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Advanced Palladium Nanosheet-Enhanced Phototherapy for
Treating Wound Infection Caused by Multidrug-Resistant

Bacteria

Shanshan Li, Mingzhu Lu, Chenxi Dai, Bolong Xu, Nier Wu, Lin Wang, Chao Liu,
Fangzhou Chen, Haokun Yang, Zhijun Huang, Huiyu Liu,* and Dongsheng Zhou*

With the increasing spread of multidrug-resistant (MDR) bacteria worldwide,
it is needed to develop antibiotics-alternative strategies for the treatment of
bacterial infections. This work develops a multifunctional single-component
palladium nanosheet (PdNS) with broad-spectrum and highly effective
bactericidal activity against MDR bacteria. PANS exerts its endogenous
nanoknife (mechanical cutting) effect and peroxidase-like activity independent
of light. Under near-infrared region (NIR) light irradiation, PANS exhibits
photothermal effect to produce local heat and meanwhile possesses
photodynamic effect to generate '0,; notably, PANS has catalase-like
activity-dependent extra photodynamic effect upon H,0, addition.
PdNS+H,0,+NIR employs a collectively synergistic mechanism of nanoknife
effect, peroxidase/catalase-like catalytic activity, photothermal effect, and
photodynamic effect for bacterial killing. PANS+H,O,+NIR causes
compensatory elevated phospholipid biosynthesis, disordered energy
metabolism, increased cellular ROS levels and excessive oxidative stress, and
inhibited nucleic acid synthesis in bacteria. In mice, PANS+H,O,+NIR gives
>92.7% bactericidal rates at infected wounds and almost the full recovery of
infected wounds, and it leads to extensive down-regulation of
proinflammatory pathways and comprehensive up-regulation of wound
healing pathways, conferring elevated inflammation resolution and
meanwhile accelerated wound repair. PANS+H,O,+NIR represents a highly
efficient nanoplatform for photoenhanced treatment of superficial infections.

1. Introduction

development of antibiotic resistance in bac-
teria is related to two major contributors,
namely incorrect DNA replication lead-
ing to generation of antibiotics-insensitive
mutants, and horizontal transfer of resis-
tance genes.!!) The World Health Organi-
zation (WHO) has included antimicrobial
resistance as one of the top 10 threats
to global health and listed a cluster of
ESKAPE pathogens, including Enterococcus
faecium (Ec. faecium), Staphylococcus aureus
(S. aureus), Klebsiella pneumoniae (K. pneu-
moniae), Acinetobacter baumannii (A. bau-
mannii), Pseudomonas aeruginosa (P. aerug-
inoasa), and Enterobacteriaceae species (such
as Eb. Hormaechei), which have been given
the highest priority status owing to their
elevated resistance and virulence.?! Cur-
rently, bacterial infection treatment in clin-
ical practice relies heavily on antibiotics,
but the discovery and clinical approval of
novel antibiotics are too slow to tackle
the rapid emergence of MDR.’l As a re-
sult, there is an urgent need to develop
antibiotics-alternative antimicrobial agents
(such as nanomaterials) against MDR bac-
teria, particularly ESKAPE superbugs.[*!

Given their multifunctional features, in-
organic nanomaterials have been applied
in various fields such as biomedicine,"!

With the overuse and misuse of antibiotics, multidrug-resistant
(MDR) bacteria have increasingly spread worldwide. The rapid

energyl® and catalysis.”] When used as antibacterial agents,
nanomaterials can evade existing resistance mechanisms and
thus be less prone to select for resistance than conventional
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antibiotics. Additionally, their unique size, surface potential, hy-
drophilicity, and dimensions give them the potency to adhere to
bacterial cells.®] One of the most widely studied inorganic nano-
antibacterial agents is silver nanoparticles!®! and other kinds
of metal (such as iron, copper, zinc, cobalt, nickel, and ruthe-
nium) nanoparticles have also been reported to possess antibac-
terial effects,!1% all of which are mainly attributable to metal ion-
mediated chemodynamic effect that employs Fenton or Fenton-
like reactions for generating more toxic ¢OH from endogenous
H,0,. Moreover, external field-responsive nanomaterials allow
them to achieve antibacterial efficacy through sonodynamic effect
that utilizes low-intensity focused ultrasound to excite sonosen-
sitizers to generate reactive oxygen species (ROS),['!l photody-
namic effect that harnesses the energy of near-infrared region
(NIR) light through photosensitizers to generate ROS,!'2] or pho-
tothermal effect that exploits photothermal agents to absorb
energy from NIR light for producing heat."3] Construction of
heterostructures or spatially asymmetric Janus structures will
greatly promote the migration of carriers as well as the separation
of electron-hole pairs, which will lead to the elevated oxidation
and reduction reactions in electron- and hole-rich regions respec-
tively, or the improved thermal motion of electrons thereby en-
hancing the yield of ROS or heat, respectively.[''"1*] However, con-
structing the hybrids of semiconductor/semiconductor, semi-
conductor/noble metal, and noble/noble metal will increase the
difficulty and cost of nanomaterial preparation, and additionally
bring concerns regarding the stability and controllability of these
hybrid nanosystems.[11-13]

