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A B S T R A C T

Keeping steps ahead of the bacteria in the race for more efficacious antibacterial strategies is increasingly 
difficult with the advent of bacterial resistance genes. Herein, we engineered copper sulfide nanoclusters (CuSx 
NCs) with variable sulfur defects for enhanced dual-treatment of bacterial infections by manipulating photo-
thermal effects and Fenton-like activity. Next, by encasing CuSx NCs with a complex mixture of amino acids and 
short peptides derived from Luria-Bertani bacterial culture media as a protein corona, we managed to coax E. 
Coli to take up these CuSx NCs. As a whole, Amino-Pep-CuSx NCs was perceived as a food source and actively 
consumed by bacteria, enhancing their effective uptake by at least 1.5-fold greater than full length BSA protein 
BSA-corona CuSx NCs. Through strategically using defect-engineering, we successfully fine-tune photothermal 
effect and Fenton-like capacity of CuSx NCs. Increased sulfur defects lead to reduced but sufficient heat gener-
ation under solar-light irradiation and increased production of toxic hydroxyl radicals. By fine-tuning sulfur 
defects during synthesis, we achieve CuSx NCs with an optimal synergistic effect, significantly enhancing their 
bactericidal properties. These ultra-small and biodegradable CuSx NCs can rapidly break down after treatment for 
clearance. Thus, Amino-Pep-CuSx NCs demonstrate effective eradication of bacteria both in vitro and in vivo 
because of their relatively high uptake, optimal balanced photothermal and chemodynamic outcomes. Our study 
offers a straightforward and efficient method to enhance bacterial uptake of next generation of antibacterial 
agents.

1. Introduction

Bacteria are ubiquitous microorganisms found throughout nature, 
existing in nearly every environment [1–3]. Despite the development of 
various methods to eradicate bacteria, bacterial infections persist [4–6]. 
Bacterial toxins pose a global health concern; for instance, according to 

the CDC, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) 
remain the top two causes of infections [7–10]. Antibiotics are potent 
medications capable of combating bacterial infections. However, the 
inappropriate use, overuse, and mishandling of antibiotics contribute to 
the emergence of bacterial resistance [11,12]. The advancement of 
multiple antibiotics or the delivery of antibiotics through nanomaterials, 
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targeting individual drug-resistant bacteria, has, to some extent, expe-
dited the evolution of drug-resistant strains [13–15]. The quest for a 
universal bactericidal approach appears aimed at bypassing the accel-
erated mutational escape of bacteria occurring during the bactericidal 
process. Drug-resistant bacteria can endure and proliferate in the pres-
ence of antibiotics, leading to a limited lifespan for these medications. 
Compounding the issue, individuals may only have a remaining window 
of ten to twenty years to utilize existing antibiotics, and the imminent 
development of new biocides becomes crucial [16–19].

Fenton-like catalysts, particularly those based on multivalent metals 
like titanium, copper, and manganese, play a crucial role in activating 
hydrogen peroxide (H2O2) to generate reactive oxygen species (ROS) for 
the degradation of organic pollutants in wastewater, chemodynamic 
apoptosis of cell in tumour treatment, and anti-bacteria in infectious 
wound [20–23]. Among these catalysts, copper-containing catalysts are 
especially noteworthy due to their cost-effectiveness, abundant avail-
ability, and ease of preparation [24]. Unlike iron-based catalysts, which 
are commonly used in traditional Fenton reactions, copper (Cu(II)) of-
fers several advantages: (1) wider pH range: Cu(II) can effectively 
function as a Fenton-like catalyst across a broader pH range (3–9), 
making it more versatile in various environmental conditions; (2) lower 
risk of impurities: The Cu(II)/H2O2 system is less prone to generating 
unwanted by-products compared to the Fe(II)/H2O2 system; (3) higher 
efficiency in ROS formation: The Cu(I)/H2O2 system more readily forms 
hydroxyl radicals (HO•), which are highly reactive and effective in 
chemodynamic effect induced anti-bacteria [25]. Thus, these properties 
make copper-containing catalysts a promising alternative to traditional 
iron-based catalysts in Fenton-like reactions for treating infectious 
wound. Chemodynamic-photothermal dualistic antimicrobial modal 
nanoclusters can give a fast killing blow that is intentionally decoupled 
temporally from the often-slower genetic mutational driven antibiotic 
resistance [26–35]. These direct bactericide action with these nano-
clusters do not exacerbate intrinsic bacterial resistance, suggesting a 
potential way to overcome the chemoresistance observed in lysozyme 
and antimicrobial peptides [36–38].

Copper-based nanomaterials find extensive use in biomedical ap-
plications owing to their commendable biocompatibility, efficient pho-
tothermal conversion, and cost-effectiveness [39,40]. Numerous 
researchers are actively engaged in enhancing the antimicrobial prop-
erties of CuS and many other nanomaterials though synergistic photo-
thermal and chemodynamic effect [37,41–47].

Thus more often than not, the bottleneck in many highly efficacious 
antimicrobial effects may not be on their lethality but at the uptake 
aspects [48]. Some studies have found that wrapping biomaterials 
around the outside of nanomaterials enhances uptake, for example, in 
2017, Jia et al. have found that wrapping glucose around pesticide 
nanoparticles enhances active cellular uptake of insecticides [49]. In 
2020, Cao et al. found that polyvinylpyrrolidone (PVP)-coated iron 
oxide nanoparticles (NPs) significantly facilitated the intracellular 
transport of cadmium, possibly because the bacteria treated the nano-
particles as nutrients [50]. Here, we recognized that while bacteria have 
internal metabolic pathways to synthesize amino acids which are 
essential molecules for the bacterial fundamental cellular maintenance 
and cell division. However, during synthesis of the amino acids, even 
with all the endogeneous genetic machinery, the bacteria still needs a 
carbon source. In a bacterial infected wound, that carbon source comes 
from the blood plasma that contains a rich pool of proteins which the 
bacteria can digest to shorter peptides and even amino acids. Thus, we 
wondered whether if we were to directly form an amino acidic-peptidic 
corona around CuSx nanoclusters (CuSx NCs), in a bid to greatly increase 
the uptake of the nanoclusters. If uncoated CuSx NCs were presented to 
bacteria, there is no incentive to take up the nanoclusters and any uptake 
will be stochastic driven. With the amino acidic-peptidic corona, from 
the perspective of the bacteria, it is chemically like a protein since the 
nanoclusters are the size of a protein complex [51,52]. We then pro-
posed to use a complex mixture of amino acids and peptides collectively 

