotoxic effects
observed on L929 fibroblasts after 24 and 48 h of incu-
bation. Similar findings were observed in groups treated
with Van-NPs (Fig. 5C and D). The hemolysis assay is a
well-established method for evaluating the in vitro hemo-
compatibility of nanomaterials [62]. As per the ASTM
F756-2008, biomaterials are considered acceptable if the
hemolysis rate is below 5% [63]. Figure 5E demonstrated
that erythrocytes exposed to Sa-MM@Van-NPs at con-
centrations of 0.1, 0.25, 0.5, 0.75 and 1 mg/mL showed
no significant hemolysis, with 0.5% Triton X-100 and PBS
serving as positive and negative controls, respectively.
Quantitative analysis confirmed that the hemolysis rate
was consistently below 5% across all groups, demonstrat-
ing the excellent hemocompatibility of Sa-MM@Van-
NPs. Similarly, hemocompatibility tests conducted for
Van-NPs also showed a hemolysis rate below 5%, indicat-
ing their favorable hemocompatibility as well (Fig. 5F).
Additionally, a live-dead cell staining assay was per-
formed to evaluate the cell viability of 1929 fibroblasts
after 24 h treatment with Van-NPs, MM@Van-NPs,
and Sa-MM@Van-NPs. The concentration of 500 pg/
mL (cell viability>80%) was chosen based on CCK8
assay findings (Fig. 5A-D). Green fluorescence marked
live cells, whereas red fluorescence marked dead cells.
As shown in Fig. 5G, most cells in all treatment groups
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exhibited green staining, with only a very small number
of cells showing red staining, indicating good biocompat-
ibility of Van-NPs, MM@Van-NPs, and Sa-MM@Van-
NPs with 1929 fibroblast cells.

Accumulation in infection sites and anti-subcutaneous
infection

A subcutaneous infection model was used to evaluate the
in vivo targeting characteristics of Sa-MM@NPs by track-
ing their real-time distribution. DiR, encapsulated in the
hydrophobic cores of the NPs, was used to prepare DiR-
NPs, MM@DIiR-NPs, and Sa-MM@DiR-NPs for in vivo
imaging observation. As depicted in Fig. 6A, S. aureus
was injected into the subcutaneous area of the upper
right leg of mice for 24 h. Then, the mice were imaged
using an in vivo imaging system (IVIS) at 2, 4, 8, 12, and
24 h following intravenous injection of DiR-NPs, MM@

DiR-NPs, and Sa-MM@DiR-NPs. Figure 6B illustrated
that in the DiR-NPs group, the red fluorescent signal at
the infection site increased over 12 h and diminished by
24 h. In contrast, the MM@DiR-NPs and Sa-MM@DiR-
NPs groups sustained elevated fluorescent signals at 24 h.
At each time point, the red fluorescent signal intensity
was highest for Sa-MM@DiR-NPs, followed by MM@
DiR-NPs, and lowest for DiR-NPs. This result demon-
strated that the MM coating improved accumulation at
the injection site, and the overexpression of TLRs on Sa-
MMs further enhanced targeting efficacy. Ex vivo imag-
ing at 8 h post-injection revealed that the liver was the
predominant off-target site for the nanoparticle (Fig. 6C).

Furthermore, we evaluated the therapeutic effect
by observing the size of skin lesions. On the 4th day of
treatment, it was observed that the areas of skin lesions
in the Van-NPs, MM@Van-NPs, and Sa-MM@Van-NPs
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Fig. 6 Evaluation of infection site accumulation and anti-subcutaneous infection: A. Schematic representation of experiments assessing the targeting
capability of Sa-MM@Van-NPs in a mouse model of subcutaneous abscess infected by S. aureus. B. In vivo optical imaging of mice with subcutaneous
abscesses following various treatments at 2, 4, 8, 12, and 24 h post-injection. C. Ex vivo imaging of DiR-labeled nanoparticles in major organs at 8 h post-
injection. D. Representative images of skin lesions and bacterial colonies (lower left corner) in infected tissues under different treatments on day 4 (scale
bar =5 mm). E. H&E staining of skin tissue sections on day 4 (scale bar =100 pm)

