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Abstract

The treatment of multidrug-resistant bacteria is a difficult problem in clinical practice. These drug-
resistant bacteria have reduced sensitivity to antibiotics, which contributes to the high incidence and
mortality of bacterial infections worldwide. Photothermal therapy and chemodynamic therapy are
advanced nanomaterial-based medical treatment methods and are widely used in tumor and
antibacterial therapies due to their precision and rapidity. To overcome the limitations of conventional
treatment for bacterial resistance, this study developed a near-infrared-II (NIR-II) responsive
nanomaterial, a gold nanoframework coated with copper selenide (GNF@CS). This nanomaterial
simultaneously triggers both chemodynamic therapy and photothermal therapy, while further
promoting the chemodynamic process through in-situ heat generation. Ultimately, it shows significant
antibacterial effects against both Staphylococcus aureus and Escherichia coli, providing a new non-
antibiotic-dependent treatment strategy for clinically relevant bacterial infections.
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Introduction

The development speed of antibiotics has lagged far
behind the speed of bacterial antibiotic resistance, and
bacteria have gradually changed from single
antibiotic resistance to multi-drug resistance, pan-
drug resistance, emergence of
superbacteria [1, 2]. Due to the

development, modification and overuse of antibiotics,

and even the
continuous

the sensitivity of bacteria to antibiotics gradually
began to decline into antibiotic

resistance. In the absence of new and highly effective

and develop

antibiotics or antimicrobial strategies, we have to
increase the dose and duration of existing antibiotics
[3-5]. In the long run, it is more likely to lead to
bacterial resistance and drug-resistant strains, and the
toxic side effects of antibiotics such as organ damage,
rash, and vertigo will also increase [6,7].

In recent years, the problem of drug-resistant
bacteria and multi-drug resistant bacteria has become
increasingly  prominent, which has
widespread attention [8]. These drug-resistant
bacteria are less sensitive to antibiotics, or even
completely insensitive. The infections caused by
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these bacteria not only increase the difficulty of
clinical treatment, but also impose a significant
medical burden to countries worldwide [9]. It is also
an important reason for the high morbidity and
mortality of bacterial infections worldwide, which
will undoubtedly bring great health threats and heavy
economic burdens to people across the globe [10].

With the rapid development of nanotechnology,
nano-antibacterial materials have been widely used in
chemical, pharmaceutical, material, communication
and energy fields [11-18]. Most nano-antibacterial
materials induce bacterial death mainly through
oxidative stress, electrolyte imbalance, and enzyme
inhibition [19]. In addition, the characteristics of
nanomaterials will also affect their contact and mode
of action with bacteria, enabling them to kill bacteria
through a variety of ways, thereby reducing the
tolerance of bacteria to the antibacterial methods of
nanomaterials [11].

Among them, photothermal therapy is the use of
excessive heat energy to directly kill pathogens to
treat bacterial infection [20-22], which is not limited
to any drug-resistance bacteria, thus will not cause the
generation and mutation of bacterial resistance. In
addition, the near-infrared light used in photothermal
therapy has excellent tissue penetration ability, which
is suitable for in vivo antibacterial treatment.
Chemodynamic therapy (CDT) is a kind of
therapeutic regimen based on the conversion of
endogenous chemicals to eliminate the source of
infection within the lesion [23, 24], which uses the
microenvironment of the lesion to activate the Fenton
reaction or Fenton-like reaction to produce highly
cytotoxic -OH for the specific
pathogenic bacteria.

treatment of

Herein, we have synthesized a hollow gold
nanoframework coated with copper selenide
(GNF@CS) with excellent photothermal therapy
(PTT) properties in the near-infrared-II (NIR-II)
region. GNF@CS has the advantages of high
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stability, uniform shape and consistent size, high
biological safety, and its excellent photothermal and
chemical dynamic properties ensure its broad clinical
application. Therefore, the synergistic CDT and PTT
therapy mediated by GNF@CS is a new antimicrobial
therapy without drug resistance and has potential
application prospects (Scheme 1).

