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Infection microenvironment-triggered
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amplified chemodynamic therapy and M1
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Abstract

It is of great significance to develop a novel approach to treat bacterial infections, as the frequent misuse of
antibiotics leads to the serious problem of bacterial resistance. This study proposed antibiotic-free antibacterial
nanoparticles for eliminating methicillin-resistant Staphylococcus aureus (MRSA) based on a multi-model synergistic
antibacterial ability of chemodynamic therapy (CDT), photothermal effect, and innate immunomodulation.
Specifically, a polydopamine (PDA) layer coated and Ag nanoparticles loaded core-shell structure Fe;O,
nanoparticles (Fe;0,@PDA-Ag) is prepared. The Fe;O, catalyzes H,O, present in acidic microenvironment of
bacterial infection into more toxic reactive oxygen species (ROS) and synergizes with the released Ag ions to exert
a stronger bactericidal capacity, which can be augmented by photothermal action of PDA triggered by near-
infrared light and loosen the biofilm by photothermal action to promote the penetration of ROS and Ag ion into
the biofilm, result in disrupting biofilm structure along with killing encapsulated bacteria. Furthermore, Fe;0,@PDA-
Ag exerts indirect antibacterial effects by promoting M1 macrophage polarizing. Animal models demonstrated that
Fe;0,@PDA-Ag effectively controlled MRSA-induced infections through photothermal enhanced CDT, Ag™ releasing,
and macrophage-mediated bactericidal properties. The acid-triggered antibacterial nanoparticles are expected to
combat drug-resistant bacteria infection.

Introduction

Bacterial antimicrobial resistance (AMR), is emerging as
one of the greatest risks to global public health. [1] Drug-
resistant bacterial infections currently kill at least 700,000
people worldwide each year, and predictably cause more
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prevents the penetration of antibiotics and suppresses
the host immune response, exacerbating the AMR situ-
ation. [8—10] Moreover, hypoxia, acidic extracellular pH,
high H,O, content and glutathione overexpression in the
infection microenvironment (IME) represent another
formidable challenge to eradicate antimicrobial resis-
tance bacteria. [11, 12]

The speed of novel antibiotics far fails to keep up with
bacterial resistance, with the risks of long times and high
costs. [13, 14] Fortunately, nanotechnology-based mate-
rial synthesis has opened unlimited possibilities for com-
bating AMR, [15] as they have an intrinsic antimicrobial
activity that the natural defense arsenal of bacteria may
not hinder. [16] Compared to conventional antibiotics,
these materials have immunomodulatory effects and
interactions with host innate immunity that we have pre-
viously overlooked. [17-20] Among these, metallic nano-
material has been explored for treating AMR infections

due to their broader spectrum of antibacterial activity
and lower bacterial resistance. [21-23] Silver nanopar-
ticles are the most representative, which induces bacte-
rial death by releasing reactive oxygen species (ROS) and
Ag*. [24, 25] In addition, the antimicrobial capacity that
can be triggered/enhanced under specific conditions to
reduce side effects is another huge advantage of nano-
materials. A variety of new antimicrobial modalities have
been derived from this. In the case of chemodynamic
therapy (CDT), for example, the iron-based nanomateri-
als trigger the Fenton reaction in IME, catalyzing endog-
enous H,0, into cytotoxic hydroxyl radicals (-OH) to kill
bacteria cells. [26, 27] Similarly, sonodynamic therapy
(SDT) uses ultrasound to activate acoustic sensitizers to
produce ROS, [28, 29] photodynamic therapy (PDT) uses
laser-triggered photosensitizers to produce ROS, [30] and
photothermal therapy (PTT) relies on the destruction of
bacterial structures by the thermal effect triggered by
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photothermal agents, [31, 32] all showing great potential
in antimicrobial therapy without fear of resistance. Fur-
thermore, combining the above monomodal antimicro-
bial modalities improves the antibacterial performance,
showing the effect of “14+1>2" [33]. Take the combina-
tion of CDT and PTT for example: CDT produces -OH
that increases the sensitivity of bacterial cell membranes
to heat, thereby reducing the dose of photothermal agent
and laser intensity; while the temperature of PTT exci-
tation, in addition to promoting CDT reaction, can also
increase the permeability of pathogenic microbial cell
membranes, thereby increasing the penetration rate of
ROS [34]. The combination of Ag NPs and PTT also has
a synergistic antibacterial effect [35, 36]: PTT promotes
the release of Ag" and the disruption of bacterial cell
membranes, allowing more Ag" to enter the bacteria,
thus reducing the dose of Ag NPs and ensuring safety.

Innate immunity serves a vital role in clearing the
pathogen. However, in the context of immunity to bac-
terial infections, the role of the innate immune sys-
tem in the immunotherapy of bacterial infections has
long been neglected. It has been shown that S. aureus
biofilm-associated monocytes can polarize to an anti-
inflammatory phenotype, promoting biofilm formation
and acting as an “accomplice” to biofilm formation [37,
38]; pro-inflammatory stimulation of intracellular energy
metabolism from oxidative phosphorylation to glycolysis
leads to macrophage activation and thus inhibits biofilm
development, highlighting the key role of monocytes/
macrophages in determining biofilm persistence [39].
This highlights the critical role of the inflammatory state
of monocytes/macrophages in determining biofilm per-
sistence. Among the major cellular players involved in
MRSA control, macrophages are essential in recognizing
and eliciting bacterial clearance [40]. In return, Staphylo-
coccus aureus could keep its survival by regulating mac-
rophage phenotype. The M2 macrophages promote the
antibiotic tolerance of Staphylococcus aureus [41]. Mac-
rophages have excellent plasticity and play an important
role in the clearance of pathogens [42]. However, relying
solely on increasing the body’s active immunity to anti-
microbials exerts limited antimicrobial effects, and when
bacterial biofilms are formed, achieving antimicrobials
by increasing the body’s active immunity appears inef-
ficient in terms of antimicrobial efficacy. At the same
time, the excessive inflammatory response brought about
by macrophage immune antimicrobials is also likely to
inhibit wound healing. Therefore, active body immunity
must be synergized with passive antimicrobial agents to
exert early passive antimicrobial activity, enhance intrin-
sic immune antimicrobial activity, and improve bacterial
clearance efficiency.