called Amino-Pep arising from tryptic digestion of casein, to form the 
corona. The amino acidic-peptidic corona greatly enhanced the uptake 
of copper sulfide nanoclusters whose enhanced therapy of 
bacteria-infected wounds. These antibacterial agents, based on CuSx 
NCs, were developed using a straightforward and environmentally 
friendly synthesis method and consist of essential components (Scheme 
1). Such approach is easy and scalable with no need of high pressure and 
temperature or special Apparatus. Considering the easily synthesis, 
scalability and the high abundance elements of Cu and S in life together, 
such Amino-Pep-CuSx provided the high potential for catalytic, 
semi-conducting and biomedical applications. Additionally, for com-
parison, we have used a full length blood protein of the highest con-
centration in blood, serum albumin to form the corona of the same CuSx 
NCs. The amino acid-peptide corona resulted in 3 orders of magnitude 
fewer colony-forming units compared to conventional CuSx NCs modi-
fied with serum albumin. The small-sized CuSx NCs exhibited a 
broad-spectrum nature and possessed multiple valence states, conferring 
upon them both photothermal and Fenton-like catalytic properties [41]. 
This unique combination allowed the NCs to function as a sunlight 
activated photothermal and chemodynamic nanoagent. Furthermore, 
the formation of CuSx NCs incorporated a defect engineering approach 
by carefully regulating the ratio of copper (Cu) to sulfur (S) elements. 
The sulfur defect in CuSx NCs decreased as the element ratio of Cu and S 
increased. This reduction resulted in an elevation of the photothermal 
effect under sunlight irradiation, a decrease in catalytic capability 
against H2O2, and an increase in glutathione (GSH) consumption to 
disrupt cellular antioxidant defense systems through redox reactions. 
Post-treatment, these NCs, known for their good biocompatibility, can 
eventually decompose without toxicity to the injury site, ensuring 
excellent biosafety. It also demonstrated the development of with 
enhanced bactericidal efficiency, presenting a broader application 
prospect.

2. Experimental and characterization

2.1. Materials

All chemicals and reagents (analytical grade) were used as received 
without any further purification. Copper chloride (CuCl2•2H2O), so-
dium sulfide (Na2S•9H2O), tryptone (Amino-Pep), bovine serum album 
(BSA), 3,3′-Diaminobenzidine tetrahydrochloride tablet (DAB), and 
methylene blue (MB) were all purchased from Sigma-Aldrich Co. 
(Singapore). The lysogeny broth (LB) medium in all bacterial cultures 
was pre-treated by autoclaving at 120 ◦C for 20 min before use. And the 
water used in the experiments was sterile and enzyme-free if not spec-
ified from a Milli-Q system (Health Force Biomeditech Holdings Ltd.).

2.2. Characterization

UV–vis absorption spectra were determined by UV–vis spectropho-
tometer. Dynamic light scattering (DLS) measurements and zeta po-
tential were performed on the Malvern Nano-ZS Particle Size. The 
contents of copper ions in those samples were determined by using 
inductively coupled plasma atomic-emission spectroscopy (ICP-AES, 
Thermo). The binding energy of the sample were characterized by X-ray 
photoelectron spectroscopy (XPS; AXIS HIS, Kratos Analytical). The 
powder XRD measurements were performed using a Bruker D8 
advanced diffractometer with a Cu Ka irradiation in the 2θ range of 
200–600. PLS-SXE300 (200–2500 nm, 1526 W/m2) purchased from 
PerfectLight Co., Ltd. was used for photothermal experiments. IR ther-
mal image was recorded by the photothermal camera FLIR T420. 
Scanning electron microscope (SEM) images were obtained by field 
emission SEM (JEOL, JSM-7610FPlus). TEM images were obtained on a 
JEM 1400 transmission electron microscope with an accelerating 
voltage from 40 to 120 kV.
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2.3. Synthesis of amino-pep and BSA modified CuSx NCs

In a typical procedure, the Cu-precursor solution was firstly prepared 
by dispersing 0.5 mL Cu2+ solution (0.1 M) and 40 mg amino-Pep/BSA 
into 40 mL water, and the pH value was adjusted into 2.0–3.0 by 1 M 
HCl. Then, 0.05, 0.1, 0.2, 0.4 and 0.6 mL S2− (0.5 mol/L) was dropped 
slowly under vigorous stirring at room temperature, respectively. Add to 
the mixture, and stir continuously during this process. After adding 
Na2S•9H2O, quickly adjust the pH of the solution to neutral. After ul-
trafiltration with an ultrafiltration centrifuge tube with a retention ca-
pacity of 10 KD, the solution was repeatedly washed three times, and 
finally, the CuSx NCs concentration was detected using ICP-MS.

2.4. Analysis of ROS from Amino-Pep-CuSx NCs

3,3′-diaminobenzidine (DAB) and MB were used to indicate ROS 
generation from Amio-Pep-CuSx NCs at different pH and temperature 
conditions. For the DAB assay, DAB solution was mixed with H2O2 at pH 
= 5.0, 6.5 7.4, 9.0 and CuSx NCs were added and the change in absor-
bance at 569 nm was immediately detected to observe the fading of 
DAB. The MB assay was done in 25 mM sodium bicarbonate-CO2 equi-
librium, and the change in absorbance of the mixture at 665 nm after 
CuSx addition was observed, which was caused by the generation of a 
purple/brown product. All experiments were performed at room tem-
perature if not otherwise specified.

2.5. Photothermal measurement of Amino-Pep-CuSx NCs

The solution temperatures were monitored by using an IR thermal 
camera. Experiments were taken out in 0.2 mL 1 × PBS solutions (pH =
7.4) containing different concentrations of Amino-Pep-CuSx NCs. When 
the samples were exposed to a solarlight intensity of 1526 W/m2, the 
temperature was recorded every 20 s for 10 min. To explore the 

photothermal conversion stability of Amino-Pep-CuSx NCs, its aqueous 
dispersion (Cu ion concentration of 0.6 mM) was irradiated by solarlight 
(1526 W/m2) for 10 min, then the laser was off for 10 min to cool the 
sample. And 0.1 mM ICG was used to compare the photothermal sta-
bility. The on/off irradiation cycle was repeated for five times.