treatment groups were obviously smaller than those in
the PBS group. Sa-MM@Van-NPs group exhibited the
smallest skin lesion size, indicating the most effective
therapeutic outcome (Fig. 6D). The spread plate method
confirmed the antibacterial efficacy, showing minimal
bacterial colonies in the Sa-MM@Van-NPs group, align-
ing with the in vitro results. Histological analysis of day 4
skin samples using hematoxylin and eosin (H&E) stain-
ing revealed a significant reduction in inflammatory infil-
tration following Sa-MM@Van-NPs treatment (Fig. 6E).

These results collectively underscored the favorable ther-
apeutic efficacy of Sa-MM@Van-NPs in treating subcuta-
neous infections.

In vivo infected wound healing

We developed a full-thickness S. aureus-infected wound
model (6 mm in diameter) on the dorsal side of mice
to assess the in vivo antibacterial and wound healing
efficacy of Sa-MM@Van-NPs (Fig. 7A). The infected
wounds were randomly assigned to one of four groups:
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PBS, Van-NPs, MM@Van-NPs, and Sa-MM@Van-NPs.  effects. Histopathological examination of wound tis-
Photographs were captured on days —1, 0, 3, 7, and 10  sues from each group was performed on days 7 and 14.
to monitor wound healing, and wound exudates were As shown in Fig. 7B-D, the wound healing effects in the
collected for spread plate assays to assess antibacterial MM@Van-NPs and Sa-MM@Van-NPs groups were
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significantly superior to that in the Van-NPs group. Spe-
cifically, Sa-MM@Van-NPs consistently maintained
the highest wound healing rates, reaching 82.15% and
92.46% on days 7 and 10, respectively, whereas the MM@
Van-NPs group showed rates of 63.93% and 74.52% on
the same days. The spread plate assay results aligned
with the wound healing trends (Fig. 7E), showing a pro-
gressive decrease in colony formation in the Van-NPs,
MM@Van-NPs, and Sa-MM@Van-NPs groups com-
pared to the PBS group. By day 10, colony formation in
the MM@Van-NPs and Sa-MM@Van-NPs groups was
significantly lower than that in the Van-NPs group, indi-
cating that the MM coating enhanced the antibacterial
efficacy. Furthermore, almost no colony formation was
observed in the Sa-MM@Van-NPs group by day 10, sug-
gesting that the high expression of TLRs on Sa-MM pro-
moted the targeted recognition of bacteria and further
enhanced sterilization. Subsequently, the wound heal-
ing status was further examined by histologic changes of
the skin on days 7 and 14. H&E staining showed that the
Sa-MM@Van-NPs group had the smallest scars on day
7 and had been fully epithelialized on day 14 (Fig. 7F).
Masson staining revealed increased collagen deposition
in the treatment groups (Van-NPs, MM@Van-NPs and
Sa-MM@Van-NPs) compared to the control, and the
Sa-MM@Van-NPs group had the most collagen content
with a relatively uniform arrangement (Fig. 7G). After
14 days of treatment, H&E staining (Fig. 8A) showed no
evident pathological damage to the heart, liver, spleen,
lungs, or kidneys. Liver function biomarkers, including
alanine aminotransferase (ALT) and aspartate amino-
transferase (AST), as well as kidney function biomarkers,
such as urea nitrogen (UREA) and creatinine (CREA),
exhibited no abnormalities (Fig. 8B). These findings col-
lectively indicated that Sa-MM@Van-NPs had a favorable
in vivo biosafety.