Experimental

Materials

Ascorbic acid, chloroform, granulesten, cholesterol,
ethanol, CuCl, and selenous acid (H,SeO;) were
purchased from Aladdin Chemistry Co.,Ltd..
Chloroauric acid (HAuC,) was purchased from
Meryer  Biochemical Technology Co., Ltd..
Concentrated hydrochloric acid (HCI, 12.1 mol/L),
and hydrogen peroxide (H,0,, >30%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. CCK-8
staining kit was provided by the Beyotime Institute of
Biotechnology.

Synthesis of GNF@CS

AA-loaded liposomes were synthesized by thin film
hydration. Firstly, chloroform and ethanol were
mixed in a 1:1 volume ratio to a total volume of
10 mL, and 60 mg soybean phospholipid and
cholesterol were added to the above mixed solution
according to the molar ratio of 7:3. After rotary
evaporation to from a film, 5 mL of 1 mg/mL AA
aqueous solution was added dropwise, and after
ultrasonic treatment, chloroauric acid was added
dropwise into the mixed system, and then the
precipitated GNF was obtained by stirring for 10 min
and centrifugation. After that, 1 mL of 0.5 mg/mL
copper chloride and 1 mL of 0.3 mg/mL selenite were
added dropwise to the GNF suspension and stirred for
10 min, then 1 mL of AA aqueous solution was
added, and the product GNF@CS was obtained by
centrifugation after gentle stirring for 10 min.

g o
CDT ¢

laser &

PTT

Scheme 1 Schematic illustration of the GNF@CS- mediated chemodynamic and photothermal synergistic therapy against S.

aureus and E. coli.
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Characterization of GNF@CS NPs

Transmission electron microscopes (Talos F200X G2
and Tecnai G2
characterize the morphology and size of the sample.
Ultraviolet (UV)—visible (vis)-NIR
spectrophotometer (Lamda 950) was used to measure

spirit Biotwin) were used to

the absorption spectrum of samples. Confocal laser
scanning microscope (Leica STELLARIS 5) was used
to observe the cells and capture fluorescent images.
Real-time thermal imager (Testo 875-1) was used to
observe temperature changes.

Chemodynamic properties of GNF@CS

Molecular beacon (MB) as a typical molecular probe
was used to detect hydroxyl radical (‘OH) production.
8 pg/mL MB, 10 mmol/L H,0,, and 200 pg/mL
GNF@CS solution were allowed to stand at different
temperature different The
degradation curve was also recorded by UV-vis
spectrophotometer.

Photothermal properties of GNF@CS

The photothermal of the GNF@CS
nanoparticles were tested using the 980 nm laser, and
the power density was maintained at 1.5 W/cm?
unless otherwise specified [25]. To test the time-
dependent photothermal performance, the relative
temperature infrared thermography was taken under
980 nm laser (1.5 W/cm?) irradiation with 0.4 mg/mL
GNF@CS for different time conditions. GNF@CS
with the concentration of 400 pg /mL were laser
irradiated to reach the maximum temperature (laser
on) and naturally cooled to room temperature (laser
off) using the laser on/off cycle to evaluate their
photothermal stability. The on/off cycle was repeated

under conditions.

properties

4 times. The photothermal conversion efficiency was
calculated using Eq. (1) as previously reported [26,
27]:
_ hA(AT yyax — AT vy ps)
B I(1-107)

(M

where 7 is the photothermal conversion efficiency, A
is the heat-transfer coefficient, 4 is the surface area of
the container, T, is the maximum temperature of the
GNF@CS, T, of PBS is the maximum temperature
of phosphate-buffered saline (PBS), / is the laser
power intensity, and A4, is the absorbance of the
GNF@CS at 980 nm.

Bacteria

Staphylococcus aureus ATCC 25923 and Escherichia

coli ATCC 25922 used in this study were obtained
from the laboratory of Shanghai Public Health
Clinical Center.