Thus, developing nanomaterials with high efficacy in
eradicating bacteria while awakening the macrophages
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and restoring their instinctive killing role is urgently
needed. In the present study, we proposed acid-triggered
multimodal synergistic antimicrobial nanoparticles. Spe-
cifically, Fe;O, nanoparticles were synthesized by a sol-
vothermal method first, then a polydopamine (PDA)
layer was coated on the surface to form Fe;O,@PDA
(EP), following Ag nanoparticles (NPs) loading, result-
ing in Fe;O,@PDA-Ag (FPA). Under the acid infection
environment, Fe;O, catalyzes H,O, into more toxic ROS,
synergizing with the released Ag ions to exert a stronger
bactericidal capacity, which the photothermal action of
PDA can augment. In the presence of a biofilm, FPA that
exerts a thermal effect promotes the penetration of ROS
and Ag" into heat-induced loose biofilms, accelerating
the destruction of biofilms and the death of encapsulated
bacteria. We expect to achieve a non-antibiotic method
to combat drug-resistant bacteria infections and delay
the development of bacterial resistance.

Results and discussion

Synthesis and characterization of Ag nanoparticles loaded

core-shell structure Fe;0, nanoparticles

According to transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) results
(Fig. 1A), Fe;O, is a spherical particle with a rough sur-
face, whereas Fe;O,@PDA has a typical core-shell struc-
ture with a smooth surface, Fe;O, as the core and 8 nm
thick PDA layer as the shell. Because of the high adhe-
sion of PDA, partial bonding was observed between the
particles. Globular Ag NPs approximately 50 nm in size
were loaded onto the Fe;O,@PDA surface. The elemental
composition of Fe;O,@PDA-Ag was determined using
energy-dispersive spectrometry (EDS) with the mass
ratio of Ag being approximately 32.15% (Figure S1). Size
analysis of the nanoparticles (Fig. 1B) revealed a larger
size than that observed by electron microscopy, which
may be due to the hydrated layer caused by hydrophilic
hydroxyl groups on the surfaces of the Fe;O, and PDA
layers. For Fe;O,@PDA-Ag, a small peak at approxi-
mately 60 nm was observed, which may be caused by the
shedding of Ag NPs after sonication. The zeta potentials
of each nanoparticle were —16.0 mV (Fe;O,), -33.3 mV
(Fe;0,@PDA), and —30.9 mV (Fe;O,@PDA-Ag), respec-
tively (Fig. 1C).

In the results of X-ray diffraction (XRD) (Figure S2A)
of Fe;0O,, the diffraction peaks of 26 angles at 30.2°, 35.5°,
43.1°,53.5°, 57.1°, and 62.6° were observed, corresponding
to (220), (311), (400), (422), (511) and (440) of Fe;O, crys-
tal. The Fe;O,@PDA spectra are consistent with that of
Fe;O, owing to the amorphous structure of PDA. When
the Ag NPs were loaded, a characteristic diffraction peak
was observed at 38.3° corresponding to the (111) plane
of Ag. In the X-ray photoelectron spectroscopy (XPS)
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Fig. 1 Characterization of nanoparticles. A) TEM and SEM images. B) Particle size analysis. C) Zeta potential analysis. D) Temperature change of different
concentrations Fe;0,@PDA-Ag suspensions under NIR of 1.0 W cm™2. E) Temperature change of Fe;0,@PDA-Ag suspension of 200 ug mL™" under NIR of
different intensities. F) Single temperature-rise — temperature-fall curve and t-Ln (0) relationship function of Fe;0,@PDA-Ag. G) Photothermal cycle test
of Fe;0,@PDA-Ag. H, I) ROS-promoting effect of the nanoparticles at H) 37 °C and 1) 50 °C under neutral and acidic conditions. J, K) At pH=5.5 with or
without 0.2 wt % H,0,, amount of Fe ions J) and Ag ions K) released by the Fe;0,@PDA-Ag in 7 days

spectrum (Figure S2B), the Fe 2p peak of Fe;O, appeared
at a binding energy of 720 eV, whose peak intensity in
both Fe;O,@PDA and Fe;O,@PDA-Ag was reduced by
the PDA layer, with an absorption peak of N 1s appear-
ing at 400 eV simultaneously. In addition, an Ag 3d peak
appeared at 370 eV in the Fe;O,@PDA-Ag spectrum,
confirming the presence of Ag NPs.

In the Fourier-transform infrared (FTIR) spectrum
(Figure S2C), the characteristic absorption peak of Fe;O,
at 536 cm™! corresponds to the stretching vibration of
the Fe-O bond. In the Fe;0,@PDA spectrum, the char-
acteristic peaks of PDA appeared at 3233 cm™! (O-H

and N-H), 1580 cm™! (C=C), 1409 cm™' (N-H), and
1282 cm™! (C-OH). After loading Ag NPs, no new char-
acteristic peaks were observed. As shown in Figure S2D
of Raman spectroscopy, for bare Fe;O,, the Raman peak
at 705 cm™! is attributed to the vibration mode of (Fe-O).
For Fe;0,@PDA, two peaks were observed at 1347 cm™*
and 1570 cm™! owing to the stretching and deformation
of the benzene ring in PDA, which Ag further enhanced
in Fe;O,@PDA-Ag.
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Photothermal property assay

We tested the photothermal conversion ability of the
nanoparticles using 808 nm near infrared radiation
(NIR). The temperatures of each nanoparticles rose
continuously for the first 200 s, and finally stabilized at
41°C (Fe,0,), 58°C (Fe;0,@PDA), and 52°C (Fe;0,@
PDA-Ag), respectively, whereas the temperatures of H,O
only increased by 1.5°C (Figure S3). Owing to the excel-
lent photothermal properties of PDA, the final tempera-
ture of Fe;O,@PDA was significantly higher than that of
Fe;O,. However, as the shielding effect of the Ag NPs,
the temperature of Fe;O,@PDA-Ag decreased slightly.
Meanwhile, Fe;O,@PDA-Ag not only exhibited concen-
tration-dependent (Fig. 1D) and laser density-dependent
photothermal (Fig. 1E) conversion characteristics but
also had high photostability, which was reflected in the
consistent increase in temperature after five cycles of
irradiation (Fig. 1G). In addition, the time heat transfer
constant T, was obtained, 105.27s, and the photothermal
conversion efficiency was approximately 30.15% (Fig. 1F
and Table S1). In summary, Fe;O,@PDA-Ag exhibited a
good photothermal conversion effect.