2.6. Bacterial culture

Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 25922 
were inoculated on LB agar plates after shaking overnight at 37 ◦C and 
200 rpm in LB medium and cultured overnight. For each experiment, 
fresh colonies on the agar plates were selected and LB liquid medium 
was selected for their expanded culture for approximately 14 h, and the 
experiment could be started.

2.7. In vitro antibacterial assays

The solution temperatures of bacteria medium incubated with CuSx 
NCs were monitored by using an IR thermal camera. 0.6 mM of CuSx NCs 
solution was exposed to solar light (200–2500 nm, 1526 W/m2). The 
temperature was recorded every 20 s until the temperature reached 
maximum (10 min). additionally, Dichlorodihydrofluorescein Diacetate 
(DCFH-DA) was used to detect the amount of ROS produced by CuSx NCs 
and bacteria. CuSx NCs, E. Coli and DCFH-DA were mixed in LB liquid 
medium, and exposed to solar light (200–2500 nm, 1526 W/m2) for 30 
min. DCFH-DA is later oxidized by ROS into 2′, 7’ –dichlorofluorescein 
(DCF). DCF is detected by BioTek Synergy H4 microplate reader with 
excitation/emission at 485 nm/535 nm before and after solar light 
exposure. The change of fluorescence was detected to observe the gen-
eration of ROS.

CuSx NCs were mixed with bacteria for a certain period and then 
centrifuged at 2000 rpm for 15 min. The lower layer of bacteria was 
mixed with aqua regia overnight, diluted to pH neutral, filtered, and 

Scheme 1. Schematic illustration of synthesizing bacteria eating Amino-Pep modified CuSx NCs for enhanced photothermal and chemodynamic anti-bacteria. Step 1: 
adjusting pH value of mixture solution containing amino-peptides and copper ions; Step 2: mixing solution accompanying with dropwise adding sulfide ions; Step 3: 
adjusting the pH value of reaction solution to 6–7; Step 4: purifying the final solution with ultrafiltration tube. Synergetic effect including 3 aspects: ① producing 
toxic HO• through fenton-like reaction between copper and H2O2; ② consuming GSH to generate GSSG which restricts redox reactions; ③ photothermal effect from 
CuSx NCs to produce heat that increase the above reactions.
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subjected to ICP-MS experiments. For CuSx NCs uptake in some mouse 
organs/tissues, 0.1 mm3 tissues were taken and mixed with aqua regia 
overnight, diluted to pH neutral, filtered, and then subjected to ICP-MS 
experiments.

2.8. Cytotoxicity assay and cellular uptake of Amino-Pep-CuSx NCs

The cytotoxicity of Amino-Pep-CuSx NCs at different concentrations 
and atomic ratios was examined with the help of this experiment. The 
specific experimental steps: the same number of normal hepatocytes- 
LO2 were inoculated into 96-well plates and incubated overnight until 
the cells were completely stretched, then the same volume of CuSx NCs 
was added according to the concentration gradient, and after incubation 
overnight again, 20 μL 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide was added. After incubation for 4 h in a cell culture 
incubator protected from light, the supernatant was aspirated and 200 
μL of DMSO was added to each well. And after shaking for 10 min, the 
absorbance of each well was measured at 490 nm and the results were 
calculated based on the metric of Cell Viability = OD (sample) - OD 
(control)/OD (control) × 100 %.

2.9. Animal models of bacterial infection

C57BL/6J mice were used to construct an animal model of bacterial 
infection. The detailed steps were to use 24C57BL/6J mice at 6–8 weeks 
of age, cut a circular wound of about 1 cm in diameter into the skin of the 
back of each mouse with surgical scissors, and completely remove the 
skin. Approximately 12 h later, a mixture of S. aureus (1.2*106 CFU/mL) 
and E. coli (1.2*106 CFU/mL) was applied to the open wounds, and after 
a 2 h interval, the same wounds were repeatedly once with the same 
bacterial mixture.

2.10. Animal models assay

The model mice were randomly divided equally into 2 large groups, 
each of which was further divided into 3 groups: control group, Amino- 
Pep-CuSx NCs treatment group, and BSA-CuSx NCs treatment group, 
which were treated according to the grouping method in Fig. 7A. The 
Amino-Pep-CuSx NCs treatment group applied 0.6 mM of Amino-Pep- 
CuSx NCs 100 μL to the wounds of mice one day apart; the BSA-CuSx NCs 
treatment group applied 0.6 mM of Amino-Pep-CuSx NCs 100 μL to the 
wounds of mice one day apart; the control group applied 100 μL saline to 
the wounds of mice one day apart. Meanwhile, each time, the mice were 
weighed and the wound diameter, d was measured one day before 
treatment, and throughout the study. The wound area and the wound 
healing curve was plotted according to formula S = πd2/4. Documenting 
wound changes was done with a digital camera.

3. Results and discussion

3.1. Fabrication and characterization of Amino-Pep-CuSx NCs

The medium ingredients for in vitro culture of Luria-Bertani bacteria 
typically include NaCl, yeast extract, and Amino-Pep [53]. To enhance 
the uptake efficiency of CuSx NCs, we employed Amino-Pep to encap-
sulate defected-CuSx NCs through a straightforward and gentle 
bottom-up approach [54,55], rendering the NCs a preferred nutritional 
source for bacteria. This method was initiated by a chemical reaction 
between Cu2+ and Na2S•9H2O, as depicted in Scheme 1, where 
Amino-Pep also served as a surfactant and stabilizer to control the size of 
CuSx NCs. The pH of the Cu2+-Amino-Pep complex solution, formed by 
Amino-Pep and CuCl2•xH2O, was adjusted to approximately 2–3. A so-
lution containing S2− was then introduced into the above mixture, 
leading to the formation of stable CuSx NCs. Initiation of the reaction 
between CuSx and oxygen was triggered through regulating the pH value 
of solution to around 7, causing a gradual change in solution color to 