CCK-8 assay of GNF@CS

CCK-8 assay was used to determine the antibacterial
activity of GNF@CS against E. coli and S. aureus
under different conditions. Taking S. aureus as an
example, we diluted GNF@CS using serial multiple
dilution method to obtain bacterial medium with
concentration gradients of 1.6 mg/mL, 800 pg/mL,
400 pg/mL, 200 pg/mL, 100 pg/mL, 50 pg/mL, and
The medium containing various

of GNF@CS and the bacterial
suspension containing approximately 1 x 10° colony
forming units per milliliter (CFU/mL) were then
added to the 96-well plate at an equal ratio of 1:1. The
GNF@CS concentrations in the final system were
800 pg/mL, 400 pg/mL, 200 pg/mL, 100 pg/mL,
50 pg/mL, 25 pg/mL, and 0 pg/mL, respectively.

0 pg/mL.
concentrations

After incubation at 37 °C for 20 min, the survival of
bacteria was detected to reflect the biological safety
of the material. After that, 10 umol/L H,O, treatment
and laser treatment were applied respectively, and the
survival of bacteria was detected to illustrate the
chemodynamic effect and photothermal effect of
GNF@CS.

Bacteria uptake of GNF@CS

Taking S. aureus as the example, culture medium
containing 1 mg/mL GNF@CS
suspension containing about 1 x 10* CFU/mL were
added into 6-well plates at a ratio of 1:1.5. The final
concentration of GNF@CS in the system was 400
pg/mL. After incubation at 37 °C for 30 min, the cells
were centrifuged at 3 000 r/min for 10 min, and the

and bacterial

supernatant was discarded. The precipitate was
resuspended and mixed with culture medium, and the
color of the solution was observed.

Antibacterial Effects of GNF@CS Synergistic
Therapy

Taking S. aureus as an example, the bacterial
suspensions of each group that had taken or not taken
GNF@CS were treated with a 980 nm laser for
5 min as required. 100 puL of the treated bacterial
suspension was added to 2 mL of bacterial culture
medium, and the OD value representing the turbidity
of the bacterial suspension at this time was recorded.
After incubation at 37 °C for 24 h, the turbidity of the

https://www.sciopen.com/journal/2150-5578
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solution was recorded again for comparative analysis.
In addition, 100 pL of the 10°-fold diluted laser-
treated bacterial suspension was added to 10-cm
culture dishes respectively. After incubation at 37 °C
for 24 h, the number of colonies in each group was
observed.

SEM observation of bacterial with different
treatment

Taking S. aureus as an example, the bacterial
suspensions of each group that had taken or not taken
GNF@CS were treated with a 980 nm laser for
5 min as per the experimental requirements. After
being held at 37 °C for 30 min, the precipitates were
collected by centrifugation at 3000 tr/min for
10 min, and then resuspended in 1 mL glutaraldehyde
and fixed at 4 °C for 12 h. The bacteria were washed
twice with PBS and then dehydrated with 30%, 50%,
80%, and 100% ethanol (twice each) for 10 min.
Finally, the solution was dropped onto a silicon wafer
and the bacterial morphology was observed by

scanning electron microscopy.
Statistical analyses

Data were expressed as mean + standard deviation
(SD) (n = 3). Prism software was used for statistical
significance analysis. The statistical signal indicated a
significant difference (* P <0.01, ** P <0.005,
**% P <0.001).

Results and Discussion

Synthesis and characterization of GNF@CS

The GNFs were prepared by the liposome reduction
method. On this basis, an in situ CuSe layer was
grown on the surface of GNFs using a Se source. As
shown in the transmission electron microscopy
(TEM) results of Fig. 1(a), the prepared GNF@CS
has good dispersion,
consistent particle size. The TEM results in the
magnified view of Fig. 1(b) show that GNF@CS has
a loose porous structure, which explains its strong
absorption peak in the NIR II region from the
structural perspective. The Au (1 1 1) lattice in Fig.
1(c) indicates that the core structure of GNF@CS is
Au, and the CuSe (1 0 1) lattice shows that the shell
layer of GNF@CS is CuSe [28, 29]. The elemental
mapping results in Fig. 1(d) further confirm this
point, from which it can be seen that GNF@CS is