Conclusion

In summary, this study successfully developed a novel
nanoparticle based on ROS-responsive amphiphilic
nanoparticles coated with bacteria-activated MMs. This
nanoparticle demonstrated targeted recognition and
effective sterilization capabilities. The bacteria-activated
MM coating facilitated specific targeting of infected sites
through receptor-bacteria interactions, followed by the
release of antibiotics in response to high ROS levels to
eradicate bacteria. Moreover, the nanoparticle exhibited
good biocompatibility. In vitro experiments confirmed
that Sa-MM@Van-NPs had good bacterial adhesion and
exerted potent antibacterial effects. In vivo experiments
further revealed that Sa-MM@Van-NPs accumulated
at infection sites, effectively eliminating bacteria and
promoting wound healing. Therefore, leveraging bac-
teria-activated MMs to enhance bacterial recognition
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in conventional amphiphilic nanoparticles represents
a practical and effective strategy for combating bacte-
rial infections, reducing inflammation, and facilitating
wound healing. This innovative approach holds promise
for achieving significant advancements in targeted bacte-
rial clearance.

Materials and methods

Cell culture

RAW264.7 and L929 cell lines were sourced from the
American Type Culture Collection (ATCC), both authen-
ticated through short tandem repeat (STR) profiling and
confirmed to be free of mycoplasma contamination. The
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS and
1% Penicillin-Streptomycin, and incubated at 37 °C in
a humidified atmosphere containing 5% CO2. LB broth
was used to cultivate S. aureus at 37 °C.

mRNA expression of TLRs in RAW264.7 cells

To detect mRNA expression levels of TLRs, qPCR was
performed. A suitable density of RAW264.7 cells was
inoculated in 24-well plates overnight. Afterward, S.
aureus was added to co-incubate with cells for 3 h. Total
RNA extraction was carried out using the FastPure Cell/
Tissue Total RNA Isolation Kit V2 (RC112, Vazyme)
according to the manufacturer’s instructions. cDNA syn-
thesis was performed with HiScript II Q RT SuperMix
for qPCR (+gDNA wiper) (R223, Vazyme), and qPCR
was conducted with Cham Q SYBR qPCR Master Mix
(Without ROX) (Q321, Vazyme) on a LightCycler 48011
machine (Roch, US).

All primer sequences were listed as follows: TLR1-
forword: GTCAAAGCTTGGAAAGAATCTGAAG,
TLR1-reverse: TLR2-forward: CGTTGTTCCCTGTG
TTGCT, TLR2-reverse: AAAGTGGTTGTCGCCTGC
T; TLR4-forward: GAATGAGGACTGGGTGAGAAA
TGAG, TLR4-reverse: TGGATGATGTTGGCAGCAA
TGG; TLR6-forward: CCTGTGATACTGTTCTGCTG
ACTG, TLR6-reverse: CCTGTGCCTGGTCTGTGTC
C: GAPDH-forward: CAATCTGTCCGTCGTGGATC,
GAPDH-reverse: CCTGCTTCACCACCTTCTTG.

Flow cytometry of TLRs

At a density of 2x10° cells per well, RAW?264.7 cells were
inoculated into 6-well plates. S. aureus was introduced
to the cells at a concentration of 2x10” CFU/well for
3 h, following a 24-hour period. The cells were washed
thrice with PBS and resuspended in 100 pL of PBS. The
cells were subsequently stained with 1 pug of APC anti-
mouse CD284 (TLR4) antibody (Cat#145406, Bioleg-
end) or 0.5 pg of PE anti-mouse CD282 (TLR2) antibody
(Cat#148604, Biolegend) and incubated for 30 min on ice,
protected from light. After three PBS washes, the cells
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(n=3; mean*SD)

were resuspended in 500 pL of PBS for flow cytometry
analysis using the Accuri C6 Plus (BD Biosciences).