brownish-black, indicative of the formation of small-sized defected 
CuSmO1-m NCs. To explore defect engineering, CuSx NCs with varying 
sulfur defects were synthesized by adjusting the initial feed molar ratios 
of Cu2+ and S2− (2:1, 1:1, 1:2, 1:4, and 1:6 denoted as CuSx NCs-2, CuSx 
NCs-1, CuSx NCs-0.5, CuSx NCs-0.25, and CuSx NCs-0.17). Transmission 
electron microscopy (TEM) revealed that the primary size of ultra-small 
CuSx NCs was in the range of 3–4 nm, demonstrating a consistent size 
distribution with no noticeable aggregation of NCs (Fig. 1A and Fig. S1). 
To illustrate the impact of sulfur defects on size, the average hydrody-
namic diameters of CuSx NCs were measured in the range of 10–50 nm 
by dynamic light scattering (DLS) (Fig. 1B). The sizes exhibited a 
gradual decrease from 44.8 to 19.1 nm with the molar ratio of Cu to S 
decreasing from 2 to 0.17. This phenomenon could be attributed to a 
reduced surface chelation of Amino-Pep on CuSx NCs. It is noteworthy 
that these sizes were slightly larger compared to those observed in TEM 
images due to the contribution of Amino-Pep extended in solution in 
light scattering measurements and the shrinkage of NCs measured by 
TEM.

The impact of sulfur defects on the optical properties of CuSx NCs was 
explored under physiological conditions. Across varying sulfur defect 
levels, all CuSx NCs exhibited prominent absorption peaks around 360 
nm, aligning with the excitonic characteristics of CuS2 NCs. A decrease 
in sulfur defect in CuSx NCs resulted in broader absorption spectra, 
accompanied by a slight increase in absorbance at 320 nm (Fig. 1C). 
Correspondingly, the integral absorbance area was observed to increase. 
This negative correlation between optical properties and defects sug-
gested a potential enhancement in the photothermal effect with 
decreasing sulfur defects. This will benefit to improve the findings of 
potential nanoagents in future PTT. By leveraging the prominent peak in 
the UV region, the estimated size of CuSx NCs was approximately 3.5 nm 
[54,56], aligning with the measurement obtained by TEM. Applying 
Tauc’s equation, the corresponding bandgap energy of the NCs exhibited 
a slight decrease from 3.37 to 3.25 eV (Fig. 1D). This slight decrease can 
be attributed to the presence of sulfur defects and the incorporation of 
oxygen atoms serving as n-type dopants. The high concentration of ox-
ygen incorporation induced an increase in charge carriers, resulting in 
bandgap narrowing. It is important to note that the collective influence 
of surface states and localized defect states can contribute to lowering 
the determined energy of optical bandgap.

To examine the crystalline structure of CuSx NCs, X-ray diffraction 
(XRD) spectra were determined individually for five samples (Fig. 1E). 
All diffraction peaks and relative intensities at 2θ = 31.3◦, 45.03◦, 56.1◦, 
64.7◦, and 75.0◦ were observed, matching well with (200), (220), (222), 
(400), and (420) planes of the pure cubic Cu2S standard peak (JCPDS, 
No: 84–1770) [57]. Furthermore, the peaks for CuSx NCs (− 2 and − 1) 
with high defects exhibited broadening with weak peaks, indicating a 
less crystalline structure. In contrast, distinct diffraction patterns for 
CuSx NCs with low sulfur defects were well-identified, showing a highly 
crystalline structure. This suggests that the degree of crystallinity 
gradually increased with an increase in sulfur content, indicating uni-
form defects present across all CuSx NCs. The surface electronic states 
and chemical composition of all CuSx NCs were thoroughly examined 
using X-ray photoelectron spectroscopy (XPS) [58]. As illustrated in 
Fig. S2, the XPS survey spectrum of the five CuSx NCs samples displayed 
distinct peaks corresponding to Cu, S, O, C, and N elements. In the Cu 2p 
XPS spectrum (Fig. 1F), the binding energy (B.E.) peaks at 931.9–932.4 
eV and 951.7–952.2 eV respectively corresponded to Cu 2p3/2 and Cu 
2p1/2, indicating the presence of Cu(I) oxidation state in all samples. 
Furthermore, the corresponding B.E. peaks at 933.2–934.0 eV and 
955.6–956.3 eV for Cu 2p3/2 and Cu 2p1/2 demonstrated the presence 
of Cu(II) oxidation state. Satellite peaks were also observed at around 
947.3–948.0 eV between the binding energies of Cu 2p3/2 and Cu 
2p1/2, attributed to Cu(II) in the paramagnetic chemical state. Addi-
tionally, with decreasing sulfur defects, a slight shift to higher energy 
binding was observed in all peaks for Cu 2p, indicating an increase in 
charge carriers induced by the incorporation of more electronegative 
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oxygen atoms. A parallel oxidation pattern was noticeable at the S 2p 
region in the high-resolution XPS spectrum. Sulfur exhibited two distinct 
chemical states, with representative peaks at around 161.5 eV and 
163.0 eV corresponded to S 2p3/2 and S 2p1/2 bands, respectively 
(Fig. 1G). Additional peaks at around 164.0 eV and 163.1 eV were 

observed and attributed to the signal of C-S-C bond originating from 
CuSx NCs-0.25 and CuSx NCs-0.17, reflecting a high sulfur content. 
Larger binding energy peaks (166.6–168.9 eV) in all samples confirmed 
the presence of an elevated valence sulfide state, suggesting that sulfur 
appeared to undergo oxidation readily during the chemical reaction 

