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The complicated synthesis and undesirable biocompatibility of nanomaterials hinder the synergistic
photothermal/photodynamic therapy for bacterial infections. Herein, we develop a one-step preparation
method of 2D AuPd alloy nanosheets as imaging-guided photonic nano-antibiotics. 2D AuPd alloy
nanosheets with an extremely small thickness (~1.5 nm) exhibit prominent photothermal effects (np =
76.6%), excellent ROS generation, strong photoacoustic signals and desirable biocompatibility. AuPd
nanosheets can eliminate 100% of representative Gram-positive (Staphylococcus aureus) and Gram-
negative bacteria (Escherichia coli) when irradiated using an 808 nm laser at 1 W cm™2 for 5 minutes.
After being modified with a bacterial targeting peptide, under the guidance of photoacoustic imaging,
AuPd nanosheets achieve promising synergistic photothermal/photodynamic therapeutic efficacy in
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Introduction

Bacterial infections are some of the main reasons for worldwide
mortality." The inappropriate prescription and even the abuse
of antibiotics lead to increased drug resistance.”> Growing
multiple antibiotic resistance in the face of declining antibiotic
discovery is one of the most urgent health issues.® The boom of
nanotechnology sheds light on the discovery of novel antibiotics
with state-of-the-art antimicrobial activity.*® However, few
attempts have managed to find smart nanomaterials that
specifically combat pathogenic bacteria without causing drug-
resistance. Compared to the traditional medication based on
antibiotics, it is less possible for photonic therapy to induce
resistance as spatially confined light kills bacteria physically
regardless of multidrug-resistant strains or naive ones. Since
many kinds of nanomaterials have been exploited as
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metal nanomaterials to the field of photonic nano-antibiotics.

photosensitizers, utilizing nanomaterials in photonic platforms
is an ideal alternative way to fight against superbug infections.

The main approaches, photothermal therapy (PTT) and
photodynamic therapy (PDT), involved in phototherapy suffer
from limitations. PTT eliminates pathogens through local
hyperpyrexia from light generated by nano-photothermal
agents,® but the efficiency may expire because of higher heat-
tolerance in some bacteria than healthy tissues.” In PDT,
pathogens are eliminated by reactive oxygen species (ROS)
generated from phototherapeutic agents with the help of irra-
diation.? Nonetheless, a fundamental difference is observed in
PDT due to the difference in susceptibility to ROS between
Gram-positive and Gram-negative strains.” To overcome the
shortcomings of each therapeutic modality, synergistically
using PTT and PDT may have a great chance to achieve excellent
efficiency of pathogen destruction.’ Additionally, the visible
guidance favored by photoacoustic imaging (PAI) to realize real-
time monitoring of antibacterial materials delivery is instru-
mental for precise photonic therapy in vivo. As yet, imaging-
guided therapy based on targeting nanotheranostic agents in
the infected region remains an open issue.'

Composite nanomaterials are the most common strategies
for synergistic photonic therapy, but the complicated operation
and poor batch-to-batch reproducibility are unavoidable.***?
Consequently, a one-step synthesis of nanomaterials with
combined photothermal and photodynamic properties, as well
as imaging-guided therapy, is highly desirable. Owing to the
deep tissue penetration in the NIR region, nanostructures with
NIR absorbance are the priority as light-triggered theranostic
agents." Among them, nanomaterials based on noble metals,*
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such as gold and palladium (Au and Pd), present advantages
due to their outstanding plasmonic and catalytic properties,*®
good biocompatibility coming from chemical inertia,"”” and
tunable synthetic/functionalization strategies.'®* To obtain
better properties, nanostructures with the combination of Au
and Pd are prepared.”*® Considering the tunable performance
of AuPd alloys in other fields, the use of AuPd alloys in imaging-
guided synergistic therapy is worth a shot.

In this study, we demonstrate a one-step process to synthe-
size 2D AuPd alloy nanosheets for PAI-guided PTT/PDT against
pathogens (Scheme 1). Systematic optimization of synthetic
protocols is implemented to get 2D AuPd nanosheets that
display prominent photothermal-conversion performance,
valid ROS generation ability, and a desirable photoacoustic
effect under the irradiation of a single laser (808 nm). We test
their antibacterial activities in the aspect of efficiency through
the colony counting assay using different parameters including
the concentration of AuPd, and the laser intensity and irradia-
tion time. Under the optimized conditions, AuPd nanosheets
can eliminate the overall bacteria regardless of Gram staining
within minutes. In the proof-of-concept in vivo experiment, we
coat AuPd nanosheets with the cyclic 9-amino-acid peptide
CARGGLKSC? to realize bacteria (Staphylococcus aureus) tar-
geting property, and the therapeutic utility of functionalized
AuPd nanosheets under PAI is verified in mice with subcuta-
neous abscesses caused by Staphylococcus aureus (S. aureus).