Immunofluorescence staining of TLRs

RAW?264.7 cells were inoculated at an appropriate den-
sity in 24-well plates with coverslips placed. After 24 h,
S. aureus was added to treat for 3 h. Cells were washed
thrice with PBS, fixed and permeabilized using prechilled
100% methanol at -20 °C for 5 min, and subsequently
blocked with 5% goat serum for 1 h at room temperature.
Samples were incubated overnight at 4 °C with either
anti-TLR2 antibody (ab209216, Abcam) or anti-TLR4
antibody (sc-293072, Santa Cruz). Following three PBS

washes, TLR2 was incubated with Cy3 goat anti-rabbit
IgG (H+L) (AS007, ABclonal), and TLR4 was incu-
bated with FITC goat anti-mouse IgG (H+L) (AS001,
ABclonal). The coverslips were sealed with an anti-flu-
orescence quenching solution containing DAPI (P0131,
Beyotime) and examined using laser scanning confocal
microscopy (LSM880, Carl Zeiss).Fluorescence intensity
was quantified using Image] software.

Synthesis of Van-NPs

1 g of PBAP and 1.4 g of CDI were completely dissolved
in 6 mL DCM, followed by stirring and reaction over-
night at room temperature. The mixture was treated
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with an additional 6 mL of DCM, washed thrice with
ultrapure water, and dried over anhydrous magnesium
sulfate (MgSO4) for 4 h before filtration. Then, the col-
lected products were subjected to rotary evaporator to
fully remove the DCM until white solid, i.e. PBAP-CDI,
was obtained. Subsequently, 0.5 g of PBAP-CDI, 90 mg
of D-mannose, and 183 mg of DMAP were dissolved in 4
mL DMF and stirred overnight at 40 C. The product was
enclosed in a dialysis bag (MWCO 500 Da) and subjected
to dialysis in ultrapure water for 24 h. The dialyzed prod-
ucts were lyophilized by vacuum freeze-drying (CTED-
12 S-U, CREATRUST) to obtain PBAP- CDI- D-mannose
(PCM) power. The chemical structure of PBAP-CDI
and PCM were characterized by '"H NMR spectroscopy
(600 MHz, DMSO-d6).

Van-NPs were prepared using the dialysis method. A
solution of 10 mg PCM and 1 mg vancomycin in 200 pL
DMF was gradually dropped into 5 mL of rapidly stirred
ultrapure water. Van-NPs were acquired by dialyzing
with a 1000 Da MWCO dialysis bag for 12 h. The dia-
lyzed products were lyophilized by vacuum freeze-drying
(CTED-12 S-U, CREATRUST).

Synthesis of Sa-MM@Van-NPs

RAW264.7 cells were inoculated in 10 cm dishes. S.
aureus was introduced and co-incubated with cells for
3 h after a 24-hour period. Cells were collected in a cen-
trifuge tube, and membranes were isolated using the
Membrane and Cytosol Protein Extraction Kit (P0033,
Beyotime). Briefly, cells were incubated on ice for 15 min
with Reagent A containing protease inhibitor. Cells were
lysed through three freeze-thaw cycles using liquid nitro-
gen, followed by centrifugation at 700 g for 10 min at 4°C.
The supernatant was then transferred to a new tube. The
supernatant underwent centrifugation at 14,000 g for
30 min at 4°C, resulting in the collection of cell mem-
brane fragments as the precipitate.

Extrusion method was used to synthesize Sa-MM@
Van-NPs.1 mL Van-NPs was mixed with Sa-MM and
transferred to a syringe. The suspension underwent 16
extrusions through a 200 nm polycarbonate membrane
using an Avestin LiposoFast extruder. The suspension
underwent centrifugation at 12,000 rpm for 10 min to
eliminate surplus macrophage membranes.

Characterization of Sa-MM@Van-NPs

Nanoparticle morphology and structure were examined
using a Hitachi HT7800 TEM. The hydrodynamic diam-
eter and zeta potential were analyzed using Malvern
Zetasizer Nano ZS. The proteins, CCR2 (MA5-41175,
Invitrogen), CD36 (ab252922, Abcam) and TNFR2
(MA5-32618, Invitrogen) on Sa-MM@Van-NPs, were
detected using Western blot.
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DLE and DEE

Vancomycin standard solutions at different concentra-
tions were prepared in DMF, and their OD280 values
were measured using a Biotek Synergy H4 microplate
reader. A standard curve of concentration versus absor-
bance was then plotted. The Van-NPs powder was dis-
solved in DMF, and its OD280 value was measured. The
vancomycin concentration in Van-NPs was determined
using the standard curve. In conclusion, DLE and DEE
were determined using the specified equations.