It has been reported that 2D nanosheets have the unique
nanoknife effect to improve bactericidal efficacy owing to me-
chanical cutting on bacterial cells, and this nanoknife effectis cor-
related to the sizes of nanosheets.['*] Inspired by this, we devel-
oped a multi-functional single-component palladium nanosheet
(PANS), which exhibited broad-spectrum and highly effective
bactericidal activity against MDR ESKAPE pathogens via the syn-
ergistic action of its intrinsic nanoknife effect, enzyme-like activ-
ities, and NIR-triggered photothermal and photodynamic effects
(Scheme 1). PANS was highly efficient for photo-enhanced treat-
ment of infected wounds in mice caused by MDR bacteria.

2. Results and Discussion

2.1. Preparation and Characterization of PANS

As described in our previous study,®! Pd nanosheet (PANS)
was synthesized through the reduction of palladium acety-
lacetonate [Pd(acac),] under a CO (0.5 MPa) atmosphere,
Poly(vinylpyrrolidone) (PVP) and Br~ were added as the coat-
ing agent and structure-directing agents, respectively. Transmis-
sion electron microscope (TEM) revealed that PANS had a good
monodispersity (Figure 1a) and exhibited an irregular hexagonal
lamellar structure with a rough surface (Figure 1b). Compared to
PANS reported earlier,['*] the average size of PANS in this work
was reduced from about 130 nm to around 48 nm in width as
measured by TEM (Figure 1b). The hydrated particle size was
about 51 nm (PDI: 0.228) as measured by dynamic light scatter-
ing (DLS) (Figure 1c). As determined by the atomic force micro-
scope (AFM), the thicknesses of PANS ranged from 2 to 3 nm
(Figure 1d-f), likely owing to the flexibility in thicknesses of PVP
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coated on the PANS’s surface. Collectively, the smaller particle
size (about 48 nm) was expected to facilitate the attachment of
PANS to the bacterial cell surface due to the accelerated molecu-
lar thermal motion and the reduced spatial potential resistance,
while the extremely thin thickness (2-3 nm) was expected to pro-
vide a prerequisite for the mechanical cutting function of PANS
against bacteria.

The zeta potential of PANS was —11.5 mV (Figure S1, Support-
ing Information). The surface chemical properties and electronic
configurations of PANS were then detected by X-ray photoelec-
tron spectroscopy (XPS), and the XPS spectrum (Figure 1g) de-
noted the presence of elements O, C, N, and Pd, among which O,
C, and N were attributed to PVP coating on PANS’s surface. Pd
3d spectra exhibit two discernible peaks at the binding energy of
340.27 eV and 334.87 eV, which correspond to the spin-orbit split-
ting of Pd° 3d;, and Pd” 3d;,, species, respectively (Figure Th).
X-ray diffraction (XRD) was employed to analyze the crystal struc-
ture of PANS, identifying a prominent peak at 20 approximately
67.9° corresponding to the (220) facet. Additionally, the distinct
peaks at 20 around 39.4° and 45.1° were attributed to the diffrac-
tion peaks of (111) and (200) planes, respectively (Figure 1i).