Fig. 1. Characterization of Amino-Pep-CuSx NCs. (A) TEM of CuSx NCs-1; (B) hydrodynamic size; (C) UV absorption spectra; (D) bandgap energy; (E) XRD and (F-H) 
XPS spectrum of CuSx NCs with different sulfur defects. According to the molar ratio of added Cu to S, the ratios of 2, 1, 0.5, 0.25, and 0.17 can be recorded as CuSx 
NCs-2, CuSx NCs-1, CuSx NCs-0.5, CuSx NCs-0.25, and CuSx NCs-0.17, respectively.
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process involved in preparing CuSx NCs. It is noteworthy that the S-O 
bond peak position shifted notably towards higher binding energies as 
the molar ratios of Cu to S decreased. One potential explanation is that 
an increased substitution of oxygen atoms was along with the higher 
presence of sulfur vacancies during the in-situ formation of CuSx NCs. 
For a more thorough examination of the chemical valence state and its 
correlation with the oxygen content, Gaussian fitting was employed to 
deconvolute the O 1s peaks in the XPS spectrum of the five CuSx NCs 
samples. (Fig. 1H). The characteristic peaks observed at lower binding 
energies (around 531.2 eV) were attributed to the Cu-O bond within a 

stoichiometric CuOmS1-m structure, while another representative peak at 
the higher binding energy (~532.7 eV) was assigned to Cu-OH origi-
nating from oxygen deficiency in CuSx NCs. Notably, higher binding 
energy peaks at around 535.8 eV in CuSx NCs were associated with 
absorbed H2O and O2. Furthermore, the zeta potential of different 
defected Amino-Pep-CuSx NCs aqueous solution was measured to be in 
the range from − 9.84 to − 3.16 mV (Fig. S2A), indicating the negatively 
charged Amino-Pep stabilizer is decorated on the surface of the CuSx 
NCs. The surface functional groups on CuSx NCs were investigated and 
compared with bare tryptone and BSA through the Fourier transform 

Fig. 2. Catalytic activity of different defected CuSx NCs through Fenton-like reaction. (A) Assessment of HO• generation from CuSx NCs measured by DAB agent with 
H2O2; (a1) UV spectra of DAB solution with CuSx NCs-2 solution and H2O2 for 20 min (inset: solution color change for 30 min), (a2) the kinetics of catalytic reactions 
of DAB with different defected CuSx NCs and H2O2, (a3) UV absorbance of DAB incubated with different defected CuSx NCs and H2O2 for 20 min; (B) Assay of HO•

production from MB degradation incubated with CuSx NCs and H2O2; (b1) MB degradation by CuSx NCs-2 and H2O2 for 30 min (inset: solution color change for 30 
min), (b2) MB degradation kinetics treated with different CuSx NCs-2 and H2O2 for 20 min, (b3) MB removing rate by different CuSx NCs-2; (C) GSH depletion by 
CuSx NCs-2, [Co2+] = 0.1 mM, [CuSx NCs] = 0.1 mM, [GSH] = 1 mM; (c1) the ability of CuSx NCs-2 to deplete GSH at different concentrations within 30 min (inset: 
solution color change of MB with different concentrations of GSH), (c2) degradation degree, and (c3) MB degradation kinetics with various catalyst components in 
the presence of H2O2.
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infrared (FTIR), indicating the components of CuSx NCs.

3.2. Regulating chemodynamic effect upon defect of CuSx NCs

To explore the impact of defects on the chemodynamic properties of 
defect-engineered CuSx NCs, we employed 3,3′-diaminobenzidine (DAB) 
as a chromogenic agent to gauge H2O2 consumption, indicative of the 
Fenton reaction rate (Fig. 2A) [59–62]. The UV spectrum of DAB 
exhibited a significant increase within the initial 10-min upon the 
introduction of various defect-engineered CuSx NCs and H2O2 (Fig. 2A1 
and Fig. S3), leading to a color transformation in the solution from light 
brown to dark brown (Fig. 2A inset). Evaluating the catalytic rates of 
different CuSx NCs through monitoring the absorbance change at 569 
nm revealed that samples with higher sulfur defects initially exhibited 
enhanced catalytic activity. However, as time progressed, the catalytic 
rate decelerated, eventually manifesting a diminished catalytic degree 
over minutes. This trend pointed towards a notable connection between 
catalytic rate, reaction duration, and sulfur levels in the bio-catalysts, as 
observed in Fig. 2A2. Considering the relatively extended duration of the 
chemodynamic effect (CDT) treatment, we standardized the amounts of 
generated radicals at 10 min for a comparative analysis, as depicted in 
Fig. 2A3. Evidently, the absorbance at 569 nm of DAB gradually 
decreased with an increase in sulfur content in CuSx NCs. These obser-
vations strongly suggested a positive correlation between the generation 
of HO• from CuSx NCs and sulfur defects, collectively indicating the 
favorable impact of defects on Fenton-like catalytic activity. Impor-
tantly, it’s worth noting that no discernible influence was found in the 
control groups. Also, the influence of Ph values on catalytic rates of CuSx 
NCs-2 were evaluated using DAB in PBS at pH5.0, 7.4 and 9.0 (Fig. S4). 
It’s clearly shown that acidic condition can facilitate the Fenton-reaction 
rate, induced more HO• to faster bacteria apoptosis. This will be benefit 
for promoting wound healing due to the acidic environment of inflamed 
and infectious wound.

To further identify and compare the Fenton activity of defect- 
engineered CuSx NCs, methylene blue (MB) was utilized for detecting 
the generation of HO•. It was evident in Fig. 2B1 (Fig. S5) that MB was 
rapidly degraded within 30 min in the presence of defect-engineered 
CuSx NCs and H2O2, indicating the generation of ROS. Besides this, a 
correlation was observed between the degradation rates of MB and 
increasing Cu/S ratios. Notably, among the six groups, samples with 
higher sulfur content displayed a better catalytic activity at the first 
short time, then the catalytic rate slowed down and finally exhibited 
lower catalytic degree on a timescale of minutes, revealing that the 
catalytic rate was strongly related to reaction time and sulfur level in 
catalysts, CuSx NCs-2 exhibited superior degradation capability, with a 
kinetic rate constant of approximately 0.065 (min− 1) within the initial 
10 min. As illustrated in Fig. 2B2, the impact on MB absorbance was 
negligible when CuSx NCs or H2O2 were applied individually. However, 
upon combining CuSx NCs-2, 1, 0.5, 0.25, and 0.17 with H2O2, the 
degradation efficiency of MB gradually decreased from 84.9 %, 84 %, 
73.5 %, 71.4 %, to 67.8 %, as depicted in Fig. 2B3. Evidently, the su-
perior catalytic performance of the NCs-2 and 1 group are manifested by 
a higher degradation rate of MB within 20 min. This outcome suggests 
an augmented generation of radicals resulting from the interaction be-
tween CuSx NCs and H2O2, facilitated by the enhanced sulfur defect. This 
observation aligns with previous findings using the DAB probe.