uniform morphology and

composed of Au, Cu, and Se elements. The prominent
white dots in the high-angle annular dark field
(HADDF) results indicate heavy elements, and it can
be seen that the inner core gold framework of GNF is
a hollow structure. From the UV-vis absorption
spectrum (Fig. 1(e)), it can be found that GNF itself
has an absorption peak in the NIR-II region, but after
coating a thin layer of CuSe on its surface, the
intensity of the absorption peak in the NIR-II region
has been significantly enhanced. It has strong
absorption characteristics and a wide spectral range
from 900 to 1 100 nm in the NIR-II region. This
provides a basis for its broad-spectrum characteristics
in mediating photothermal therapy under 980 nm
laser irradiation. The X-ray photoelectron spectra
(XPS) test results (Fig. 1(f)) further confirm that the
constituent elements of GNF@CS are Au, Cu, and Se.
From the dynamic light scattering (DLS) experiments
in Figs. 1(g) and 1(h), it was found that the hydrated
particle size of GNF was approximately 58 nm, and
that of GNF@CS was approximately 64 nm. The zeta
potential variation in Fig. 1(i) can also prove the
successful coating of the CuSe layer.

GNF@CS-mediated = chemodynamic
photothermal properties

and

In Fig. 2(a), it can be observed that the generation of
hydroxyl radicals by 200 pg/mL GNF@CS at room
temperature shows a clear temperature dependence
with MB as the hydroxyl radical indicator, which is a
significant feature of chemodynamic therapy. Further,
in a hydrogen peroxide environment at the site of
bacterial infection, GNF@CS dissociates to release
Cu* ions that react with hydrogen peroxide in a
Fenton-like reaction to produce hydroxyl radicals. In
Fig. 2(b), it can be seen that the generation of
radicals by GNF@CS also

temperature When  the
temperature rises from room temperature to 42 °C,
the generation of hydroxyl radicals significantly
increases. As shown in Fig. 2(c), the photothermal
performance of the GNF@CS
treatment group is significantly better than that of the
PBS
becomes more pronounced with the increase in
GNF@CS concentration.

hydroxyl shows a

dependence. system

solution in the

solution, and this photothermal advantage

With 1.5 W/cm? 980 nm laser irradiation, the PBS
solution in the control group reaches the highest
temperature of 60 °C around 100 s. By contrast, the
GNF@CS solution can reach the temperature above

https://www.sciopen.com/journal/2150-5578
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Fig. 1 Characterization of GNF@CS. (a) A large-field-of-view of the transmission electron microscopy (TEM) images of GNF@CS.
(b) A magnified TEM results of an individual GNF@CS. (¢) HRTEM image of GNF@CS and the lattice fringes of Au and CuSe.
(d) Element mapping and HADDF results for GNF@CS in STEM mode. (e) UV—vis spectra of GNF and GNF@CS in the range
of 400-1 100 nm. (f) Full X-ray photoelectron spectra of GNF@CS. (g) and (h) DLS results of GNF and GNF@CS. (i) Zeta

results of GNF and GNF@CS.

90 °C, for example, the 100 pg/mL GNF@CS
solution can reach a temperature above 90 °C around
150 s. Meanwhile, as the GNF@CS concentration
increases to 200 pg/mL, the solution can reach 80 °C
around 50 s. When the GNF@CS concentration
increases to 400 pg/mL, the solution can reach 70 °C
within 25 s. Therefore, the photothermal process of
GNF@CS
dependence. The thermal imaging results in Fig. 2(d)

shows a significant concentration
further confirm this. As shown in Fig. 2(e), the
natural cooling process of GNF@CS at different
concentrations and the PBS control group after laser
irradiation is similar, and both can return to room
temperature after 600 s. The fitting analysis results of
the photothermal conversion efficiency of GNF@CS
(Fig. 2(f)) show that the photothermal conversion

time constant of GNF@CS is 205.70 s, and the

photothermal conversion efficiency is 31.66%, which
makes the photothermal conversion performance of
GNF@CS outstanding among many traditional
photothermal conversion materials, such as inorganic
gold materials, carbon materials and copper sulfide
materials material [30-32]. The photothermal
stability of a 400 pg/mL GNF@CS solution was
tested (Fig. 2(g)). First, the solution was irradiated
with a 980 nm laser until the highest temperature of
90 °C was reached, then the laser was turned off and
the solution was allowed to cool naturally to room
temperature. The experiment was repeated four times,
and the photothermal stability of GNF@CS was
observed by recording the highest temperature
reached by the GNF@CS solution and the time
required. It can be found that the heating time of
GNF@CS is approximately the same in the four