2.2. Photo Responsiveness of PANS

NIR light is considered to be a safer light source for photother-
apy in humans.'%! Photo responsiveness of PANS in vitro upon
808 nm laser irradiation was systematically characterized herein.
First, the light absorption characteristics of PANS were assessed
based on the electronic structure of noble metal atoms and their
responsiveness to light. As shown in Figure 2a, PANS exhibited
prominent and wide-ranging absorption bands across the whole
NIR region. Second, the photothermal properties of PANS were
evaluated. The temperatures of PANS at 12.5 to 50 pg mL™! in
the aqueous solution were increased rapidly upon 808 nm laser
irradiation (1.5 W cm™2), and the temperature of 50 ug mL™!
PdANS reached 67.7 °C after 5 min irradiation (Figure 2b). This
temperature increment was virtually observed by infrared im-
ages (Figure 2c¢). Third, the catalase-like activity of PANS to de-
compose H, 0O, into O, was further detected by using a dissolved
oxygen meter. After dropping H, O, (3.2 mwm) into the PANS solu-
tion (10 ug mL™!, pH = 7.4), the amount of dissolved oxygen in
the buffer continued to rise and reached 19.1 mg L' 5 min later
(Figure S2, Supporting Information). Fourth, the NIR-induced
photodynamic properties of PANS were assessed. As revealed by
ESR measurements, a 4.76-fold increase in singlet oxygen (10O,)
signal was observed for the PANS+NIR group compared to the
Control+NIR group; the addition of H, O, into the system further
enhanced the 0, signal, which could be attributed to O, genera-
tion mediated by the catalase-like activity of PANS (Figure 2d). To
further confirm 'O, production, 9,10-diphenylanthracene (DPA)
was utilized to directly detect 'O, through its degradation, lever-
aging its reactivity with !0, to generate endoperoxides.l'”] As
shown in Figure 2e,f, there was a significant decrease in the ab-
sorption values of DPA with the prolonging of irradiation times,
confirming that PANS promoted the production of 'O, under
NIR laser irradiation. Taken together, PANS under NIR irradia-
tion displayed the excellent photothermal effect to generate local
heat as well as the outstanding photodynamic effect to produce
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Scheme 1. Schematic illustration of photo-responsive antibacterial action of PANS. PANS alone exerts basal bactericidal activity due to its intrinsic
nanoknife effect and peroxidase-like activity, which is independent of NIR light. PANS+NIR shows significantly enhanced bactericidal activity due to the
cooperative action of the endogenous nanoknife effect (most) and peroxidase-like activity (little), and the NIR-induced photothermal and photodynamic
effects. PANS+H,O,+NIR displays the best bactericidal activity because of catalase-like enzyme-dependent extra photodynamic activity upon H,O,
addition. Through a collectively synergistic mechanism of nanoknife effect, peroxidase/catalase-like catalytic activity, photothermal effect, and photody-
namic effect, PANS+H,O,+NIR exhibited highly bacteridcidal action, and from the perspective of bacterial metabolomic change, it causes compensatory
elevated phospholipid biosynthesis, disordered energy metabolism, increased cellular ROS levels and excessive oxidative stress, and inhibited nucleic
acid synthesis in bacteria. PdANS+H,0,+NIR is highly efficient for the photo-enhanced treatment of infected wounds in mice caused by MDR bacteria,
and this therapeutic platform could lead to extensive down-regulation of pro-inflammatory pathways and comprehensive up-regulation of wound healing
pathways at infected wounds as viewed from host transcriptomic change, conferring elevated inflammation resolution as well accelerated wound repair.
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Figure 1. Structural characterization of PANS. a,b) TEM images of PANS. c) Size distribution of PANS as determined by DLS. d) 3D AFM image of PdNS.
e) 2D AFM image of PdNS. f) Thickness distribution curves of PANS detected by AFM. g) XPS survey spectra of PANS. h) Pd 3d XPS spectrum of PdNS.

i) XRD pattern of PANS.

10,; notably, PANS possessed the intrinsic catalase-like activity
to generate O, in the presence of H,0, and thus it would exhibit
the extra photodynamic activity upon H,O, addition.

2.3. Photo-Enhanced Broad-Spectrum Antibacterial Activity of
PANS In Vitro

A total of 8 treatment groups (Control, Control+NIR,
H,0,, H,0,+NIR, PdNS, PANS+NIR, PdNS+H,0,, and
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PdANS+H,0,+NIR) were settled to examine in vitro inhi-
bition rates against 6 clinical MDR isolates of ESKAPE
pathogens, including Gram-positive Ec. Faecium HJP554,18]
and S. aureus USA300-FPR3757,") and Gram-negative K.
pneumoniae ATCC BAA-2146,12°1 A. baumannii LAC-4,2!1 P,
aeruginosa F291007,'81 and Eb. Hormaechei ATCC BAA-2082
(https://www.atcc.org/products/baa-2082). The representa-
tive plate counting images after different treatments and the
corresponding statistical data of bacterial colony counts were
presented in Figure 3. For these 6 ESKAPE isolates, the PANS
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Figure 2. Photoresponsive performance of PANS. a) UV-Vis—NIR absorption spectrum of PdNS. b) Concentration-dependent temperature curves of
PdNS aqueous solutions upon 808 nm laser irradiation (1.5 W cm~2, 5 min). c) Infrared thermal images of the water solution and the 50 ug mL~" PdNS
aqueous solution. d) ESR measurement of the photodynamic property of PANS. e,f) DPA degradation for detecting PANS-dependent 'O, generation.
Control stands for d) ethanol, or e,f) PBS. PANS corresponds to 50 ug mL™" of PANS. NIR represents 808 nm laser irradiation (1.5 W cm™2, 5 min).