Collectively, the data clearly indicates that defect engineering in the 
synthesized CuSx NCs significantly enhances Fenton-like catalytic effi-
ciency. Additionally, we explored the impact of GSH on the degradation 
of MB induced by HO• and assessed the process of GSH depletion by 
CuSx NCs, as illustrated in Fig. 2C. Examining Fig. 2C1, it is evident that 
the scavenging efficiency of CuSx NCs-2 on MB reached nearly 90 % after 
30 min in the absence of GSH. However, the presence of added GSH 
impeded the scavenging process, causing the efficiency of CuSx NCs to 
decrease to 13.2 % as the GSH concentration increased to 10 mM. This 
observation underscores the ability of GSH to eliminate ROS. To delve 

deeper into the improved chemodynamic efficacy resulting from GSH 
depletion, we introduced the exogenous HO• -generating catalyst Co2+, 
well-documented as a Fenton-like catalyst for radical generation from 
H2O2 (Fig. 2C2). In the presence of Co2+ and H2O2, MB degradation 
reached 93.1 %, but the process was effectively restrained with a 
degradation efficiency of 11.9 % upon the addition of GSH. Specifically, 
the intricate equilibrium between the Fenton-like reaction and GSH 
depletion was disrupted upon the addition of CuSx NCs into the reaction 
system. This disturbance resulted in the degradation of MB to 45.6 % 
after a 3-h incubation period. This observation underscores the signifi-
cant role played by CuSx NCs in the GSH depletion process. Furthermore, 
the Fenton-like catalytic capability of CuSx NCs was compared with that 
of the Co2+ catalyst (Fig. 2C3). It is evident that the degradation rate of 
MB was higher after 1 h of incubation with only Co2+/H2O2 compared to 
only CuSx NCs/H2O2, highlighting the relatively weaker catalytic ability 
of our CuSx NCs. This observation supports the sequential catalytic ac-
tivity of CuSx NCs, which involves GSH depletion through the transition 
in chemical valence between Cu2+ and Cu+ in this redox reaction: Cu2+ −

CuSx NCs+ GSH→Cu+ − CuSx NCs+ GSSG. CuSx NCs facilitate the 
oxidation of GSH to GSSG, leading to GSH depletion and the disturbance 
of redox homeostasis in the organism. These promising results showcase 
the heightened chemodynamic activity of CuSx NCs, indicating their 
potential for effective deployment through inducing CDT against 
bacteria.

3.3. Solar light induced photothermal effect of Amino-Pep-CuSx NCs

The creation of nanomaterials exhibiting high photothermal con-
version efficiency under sunlight irradiation conditions is exceptionally 
appealing, not only for the conservation of fossil energy but also for 
expanding the range of applications for the material itself [63–65]. 
Inspired by the broad absorbance across the wavelength range of 
200–900 nm, we postulated that CuSx NCs would manifest a notable 
solar light-induced photothermal effect [66]. Furthermore, we antici-
pated a potential detrimental impact of sulfur defects in CuSx NCs on the 
photothermal effect (Fig. 3A). To validate this hypothesis, we examined 
the photothermal properties of CuSx NCs with varying sulfur defects 
under solar light irradiation (200–2500 nm, 1526 W/m2). As depicted in 
Fig. 3B, the solution temperature of CuSx NCs-2 to 0.17, at a concen-
tration of 0.6 mM, increased by more than 10 ◦C and reached from 40.5 
to 45.0 after 10-min of solar light exposure. These temperature eleva-
tions were respectively 1.35-fold–1.49-fold higher than that observed 
for PBS (30.1 ◦C) and exceeded the critical temperature (42 ◦C) 
threshold necessary to trigger apoptosis in cancer cells. Noteworthy, it 
was observed that defect-dependent temperature reductions occurred 
for all CuSx NCs. The maximum temperature of CuSx NCs after 10-min of 
solar light irradiation increased as sulfur defects decreased potentially 
linked to the absorption change induced by defects. To visually show-
case the outstanding photothermal conversion capability of all CuSx 
NCs, corresponding infrared thermal images were monitored. These 
images revealed a notable contrast in intensity relative to the solution 
temperature, with the contrast increasing as the defect content in CuSx 
NCs decreased and the irradiation duration increased (Fig. 3C). More-
over, ensuring photothermal stability is a fundamental requirement for 
effective photothermal nanoagents. The temperature variations of all 
CuSx NCs dispersions (1.0 mM) were tracked across multiple cycles of 
irradiation. Impressively, even after undergoing five consecutive 
heating-cooling cycles, the peak temperatures of CuSx NCs consistently 
remained at an elevated level. In contrast, Indocyanine green (ICG) as a 
NIR photothermal agent, that is commercially available and 
FDA-approved for clinical use, experienced significant degradation over 
the same number of irradiation cycles (Fig. 3D). The exceptional pho-
tothermal properties and stability demonstrated by CuSx NCs underscore 
their potential for applications in photothermal anti-bacteria.
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Fig. 3. Solar light induced photothermal effect of CuSx NCs with different defect degrees. (A) Schematic mechanism showing correlation between photothemal effect 
and sulfur defects; Temperature elevation (B) and IR thermal images (C) of CuSx NCs solution with varying molar ratios of Cu and S all at a consistent concentration 
of 0.6 mM exposed to sunlight irradiation (1526 W/m2) for 10 min; (D) Photothermal stability study of different CuSx NCs solution (0.6 mM) and control ICG (0.1 
mM) experiencing cycles of photothermal heating and natural cooling under solar light irradiation (1526 W/m2), [CuSx NCs] = 0.6 mM.