ROS production assay

Under acidic conditions, Fe** and H,0, undergo the Fen-
ton reaction and eventually produce -OH. [26] Herein
we used the degradation of methyl orange (MO) to
detect the generation of ROS (-OH) in simulated bacte-
rial infected tissues that are weakly acidic and presence
of H,O,in vitro. [43] As shown in Fig. 1H, a few MO were
degraded in the presence of only 0.2 wt% H,0O, under
acidic conditions (pH=5.5). In contrast, after the addi-
tion of Fe;O, or Fe;O,@PDA-Ag, a significant degrada-
tion of MO occurred, apparently due to the generation of
-OH by the reaction between H,0, and the nanoparticles.
It was also found that the contact between the inner-core
Fe;O, and H,0, may be hindered by the encapsulation of
the PDA layer and Ag NPs, resulting in Fe;O,@PDA-Ag
being less able to promote ROS generation than Fe;O,.
In addition, we found that at pH=7.4, 0.2 wt% concentra-
tion of H,O, barely degraded MO, whereas the same sig-
nificant degradation of MO occurred after the addition
of nanoparticles, but to a lesser extent than under acidic
conditions, mainly because H* can promote the Fenton
reaction and generate more ROS.

However, lower pH conditions cannot be achieved in
the bacterial infection microenvironment, thus limiting
the rate of ROS production, which can only be mediated
by external factors. [44] Given the excellent photother-
mal conversion of our nanoparticles, this is coincidentally
an external factor that can be best controlled. There-
fore, we again tested the effects of these nanoparticles
on ROS production at 37 °C (physiological temperature)
and 50 °C (photothermal temperature). As expected,
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increasing temperature promoted the Fenton reaction,
producing more ROS (Fig. 1I).

lon release assay

The concentration of Fe ions can affect the Fenton reac-
tion, [45] therefore we continuously measured the
amount of Fe ions in the Fe;O,@PDA-Ag reaction sys-
tem. Figure 1] shows that Fe;O, released up to 9 wt% Fe
ions throughout 7 d under acidic conditions (pH=5.5)
and in the presence of 0.2 wt% H,O,, demonstrating that
the reaction was ongoing. The release of Ag" from Ag
NPs during this process is now accepted as an antibacte-
rial mechanism. Therefore, at pH=5.5 and 0.2 wt% H,0,,
the Ag™ content of the reaction system was measured. As
shown in Fig. 1K, the release of Ag* progressed from fast
to slow, eventually releasing approximately 8 wt% of the
total amount of Ag™ within 7 days. This indicates that our
nanoparticles can continuously release Ag* under acidic
conditions. In addition, we evaluated the effect of H,O,
on ion release and found that the ability of the nanopar-
ticle to release Fe ions was enhanced by H,0O,, while the
ability to release Ag* remained almost unchanged. As
high H,O, content in IME, this is exactly what we wanted
for the infection-microenvironment triggering capability
of nanoparticles.

Biocompatibility assay in Vitro

3T3 cells were employed here to evaluate the biocompat-
ibility of nanoparticles. The three groups of nanoparticles
(Fe;O,4, Fe;0,@PDA, Fe;O,@PDA-Ag) showed the same
trend that more than 70% of the cells remained viable
when the concentration was kept below 100 pg mL™?,
but as the concentration increased, cytotoxicity started
to show, especially above 200 pug mL™! (Figure S4). This
may be owing to a decreased dispersion in high con-
centration, and particles accumulating on the cell sur-
face affected the ability of the cells. The increase in Ag*
concentration in the case of Fe;O,@PDA-Ag was also
to blame for the decline in cell viability. We assessed the
hemolytic activity of the nanoparticles (Figure S5), and
the Fe;O, and Fe;0,@PDA did not show hemolysis in
the concentration range tested. Although we found that
Fe;O,@PDA-Ag induced hemolysis, it should be noted
that this phenomenon only occurred in the high con-
centration range (>300 pg mL™!). We further performed
live/dead and skeletal staining of the cells after 24 h of co-
culture with the nanoparticles. No significant cell death
was observed in cells co-cultured with the nanoparticles
compared to the control group (Figure S6). Similarly,
cytoskeletal staining showed the cells in all groups were
well expanded and did not undergo any significant mor-
phological changes or shrinkage owing to the addition
of the nanoparticles (Figure S7). Overall, these results
demonstrate the biosafety of nanoparticles at a range of
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concentrations and support their subsequent application
in vivo.

Anti-bacterial assay in Vitro

To obtain a preliminary idea of the antimicrobial prop-
erties of the nanoparticles, we performed minimal
inhibitory concentration (MIC) measurements. Under
general conditions (pH=7.4 without H,0,), methicillin-
resistant Staphylococcus aureus (MRSA) was efficiently
suppressed by Fe;O,@PDA-Ag at a concentration of
approximately 64 ug mL™! (Figure S8A, C). Considering
that the nanoparticles were also an excellent Fenton reac-
tant, we tested the MIC values under acidic conditions
(pH=5.5) and in the presence of H,O, (200 uM). Unsur-
prisingly, the bactericidal ability of Fe;O,@PDA-Ag was
increased by the dual antibacterial effect, which exhibited
bactericidal ability at a concentration of 4 pg mL~! and
completely inhibited the growth of MRSA at 8 ug mL™*
(Figure S8B, D). In contrast, MRSA was not significantly
inhibited only within H,0, or without Ag NPs, which
indicates laterally that Fe;O,@PDA-Ag has a synergistic
effect with the ROS generated by the Fenton reaction in
terms of antibacterial activity. Notably, this concentra-
tion was well below the cytotoxic concentration (200 pg
mL™Y).

Anti-bacterial assay with NIR in Vitro

We investigated the enhanced antibacterial activity of
nanoparticles under NIR (Fig. 2D). The results dem-
onstrated no difference in bacterial viability in the FP
group with or without NIR, it was concluded the photo-
thermal effect of 10 min alone did not effectively inhibit
bacterial growth. Contrary, in the presence of Ag NP, the
photothermal effect of Fe;O,@PDA-Ag enhanced its bac-
tericidal ability, suggesting synergistic in terms of anti-
bacterial activity.

The spread-plate method was employed to assess the
antibacterial effectiveness in vitro. (Fig. 2B, E). In both
the H,O, and FP groups, the number of colonies was
not significantly reduced compared to the control group.
However, the quantity of bacteria surviving in the FPA
and FPA+H,0, groups was much lower. It is notewor-
thy that the temperature generated by the photothermal
action of the nanoparticles further reduced bacterial
survival; however, considering the synergistic effect, this
phenomenon was only observed in the FP+H,0,, FPA,
and FPA+H,0O, groups. The live/dead fluorescence stain-
ing experiment (Fig. 2C, F) supported the findings that
FPA, FPA+H,0,, and FP+H,0, treatments, with or
without NIR, significantly inhibited bacterial growth or
even killed bacteria directly within a short time, as evi-
denced by the fact that these groups possessed not only
fewer green fluorescent particles (live bacteria) but also
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a larger number and more pronounced red fluorescent
particles (dead bacteria).