H,0, denotes the addition of d) 0.2 mwm or e—f) 8 mm H,0,.

group showed 18.9%-67.0% inhibition rates, which might result
from the nanoknife effect together with the enzyme-like activ-
ities of PANS; the PANS+NIR group gave increased inhibition
rates 73.8%-94.03%, likely owing to the combined action of
nanoknife effect, enzyme-like activities, photothermal effect,
and photodynamic effect; PANS+H,0,+NIR exhibited further
elevated inhibition rates at >99.2%, probably because of extra
photodynamic effect upon H,O, addition.

2.4. Mechanism of Antibacterial Activity of PANS In Vitro

Based on the above in vitro antimicrobial experiments, we
speculated that the antimicrobial mechanisms employed by
PdANS+H,0,+NIR might mainly include photothermal effect,
photodynamic effect, nanoknife effect, and enzyme-like cataly-
sis, which were systematically explored herein using S. aureus
and P. aeruginosa as the model bacteria. First, to primarily ver-
ify the nanoknife effect, PANS alone at different concentrations
was incubated with S. aureus, and the inhibition rates were de-
termined by the plate counting method; as expected, the inhi-
bition rates were gradually increased with the enhancement of
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PANS concentrations and the prolonging of incubation times
(Figure S3, Supporting Information). Second, to further differen-
tiate the roles between the nanoknife effect and the peroxidase-
like catalytic activity of PANS, we added excess vitamin C (200 pg
mL™") to the suspension of S. aureus treated by the PANS or
PdANS+H,0, group in the dark to offset ROS generation. As
shown in Figure S4 (Supporting Information), after adding vita-
min C, the inhibition rate of PANS remained at above 80%; there-
fore, the basal bactericidal activity of PANS in the absence of light
was principally dependent on its endogenous nanoknife effect
although its peroxidase-like catalytic activity might play a minor
role. Third, the cytoplasmic DNA and K* in the supernatants of
bacterial suspensions after different treatments were then mea-
sured, given that the damage to bacterial cell membrane would
lead to the leakage of bacterial cytoplasmic components.[??) As
shown in Figure 4a-d, DNA and K* contents were detected at
similar levels in the PANS and PANS+H,0, groups, confirm-
ing the nanoknife effect; relatively, much higher DNA and K*
contents were observed in the PANS+NIR group, confirming the
photothermal and photodynamic effects of PANS; in addition, the
PANS+H,0,+NIR group gave the highest DNA and K* levels,
confirming that the photothermal activity of PANS was enhancive
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Figure 3. Broad-spectrum in vitro antibacterial efficacy of PANS against ESKAPE pathogens, including a) Ec. faecium, b) S. aureus, c) K. pneumoniae,
d) A. baumannii, €) P. aeruginosa, and f) Eb. Hormaechei. Control refers to PBS. PANS refers to 50 ug mL~! PANS. NIR represents 808 nm laser irradiation
(1.5 W cm~2, 3 min). H,0, denotes the addition of 1 x 107 m H,0,. Data are presented as mean + SD (n = 5). ns: P> 0.05, *: P < 0.05, **: P < 0.01,

% P < 0.001.