Fig. 4. The relative correlation between photothermal effect, catalytic activity and sulfur defects in CuSx NCs. (A) Area content of Cu2+ and Cu + obtained from Cu 2p 
XPS spectra; (B) Integral absorbance area from UV spectra of CuSx NCs; (C) Schematic illustration for mechanism of defect associated photothermal and chemo-
dynamic effect.
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3.4. Sulfur defect associated ROS and heat generation

The mechanism underlying the use of defect-engineered CuSx NCs to 
regulate photothermal-enhanced CDT was further substantiated by 
exploring the impact of alterations in the copper valence state, as 
illustrated in Fig. 4A and B. As the initial ratios of molarity declined from 
2 to 0.17, the cupric (Cu2+) level gradually elevated to 17 %, concom-
itant with a substantial augmentation of the absorption area spanning 
from 200 to 900 nm. This phenomenon may be ascribed to the elevated 
concentration of Cu2+ within NCs, which could lead to a reduction in 
bandgap width, thereby inducing widened absorption and ultimately 
improving the solar light-induced photothermal effect. Nevertheless, the 

Fenton-like catalytic activity increased with an increase in sulfur defects 
within 30 min and decreased with a higher amount of Cu2+. This may be 
attributed to the fact that higher defects induce more active sites, 
facilitating radical generation, while Cu2+ accelerates the consumption 
of active sites, leading to a reduction in radical generation. Thus, it 
appears that copper valence significantly influences synergistic PTT/ 
CDT. Based on the above data, the mechanism of defect-engineered CuSx 
NCs for Fenton-like process enhanced by photothermal effect can be 
elucidated as outlined below and depicted in Equations (1)–(3): HO• is 
produced from H2O2 by the oxidation of Cu + [Eq. (1)]. Subsequently, 
Cu2+ is reduced to Cu + by H2O2, along with the generation of O2 and 
2H+ [Eq. (2)]. Concurrently, the sulfur defect may catalyze the 

Fig. 5. Thermal-enhanced catalytic activity, thermal and pH amplified degradability of CuSx NCs-2. Degradation of MB by HO• from CuSx NCs-2 with H2O2 
incubated at 20 ◦C (A), 40 ◦C (B), 50 ◦C (C) and (D) the comparison of MB removal efficiency; absorbance change of CuSx NCs-2 at 40 ◦C and 15 ◦C incubated for 6 
days at pH 7.4 (E) and pH 6.0 (F); (G) The corresponding solution color change of (E) and (F); (H) Schematic diagraph of pH and temperature enhanced CuSx NCs-2 
degradation. Data are presented as mean values ± SD (*means p < 0.05, **means p < 0.01, n = 3).
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reduction of bound O2 to O2
− [Eq. (3)]. CuSx NCs-2 exhibited the most 

sustained ROS production, likely due to a higher concentration of sulfur 
vacancy defects and a higher Cu+/Cu2+ ratio. With increasing sulfur 
content, the extent of the Fenton-like reaction diminishes because of the 
restricted sulfur defect concentration. 

H2O2 + Cu+→ Cu2+ + HO• + OH─                                                (1)

H2O2 + Cu2+→ Cu+ + O2 + 2H+ (2)

O2 + e─ (defect) → O2
─                                                                   (3)

Conclusively, the ratio of Cu+/Cu2+ valence states and sulfur defect 
levels can jointly regulate total ROS production from the Fenton-like 
reaction and heat generation from the photothermal effect (Fig. 4C), 
affirming the potential for tunable hyperthermia-enhanced CDT through 
defect engineering of CuSx NCs.

3.5. Heat accelerated CuSx NCs driven catalysis and its degradation

In light of the results, it is evident that the photothermal and che-
modynamic properties of CuSx NCs exhibited a noteworthy dependence 
on the amount of sulfur present. Notably, the sulfur-deficient configu-
ration of CuSx NCs enhances the Fenton-like reaction while diminishing 
the photothermal effect. Among these samples, those CuSx NCs-2 sam-
ples demonstrated the highest ROS generation, coupled with a simul-
taneous and considerable increase in temperature. Hence, CuSx NCs-2 
samples were selected for the following experiments due to the poten-
tial superior therapy performance resulting from the synergistic che-
modynamic and photothermal effect. Building upon these, the 
investigation focused on the thermally improved Fenton-like process, 
utilizing MB as a ROS indicator under three distinct temperature regimes 
(Fig. 5A, B, and C). The UV spectra of MB exhibited a consistent decline 
after a 20-min incubation with CuSx NCs-2 and H2O2 at temperatures of 
20 ◦C, 40 ◦C, and 50 ◦C. Concurrently, the color of the MB solution faded 
within the same time frame. Noteworthy is the observation that the 
absorption and color reduction occurred at a quicker rate with 
increasing temperature, indicating a temperature-dependent impact on 
the process. During the initial 5-min incubation with CuSx NCs-2/H2O2, 
the rate of MB degradation at 50 ◦C was observed to be 0.149, surpassing 
that at 40 ◦C and 20 ◦C by 2.02- and 4.05-times, respectively. This un-
derscores the temperature-dependent acceleration of the Fenton-like 
reaction, as depicted in Fig. 5D. Simultaneously, after 20-min incuba-
tion, the MB removal efficiency at 50 ◦C and 40 ◦C both peaked at 82.7 % 
and 81.7 %, respectively. These values were about 2.27- and 2.24-times 
higher than the efficiency observed at 20 ◦C, demonstrating the 
temperature-enhanced efficacy of the process. This result suggested that 
increased heat could enhance the ROS generation from Fenton-like re-
action, in turn, positively influencing the chemodynamic effect. While 
numerous inorganic nanoparticles have demonstrated remarkable per-
formance in the realm of nanomedicine, their clinical translation is 
notably challenging. This difficulty arises from their prolonged distri-
bution within the body and the potential toxicity that accompanies the 
generation of ROS when exposed to cellular environments. Notably, 
bacteria like E. coli and S. aureus can induce various metabolites during 
their catabolism and anabolism, resulting in a persistent weak acidic 
environment enveloped within the bacterial colonies with a pH of 
approximately 6.