Figure 2A shows the destructive effect of the nanopar-
ticles on the cell membrane or cell wall of the bacteria.
The bacteria exposed to H,O, or Fe;O,@PDA, regardless
of NIR, retained their normal morphology like the con-
trol group (PBS), that is, a smooth and intact spherical
surface without the appearance of damage. In contrast,
after simultaneous treatment with H,O,, Fe;O,@PDA,
and NIR, the bacteria showed a certain degree of defor-
mation and stretching with irregular contraction and
depression of the cell membrane (wall). In both the FPA
and FPA+H,0, groups, damage to bacterial cells was
more obvious (this phenomenon was more obvious after
NIR treatment).

Influence on differentially expressed genes in MRSA

We performed bacterial transcriptome sequencing to
explore the possible antimicrobial mechanisms. Sequenc-
ing identified 732 differentially expressed genes (DEGs),
of which 331 had their expression levels increased, while
401 had it decreased (Fig. 3A). GO functional enrich-
ment analysis revealed that genes associated with MRSA
resistance to heat shock, oxidative stress, and energy
metabolism functions were all upregulated (Fig. 3C, D),
whereas GO functional annotation analysis revealed that
the treated bacteria had a significant impact on biologi-
cal processes, cell components, and molecular functions
associated with DEG (Fig. 3E, F).

Previous studies have shown that Ag* primarily targets
glycolysis and ATP synthesis in Staphylococcus aureus.
[46] Notably, among the numerous downregulated
genes identified, the DEGs focused mainly on energy
metabolism-related aspects (Fig. 3C), further confirm-
ing the antibacterial role of Fe;O,@PDA-Ag via the Ag*
pathway. Heat shock proteins (HSPs) are an important
class of defense proteins that maintain cellular activity
when bacteria are exposed to high environmental tem-
peratures. The sequencing results showed that MRSA
produced a heat-resistant response after nanoparticle
treatment, with significant upregulation of HSP-related
genes, confirming that Fe,O,@PDA-Ag can be bacteri-
cidal via PTT (Fig. 3B). We also observed an upregulation
in the expression of dps, rclA, and other related genes
encoding antioxidative stress-related proteins that scav-
enge free radicals and counteract oxidative stress prod-
ucts (Fig. 3B), further indicating that Fe;O,@PDA-Ag
exerts antimicrobial effects through ROS production. In
addition, we observed the downregulation of the expres-
sion of genes associated with MRSA virulence factors
(crt), cell membrane integrity (cmt), and quorum sensing
(Fig. 3B), which have rarely been reported in the mecha-
nism of action of other conventional antimicrobials.
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Anti-biofilm assay in Vitro

Biofilms are important barriers for bacteria against
adverse external environments, and extracellular DNA
(eDNA) is an important component for stabilizing the
biofilm structure. [47] To our knowledge, ROS has a

strong ability to damage DNA. [48, 49] As shown in
Fig. 4A, live/dead bacterial fluorescence staining sug-
gested that nanoparticle treatment alone was not effec-
tive in disrupting biofilms; however, this effect was
slightly enhanced by the addition of H,O,. Considering
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that the green fluorescence signal of the H,O,-only
group was almost identical to that of the control group,
it was confirmed that the ROS was the main factor in
the disruption of the bacterial biofilms. It was found
that the nanoparticles were more destructive to the bio-
film after treatment with NIR than without irradiation.
We observed a similar phenomenon in the crystal violet
staining results (Fig. 4B, C), where only biofilms treated
with both nanoparticles and H,O, were significantly dis-
rupted. NIR further enhanced this effect, may suggesting
the synergistic role of photothermal effect in anti-biofilm
activity.

Immunomodulatory effects to macrophages

Macrophages are critical in the clearance of infections. In
particular, M1 phenotype macrophages exhibit enhanced
phagocytic and bactericidal capacities under infectious
conditions. [50] Therefore, directing more macrophages
toward the M1 phenotype during pathogen invasion is
an important means of preventing the development of
bacterial infections. It has been reported that nano-silver
can initiate M1-like polarization of macrophages for anti-
tumor effects via the toll-like receptor 4 signaling path-
way. [25] We investigated whether Fe,O,@PDA-Ag and
Fe;O,@PDA could drive macrophage polarization to the
M1 phenotype.

We first performed Immunofluorescence (IF) experi-
ments to analyze the expression of inducible nitric oxide
synthase (iNOS, highly expressed by Ml-type mac-
rophages) and the mannose receptor (CD 206, highly
expressed by M2-type macrophages). As shown (Fig. 5A),
cells in the FPA and FPA+H,O, groups expressed more
iNOS than those in the control and H,O, groups, as

evidenced by the fact that they possessed denser and
brighter green fluorescence, indicating that macrophages
in these two groups were more susceptible to polariza-
tion towards M1. In contrast, there was little difference in
red fluorescence among the six groups of cells.

In addition, we performed cell flow experiments and
obtained similar results (Fig. 5B and Figure S9A). Specifi-
cally, cells in the FPA+H,0, and PFA groups possessed
the top two ranked CD86 expressions, 11.7%, and 9.15%,
respectively, followed by groups of FP+H,0O, and FP with
7.41% and 6.16% expression respectively, all higher than
those in the H,0O,, and control groups (4.33% and 3.27%,
respectively). In contrast, the percentage of cells express-
ing CD 206 in these six groups was significantly lower
than that of cells expressing CD 86. Our results suggest
that Fe;O,@PDA-Ag can induce macrophages to polar-
ize towards the M1 pro-inflammatory phenotype, and
this effect becomes more pronounced after the addition
of H,0,.

Finally, we determined the pro-inflammatory cyto-
kines and cellular phenotypic proteins expression level
using RT-PCR (Fig. 5C). The expression of intracellular
pro-inflammatory-related genes (TNF-a) and genes that
mark M1 polarization (CD 86) was upregulated, but there
was little difference in the expression of genes related to
anti-inflammatory and M2 markers (TGF-p and Arg).
Combining these multiple findings, Fe;O,@PDA-Ag
can indeed influence the differentiation of macrophages
towards the M1 phenotype to fight against bacteria.