upon H,0, addition. Fourth, the 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA) probe was used to detect the peroxidase-
like activity of PANS. As shown in Figure 4e f, significant fluores-
cence enhancement was detected for the PANS or PANS+H, O,
group relative to the Control group, which could be attributed
to the peroxidase-like activity of PANS. However, no significant
difference could be found between the PANS and PANS+H,O,
groups, and it was thought that the relatively neutral pH under
rational bacterial culture conditions inhibited the peroxidase-like
activity of PANS and promoted its catalase-like activity, so most
of H,0, added in the system for the PANS+H,0, group would
be decomposed into O,, resulting no significant increase. Fifth,
the morphology of bacteria after different treatments was ob-
served by using TEM (Figure S5a, Supporting Information) and
scanning electron microscope (SEM, Figure S5b, Supporting In-
formation). For the PANS and PANS+H,0, groups, the edges
of bacteria cells became roughened, and obvious heterogeneous
structure existed on bacterial surfaces (yellow arrow), and even
the insertion of PANS into bacterial cells membrane could be
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observed (red arrow); in the PANS+NIR and PANS+H,0,+NIR
groups, the severe collapse of bacteria cells could be observed.
Sixth, SYTO-9/propidium iodide dyes were further applied to
detect the percentages of dead bacteria. For S. aureus, the per-
centages were 43.5%, 39.0%, 87.0%, and 89.2% for the PANS,
PdANS+H,0,, PANS+NIR, and PANS+H,O0,+NIR groups, re-
spectively (Figure 4g). For P. aeruginosa, the corresponding per-
centages were 17.9%, 17.9%, 66.4%, and 69.1% (Figure 4h). The
fluorescence images of dead (red) and live (green) bacteria were
also captured by confocal laser scanning microscopy (CLSM)
(Figure 4i). Collectively, compared to PANS alone that showed
basal bactericidal activity owing to its intrinsic nanoknife effect
(most) and peroxidase-like activity (little), PANS+NIR gave sig-
nificantly enhanced bactericidal activity due to the cooperative
action of the endogenous nanknife effect and peroxidase-like ac-
tivity, and the NIR-induced photothermal and photodynamic ef-
fects, while PANS+H,0,+NIR displayed the best bactericidal ac-
tivity because of catalase-like enzyme-dependent extra photody-
namic activity upon H, 0, addition.
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Figure 4. Antibacterial mechanisms of PANS in vitro. Leakage of cytoplasmic DNA for a) S. aureus and b) P. aeruginosa after different treatments.
Leakage of cytoplasmic K* for c) S. aureus and d) P. aeruginosa after different treatments. Fluorescence intensity of ROS generated by e) S. aureus and
f) P. aeruginosa after different treatments. Fluorescence intensity percentage of dead S. aureus g) and P. aeruginosa h) after different treatments. Control
stands for PBS. PdNS corresponds to 50 pg mL~' PdNS. NIR represents 808 nm laser irradiation (1.5 W cm~2, 3 min). H,0, denotes the addition of
1 mm H,0,. Data are presented as mean + SD (n = 3). ns: P> 0.05, *: P < 0.05, **: P < 0.01, ***: P < 0.001. i) Living/dead double staining of S. aureus
and P. aeruginosa after different treatments. Scale bar = 100 um.
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To better understand the bactericidal mechanism of PANS
in vitro, the metabolomes of S. aureus were compared between
the PANS+H,0,+NIR and Control groups. First, principal com-
ponent analysis (PCA) was used to reveal the internal struc-
ture between the two groups. As shown in Figure 5a, 6 indi-
vidual samples in each group were scattered in two datasets,
indicating that there was a significant difference between the
two datasets and the samples within each group showed good
repeatability. Second, a total of 296 differentially regulated
metabolites (DRMs) were identified for PANS+H,0O,+NIR rel-
ative to Control (Figure 5b), of which 105 were up-regulated
and 191 were down-regulated. Third, KEGG (Kyoto Encyclope-
dia of Genes and Genomes) pathway enrichment analysis iden-
tified 5 enriched up-regulated pathways including pantothen-
ate and CoA biosynthesis, starch and sucrose metabolism, thi-
amine metabolism, tricarboxylic acid cycle (TCA cycle), galac-
tose metabolism, and also 5 enriched down-regulated pathways
including pyrimidine metabolism, D-amino acid metabolism,
arginine biosynthesis, glutathione metabolism, and biosynthe-
sis of various other secondary metabolites (Figure 5c¢). Fourth,
20 selected DRMs (including 8 up-regulated ones and 12 down-
regulated ones, Figure 5d) and 7 corresponding biochemical pro-
cesses (Figure 5e) were mapped to clarify the principal metabolic
responses of S. aureus post treatment: i) the up-regulation of 4
different phospholipid biosynthesis-related metabolites denoted
that the damage of PANS+H,0,+NIR to bacterial cell mem-
brane would induce the compensatory elevation of phospholipid
biosynthesis pathway;!?! ii) the down-regulation of NADP* and
L-ornithine indicated the excessive oxidative stress;?*l iii) the
down-regulation L-ornithine, D-ornithine, and D-glutamine (in-
volved in D-amino acid metabolism), and N-acetylornithine, and
L-glutamine (responsible for arginine biosynthesis) would di-
rectly affect the homeostasis of TCA cycle, which was consis-
tent with the up-regulation of phosphoenolpyruvate and citrate
to maintain energy supply, and suggested the disordered energy
metabolism;?%] iv) the down-regulation of L-glutamine, UDP, cy-
tidine, CMP, and dTMP indicated the inhibition of RNA/DNA
synthesis. Taken together, PANS+H,0,+NIR lead to elevation of
phospholipid biosynthesis (compensatory to bacterial cell mem-
brane damage), the disorder of energy metabolism (related to el-
evated TCA cycle and inhibited D-amino acid metabolism and
arginine biosynthesis), increased cellular ROS levels and exces-
sive oxidative stress, and inhibition of RNA/DNA synthesis in
bacteria.