Results and discussion
Synthesis and characterization of AuPd

We synthesize AuPd nanosheets through a one-pot chemical
reduction of HAuCl, and H,PdCl, in an aqueous solution of
octadecyl trimethyl ammonium chloride (OTAC), with ascorbic
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Scheme 1 Schematic (not to scale) illustration of the synthesis and
modification of AuPd nanosheets, and antibacterial activities in vivo for
the treatment of subcutaneous abscesses caused by S. aureus.
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acid as the reducing agent. The elemental proportion of reac-
tants and dosage of the reductant are the important factors in
the synthetic process. We obtained various nanostructures
through adjusting the feed ratio of HAuCl, to H,PdCl, and the
amount of reductant (Fig. S1t). AuPd nanosheets with a feed
ratio of Au : Pd (7 : 3) and a reductant amount ranging from 10
to 20 mg show the optimum morphology and photometric
properties. In the following experiments, we prepare AuPd
nanosheets with the optimal feed ratio of Au:Pd (7: 3) and
10 mg of reductant. Transmission electron microscopy (TEM)
photographs of AuPd nanomaterials show an anisotropic shape
(length: 100-200 nm, width: ~50 nm) (Fig. 1a and b). And
a thickness of about 1.5 nm is characterized by atomic force
microscopy (AFM) (Fig. 1c), suggesting a 2D sheet nano-
structure. The formation of this structure is attributed to OTAC,
which can act as the structure directing agent and is decisive in
forming the highly anisotropic 2D structure.”” The elemental
composition is analyzed by energy-dispersive spectroscopy
(EDS) combined with high-angle annular dark-field (HAADF)-
scanning transmission electron microscopy (STEM), revealing
that the distribution of Au and Pd has high spatial correlation
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Fig. 1 Structural characterization of 2D AuPd nanosheets. (a and b)
Low-resolution TEM images, inset in (b) is the high-resolution TEM
images of the region enclosed by a red square. (c) AFM image and the
corresponding height profile across nanosheets. (d) STEM image and
the corresponding elemental mapping of Au and Pd. (e) XRD pattern of
AuPd nanosheets. (f) UV-Vis absorption of AuPd, peptide, and
AuPd@Peptide.
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and uniform alloy nanostructures are formed (Fig. 1d). Quan-
titative analysis (Inductively Coupled Plasma Mass, ICP-MS)
further indicates that the AuPd nanosheets consist of 78.3%
Au and 21.7% Pd. Moreover, the results of high resolution TEM
(HRTEM) (inset in Fig. 1b) and X-ray diffraction (XRD) (Fig. 1e)
suggest a lattice diffraction pattern and a single set of diffrac-
tion peaks assignable to the face centered cubic structure
located between the corresponding peaks of pure Au and pure
Pd, confirming the formation of an AuPd alloy rather than
phase separation.*® We notice that the XRD pattern has only one
characteristic peak for Pd, which may be attributed to the fact
that the content of Au is significantly higher than that of Pd.**

Photothermal and photodynamic properties of AuPd

First, we characterize the optical absorption properties of AuPd
nanosheets. They can absorb light in the visible and NIR regions,
with the absorption peak at about 650 nm (Fig. 1f). Considering
the penetration depth of laser light and only a slight difference
between the absorption peak wavelength and 808 nm, in the
following experiments we choose 808 nm laser light as the
trigger. Since the NIR absorption endows AuPd nanosheets with
potential to be used as photonic agents,”® we investigate the
photothermal conversion capabilities of AuPd nanosheets
systematically. In view of the universality of 808 nm laser light
and the considerable absorption of 808 nm light by AuPd
nanosheets, we test the photothermal properties of different
samples by exposing them to 808 nm NIR laser light, including
AuPd nanosheets of different concentrations as well as pure Au
or Pd nanostructures. The IR thermal images of various solu-
tions obtained from 0 to 10 min illustrate the visual change of
temperature (Fig. 2a). When the concentrations of noble metals
in nanostructures are set as the same, the AuPd alloy shows
better photothermal properties than pure Au or Pd nano-
structures obviously (Fig. 2b). The photothermal curves of AuPd
nanosheets display concentration-dependent photothermal
effects (Fig. 2¢). Within 10 min, the highest temperature ach-
ieved is 76.0 °C and the increase of temperature (AT) is 50.8 °C
when the concentration of AuPd nanosheets is 50 pg mL™" and
the intensity of the NIR laser light is 1 W ecm ™2, while the highest
temperatures of pure Au and Pd only reach 52.1 °C and 57.2 °C
under the same conditions, respectively. In sharp contrast, the
highest temperature of pure water is only 29.3 °C under the same
conditions. Using the same laser, to realize equal photothermal
effects, significantly less AuPd nanosheets and shorter irradia-
tion time are required for the AuPd group than those for the pure
Au or Pd group. Considering their biocompatibility, their
biomedical application and in vivo trials are meaningful. Next,
we measure the heating and cooling curve of AuPd nanosheets
(Fig. S2t). The photothermal conversion efficiency (n) is calcu-
lated according to the related literature,* which is up to 76.6%
in aqueous solution. The value of n exceeds that of most of the
reported photothermal materials including noble metal nano-
materials, polymers, graphene, and MoS, nanosheets (Table
S1t), suggesting that AuPd nanosheets may be an ideal PTT
agent. The highly efficient transduction of photon energy into
heat may come from the marked enhancement of the surface
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Fig. 2 Characterization of the photothermal properties and ROS
generation of AuPd nanosheets. (a) Infrared thermal imaging of
synthetic nanostructures with different components and concentra-
tions (ug mL™Y). (b) Temperature elevation of pure Pd, Au, AuPd nano-
alloy, and water irradiated using an 808 nm laser (1 W cm™). (c)
Temperature elevation of AuPd nanosheets at different concentrations
(0, 5, 10, 30, and 50 ug mL™Y irradiated using an 808 nm laser (1 W
cm™2). (d) Photothermal stability of AuPd nanosheets (50 ng mL™)
irradiated using an 808 nm laser (1 W cm™2). (e) Fluorescence spectra
of DCFH and AuPd nanosheet (50 png mL™) mixtures under 808 nm
laser irradiation (1 W cm™2) for various times. (f) Fluorescence spectra
of DCFH and AuPd nanosheet (0, 5, 10, 30, 50, and 100 ug mL™
mixtures under 808 nm laser irradiation (1 min, 1 W cm™2). (9) Fluo-
rescence intensity at 525 nm of DCFH and AuPd nanosheet (50 pg
mL~1) mixtures within 6 min under 808 nm laser irradiation (1 W cm™2),
natural light and darkness, respectively.

electromagnetic field at the tips of anisotropic nanosheets with
the interaction of resonant electromagnetic radiation.”” Photo-
thermal stability is the other important parameter for PTT
agents. AuPd nanosheets are exposed to 808 nm laser light at
a power of 1 W ecm ™2 for 10 min. Then the laser is turned off and
the solution is cooled for 10 min. After six cycles, the AuPd
nanosheets still show a prominent photothermal effect,
revealing their excellent photostability (Fig. 2d). The high value
of n and outstanding photothermal stability make AuPd nano-
sheets promising PTT agents.