Macrophage-mediated bactericidal assay
We evaluated the phagocytic activity of macrophages
treated with nanoparticles. Although macrophages in all
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groups exhibited some phagocytic activity, macrophages
stimulated with FP+H,0, showed greater phagocytosis
of MRSA compared to those stimulated with H,O, or FP
alone, owing to the enhanced pro-inflammatory effect of
-OH, as evidenced by the fluorescence results (Fig. 5D),
where the red circle (macrophage cell membrane) was
wrapped around more green fluorescent dots (bacteria).
Indeed, we found that macrophages in groups of FPA and
PFA+H,0, showed a greater ability to phagocytose bac-
teria due to the introduction of Ag* or/and -OH. In addi-
tion, we performed bacterial colony-forming units (CFU)
of macrophage lysates and obtained the same results
(Fig. 5E and Figure S9B), that is, more bacteria were
phagocytosed by macrophages in the FPA+H,0, or FPA
treated group. In summary, we verified that Fe;O,@PDA-
Ag has a direct antibacterial effect as well as an indirect
bactericidal effect by modulating the activity of immune
cells.

Antibacterial properties assay in MRSA-infected mouse
model

We constructed a mouse skin bacterial infection model
to evaluate the antibacterial efficacy of the nanoparticles
in vivo and evaluated the temperature at which the skin
could rise after NIR (Fig. 6A and Figure S10). Figure 6B
shows the changes in the infected tissue from 1 to 7 days
after treatment, and the comparison of the abscessed
tissue volume in the isolated skin on day 7 (Fig. 6C, E).
The mice in both control and FP groups had obvious
skin inflammatory edema and the abscess kept getting
larger during the 7 days. In contrast, mice injected with
Fe;O,@PDA-Ag significantly inhibited bacterial growth
(little change in abscess within 7 days) and possessed a
smaller abscess at 7 days post-treatment. It was noted
that the antimicrobial performance of the nanoparticles
in vivo was greatly enhanced when it exerted both Fen-
ton and photothermal effects, as the infected tissue in the
FPA+NIR group not only possessed minimal volume but
even showed signs of healing with surface crusting off at
the endpoint of the experimental observation. Then we
assessed the number of bacteria remaining in infected
skin tissues. The results (Fig. 6D, F) again validate the
inhibition of bacteria by Fe;O,@PDA-Ag. The antibac-
terial effect of the FPA was significant, as compared to
the control group, but still inferior to the FPA+NIR
group. Figure 6G shows the flow chart of our animal
experiments.

Subsequently, pathological staining was performed to
analyze the infected tissue and the severity of inflam-
mation. The H&E-staining (Fig. 7A) showed that both
the PBS and FP groups exhibited a marked inflamma-
tory response, as evidenced by the prominent edematous
zone around the abscess, heavily infiltrated with inflam-
matory cells. In both the FP+NIR and FPA groups, the

Page 11 of 20

abscess area was relatively small; therefore, the inflam-
matory response was relatively mild. In the FPA+NIR
group, a synergistic bactericidal effect was exerted, such
that almost no abscess tissue was visible, while infec-
tion-related inflammation was significantly reduced, and
even epidermal tissue undergoing repair could be seen.
Giemsa staining (Fig. 7B) revealed significant bacterial
residues within the subcutaneous tissue of the control
group; however, few bacteria were sporadically visible in
the FPA+NIR group.

In addition, we assessed IL-6 expression in infected
tissues. In the subcutaneous tissues, IL-6 is an impor-
tant marker of inflammation, and its higher expression
indicates a more severe infection. The staining results
(Fig. 7C) further supported these previous findings. The
control group, in which infection was not controlled,
showed more inflammatory IL-6 positive regions. The
next most numerous were in the FP, FP+NIR, and
FPA groups, indicating that the infection was some-
what controlled. However, it was not as large as that in
the FPA+NIR group, as it possessed the smallest posi-
tive area for IL-6. We also assessed the biosafety of the
nanoparticles in vivo and did not observe significant
pathological changes in the major organs of these mice
(Figure S11), as well as significant hepatic or renal
impairment (Figure S12).

Polarization and modulation of macrophages in MRSA-
infected mouse model

Macrophages play a key role in innate immunity as a
defense mechanism against pathogens. Among these,
M1 phenotype macrophages are important proinflamma-
tory cells during the early phase of infection that secrete
inflammatory factors to kill microorganisms, whereas M2
phenotype macrophages are involved in the anti-inflam-
matory response and promotion of wound healing during
the late phase of infection. [51] In particular, the relatively
high temperature can increase the activity of immune
cells to enhance the host’s immune defense against bac-
teria. [52, 53] We label different macrophage subtypes at
the site of infection in mice to assess the inflammatory
response on days 3 and 7 after treatment. According to
the results (Fig. 7D), more M1 phenotype cells were pres-
ent near the infected area in the FPA+NIR group during
the progression of infection (day 3), indicating the organ-
ism was able to provoke stronger innate immunity to
exert an antibacterial effect. In contrast, there were fewer
M1 and more M2 macrophages in this group on day 7,
suggesting the local inflammatory response was almost
controlled, and the organism entered the process of tis-
sue repair. However, the control group did not have suf-
ficient numbers of M1 phenotype cells infiltrating the
infected area by day 3, but instead showed more M1 phe-
notype cells after day 7. The response in the FPA group
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was intermediate between these two groups. We specu-
late that in addition to the ability of ROS to regulate cell
polarization towards the M1 phenotype, there may be the
fact that ROS and NIR together provoke stronger immu-
nogenicity of the pathogen.

Influence on DEGs of cells around infection site

We further performed DEGs analysis of infected tis-
sues at the transcriptome level to search for other pos-
sible roles of Fe;O,@PDA-Ag in resistance to bacterial
infection in vivo. In these two groups, we identified

1375 DEGs (Fig. 8A, B), of which 671 were upregulated
and 704 were downregulated. GO enrichment analysis
(Fig. 8C, D) revealed the top 20 most enriched functions
and pathways. We noted that the DEGs were enriched in
phagocytic recognition and engulfment, which supports
our previous finding that Fe;O,@PDA-Ag promotes
macrophage polarization towards the M1 phenotype. In
addition, functional enrichment was observed in other
immune regulation pathways, including the positive
regulation of leukocyte activation, immune response-
regulating signaling pathway, B cell receptor signaling
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pathways, regulation of B cell activation, and antigen
receptor-mediated signaling pathways. This indicates
that Fe;O,@PDA-Ag also positively regulates humoral
immunity against bacterial infections.