2.5. Therapeutic Efficacy of PANS Against Infected Wounds in
Mice

To test the in vivo therapeutic capability of PANS, S. aureus
(Figure 6) or P. aeruginosa (Figure S6, Supporting Information)
was inoculated in mice wounds to establish bacterial infection,
which was then treated with a total of 6 groups including Control,
PANS, PANS+H,0,, NIR, PANS+NIR, and PANS+H,0,+NIR.
The H,0, and H,0,+NIR groups gave similar antibacterial ac-
tivities as the Control group in the above in vitro antimicro-
bial experiments, and thus these two groups were excluded
herein. First, as shown in Figures 6a,b and S6a,b (Support-
ing Information), the local temperatures at infected wounds
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treated by PANS+NIR and PANS+H,0,+NIR were increased
gradually with the extension of irradiation times, confirming
excellent NIR-induced photothermal effect in vivo. Second, the
wound areas were photographed and measured every 2 days post-
therapy, and the corresponding statistical data were presented in
Figures 6¢,d and S6¢,d and Figure S7 (Supporting Information);
PdANS+H,0,+NIR gave the best therapeutic effect with almost
100% recovery of infected wounds on day 8 post-therapy. As ex-
pected, the healing speeds for infected wounds gave the follow-
ing statistically different trend: PANS+H,0,+NIR > PANS+NIR
> PANS (Figure S8, Supporting Information). Third, the body
weights of mice were recorded for the 6 groups (Figures 6e and
S6e Supporting Information), and the results showed that there
was no obvious weight loss in all these groups. Additionally,
there was the detection of > 90% cell viability of NIH3T3 mouse
embryonic normal fibroblast cells after different treatment with
200 pug mL™' PANS for 24 h by using MTT assay (Figure S9,
Supporting Information), as well as the observation of no obvi-
ous pathological lesions in the heart, liver, spleen, lung, and kid-
ney of mice with S. aureus- or P. aeruginosa-infected wounds on
day 8 post-therapy by using hematoxylin & Eosin (H&E) staining
(Figure S10, Supporting Information). These results confirmed
the highly favored biosafety of PANS at both cellular and ani-
mal levels. Fourth, on day 2 post-therapy, the wound tissues were
collected and homogenized to detect bacterial loads at wound
sites (Figures 6f,g and S6f,g, Supporting Information), giving
the as-expected statistically different trend: PANS+H,0,+NIR <
PdANS+NIR < PANS, and PANS+H,0,+NIR gave the highest in-
hibition rates (> 92.7%). Fifth, As determined by H&E staining
of wound tissues on day 8 post-therapy (Figure 6h and Figure
S6h, Supporting Information), PANS+H,0,+NIR gave the best
histopathologic outcome, i.e., abundant presence of fibroblasts
(green arrow), newly-formed small blood vessels (red arrow), and
regenerated hair follicles (black arrow), whereas there were still
plenty of inflammatory cells (yellow arrow; such as neutrophils,
lymphocytes, and macrophages) for all the other groups. Taken
together, PANS+H,O,+NIR gave the best in vivo antibacterial ef-
ficacy and wound healing outcome in a mouse model of acute
wound infection.

2.6. Immunological and Transcriptomic Analysis of Host
Response Posttherapy

To further dissect mechanisms of action of PANS from the point
of view of host response, inflammatory microenvironments at
S. aureus-infected wound tissues on day 8 post different treat-
ments were first assessed by immunohistochemical detection
of the expression of pro-inflammatory cytokines IL-6 and TNF-
a, which represented the 2 major positively correlated indica-
tors of pro-inflammatory response at infected wounds.[?218] As
presented in Figure 7a—d, the PANS+H,0,+NIR gave the low-
est expression of IL-6 and TNF-« indicating corresponding de-
crease in the level of inflammatory response, which is benefit
from the lower bacterial load (Figure 6g). Second, immunofluo-
rescent staining of S. aureus-infected wound tissues on day 8 post
different treatments was conducted to measure the expression
of 2 re-epithelialization factors EGF and KGF as the major con-
tributors to stimulate epithelial cell proliferation (Figure 7e—g), 2
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Figure 5. Metabolomics analysis of S. aureus after different treatments. a) PCA plot of clustered datasets between the two treatment groups
PdNS+H,0,+NIR and Control. Control stands for PBS. PANS corresponds to 50 pg mL™! PdNS. NIR represents 808 nm laser irradiation (1.5 W
cm™2, 3 min). H,0, denotes the addition of 1 mm H,0,. b) Volcano plot of DRMs identified for PANS+H,0,+NIR relative to Control. Up: Upregu-
lated. Down: Downregulated. ¢) KEGG pathway enrichment analysis of DRMs. d) Heatmap of selected major DRMs and e) diagrams of corresponding
biochemical processes. Red represents up-regulation and blue stands for downregulation. Experiments were performed with 6 independent biological
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Figure 6. Therapeutic efficacy of PANS against mice wounds infected by S. aureus. a) Infrared images at infected wounds post-therapy. b) Changes in
local temperatures at infected wounds post-therapy. c) Statistical analysis of relative wound areas post-therapy. d) Representative photographs of infected
wounds on day 0 and day 8 post-therapy. e) Body weights of mice post-therapy. f) Statistical analysis of bacterial load counts for infected wounds on
day 8 post-therapy. g) Representative photographs of plate count agar for infected wounds on day 8 post-therapy. h) H&E staining of wound tissues on
day & post-therapy. Green arrows: fibroblast cells. Red arrows: blood vessels. Black arrows: follicles. Yellow arrows: inflammatory cells. Control stands
for PBS. PANSS corresponds to 50 ug mL™" PANS. NIR represents 808 nm laser irradiation (1.5 W cm™2, 3 min). H,0, denotes the addition of 1 x 1073
M H,0,. Data are presented as mean + SD (n = 5). ns: P> 0.05, *: P < 0.05, **: P < 0.01, ***: P < 0.001.