https://www.sciopen.com/journal/2150-5578
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cycles, and the same highest temperature can be
reached, indicating that GNF@CS has excellent
photothermal stability. At the same time, to verify
that the GNF@CS-mediated heating process is
achieved through the photothermal conversion effect
of laser irradiation, the laser power dependence of
this heating process was verified. As shown in the
experimental results (Fig. 2(h)), when the laser power
is reduced from 1.5 W/cm?> to 1 W/cm?, the
temperature of the GNF@CS solution drops from
above 90 °C to around 70 °C at 120 s. Additionally,
from a single photothermal cycle (Fig. 2(i)), it can be
found that when the laser power is 1.0 W/cm?, the
GNF@CS solution takes about 200 s to reach a
maximum temperature of about 80 °C, and when the
laser power is 0.8 W/cm?, the GNF@CS solution

takes about 250 s to reach a maximum temperature of
about 70 °C. The decrease in the maximum
temperature that the GNF@CS solution can reach and
the increase in the required time indicate the
dependence of the heating process on laser power,
which further confirms that the heat generation
process of GNF@CS is indeed the conversion of 980
nm laser energy into thermal energy.

Bacterial Kkilling
synergistic therapy

by GNF@CS-mediated

The CCK-8 assay was used to detect the cytotoxicity
of GNF@CS to human normal skin cells (HSF and
HaCat cells). As shown in Figs. 3(a) and 3(b), at the
concentration of 400 pg/mL, the survival rates of both
cells were higher than 90%, indicating that GNF@CS
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Fig. 2 Properties of GNF@CS. (a) Time-dependent chemodynamic performance of GNF@CS at 25 °C. (b) Temperature-
dependent chemodynamic performance of GNF@CS at 10 min. (¢) Temperature changes of GNF@CS solution at different
concentrations and PBS soultion under 980 nm laser irradiation (1.5 W/cm?) over time. (d) Infrared thermal images of GNF@CS
at different concentrations and PBS at different times under 980 nm laser irradiation (1.5 W/cm?). (e) Temperature changes over
time in a single cycle of GNF@CS with different concentrations and PBS solution irradiated to maximum temperature and then
naturally cooled. (f) Photothermal conversion efficiency of GNF@CS over multiple cycles. (g) Photothermal stability of
GNF@CS over multiple cycles. (h) Infrared thermal images of 400 pg/mL GNF@CS under 980 nm laser irradiation at different
powers and durations. (i) Heating and cooling curves of 400 ng/mL GNF@CS during one photothermal cycle at different powers.
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has excellent biocompatibility. Meanwhile, the CCK-
8 was used to evaluate the bactericidal effect of
GNF@CS-mediated synergistic therapy on S. aureus
and E. coli, and to further determine the minimum
inhibitory concentration (MIC) of GNF@CS for
synergistic antibacterial therapy. As shown in Fig.
3(c), when only GNF@CS was incubated, there was
almost no obvious bactericidal effect observed at
below 200 pg/mL. When the
concentration increased to 400 pg/mL and 800
the
decreased, but still remained above 80%. However,
when GNF@CS was co-incubated with hydrogen
peroxide (Fig. 3(d)), the survival rate of bacteria

concentrations

pg/mL, survival rate of bacteria slightly

decreased  significantly when the GNF@CS
concentration reached 25 pg/mL due to the CDT
effect. As the concentration of GNF@CS increased,
the survival rate of bacteria decreased further, and
when the concentration reached 400 pg/mL, the
survival rate of bacteria dropped to about 10%. In
Fig. 3(e), it can be found that when laser irradiation
along with GNF@CS-mediated