This journal is © The Royal Society of Chemistry 2020
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Since noble metal-based nanomaterials are reported to
transform O, to ROS through adsorbing O, on the surface,
possessing reactivity that resembles that of free '0,,% we
employ 2,7-dichlorofluorescein-diacetate (DCFH-DA)* to eval-
uate the photodynamic properties of the AuPd nanosheets.
Nonfluorescent DCFH exposed to ROS can be oxidized to the
green fluorescent 2,7-dichlorofluorescein (DCF), probing the
presence of ROS. In our experiments, the fluorescence of
mixtures containing DCFH and AuPd nanosheets indicates the
production of ROS and the photodynamic properties of the
AuPd nanosheets. Obviously, the generation of ROS exhibits
dependence on the duration of laser irradiation and the
concentration of AuPd nanosheets (Fig. 2e and f). The samples
irradiated using an NIR laser show remarkably higher fluores-
cence intensity than samples under natural light and darkness
(Fig. 2g), suggesting that the AuPd nanosheets can generate ROS
continually in natural light and the NIR laser irradiation can
accelerate the generation of ROS significantly. Subsequently,
the samples in natural light and darkness are measured every
5 min. The fluorescence increases inconspicuously in the
samples shielded from light and the difference of fluorescence
intensities between two samples tends to become larger grad-
ually, which reveals that the process is typically photodynamic
(Fig. S3at). Remarkably, negligible changes in fluorescence are
detected even when AuPd nanosheets are stored at room
temperature in natural light over one month, showing the ideal
stability of the photodynamic properties of AuPd nanosheets
(Fig. S3bt). Besides, we perform electron paramagnetic reso-
nance (EPR) measurements to determine the production of ROS
including ‘OH, O,"”, and 'O, (Fig. S41). We use trapping
reagents 5-dimethyl-1-pyrroline-N-oxide (DMPO) to trap ‘OH
and 0," ", and 2,2,6,6-tetramethylpiperidine (TEMP) to trap '0,.
The characteristic peaks of DMPO-"OH and DMPO-O," " indi-
cate the production of ‘OH and O,"~ from the AuPd nanosheet
solution under NIR irradiation. Meanwhile, under NIR irradia-
tion, we find that the peak intensities of TEMP-'0O, in AuPd
nanosheet solution are obviously higher than those in water,
suggesting the generation of '0,.

In vitro antibacterial activity

Escherichia coli (E. coli) and S. aureus are used as the represen-
tative Gram-negative and Gram-positive bacteria to investigate
the antibacterial activity of AuPd nanosheets. As hyperpyrexia
and ROS production are closely related to the concentration of
AuPd nanosheets, power of laser, and time of irradiation, the
antibacterial effect is influenced by these parameters greatly.
The decrease of bacterial survival rate is consistent with the
enhancement of these parameters. Against E. coli, when the
power of laser is 1 W em ™2, the bactericidal rate is 100% with 50
ng mL~" AuPd nanosheets for 5 min of irradiation, and 97.6%
with 100 ug mL ™" AuPd nanosheets for 2 min of irradiation
(Fig. 3a). With the same procedures, the antibacterial effects
against S. aureus display a similar tendency and better results.
The irradiation with 808 nm laser light at 1 W cm™> for 5 min
enables a bactericidal rate of 100% with 30 ug mL™" AuPd
nanosheets (Fig. 3b). Interestingly, the AuPd nanosheets at
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Fig. 3 In vitro antibacterial activity of AuPd nanosheets. (a) Antibac-
terial activity for E. coli under 1 W cm~2 power density, irradiation times
of 0, 1, 2, 3, and 5 min, and concentrations of 0, 5, 10, 30, 50, and 100
ng ML~ (b) Antibacterial activity for S. aureus under 1 W cm™2 power
density, irradiation times of 0, 1, 2, 3, and 5 min, and concentrations of
0, 5,10, 30, 50, and 100 ug mL™2. (c) Plate count method used in four
groups for E. coli and S. aureus (control, AuPd, AuPd + GSH + NIR, and
AuPd + NIR; concentrations of GSH and AuPd are 0.5 mg mL™tand 50
ng mL~%, respectively, and the power density of the 808 nm NIR laser is
1W cm™2). (d) Statistical histogram of colony numbers in four groups in
(b) (n =6, **P < 0.01, ***P < 0.001).

a concentration of 50 ug mL ™" can kill S. aureus, with a bacte-
ricidal rate of 24.7% even though no laser is turned on. We
suggest two reasons for this phenomenon: one is the cationic
surfactant, OTAC, used in the synthesis of AuPd nanosheets.
Many cationic polymers and surfactants are effective antibac-
terial agents against Gram positive bacteria.’*** The other is
that Gram positive bacteria are easy to kill by PDT, and the
distinction in the susceptibility to PDT based on Gram staining
comes from differences in their cell structures.*> Gram negative
bacteria have a complicated multi-layered outer barrier struc-
ture including a glycocalyx, lipopolysaccharide, outer
membrane lipid bilayer, periplasm, peptidoglycan cell wall, and
plasma membrane lipid bilayer, resulting in a big difference in
their membrane permeability compared to Gram positive
bacteria.**** Although the laser is off, ROS can be produced with