extracellular matrix (ECM) deposition factors collagen III (the
main components of ECM) and a-SMA (the marker of my-
ofibroblast cells as the major contributor to synthesize ECM)
(Figure 7h—j), and 2 angiogenesis factors FGF-2 and VEGF-A
(the major contributors to promote new blood vessel formation)
(Figure 7k-m).2®l As expected, the PANS+H,0,+NIR gave the
highest expression of each of these 6 proteins at wounds and
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thus the maximum level of wound repair. The wound healing pro-
cess can be divided into four major stages: I) Hemostasis; II) In-
flammation; I11) Proliferation; and IV. Maturation.!?! As revealed
by the above bacterial load counting, and histopathologic, im-
munohistochemical, and immunofluorescent staining results,
PdANS+H,0,+NIR was at stage I1I characteristic of inhibited in-
flammatory response, and improved re-epithelialization, ECM

© 2024 Wiley-VCH GmbH
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Figure 7. Immunohistochemical and immunofluorescent staining assays of infected wound tissues on day 8 post-therapy. a) Immunohistochemical
staining of IL-6, and b) corresponding statistical analysis. c) Immunohistochemical staining of TNF-a, and d) corresponding statistical analysis. Im-
munofluorescent staining of ) EGF and KGF, and f,g) corresponding statistical analysis. Immunofluorescent staining of h) collagen Ill and a-SMA,
and i,j) corresponding statistical analysis. Immunofluorescent staining of k) FGF-2 and VEGF-A, and |,m) corresponding statistical analysis. Scale bar is
100 um. Control stands for PBS. PANS corresponds to 50 ug mL™! PANS. NIR represents 808 nm laser irradiation (1.5 W cm~2, 3 min). H,0, denotes
the addition of 1x 1073 m H,0,. Data are presented as mean + SD (n = 3). ns: P > 0.05, *: P < 0.05, P< 0.001.

deposition, and angiogenesis; by contrast, all the other groups  compared between the PANS+H,0O,+NIR and Control groups
were at stage II, at which there was still abundant inflammation  (Figure 8). First, as shown in the PCA plot (Figure 8a), the clus-
due to considerable bacterial loads. tered data sets of these 2 groups were far apart, and therefore

To explore the global response of host gene transcription at  there was a significant difference between these groups, and
S. aureus-infected wounds after phototherapy, the RNA-seq tran-  the data of 4 independent samples within each group were well
scriptomes of infected wound tissues on 8 post-therapy were  repeated. Second, by analyzing the transcript levels of 14909
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Figure 8. RNA-seq assay of S. aureus-infected wounds on day & post-therapy. a) PCA plot of clustered datasets between the PANS+H,O,+NIR and
Control groups. Control stands for PBS. PANS corresponds to 50 ug mL~" PANS. NIR represents 808 nm laser irradiation (1.5 W cm™2, 3 min). H,0,
denotes the addition of 1x 1073 m H,0,. b) Volcano plot of differentially expressed genes for PANS+H,0,+NIR compared to Control. Up: Upregulated

genes. Down: Downregulated genes. GO pathway enrichment analysis was performed for c) downregulated and d) upregulated genes. Experiments are

performed with 4 independent biological replicates.