Here, we proposed a combination of multiple non-
antibiotic-dependent antimicrobial modalities against

MRSA, which excites us with its excellent antimicro-
bial, anti-biofilm, and immunomodulatory capabilities.
However, there remain certain areas that deserve fur-
ther investigation. For example, sequencing results in
vivo suggest that nanoparticles might play some roles in
B cell-based antigen-specific immune responses, but we
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did not perform relevant validation to illustrate, so we
will focus on this aspect in our future studies. In addi-
tion, others have shown that silver nanoparticles affect
the phagocytic capacity of neutrophils, thereby reducing
the antimicrobial capacity of the innate immune system
[54]. Because macrophages, neutrophils, NK cells, and
dendritic cells can be involved in the intrinsic immune
response, as well as the temporal phasing of the involve-
ment of different cells in the immune response [55], it
is necessary to comprehensively consider the effects of
nanoparticles on different immune cells in future studies
to make a more accurate judgment. Overall, we believe

this study provides implications for the management of
infections caused by multidrug-resistant bacteria.

Conclusion

In this study, we prepared non-antibiotic-dependent
nanoparticles (Fe;0,@PDA-Ag) with multimodal syner-
gistic antibacterial ability. The MIC of Fe;O,@PDA-Ag
against MRSA was only 8 pug mL™! in simulated IME,
and NIR-assisted irradiation further enhanced the bac-
tericidal ability. Furthermore, Fe;O,@PDA-Ag presents
the ability of biofilm disruption along with killing encap-
sulated bacteria. In addition, Fe;O,@PDA-Ag was found
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to exert indirect antibacterial effects by promoting mac-
rophages polarizing towards the M1 subtype and secret-
ing cytokines. In animals, Fe;O,@PDA-Ag effectively
controlled MRSA-induced infections by way of photo-
thermal enhanced CDT, Ag* releasing, and innate immu-
nomodulation. Taken together, we successfully prepared
Fe;O,@PDA-Ag nanoparticles with synergistic antibacte-
rial ability, which is a promising alternative antibacterial
agent.

Experimental section

Materials

FeCl;-6H,0O, mono-diethylene glycol, ethylene glycol,
anhydrous sodium, Tris-HCl buffer, dopamine hydro-
chloride, polyvinyl pyrrolidone, AgNO, and methyl
orange were obtained from Sigma-Aldrich Trading Co.,
China. Fetal bovine serum, penicillin-streptomycin,
trypsin, PBS, DEME, and a-MEM were obtained from
Gibco Life Technologies Co., USA. Cell counting kit-8
(CCK-8), and Microbial Viability Assay Kit were obtained
from Dojindo, Japan. Live/Dead Viability/Cytotoxic-
ity Assay Kit was obtained from Thermo Fisher, USA.
Actin-Tracker Green-488, DAPI, crystal violet, block-
ing buffer, CFDA-SE, and cell membrane staining (Dil)
were obtained from Beyotime Biotechnology Co., China.
Tryptone soya broth (TSB), and mueller-hinton broth
(MHB) were obtained from Hope Biotechnology Co.,
China. RNeasy Mini Kit was obtained from Qiagen,
Germany. Primary antibodies (ab210823 and ab64693),
and secondary antibodies (ab6785 and ab150080) were
obtained from Abcam, GBR. Phycoerythrin (PE)-conju-
gated anti-F4/80, PE/Cyanine 7-conjugated anti-CD86,
and allophycocyanin (APC)-conjugated anti-CD206 were
obtained from Biolegeng, USA. PrimeScript RT Master
Mix kit and TB Green® Premix Ex Taq™ kit were obtained
from Takara, Japan.

Synthesis of Fe;0,

Synthesis of Fe;O, nanoparticles using a solvothermal
method. Briefly, 0.54 g FeCl;-6H,O was dissolved in a
solution of 15 mL of mono-diethylene glycol and 5 mL
of ethylene glycol. Then 1.5 g of anhydrous sodium ace-
tate was added under stirring for 1 h, followed by sonica-
tion for 30 min, and transferred to the reactor at 200 °C
for 10 h. After cooling, washing, and drying, Fe;O, was
obtained.

Synthesis of Fe;0,@PDA

100 mg Fe;O, was added to 50 mL Tris-HCI buffer and
sonicated for 30 min. Then, 60 mg of dopamine hydro-
chloride in a 10 wt% aqueous solution was added and
stirred for another 12 h. Finally, Fe;O,@PDA was
obtained after centrifugation and washing, and dispersed
in 10 mL of ethanol.
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Synthesis of Fe;0,@PDA-Ag

Ag NPs were first synthesized by dissolving 500 mg of
polyvinyl pyrrolidone and 130 mg of AgNO; in 37 mL of
ethanol with stirring and then transferring to the reactor
for 3 h. After cooling, centrifugation, and washing, Ag
NP suspension was obtained. The dispersed Fe;O,@PDA
nanoparticle was added into Ag NPs suspension and
stirred for 2 h. When the reaction was over, the Fe;0,@
PDA-Ag was washed, separated by the magnet, and dried
in a vacuum oven at 60 °C.

Characterization of nanoparticles

Morphological characterization of NPs was performed
using TEM (HT7700, Hitachi, JPN), SEM (Regulus 8230,
Hitachi, JPN), XPS (Escalab 250Xi, Thermo Scientific,
USA), XRD (Max-2550, Rigaku, JPN), Raman spectros-
copy (inVia-Reflex, Renishaw, GBR), and FTIR spec-
troscopy (Nicolet iS50, Thermo Scientific, USA). The
hydrodynamic diameter and zeta potential of the NPs
were measured using a laser particle size analyzer (Zeta-
sizer Pro, Malvern, GBR).

Photothermal Conversion Effect

The photothermal conversion effect of nanoparticles
was evaluated in vitro using an NIR laser system, and
the temperature change was recorded using an infrared
thermographer. Fe;O,, Fe;O,@PDA, and Fe;O,@PDA-
Ag were dispersed in pure water at a concentration of
1 mg mL™! and irradiated with a laser at 1 W cm™? for
500 s. The photothermal conversion effect of Fe;O,@
PDA-Ag was measured at different concentrations (100,
200, 200, 300, 400, and 500 p mL~') and power densities
(0.5, 1.0, and 1.5 Wcm™2). The Fe;O,@PDA-Ag suspen-
sion reached a maximum temperature after irradiation,
followed by turning off the laser for natural cooling, and
the irradiation was repeated under the same condition
again, and then repeatedly. Finally, the temperature-rise
— temperature-fall curve was plotted, and the following
equations were used to calculate photothermal conver-
sion efficiency:

o hS (Tmar - Tsm‘r) - Qdis
T I 10 o
ded
= 2
S @
t=—71,nb (3)
Towr — T
0 — surr

Tem’r - Tma.r (4)
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ROS production assay in vitro