Nanoscale Adv., 2020, 2, 3550-3560 | 3553
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the help of natural light and can kill some S. aureus. To observe
the influence of laser power, 0.5, 2, and 3 W cm™ > are used. At
the same concentration of AuPd nanosheets, to achieve similar
bactericidal effects, a longer irradiation time is required at
a lower laser power and likewise a shorter irradiation time at
a higher laser power (Fig. S51). Besides bactericidal rate,
minimum inhibitory concentration (MIC) and minimal bacte-
ricidal concentration (MBC) are other important factors to
evaluate the bactericidal activity of antimicrobial agents against
pathogens. MIC is defined as the minimal concentration of an
antibacterial agent inhibiting the visible growth of a microor-
ganism after overnight incubation, and MBC is the lowest
concentration of an antibacterial agent preventing the growth of
bacteria after subculture in antibiotic-free media.** We test the
MIC and MBC under different NIR irradiation times and powers
(Tables S2 and S3t). Higher MIC and MBC are obtained at
a lower laser power or a shorter irradiation time. The tendency
is consistent with the results of the bactericidal rate. Consid-
ering the side effects caused by the high intensity of laser and
concentration of nanosheets, we choose a laser power of 1 W
em™? and 50 pg mL ™" nanoagent concentration for subsequent
experiments, which can kill 100% of pathogens covering both E.
coli and S. aureus.

To verify the synergistic antibacterial effects of photothermal
effects and ROS, we group the bacteria, including E. coli and S.
aureus, into four classes (Fig. 3c and d). Bacteria cultured in
medium act as the control group to ensure that the bacteria
used in all the experiments are normal. In the AuPd + GSH + NIR
group, bacteria are incubated with AuPd nanosheets and GSH
(0.5 mg mL™"), and irradiated using an NIR laser simulta-
neously. Because GSH is an important antioxidant to quench
ROS,* it is used to eliminate the ROS generated by the photo-
dynamic process and ensure that the antibacterial effect comes
from hyperpyrexia. The colonies decrease significantly
compared with the sole addition of AuPd without NIR irradia-
tion (AuPd group), and the bactericidal rate is 62.1% for E. coli
and 72.6% for S. aureus, confirming the antibacterial activity of
photothermy. Furthermore, when the bacteria are incubated
with AuPd nanosheets and irradiated using an NIR laser (AuPd
+ NIR group), no colonies grow in culture plates and compared
with the AuPd + GSH + NIR group (no PDT effect), the bacteri-
cidal rate is significantly higher, 100% for both E. coli and S.
aureus. The results demonstrate the synergistic antibacterial
ability of PTT and PDT in vitro.

Targeting peptide modification of AuPd

We next endow the AuPd nanosheets with targeting property to
specific bacteria through coating them with targeting peptides
(AuPd@Peptide). In the proof-of-concept experiments, a cyclic
9-amino-acid peptide CARGGLKSC is introduced as it is recently
reported to target S. aureus,”* and the interaction between the
thiol in its structure and noble metals can be used to firmly
functionalize the AuPd nanosheets.”” CARGGLKSC is an effi-
cient targeting peptide without any antibacterial activity (MIC >
1000 pg mL ™). After the functionalization, we use the infrared
spectrum to verify the existence of peptides on AuPd
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nanosheets. In the infrared spectrum, a new peak of absorption
at 1670 cm™ ' appears, which is the representative peak of amide
bonds (Fig. S61). Besides, the peak for S2p which is a specific
element of peptides in X-ray photoelectron spectroscopy (XPS)
appears at 165 €V, suggesting the coating of peptides on AuPd
nanosheets. UV-Vis absorption spectra (Fig. 1f) exhibit no
change in the low energy region but show an apparent increase
in the high energy band (=235 nm), similar to that of the
peptide. To evaluate the amount of the targeting peptide in
AuPd@Peptide, we analyze the elements in samples by XPS. The
proportion of Au and S is 4.6 : 1 (Fig. S71). Because the shapes of
the AuPd nanosheets are irregular, we cannot get the specific
ratio of the modified peptide in the final nanomaterials as in the
case of small spherical nanoparticles.’”*® Meanwhile, we find
that the photothermal and photodynamic properties of AuPd
nanosheets are not influenced by the modification with the
peptide (Fig. 4a and b), making them suitable for the following
application.

Subsequently, the targeting property of AuPd@Peptide in
vitro is investigated. We treat S. aureus with AuPd nanosheets
with and without peptides and analyze the samples by scanning
electron microscopy (SEM). We use S. aureus without any
treatment as the control to ensure the normal state of bacteria
(Fig. 4c and d). Scarcely AuPd nanosheets attach to the surface
of S. aureus treated with uncoated AuPd nanosheets and only
some aggregates are found (Fig. 4e and f). In contrast,
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Fig. 4 Photometrics and targeting property of AuPd@Peptide. (a)
Photothermal test for AuPd and AuPd@Peptide (inset photograph
shows the corresponding AuPd and AuPd@Peptide aqueous solu-
tions). (b) Photodynamic test for AuPd and AuPd@Peptide. (c and d) S.
aureus treated with PBS, and (d) shows the region enclosed by a blue
dashed squarein (c). (e and f) S. aureus treated with AuPd, and (f) shows
the region enclosed by a blue dashed square in (e). (g and h) S. aureus
treated with AuPd@Peptide, and (h) is the region enclosed by a blue
dashed square in (g). (iand j) S. aureus treated with AuPd@Peptide and
NIR laser light (5 min, 1 W cm™2), and (j) is the region enclosed by a blue
dashed square in (i).
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monodisperse AuPd@Peptide can stick to the surface of S.
aureus (Fig. 4g and h), suggesting their apparent active targeting
ability. Furthermore, when samples are exposed to NIR laser
light, some S. aureus are cracked and fractured morphologically
due to the damage from photothermal and photodynamic
effects (Fig. 4i and j). The targeting property can make photonic
nanoagents accumulate in the infected region, enhancing the
efficiency of imaging and therapy in vivo.