synergistic therapy was performed, the survival rate

was applied
of bacteria was dropped below 1% at a concentration
of 400 pg/mL. For E. coli (Figs. 3(f)-3(h)), the
chemodynamic therapy and synergistic therapy
mediated by GNF@CS showed results similar to
those observed for S. aureus. When the concentration
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Fig. 3 Bacterial killing via synergistic therapy. Survival rate of (a) HaCat cells and (b) HSF cells after treatment with different
concentrations of GNF@CS by CCK-8 assay. (¢) S. aureus after treatment with different concentrations of GNF@CS, (d) S.
aureus after co-incubation with different concentrations of GNF@CS and H,0,, and (e) S. aureus after incubation with different
concentrations of GNF@CS and irradiation of the laser (Laser, 980 nm, 1.5 W/cm? 5 min). (f) E. coli after treatment with
different concentrations of GNF@CS, (g) E. coli after co-incubation with different concentrations of GNF@CS and H,0,, (h) E.
coli after incubation with different concentrations of GNF@CS and irradiation of the laser. (Laser, 980 nm, 1.5 W/cm?, 5 min). (i)
Color of the solution after co-incubation of different groups of S. aureus and (j) E. coli with GNF@CS (post-centrifugation and
resuspension). (k) Visual appearance of freshly treated S. aureus in each group. (1) Visual appearance of S. aureus incubated for
24 h after treatment in each group. (m) Visual appearance of freshly treated E. coli in each group. (n) Visual appearance of E. coli
incubated for 24 h after treatment in each group.
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reached 400 pg/mL, the survival rate of E. coli
dropped below 1%. In subsequent experiments, S.
aureus and E. coli were divided into 4 groups: Group
1 (control: no GNF@CS, no laser irradiation), Group
2 (GNF@CS only, no laser irradiation), Group 3
(only laser irradiation for 5 min), and Group 4
(GNF@CS added and laser irradiation for 5 min).
Additionally, the groups labeled “S” “E”
represent S. aureus and E. coli, respectively. Since
GNF@CS appears light blue in aqueous solution, the
bacteria collected after co-incubation with GNF@CS
were resuspendeds and the solution color was
observed to assess the uptake of GNF@CS by
bacteria. As shown in Figs. 3(i) and 3(j), both S.
aureus and E. coli successfully internalized
GNF@CS. In addition, to visually evaluate the
GNF@CS-mediated
synergistic therapy against S. aureus and E. coli, the
treated bacteria were diluted and resuspended in the
culture medium. Fig. 3(k) shows that the diluted
bacterial suspensions of all four groups were clear

and

antibacterial  effiicacy  of

(a) s1 52

and transparent immediately after treatment,
indicating that S. aureus cells were present at this
stage. After incubation at 37 °C for 24 h, it was found
that the bacterial suspensions of Group S1 and S3
were highly turbid, while the bacterial suspension of
Group S2 was turbid but significantly clearer than
those of Group S1 and S3 (Fig. 3(1)), and the solution
of the synergistic therapy group S4 remained
relatively clear, indicating that nearly all S. aureus in
this group had been killed. This phenomenon is
consistent with the above CCK-8 experiment results.
Similar to S. aureus, the ability of GNF@CS-
mediated therapy to inhibit the
proliferation of E. coli can also be seen in Figs. 3(m)

and 3(n).

synergistic

SEM of GNF@CS-mediated synergistic
therapy
The therapeutic effects of GNF@CS-mediated

synergistic therapy on S. aureus and E. coli were
observed using scanning electron microscopy (SEM).

s3 s4

Fig. 4 SEM analysis of bacteria with different treatments. SEM images of (a) S. aureus and (b) its local magnification area, (c) E.
coli and (d) its local magnification area with different treatments in each group. The blue rectangular area shows the enlarged
region of the co-incubation group with GNF@CS, the yellow circle highligts bacterial morphology of different groups, and the
blue circle indicates the GNF@CS. (GNF@CS concentration, 400 pg/mL; Laser, 980 nm, 1.5 W/cm?, 5 min.)
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As depicted in Fig. 4(a), the S. aureus in Groups Sl
and S3 exhibited plump morphology, with intact
surfaces and normal viability, showing no signs of
rupture. In Group S2, the bacteria successfully
captured and internalized GNF@CS on their cell
surfaces (Fig. 4(b)), and due to the CDT effect,
surface fractures, cell lysis, and leakage of cellular
contents occurred though some S. aureus cells still
maintained a normal morphology. Finally, after co-
incubation with GNF@CS and irradiation with a
980 nm laser for 5 min, all the S. aureus in group S4
presented cracks, widespread leakage of contents,
complete rupture of the bacterial surface, and loss of
structural integrity. Similarly, the bactericial effect of
GNF@CS-mediated synergistic therapy on E. coli
could be directly observed in Figs. 4(c) and 4(d). The
E. coli in groups El and E3 were morphologically
intact. In group E2, the uptake of GNF@CS on the
bacterial surface could be observed, and some