MO solutions of 10 mg L7!, 0.6 wt% H,O, solu-
tion, 300 pug mL~! Fe;O, solution and 300 pg mL™*
Fe;O,@PDA-Ag suspension were prepared consecu-
tively. Different reaction systems (group MO, group
MO+H,0,, group MO+H,0,+Fe;O0,, and group
MO+H,0,+Fe;O,@PDA-Ag were set up, followed by
sonication for 5 min, and then placed at 37 °C and 50 °C
to react. The absorbance of the filtered solution without
nanoparticles was measured at 464 nm using an ultra-
violet spectrophotometer (SPECOR210, Analytic Jena,
DEU) and the degradation ratio was calculated to indi-
rectly reflect the ROS concentration.

lon release assay

Fe;O,@PDA-Ag nanoparticles were dispersed in 10 mL
of acidic PBS buffer (pH=5.5) containing 60 pL of 30%
H,0O, and stirred at low speed at a constant temperature
of 37 °C. At specific time points (2 h, 4 h, 6 h, 12 h, 1d,
2d, 3d and 7d), 5 ml of supernatant was collected, and
the contents of ferrous and silver ions were measured by
inductive coupled plasma (ICP) emission spectrometer
(Prodigy Plus, Leeman, FRA) to calculate the ion release
rate, after which 5 ml of PBS buffer (pH=5.5) and 30 pL
of 30% H,0, solution were added.

Biocompatibility of nanoparticles

Fresh mouse blood was used to assess hemolysis. [56]
Briefly, collected and prepared 4% (v/v) red blood cell
suspension in PBS at 4 °C. Then the red blood cell sus-
pensions were added to the same volume of suspen-
sions (20, 40, 100, 200, 400, 600, and 1000 pg mL™') of
Fe;O,, Fe;O,@PDA, and Fe;O,@PDA-Ag, and incubated
at 37°C for 2 h. Finally, the absorbance of the superna-
tants was measured at 540 nm (Triton-X was used as the
positive control and PBS as the negative control group).
The hemolysis rate was calculated using the following
equation:

Asample - APBS

Hemolysis (%) = x 100% (5)

Ariton — ApBs
The cytotoxicity of the nanoparticles was evaluated using
CCK-8 reagent. Briefly, 3T3 cells were seeded in 96-well
plates at a density of 5x10* cells per well. After 24 h, the
cell culture medium was replaced with suspensions of
Fe;O,, Fe;0,@PDA, and Fe;O,@PDA-Ag at concentra-
tions of 0, 10, 20, 50, 100, 200, 300, and 500 g mL™ . A
culture medium containing 10% CCK-8 reagent was used
to culture the cells for 2 h on Day 1. Finally, the super-
natant was collected, and the absorbance at 450 nm was
measured. After incubation with 200 g mL™! Fe,O,,
Fe;O,@PDA, and Fe;O,@PDA-Ag for 24 h, the cells
were stained with Live/Dead Viability/Cytotoxicity Assay
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Kit (Beyotiome, CHN) and then observed under confo-
cal laser scanning microscopy (CLSM, FV3000, Olym-
pus, JPN). For morphological assessment, cells treated
under the same conditions were stained with Actin-
Tracker Green-488 (Beyotiome, CHN) and DAPI (Beyo-
tiome, CHN) consecutively, and images were obtained by
CLSM.

Bacterial culture and MIC assay

MRSA was purchased from ATCC, and individual colo-
nies were picked from LB agar plates and added to fresh
tryptone soya broth (TSB) bacterial medium. The bacte-
rial suspension was diluted 1:100 after shaking (200 rpm)
overnight at 37 °C, and shaken for another 4 h to allow
the bacteria to be in the logarithmic growth phase. Bacte-
ria were diluted to 2x10° CFU mL™! with mueller-hinton
broth (MHB) and added to 96-well plates at a volume of
100 pL per well. After that, different concentrations (1.95,
3.91, 7.81, 15.6, 31.3, 62.5, 125, 250, 500, and 1000 pg
mL™!) of Fe;O,, Fe;0,@PDA or Fe,0,@PDA-Ag were
mixed with bacteria in equal volume, respectively. After
incubation in a constant temperature incubator at 37 °C
for 24 h, the turbidity of the wells was observed to derive
the MIC of the nanoparticles. Bacterial viability was
tested using a Microbial Viability Assay Kit (Dojindo,
JPN). MIC values under acidic and H,O, (200 uM) condi-
tions were measured using the method described above.

Anti-bacterial assay with NIR in vitro

12 groups with or without NIR were set up: PBS, H,O,,
FP, FP+H,0,, FPA, and FPA+H,0, (nanoparticles of
200 pg mL~Y, H,O, of 200 uM, NIR intensity of 1.0 W
cm™? with 10 min). The treated bacteria of each group
were serially diluted 1000-fold, then 10 pL of which was
spread onto LB plates. After incubation at 37 °C for 18 h,
CFUs were imaged and counted. For live/dead staining,
after bacteria were treated in the same way, 100 pL mixed
SYTO9 and PI dyes (live/dead BacLight bacterial viability
kit, Invitrogen, USA) were added for staining according
to the specification. Bacteria were observed by CLSM.
Besides, bacteria after the same treatment were collected,
and fixed with 2.5% glutaraldehyde at 4 °C overnight.
The samples were then serially dehydrated for 10 min in
alcohol at different concentration gradients (30%, 40%,
50%, 60%, 70%, 80%, 90%, and absolute ethanol), followed
by freeze-drying, sputter coating with gold, and SEM
observation.

RNA sequencing of MRSA

The total RNA of MRSA was extracted after treatment
with Fe,0,@PDA-Ag (200 pg mL™1), H,0, (200 uM), and
NIR (1.0 W cm™2, 5 min) using RNeasy Mini Kit (Qiagen,
DEU), and sent to Shanghai Meiji Biomedical Technol-
ogy Co. under drikold protection for sequencing work
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by Illumina Hiseq. The expression levels of genes were
quantified separately using RSEM expression quantifica-
tion software. Gene Ontology (GO) enrichment analysis
was performed on genes in the gene set using Goatools
software to obtain GO functions. A corrected P value
(P-adjust) of <0.05 was used as a Fisher’s exact test,
and the GO function was considered to be significantly
enriched when P-adjust was <0.05.