Targeting imaging and phototherapies in vivo

Because the biocompatibility of AuPd@Peptide must be
considered in the biomedical applications in vivo, a cytotoxicity
test and hemolysis assay are performed. No obvious cytotoxicity
results from the incubation of AuPd@Peptide and human
umbilical vein endothelial cells (HUVEC) for 24 h. Even when
the concentration of AuPd@Peptide reaches 128 ug mL™*, the
cell viability remains over 85% (Fig. S8at). Meanwhile, negli-
gible hemolysis in the presence of AuPd@Peptide is detected.
The hemolysis is lower than 2.5% when the concentration of
AuPd@Peptide is up to 128 ug mL " (Fig. S8bt). The distribu-
tion of AuPd@Peptide nanosheets to peripheral organs and
their clearance are of paramount importance for their further in
vivo application.*® After treatment with an intravenous dose of
AuPd@Peptide (2 mg mL ™', 100 pL), the Au levels in the wound
and major organs are measured by ICP-MS. As illustrated in
Fig. S9, the liver and spleen have higher concentration of
AuPd@Peptide similar to some reported nanomaterials,** and
about 80% of nanomaterials can be excreted after 36 h, sug-
gesting no significant metal residues. Moreover, a blood test of
mice is executed at the 7th day after the tail intravenous injec-
tion of AuPd@Peptide (2 mg mL ", 100 pL), and no significant
change in biomedical health indicators is caused (Table S47),
which reveals that AuPd@Peptide nanosheets cause no impact
on the blood circulation and hepatic and renal functions of
mice.*" All these results suggest the good biocompatibility of
AuPd@Peptide nanosheets and promise their potential appli-
cation in vivo.

Although some noble metal nanoparticles, such as silver and
gold, can kill bacteria without the assistance of photon,*”** all
of them cannot realize imaging guided therapy in vivo. Thermal
expansion can generate acoustic signals, making many photo-
thermal agents with optical absorption act as photoacoustic
contrast agents simultaneously. We find that AuPd nanosheets
can generate concentration dependent PA signals as well
(Fig. S101). Mouse models of subcutaneous abscess caused by S.
aureus are used in PAI in vivo. After the intravenous injection of
AuPd@Peptide (2 mg mL™", 100 pL), gradually enhanced PA
signals are recorded over time, which is helpful in monitoring
the real-time accumulation of AuPd@Peptide in the infected
region with high spatial resolution. After 1 h of injection, the
apparent accumulation of AuPd@Peptide is in the interface of
corium and subcutis (red dotted circles in Fig. 5a) which is the
area of infection, indicating the targeting property in vivo. At 4 h
after injection, PA signals reach the maximum. Then signals
start attenuation and decrease to the initial level within 36 h.
The intensities of PA signals in the infected region also prove
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Fig. 5 PAand PT imaging of S. aureus infected subcutaneous abscess
in mice. (a) PAI of the infected region after intravenous injection of 100
L of AuPd@Peptide nanosheets (2 mg mL™Y), the scale bar is 2 mm. (b)
Infrared thermal images of the infected regions 4 h after the injection
of AuPd@Peptide with irradiation for different times. (c) Temperature
of the infected regions with the increase of irradiation time.

the imaging performance (Fig. S11}). According to the results of
PAI, we can introduce laser light at the most accurate time and
get the best therapeutic effect.

Guided by PAI, the infrared thermal imaging of AuPd@-
Peptide in vivo is further studied under 808 nm laser irradiation
(1 W em™?) 4 h after injection, ensuring the maximum accu-
mulation in infected regions. The thermal imaging shows that
the temperature in the infected areas of AuPd@Peptide injected
mice increases rapidly, showing a giant difference compared
with the control and the AuPd group with irradiation for the
same time (Fig. 5b). The temperature is ~55.9 °C at 5 min after
irradiation and reaches a plateau of ~57.0 °C averagely at 7 min,
compared with the ~40.6 °C in the control and AuPd groups,
suggesting the remarkable active bacteria targeting perfor-
mance and photothermal effect of AuPd@Peptide in vivo
(Fig. 5c¢).

Motivated by the excellent PAI effects, photothermal
conversion ability, and ROS production of AuPd@Peptide, the
PAI guided photonic therapy of bacterial infection is performed
in vivo. The mice with S. aureus caused subcutaneous abscess
are randomly divided into three groups, including the control
group (using PBS), only AuPd@Peptide treated group, and the
group treated with AuPd@Peptide combined with NIR irradia-
tion, respectively. In the last group, mice are irradiated using
808 nm laser light 4 h after the intravenous injection of
AuPd@Peptide (2 mg mL™", 100 pL) according to the PAI
results, ensuring the adequate accumulation of AuPd@Peptide
in the infected regions. At 3 days after treatment, the group
treated with AuPd@Peptide with the assistance of NIR heal
faster apparently and the areas of wounds display a more
significant difference at the 6th day. Finally, the wounds almost
disappear 12 days after the treatment, while the unhealed parts
are still more than 20% of original wounds in the control and
AuPd@Peptide groups (Fig. 6a and b). The results indicate that
the treatment of bacterial infection in the early stage of wounds
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Fig. 6 Antibacterial and wound-healing experiment in vivo. (a)
Representative photographs of S. aureus infected subcutaneous
abscess in 3 different treatment groups (PBS, AuPd@Peptide, and
AuPd@Peptide plus NIR) within 12 days. NIR laser irradiation (808 nm,
1 W cm™2, 5 min) is employed. Scale bars are 1 cm. (b) Corresponding
areas of infected wounds presented in (a) (**p < 0.01; ***p < 0.001). (c)
HE&E staining of skin tissues of S. aureus infected mouse wounds on
days 3, 6, and 12. Scale bars are 500 um (Ly, lymphocytes; Ne,
neutrophils; Ec, epithelial cells; Ef, elongated fibroblasts).

can promote their closure, consistent with the described
systems.*>*® The tissues of wounded skins are stained using
hematoxylin and eosin (H&E) (Fig. 6c). Bacteria-infected
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wounds lack epithelial layers and show invaded lymphocytes
and neutrophils, implying the occurrence of inflammation. The
appearance of elongated fibroblasts and epithelial cells
demonstrates the process of healing, because elongated fibro-
blasts can influence the formation of collagen, and epithelial
cells are important parts in the skin.” With time, in the
AuPd@Peptide plus NIR treated group, lymphocytes and
neutrophils disappear and elongated fibroblasts and epithelial
cells appear sooner than the other two groups. All results verify
that the photonic effects of AuPd@Peptide can promote the
healing of wounds.