genes at wound tissues, 3792 genes were identified to be dif-
ferentially regulated in PANS+H,0,+NIR compared to Con-
trol, of which 1132 were up-regulated and 2660 down-regulated
(Figure 8b and Figure S11, Supporting Information). Notably, 5
(unexpectedly excluding collagen III) of the 6 wound-healing fac-
tors and both of the 2 pro-inflammatory cytokines, involved in
the above immunological staining experiments, were included
in these 1132 upregulated genes and 2660 downregulated genes,
respectively. Third, as determined by Gene ontology (GO) path-
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way enrichment analysis, the TOP 10 enriched up-regulated path-
ways were all related to epidermal regeneration and the dermal
ECM deposition and angiogenesis (Figure 8c), while the TOP
10 enriched down-regulated pathways were all involved in the
pro-inflammatory response (Figure 8d). KEGG pathway enrich-
ment analysis gave similar results (Figure 8e,f). Fourth, a to-
tal of 23 up- or down-regulated genes from the above enriched
pathways were illustrated by heatmap (Figure S11, Supporting
Information), representing the major participators as viewed
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from host gene expression response to accomplish the excellent
therapeutic outcome of PANS+H,0,+NIR. In conclusion, the
PdNS+ H,0,+NIR therapy could lead to the extensive down-
regulation of pro-inflammatory pathways and the comprehensive
up-regulation of wound healing pathways in mice, conferring the
elevation of inflammation resolution and meanwhile the acceler-
ation of wound repair.

3. Conclusion

This work developed a multi-functional single-component pal-
ladium nanosheet PANS for photo-enhanced treatment of in-
fected wounds caused by MDR bacteria. This single-component
nanosheet structure shows the advantage of easy preparation,
low cost, and high stability and controllability. PANS exerted
its endogenous nanoknife effect and peroxidase-like activity in-
dependent of light. This nanoknife effect would be attributed
to not only the smaller particle size (about 48 nm) to facilitate
the attachment of PANS to the bacterial cell surface but also
the extremely thin thickness (2-3 nm) to provide a prerequi-
site for the mechanical cutting into bacteria. Under NIR irradi-
ation, PANS exhibited the photothermal effect to produce local
heat and meanwhile, the photodynamic effect to generate '0,; in
addition, PANS showed extra photodynamic activity, which was
inducible by its intrinsic catalase-like enzyme activity to gener-
ate O, upon H,0, addition. By employing a collectively syner-
gistic mechanism of nanoknife effect, peroxidase/catalase-like
catalytic activity, photothermal effect, and photodynamic effect,
PdANS+H,0,+NIR exhibited further >99.2% inhibition rates in
vitro against MDR ESKAPE pathogens. The metabolomics anal-
ysis showed that PANS+H,0,+NIR caused compensatory ele-
vated phospholipid biosynthesis, disordered energy metabolism,
increased cellular ROS levels and excessive oxidative stress, and
inhibited nucleic acid synthesis in bacteria in vitro. In mice,
PdNS+H,0,+NIR gave >92.7% bactericidal rates at infected
wounds and almost the full recovery of infected wounds on day
8 post-therapy, and the immunological staining and transcrip-
tomics assays showed that PANS+H,O,+NIR lead to the ex-
tensive down-regulation of pro-inflammatory pathways and the
comprehensive up-regulation of wound healing pathways, con-
ferring elevated inflammation resolution and meanwhile accel-
erated wound repair. PANS+H,0,+NIR represented a broad-
spectrum and highly efficient nanoplatform for photo-enhanced
treatment of superficial infections.

4. Experimental Section

Materials: ~ Poly(vinylpyrrolidone) (PVP, MW = 30000), Pd(acac),
(99%), and NaBr were purchased from Alfa Aesar. Ethanol and ace-
tone were purchased from Sinopharm Chemical Reagent (China). N,N-
dimethylformamide (DMF) was purchased from Aladdin, and 9,10-
diphenylanthracene (DPA), methylene (MB), DMSO, and TEMP were
purchased from Macklin. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) Cell Proliferation Assay Kit and Hematoxylin and
Eosin (H&E) Staining Kit were purchased from Beijing Solarbio (China).
SYTO9/PI dye was purchased from Thermo Fisher (USA).

Preparation of PANS: 300 mg of Pd(acac),, 960 mg of PVP, and 308 mg
of NaBr were added to a stainless steel autoclave containing 15 mL of
H,O and 60 mL of DMF. The autoclave was purged with N, for 3 times.
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The reactor was pressurized with CO to 0.5 MPa and heated at 90 °C for
3 h. After cooling to 0 °C in ice water, the obtained dark blue products
were precipitated by acetone and separated by centrifugation. After being
purified by a mixture containing ethanol and acetone, the obtained product
was further dispersed in ethanol for 30 d, and PANS was then obtained.

Statistical Analysis:  All experiments were repeated at least 3 times and
presented as mean + SD. Asterisks indicate significant differences (ns: P
> 0.05, *: P < 0.05, **: P < 0.07, ***: P < 0.001.), analyzed by one-way
ANOVA with Tukey post-hoc test.

Animal Ethical Clearance: All animal experiment protocols were re-
viewed and approved by the Institutional Animal Care and Use Committee
of Beijing Institute of Microbiology and Epidemiology, Academy of Military
Medical Sciences (Permit number: IACUC-DWZX-2022-026).
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