(@) S1

bacteria exhibited obvious shrinkage and surface
cracks, compromising their viability. In Group E4,
after co-incubation with GNF@CS and 5-minute
irradiation with a 980 nm laser, all the E. coli showed
varying degrees of shrinkage, structural damage, and
complete leakage of contents. The above SEM results
demonstrate that the GNF@CS-mediated synergistic
therapy effectively kills S. aureus and E. coli through
the combined effects of CDT and PTT.

Antibacterial effect of GNF@CS-mediated

synergistic therapy
To further evaluate the inhibitory effect of GNF@CS-
mediated  synergistic  therapy on  bacterial

proliferation, the number of viable bacteria after
treatment was quantified by the plate colony counting
method. First, the bacterial suspension after various
treatments was diluted 10°-fold, from which 100 pL
was evenly spread on the Petri dish and incubated for
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Fig. 5 Plate colony experiments of different treatment groups. (a) Photographs of S. aureus and (b) E. coli coated plates incubated
for 24 h at 10°-fold dilutions after different treatments. (c¢) Statistics of the number of viable colonies of S. aureus and (d) E. coli
on coated plates incubated for 24 h at 10°-fold dilutions after different treatments. (¢) GNF@CS mediated bactericidal effect of

CDT and CDT-PTT synergistic therapy.
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24 h at 37 °C. From the results in Figs. 5(a) and 5(b),
it can be found that the Group in S1 and El groups
maintained high viability, while the bacteria in S3 and
E3 groups showed some inhibition of viability after
laser irradiation, but still retained considerable
viability. However, the bacterial activity of Groups
S2 and E2 was significantly inhibited due to the CDT
effect, but there were still some viable bacteria
remaining. With GNF@CS-mediated CDT and PTT
co-treatment, neither Groups S4 nor E4 contained
living bacteria, demonstrating that 400 pg/mL
GNF@CS could kill more than 99% of the bacteria.
The number of colonies was more visually displayed
in Figs. 5(c) and 5(d). It was observed that the
number of viable colonies in Group S1was about 337,
in Group S2 was about 74, that in Group S3 was
about 248, that in E1 group was about 59, that in
Group E2 was about 10, that in E3 group was about
48. However, the number of viable colonies in both
S4 and E4 of the final synergistic treatment group
was 0. Quantitative analysis showed that GNF@CS-
mediated CDT achieved a bactericidal rate of about
80.1%, while the bactericidal effect reached more
than 99% with the synergistic treatment of CDT and
PTT (Fig. 5(e)). These results demonstrate that
GNF@CS-mediated photothermal therapy can
significantly inhibit the proliferation of S. aureus and
E. coli and exhibits effective antibacterial activity.

Conclusions

In summary, we synthesized gold hollow
nanoframeworks capable of responding in the NIR-II
region and applied them to antibiotic-free
phototherapy after coating them with a thin layer of
CuSe. With 980 nm laser irradiation, GNF@CS
exhibited significant bacterial and proliferation
inhibition effect on Staphylococcus aureus and
Escherichia coli. Compared with other traditional
treatment methods, GNF@CS mediated synergistic
therapy can not only trigger the CDT and PTT
processes simultaneously, but also enhance the CDT
process via the local hyperthermia generated by
photothermal therapy. This combined approach
demonstrates excellent antibacterial effect, providing
a new strategy for the clinical antibiotic-dependent
treatment of drug-resistant bacteria infections.
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