Mass of vancomycin in NPs
Mass of Van — NPs

DLE (%) = x100%

DEE (%) = Mass of vancomycin in NPs

= 100
Mass of vancomycin in feed x100%

Release profiles of vancomycin from nanoparticles

The release profiles of vancomycin from Van-NPs and
Sa-MM@Van-NPs were investigated with or without
100 uM H,0O, using a microplate reader at 280 nm. Solu-
tions of Van-NPs and Sa-MM@Van-NPs (10 mg/mL,
5 mL) were placed in a dialysis bag (MWCO 3500 Da)
and submerged in 100 mL of buffer solution. The dialy-
sis bags were shaken with 30 g at 37 °C to mimic the in
vivo environment. At various intervals, 5 mL of buffer
was extracted and replaced with an equal volume of fresh
solution. After the measurement of OD280 values, the
drug release profiles were plotted by calculating the per-
centage of drug release.

Co-localization study

Dil was utilized to label the NPs, while the Sa-MM was
labeled with DiO to obtain dual fluorescent labeled DiO-
Sa-MM@DIiI-NPs. RAW64.7 cells were treated with
DiO-Sa-MM@DiI-NPs for 2—4 h, followed by three PBS
washes. Nuclei were stained with DAPI following fixation
with 4% paraformaldehyde (PFA). The fluorescence was
observed using CLSM.

Cellular uptake by RAW 267 cells

To track the phagocytosis process, the red fluorescent
dye Dil was encapsulated into hydrophobic core to
obtain the Dil-NPs, MM@DIil-NPs and Sa-MM@Dil-
NPs. RAW?264.7 cells were cultured in 24-well plates
for 24 h and then incubated with 100 pg of Dil-labeled
nanoparticles for either 2 or 4 h. The cells were fixed with
4% PFA, stained using FITC Phalloidin and DAPI, and
examined via CLSM.

Sa-MM@NPs adhered to S. aureus study

For flow cytometry, Dil-labeled nanoparticles were used
for tracking. S. aureus was fixed with 4% PFA for 15 min
at room temperature, followed by three PBS washes. It
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was then incubated for 1 h with either Dil-NPs, MM@
Dil-NPs, or Sa-MM@DIiI-NPs at a concentration of
20 pg, using PBS as a control. S. aureus was ultimately
examined with a flow cytometer (Accuri C6 Plus, BD
Biosciences).

For scanning electron microscopy (SEM) experiment,
S. aureus was inoculated on silicon wafers and subjected
to treatments with PBS, NPs, MM@NPs, and Sa-MM@
NPs. Subsequently, samples were fixed in 2.5% glutar-
aldehyde and progressively dehydrated using a series of
ethanol concentrations (30%, 50%, 70%, 90%, 95%, 100%),
concluding with tert-butanol. Finally, they were vacuum-
dried and observed on SEM (Sigma 300, ZEISS).

Antibacterial study in vitro

1mL suspensions of S. aureus were incubated with 200 pg
of different nanoparticles (PBS as control) for 4 h. For the
spread plate assay, the suspensions were spread evenly on
agar plates, followed by incubation for 18 h at 37°C. Then,
the images were acquired and the number of colonies
was recorded. For the live/dead staining assay (L7007,
Thermo), SYTO 9 was used to stain live bacteria, whereas
Propidium Iodide (PI) was used to stain dead bacteria.

For the bacteriostatic and bactericidal activity of van-
comycin-unloaded nanoparticles, the cultured bacteria
were centrifuged and resuspended in LB medium and
sterile PBS, respectively. NPs, MM@NPs, and Sa-MM@
NPs at a concentration of 200 ug were separately added
and incubated with S. aureus on a shaker at 37 “C for
2 or 4 h. Finally, their OD600 values were measured using
a microplate reader (Synergy H4, Biotek).