Dispersion of established biofilm

100 L of bacteria at a concentration of 1x10’ CFU
mL~%, in the logarithmic growth stage, were added to the
well plate, cultured overnight at 37°C, then replaced with
new medium and cultured for another 24 h, to establish
biofilm. [57] Next, the medium containing the unat-
tached bacteria was removed, and the cells were washed
gently with PBS three times. Twelve groups with or with-
out NIR were set up: PBS, H,0O,, FP, FP+H,0,, FPA, and
FPA +H,0, (nanoparticles 200 pg mL™!, H,0, 200uM).
After irradiation (1 W cm™2) for 10 min, the biofilms
were washed, fixed, and stained with 0.1% crystal violet
for 30 min. After the biofilm was dried and imaged, crys-
tal violet was dissolved in ethanol and its absorbance was
measured at 595 nm. Additionally, mixed SYTO9 and PI
dyes were used to observe the fluorescence-based bio-
films using CLSM.

Immunomodulatory effects of nanoparticles

The Polarization of macrophages towards M1 and M2
was detected using IF, flow cytometry, and real-time PCR
(RT-PCR). [58] Briefly, RAW 264.7 cells were inoculated
on confocal dishes at a density of 2x10° cells per well for
24 h, followed by co-culture with nanoparticle, H,O, or
nanoparticle+H,0, (100 ug mL™! for both FPA and FP,
200 uM for H,0,), and set without any nanoparticles
or reagent as the control group. After another 24 h, the
cells were gently washed with PBS and subjected to 4%
paraformaldehyde fixation, Triton X-100 permeabiliza-
tion, and treated with a blocking buffer. Subsequently, the
specimens in each group were incubated with primary
antibodies overnight at 4 °C and stained with secondary
antibodies for 1 h, away from light, and then the nuclei
were re-stained with DAPI for 10 min before observation
under CLSM. For the flow cytometry assay, RAW 264.7
cells after treatment with the same method, were col-
lected, washed with PBS three times, and made into sin-
gle cell suspensions using PBS containing 2% fetal bovine
serum. Next, the cells were labeled with phycoerythrin
(PE)-conjugated anti-F4/80, PE/Cyanine 7-conjugated
anti-CD86, and allophycocyanin (APC)-conjugated anti-
CD206 on ice for 30 min, away from light, and then ana-
lyzed using a flow cytometer (DxFLEX, Beckman, USA).
For RT-PCR, total RNA from cells treated with the above
method was extracted and then reverse transcribed into
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cDNA for subsequent RT-PCR assays. The forward and
reverse primers for the target genes were synthesized by
Shanghai Bioengineering Co., Ltd. The base sequences
are shown in Table S2, and the housekeeping gene-actin
was used as an internal reference for the comparison of
target genes using a relative quantitative method.

Macrophage-mediated bactericidal assay
Macrophage-mediated bactericidal activity was assessed
with CLSM and tissue plate assay. Briefly, RAW 264.7
cells were inoculated on confocal dishes at a density of
2x10° cells per well for 24 h, followed by co-culture with
nanoparticle, H,0, or nanoparticle+H,0, (100 ug mL™"
for both FPA and FP, 200 uM for H,0,), and set without
any nanoparticles or reagent as the control group. After
24 h, the particles were washed off and the bacterial
(which had been stained with CFDA-SE for 1 h) suspen-
sion of 1x10” CFU mL™! was added to co-culture with
the cells for 8 h. Next, the medium containing vancomy-
cin (2 pg mL™!) was changed, the cells were incubated
for another 1 h and then washed three times with PBS to
remove non-phagocytosed bacteria. The cells were then
fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100 solution, and stained with a cell mem-
brane staining (Dil) working solution in the dark. Finally,
the samples were placed under CLSM for observation
and photography. In addition, we quantified phagocy-
tosed bacteria. Macrophages with phagocytosed bacteria
were lysed using sterile distilled water. This was followed
by diluting and coating the lysate on LB plates, which
were incubated at 37 °C for 24 h, then photographed, and
the number of CFU was calculated.

Animal experiments

All BALB/c mice were purchased from JSJ Lab (Shang-
hai, China), and the Animal Ethics Committee of Renji
Hospital, Shanghai Jiao Tong University School of Med-
icine approved the use of animals in research. A mouse
model of MRSA skin infection was established accord-
ing to a previous publication. [59] Specifically, the dorsal
side of the pentobarbital-anesthetized mice was shaved,
followed by skin disinfection with 70% ethanol at the
intended inoculation site. The mice were then subcutane-
ously inoculated with 50 pL of 1x10” MRSA during the
logarithmic growth phase. After 24 h and formation of
abscess, mice were divided randomly into five groups and
were given different treatments as follows: (1) PBS (50
uL); (2) Fe;0,@PDA; (3) Fe;0,@PDA+NIR; (4) Fe,0,@
PDA-Ag; (5) Fe;O0,@PDA-Ag+NIR, among which the
concentrations of the nanoparticles were all 2 mg mL™*
in 50 pL. After the local injection of the nanoparticles,
the abscess was irradiated by NIR (1.0 W c¢cm™2, 5 min)
immediately. The infected area of each mouse was pho-
tographed before all mice were sacrificed on day 7 after
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treatment, and skin tissues or organs were collected to
evaluate the infection status (hematoxylin and eosin
[H&E] staining, Giemsa staining, and immunohisto-
chemistry), immunomodulatory effects (IF), or toxicity
(H&E staining). The length and width of the abscess were
measured and used to calculate the abscess volume

4 L\> W
V—37I><<2)><2 6)

For the immunomodulatory effect assay, skin tissues from
group PBS, group Fe;O,@PDA-Ag, and group Fe;0,@
PDA-Ag+NIR were collected on days 3 and 7.

RNA sequencing of tissue

Three biological replicates of skin tissue samples from
group PBS and group Fe;O,@PDA-Ag+NIR were col-
lected and sent them to Shanghai Meiji Biomedical Tech-
nology Co. under Drikold protection for subsequent
sequencing. Software DESeq2 was used for the differen-
tial expression, and a gene was considered as a differen-
tially expressed gene (DEG) when it met both screening
criteria (FDR<0.05 & |log2FC| > 1). GO enrichment
analysis was performed using Fisher’s exact test. To con-
trol the calculated false positive rate, the P-adjust was
corrected using four multiplex tests (Bonferroni, Holm,
Sidak, and false discovery rate), and a GO function was
considered significantly enriched when the p-adjust was
<0.05.

Statistical analysis

Biological replicas were used in all investigations. The
software Prism 9 (GraphPad Software Inc., CA, USA)
was used to examine the outcomes. Data are expressed as
mean=standard deviation (SD). The sample size (n) and
data preprocessing are given in the corresponding figure
legends. One-way analysis of variance (ANOVA) or two-
way ANOVA was used to identify samples where there
were significant differences. P value<0.05 to indicate
statistical significance (*p<0.05, **p<0.01, ***p<0.001,

SAedkeske ke

<0.0001).
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