Conclusions

We have developed a one-step strategy to synthesize 2D AuPd
nanosheets for PAl-guided photonic antibacterial nano-
medicine. AuPd nanosheets exhibit prominent photothermal
effects (n = 76.6%) under NIR irradiation. The combination of
PTT and PDT facilitates rapid and efficient bactericidal effects
at low temperature and moderate ROS generation which guar-
antees good biocompatibility. Targeting peptide modified AuPd
nanosheets further realize PAI-guided precise PTT and PDT for
infection caused by S. aureus in mice. The promotion of the
healing of infected wounds validates the remarkable photonic
sterilizing effects of AuPd nanosheets in vivo. Our study
broadens the biomedical application of 2D noble metal nano-
materials as photonic nano-antibiotics. Besides, according to
our results, another class of intriguing 2D monoelemental
materials (Xenes) presenting unique photonic properties may
have potential to be applied as photonic nano-antibiotics as
well.*** The straightforward synthesis process, the convenient
application of a single laser, and the prominent antimicrobial
abilities would simplify the future application.

Experimental

Materials

Chloroauric acid (HAuCl,), palladium chloride (PdCl,), 2/,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), sodium
ascorbate, EDTA anticoagulant, and glutathione were
purchased from Sigma-Aldrich. Octadecyl trimethyl ammonium
chloride (OTAC), hydrochloric acid (36-38%), NaOH, and NaCl
were received from Sinopharm Chemical Reagent Co. Ltd.
Phosphate buffered saline (PBS) and agar medium were
received from Sangon Biotech Co. Ltd. CCK-8 assay was from
Beyotime Institute of Biotechnology. Biomedical health indi-
cator assay kits were provided by Icubio.

Apparatus

Fluorescence data were obtained from a Lumina fluorescence
spectrophotometer (Thermo Fisher). Excitation and emission
slit widths were both 5 nm. Atomic force microscopy (AFM)
images were recorded using a Dimension ICON (Bruker). The
UV-Vis absorption spectrum was measured using a SHIMADZU
UV-1780 UV-Vis spectrophotometer. X-ray diffraction analysis
(XRD) was carried out using an X-ray diffractometer (D8

This journal is © The Royal Society of Chemistry 2020
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Advance, Bruker). The infrared spectrum was recorded on
a Spectrum Two FT-IR spectrometer (Perkin Elmer). Trans-
mission electron microscopy (TEM) images were obtained by
using a Tecnai F30 at an accelerating voltage of 300 kV. The
laser light was supplied by a fiber-coupled continuous semi-
conductor diode laser (KS-810F-8000, Kai Site Electronic Tech-
nology Co. Ltd.), and the temperature was measured using
a fixed-mounted thermal imaging camera (FLIR A300-series).
Photoacoustic signals were recorded using a photoacoustic
computed tomography scanner (Vevo LAZR, FUJIFILM Visual-
Sonics). ICP-MS was performed using a Perkin Elmer instru-
ment (NexIon300X). Routine laboratory blood tests were
performed on a blood cell analyzer (BC-31s, Mindray), and the
indicators of hepatic and renal functions were tested using
a biochemical analyzer (iMagic-M7, Icubio). Optical densities
were obtained from a microplate reader (BioTek Synergy H1).
Photographs were taken using a commercial camera (SONY,
ILCE-6000L).

Synthesis and modification of AuPd nanosheets

In a typical synthesis, 0.3 mL of H,PdCl, (0.01 M) and 0.7 mL of
HAuCl, (0.01 M) were sequentially added to 50 mL of OTAC
aqueous solution (0.01 M). After bath-sonication for 10 min, to
the solution was added 1 mL of sodium ascorbate solution
(20 mg mL~ ") under agitation at 500 rpm and allowed to react at
room temperature for 4 h without agitation. Alloys with
different compositions could be obtained by varying the feed
ratio of Au/Pd. Pure Au and Pd nanosheets were collected under
the same conditions but without H,PdCl, and HAuCl,, respec-
tively. Solid products were collected by centrifugation at
12 000 rpm and washed two times with water. After drying, the
solid products were stored at 4 °C. They were re-dispersed in
pure water or PBS and used to prepare different solutions of
various concentrations according to the demand.

For the modification of AuPd nanosheets, 1.5 mg of AuPd
nanosheets were dispersed in 10 mL of pure water and 1 mL of
targeting peptide solution (1 mg mL ') was added. After 24 h
(agitation at 200 rpm, room temperature), the products were
collected by centrifugation at 10 000 rpm and washed with
water once. Modified AuPd nanosheets were re-dispersed in PBS
for further experiments.

NIR photothermal and photodynamic effects

To investigate the photothermal effect of AuPd nanosheets,
aqueous suspensions of AuPd at different concentrations (0, 5,
10, 30, and 50 pg mL ") were added to EP tubes (Eppendorf).
Then the samples were irradiated with an 808 nm NIR laser
(1.0 W em™?) for 600 s and the temperature was recorded every
10 s using a thermal imaging camera. Control experiments with
products of different components were carried out under the
same irradiation conditions and the concentration was 50 pg
mL .