For the inhibition zone experiment, the different
nanoparticles (same concentration of vancomycin as
positive control, PBS as negative control) were incubated
in the solutions with or without H,0O, for 4 h. A total
of 20 pL of the solutions were dropped onto the blank
drug-sensitive papers, air-dried in a fume hood, and then
placed on agar plates containing S. aureus. Images were
captured, and the inhibition zone diameter was measured
after 18 h.

Biocompatibility and hemocompatibility assay

CCK8 and cell live-dead staining assays were performed
to assess the biocompatibility. Briefly, L929 fibroblasts
were inoculated in 96-well plates for 24 h at a density
of 8,000 per well, followed by co-incubation with vari-
ous concentrations of Van-NPs or Sa-MM@ Van-NPs for
24 or 48 h. Then, OD450 was determined using a micro-
plate reader (Synergy H4, Biotek) after incubation for
2 h with 10% cell counting kit-8 (CCK8) reagent (C6005,
NCM). For Calcein-AM/PI cell viability/cytotoxicity
assay (C2015L, Beyotime), the cells were treated with dif-
ferent nanoparticles at a concentration of 0.5 mg/mL for
24 h, followed by incubation with the staining solution at
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37°C in a 5% CO, incubator for 30 min. Finally, fluores-
cence images were obtained by an inverted fluorescence
microscope (Axio Vert Al, ZEISS).

For the hemocompatibility Assay, 5% erythrocyte
solutions were incubated with 0.5% (v/v) Triton X-100
(positive control), PBS (negative control), and various
concentrations of Van-NPs or Sa-MM@Van-NPs (0.1,
0.25, 0.5, 0.75, 1 mg/mL), respectively, at 37 °C for 2 h.
After centrifugation at 3500 rpm for 5 min, the superna-
tants were collected to measure released hemoglobin at
OD540 using a microplate reader (Synergy H4, Biotek).

In vivo infection site accumulation, antibacterial and
wound healing of Sa-MM@Van-NPs

Animal experiments received approval from the Insti-
tutional Animal Care and Use Committee at the
Zhejiang Center of Laboratory Animals (ZJCLA-
IACUC-20010842). The study utilized male BALB/c
mice aged 4 to 6 weeks. For in vivo targeting of Sa-MM@
NPs, a subcutaneous abscess model was created, and
DiR-labeled nanoparticles were used for in vivo tracing.
Briefly, bacterial suspension was injected subcutaneously
in the back of mice. Then the tail vein was injected with
PBS, DiR-NPs, MM@DiR-NPs, and Sa-MM@DiR-NPs,
respectively. A small animal live imager (VISQUE® InVivo
ART 100, Vieworks) was used for observation at 2, 4, 8,
12, and 24 h after injection. And major organs were taken
for imaging observation at 8 h.

Subsequently, we evaluated the efficacy of Sa-MM@
Van-NPs in full-thickness S. aureus-infected wounds.
The mice were anesthetized and their backs shaved to
create wounds. Then, a full-thickness round wound was
produced using 6-mm diameter skin biopsy punches.
The wound was subsequently inoculated with 10 pL of a
107 CFU S. aureus suspension for 24 h. The wound was
treated with different interventions: control (PBS), Van-
NPs, MM@Van-NPs, or Sa-MM@Van-NPs. On days -1,
0, 3, 7, and 10, wound secretions were collected using
sterile swabs. Following incubation at 37°C with shaking,
the samples were evenly distributed on agar plates for
recording and analysis of bacterial colonies. Images were
taken on days -1, 0, 3, 7, and 10 to track wound healing,
with the wound area quantified using Image J.

Statistical analysis

All data are presented as meantstandard deviation
(SD). Statistical differences among groups were assessed
by one-way analysis of variance (ANOVA). *p<0.05
was considered statistically significant, while **p<0.01,
*#p<0.001 and ****p<0.0001 indicated increasing levels
of statistical significance.
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