ROS generation was detected using a chemical probe, 2,7-
dichlorofluorescein (DCFH). In a feasible procedure, DCFH
formed after continuous stirring of a mixed solution containing
methanol solution of DCFH-DA (1 mL, 1 mM) and NaOH (1 mL,
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0.01 M) for 30 min in the dark. Subsequently, moderate PBS (pH
= 7) was added to the above solution to adjust the pH to be
neutral. The AuPd nanosheets were mixed with DCFH and
irradiated with 808 nm NIR light under different conditions.
The fluorescence spectra of the tested solutions were recorded
using a spectrofluorometer at an excitation wavelength of
488 nm.

Calculation of photothermal conversion efficiency of AuPd

According to Roper's report, the photothermal conversion effi-
ciency (n) of AuPd was calculated using the following
equation,®®

hS(Tmax - Tsurr) - QDis
I(1 = 10-4w) @

’)7:

where h (mW (m ™2 °C™ 1)) is the heat transfer coefficient, S (m?)
is the surface area of the container, Ty,ax (°C) is the equilibrium
temperature, and Ty, (°C) is the ambient temperature of the
surroundings. In this experiment, Trmax — Tsurr Was 50.8 °C
according to Fig. S3.1 Qp;s (mW) expresses the heat absorption
of the EP tube and it was 8.80 mW independently measured
using an EP tube containing pure water. I represents the inci-
dent laser power (1 W) and Agyg is the absorbance of AuPd at
808 nm (0.586).

To get hS, a time constant 74 in the spontaneous cooling
system is introduced,

Zm,-CpJ
i

T 7S (2)

¢t = 14 In(6) (3)

t is the cooling time and 6 is the temperature-related variable,

0 = T— Tsurr (4)
Tmax - Tsurr
T is the temperature corresponding to time point (t); 75 was
determined to be 370.28 s (Fig. S31), and thus AS was deduced to
be 11.34 mW °C™" (substituting m =1g, C=4.2] (g ' °C ") in
eqn (2)).
Finally, the photothermal conversion efficiency () of AuPd
was calculated to be 76.6% from eqn (1).

EPR

We made use of paramagnetic trapping reagents 5-dimethyl-1-
pyrroline N-oxide (DMPO) to trap O, and ‘OH, and 2,2,6,6-
tetramethylpiperidine (TEMP) to trap '0,.>> We mixed AuPd
nanosheets (200 pug mL ') with the paramagnetic trapping
reagents (200 mM) (v/v = 1:1) and used an 808 nm laser to
irradiate the solution for 5 min at 1 W cm ™. DI water with laser
irradiation in the presence of paramagnetic trapping agents was
applied as the control. We recorded EPR spectra in capillary
tubes at a microwave frequency of 9.84 GHz, a microwave power
of 2 mW, a center field of 3514 G, a sweep width of 200 G, a time
constant of 0.01 ms, a modulation frequency of 100 kHz, and
a modulation width 1.00 G.
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Bacterial culture

To obtain bacterial solutions, a single colony of E. coli or S.
aureus cultured on an agar plate was transferred to 1 mL of
broth medium and put in a constant temperature shaking bed
at 37 °C and shaken at a speed of 200 rpm for 4-5 h. The
bacterial solution was diluted to an optical density of 0.1 at
600 nm detected using a UV-Vis spectrophotometer (ODgoy =
0.1, 2.8 x 10° CFU mL™" for E. coli and 2.0 x 10® CFU mL™" for
S. aureus) with PBS for antibacterial evaluation.

NIR triggered phototherapies in vitro

125 pL of ~10° CFU mL ™" bacterial PBS solutions (E. coli or S.
aureus) and 125 pL of solutions with different concentrations of
AuPd nanosheets were added to 96-well plates. The final
concentrations of AuPd nanosheets were 0, 5, 10, 30, 50, and 100
ug mL~', respectively. Then the antibacterial effects of photo-
therapies were tested under different irradiation power densi-
ties (0.5, 1, 2, and 3 W ecm™ %) and times (0, 1, 2, 3, and 5 min),
respectively. The antibacterial results were evaluated using the
bacterial survival rate or bactericidal rate. After different treat-
ments, 50 puL of the bacterial solution in 96-well plates was
transferred to an agar plate and scattered homogeneously.
Bacterial colonies were counted after cultivation for 24 h at
37 °C, and the bacterial survival rate was calculated using the
colony ratio of the treated group and the control group, and the
bactericidal rate was one minus the value of the bacterial
survival rate.

The MIC of AuPd nanosheets was measured by mixing
bacteria and AuPd nanosheets (final concentrations are 100, 95,
90, ..., 10, 5,and 0 pg mL ') under different laser powers (0.5, 1,
2, and 3 W em ™ ?) and irradiation times (1, 2, 3, and 5 min), and
then incubating the mixture at 37 °C for 16-20 h. The minimum
concentration of AuPd nanosheets inhibiting the visible growth
of the bacteria is the MIC.

The MBC of AuPd nanosheets was tested by mixing bacteria
and AuPd nanosheets (final concentrations are 100, 95, 90, ...,
10, 5, and 0 pg mL~ ') under different laser powers (0.5, 1, 2, and
3 W em ™ ?) and irradiation times (1, 2, 3, and 5 min), and then
subculturing the bacteria in an antibiotic-free agar plate for 16—
20 h. The minimum concentration of AuPd nanosheets pre-
venting the growth of the subcultured bacteria is the MBC.

Morphology observation of bacteria

Bacteria were cultured to the log phase, collected after centri-
fugation at 8000 rpm for 5 min, and washed once with PBS.
Sterile coverslips were placed in a 24-well sterile cell culture
plate and covered with 500 pL of 1 x 10* CFU mL™~* bacterial
solution. The plate was put in an incubator with a constant
temperature of 37 °C for one night. The solution of bacteria was
discarded, and AuPd and AuPd@Peptide were added in
different wells, respectively, to incubate with bacteria in a 37 °C
incubator. The control group was added with PBS. After 4 hours,
we removed the solution and washed the coverslips using PBS
once. 500 pL of glutaraldehyde fixing solution (2.5%) was added
to each well and the bacteria on the coverslips were fixed
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overnight. After that, the coverslips were washed with PBS three
times and the bacteria on the coverslips were dehydrated with
30%, 50%, 70%, 95%, and 100% ethanol, respectively, for
15 min in each step. Finally, the ethanol was volatilized at room
temperature, and the samples were dried naturally for further
SEM analysis.

Cytotoxicity assay

HUVEC cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum. HUVEC
cells at 1 x 10" cells per well were incubated in 96-well plates
with AuPd@Peptide (0, 4, 8, 16, 32, 64, and 128 ug mL™ ") in 200
uL of medium for 24 hours. The supernatant was discarded, the
cells were washed with PBS (0.01 M, pH 0.7), and 10% (v/v) of
CCK-8 solution was added and incubated at 37 °C for 2 h. The
absorbance at 450 nm determined the results, using that at 650
nm as reference.

Hemolysis assay

Fresh mouse blood was used in the hemolysis assay. Erythro-
cytes were obtained by centrifugation at 3000 rpm for 15 min
and they were washed 3 times with saline. Erythrocytes in 1 mL
of blood were dispersed in 3 mL of saline for further tests
eventually. 1 mL of AuPd@Peptide nanosheets dispersed in
saline at concentrations of 4, 16, 64, and 128 ug mL™" were
mixed with 100 pL of erythrocytes, and incubated for 30 min at
37 °C. Finally, pictures were recorded, suspensions were
centrifuged at 12 000 rpm for 5 min, and UV-Vis absorption at
540 nm of supernatants was measured. Saline was used as the
negative control and pure water was introduced as the positive
control. The percentage of hemolysis was calculated as below,

Hemolysis (%) = (45 — An)/(A, — A,) x 100% (5)

in which Ay is the absorbance of the sample, 4,, is the absor-
bance of the negative control, and A4, is the absorbance of the
positive control.

Evaluation of biomedical health indicators in blood of mice

Mice were divided randomly into 2 groups (N = 5 per group),
and were injected intravenously with 100 uL of PBS (as control,
group 1) and 100 pL of 2 mg mL ™' AuPd@Peptide (as experi-
mental, group 2). After 7 days, fresh mouse blood or serum was
used in laboratory tests. In typical procedures of routine blood
tests, 50 uL of fresh blood was mixed with 5 pL of EDTA anti-
coagulant and the mixed samples were analyzed using a blood
cell analyzer. Indicators of hepatic and renal functions were
estimated using mouse serum. In each test, 0.5 mL of serum
were analyzed using a biochemical analyzer.

PAI in vitro

AuPd nanosheets of different concentrations were added in 200
uL EP tubes with no air bubbles in the bottom. Next, each
sample was set under water and analyzed using a photoacoustic
computed tomography scanner.

This journal is © The Royal Society of Chemistry 2020
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Mice with subcutaneous abscess caused by S. aureus

All animals were purchased from the Guangdong Medical
Laboratory Animal Center. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Shenzhen University and approved by the
Animal Ethics Committee of Shenzhen University Health
Science Center. A skin infection (subcutaneous abscess) model
was obtained by inoculating female BALB/c mice (6 weeks; ~20
g) with a subcutaneous injection of 100 uL of S. aureus super-
natant (ODgoo = 0.1) in the shaved right flank. After one day of
inoculation, the infected mice were used in the following
experiments.

PA and photothermal imaging in vivo

Infected mice were treated with 100 uL of AuPd@Peptide solu-
tion (2 mg mL™") by intravenous injection. PA images of infec-
ted sites were recorded at different times, which included the
point of time before injection and different hours after injection
(1, 2, 4, 6, 8, 24, and 36 h). Images of PAI in vivo were obtained
from a photoacoustic computed tomography scanner. In pho-
tothermal imaging in vivo, infected mice were treated similarly
to those in PA imaging, and the infected sites in mice were
irradiated with 808 nm laser light (1 W cm ) 4 h after the
injection of AuPd@Peptide. At the same time, thermal images
with time change were recorded every 10 s using a thermal
imaging camera.

Biodistribution of AuPd@Peptide

After injected with 100 pL of 2 mg mL ™' AuPd@Peptide, the
mice were sacrificed at 1, 4, 8, 24, and 36 h to obtain the major
organs and wound tissue. At every point, there were 3 mice in
each group. After that, the organs were weighed and dissolved
using aqua regia for distribution studies. ICP-MS was used to
measure the quantity of Au in all samples.

Photonic therapies of infection in vivo

The infected mice were divided into three groups (15 mice per
group, 6 for photographs and 9 for tissue analysis at 3 different
times) randomly, including the control group (using PBS), only
AuPd@peptide treated group, and the group treated with
AuPd@peptide combined with NIR irradiation, respectively. In
the last two groups, the mice were injected with 200 pg of
AuPd@Peptide (about 10 mg kg~ ') intravenously. In the last
group, 5 min of NIR irradiation (808 nm) at 1 W cm > was
introduced simultaneously. Photographs of all infected mice in
the experimental process were recorded. At 3, 6, and 12 days
after treatment, specimens covering the entire wound and the
surrounding normal tissue were harvested, dipped in 4%
paraformaldehyde, embedded, sliced, stained with H&E, and
recorded using a microscope.

Statistical analysis

The data were presented in the form of mean + standard
deviation for each sample. Image] was used to analyze the
images. OriginPro 8 was used to plot graphs. Microsoft Excel
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2013 was used to calculate mean values and standard devia-
tions. Each experiment includes at least three replicates.
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