Apart from that, the biodegradation of nanoparticles is a critical 
consideration to safeguard normal cells from permanent and unnec-
essary harm. Building on this, the impact of pH value and temperature 
on the degradation of CuSx NCs was further investigated by monitoring 
UV absorption. As depicted in Fig. 5E, when incubated in a neutral 
aqueous environment (pH = 7.4), the absorbance at 320 nm of CuSx 
NCs-2 gradually decreased over a 6-day period at 40 ◦C, while at 15 ◦C, it 
remained almost unchanged. This suggests that hyperthermia acceler-
ates the self-degradation of CuSx NCs. at a solution pH of 6.0, the 

absorbance at both 40 ◦C and 15 ◦C experienced a rapid decline within a 
short incubation time, with the absorbance at 40 ◦C being consistently 
lower than that at 15 ◦C (Fig. 5F). Simultaneously, the solution color of 
CuSx NCs-2 transitioned from dark brown to pale, and eventually to 
almost colorless. This color change signified the gradual release of 
copper ions into the aqueous solution, a result of the auto-degradation of 
CuSx NCs, as illustrated in Fig. 5G. Notably, the efficiency at 40 ◦C and 
15 ◦C over a 6-day period under acidic conditions was 1.15-time and 
5.73-time higher, respectively, than that under neutral conditions. These 
findings highlighted that both elevated temperature and reduced pH 
values could expedite the degradation process. This accelerated degra-
dation of CuSx NCs was advantageous in bacteria-infected wounds, 
leading to reduce in vivo accumulation and minimize systemic side ef-
fects, as depicted in Fig. 5H.

3.6. Bacteria actively uptake Amino-Pep-CuSx NCs for enhanced anti- 
bacterial effect

In the process of wound healing, inflammation and infection often 
occur concurrently, potentially hindering the optimal progress of the 
healing process. Bacterial infection remains a significant challenge in 
wound healing as it frequently leads to severe complications and is often 
difficult to completely eradicate. Hence, selecting an exceptional anti-
bacterial agent with the ability to prevent or weaken bacterial activity is 
of paramount importance. Given that Amino-Pep serves as a primary 
nutrient source for bacteria in the medium, including S. aureus and 
E. coli, it was hypothesized that Amino-Pep-conjugated CuSx NCs could 
mimic these "foods." This mimicry is proposed to enhance rapid sterili-
zation through a pathway involving active ingestion by bacteria, as 
illustrated schematically in Fig. 6A. To assess the potent antibacterial 
effectiveness of Amino-Pep-CuSx NCs, S. aureus and E. coli were selected 
as model microorganisms for an in vitro assessment of antibacterial ac-
tivity. The images of corresponding colonies and the bacterial viability 
under different conditions are shown in Fig. 6B and C, respectively. 
Observationally, there is a noticeable reduction in colony numbers with 
an increase in the sulfur defect of incubated Amino-Pep-CuSx NCs in the 
absence of light. The bacterial fatality rate exhibited a decline from 68.8 
% to 42.0 % as the Cu/S ratio decreased from 2 to 0.17. This suggests 
that the defects in CuSx NCs indeed contributed to the observed anti-
bacterial effect. This observation appears to support the overarching 
concept that CuSx NCs with high defects facilitate the generation of HO•, 
leading to improved bactericidal effects attributed to their elevated 
Fenton-like activity. Surprisingly, the survival rates exhibited no or 
minimal decrease for the control and the addition of Cu2+, attributable 
to their lack of significant Fenton-like activity. Under solar light irra-
diation, a similar observation was noted, wherein there was a significant 
decrease in colony numbers as the defect levels increased. In comparison 
to conditions without irradiation, the light-induced fatality rate of 
bacteria by CuSx NCs was respectively 1.23, 1.12, 1.41, 1.35, and 1.59- 
time higher, suggesting that heat could enhance the antimicrobial effi-
cacy. The intracellular ROS generation ability of Amino-Pep-CuSx NCs 
was examined by quantifying the fluorescence levels using reagent 
DCFH-DA, as shown in Fig. S6A. It was clearly observed that fluores-
cence of bacteria incubated with BSA-CuSx NCs and Amino-Pep-CuSx 
NCs both increased a little without light irradiation due to chemo-
dynamic effect, while they both increased greatly after light irradiation. 
In comparison with the control, the fluorescence respectively enhanced 
by 1.24- and 1.89-time for BSA-CuSx NCs and Amino-Pep-CuSx NCs. This 
phenomenon was due to the fact that HO• generation from the Fenton- 
like reaction was improved by the light-activated photothermal effect, 
thereby heightening the antibacterial effect. Contrastingly, the blank 
control and Cu2+ also exhibited antibacterial effects, with bacterial 
viability as low as 12.1 % and 27.1 %, respectively, under the same 
conditions.

To validate the role of bacterial active ingestion in the robust 
bactericidal effectiveness of Amino-Pep-CuSx NCs, we opted evaluate 
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the antibacterial effectiveness of BSA-CuSx NCs on both E. coli and 
S. aureus as a comparative analysis (Fig. 6D and E). Certainly, despite the 
observable reduction in bacterial count with BSA-CuSx NCs with and 
without light irradiation, attributed to the chemodynamic effect and 
photothermal-enhanced HO• production, Amino-Pep-CuSx NCs 
demonstrated a notable enhancement in antibacterial efficacy. Specif-
ically, Amino-Pep-CuSx NCs exhibited a 1.50-fold increase against 
S. aureus and a 1.26-fold increase against E. coli compared to BSA-CuSx 
NCs. This discovery underscored the essential role of actively swallow-
ing in the antibacterial efficacy of Amino-Pep-CuSx NCs. To provide 
additional evidence of increased uptake of Amino-Pep-CuSx NCs by 
bacteria, we conducted an inductive assessment of the phagocytosis of 
both Amino-Pep-CuSx NCs and BSA-CuSx NCs using Coupled Plasma 
Mass Spectrometry (ICP-MS) (Fig. 6F and Fig. S7). Clear observations 
revealed a pronounced superiority in bacterial phagocytosis of Amino- 
Pep-CuSx NCs compared to BSA-CuSx NCs, notably extending up to 12 h. 
Towards the final time point, bacterial phagocytosis of both CuSx NCs 
appeared nearly equal, potentially suggesting saturation where the 
maximum level of bacterial phagocytosis had been attained. 

Furthermore, the zeta potential of E.coli solution, BSA-CuSx NCs mixed 
E.coli solution and Amino-Pep-CuSx NCs mixed E.coli solution were 
found to change from − 11.47, − 12.13 and − 13.53 mV to − 10.72, 
− 11.93 and − 10.9 mV after incubation for 4 h, respectively. Obviously, 
the potential of Amino-Pep-CuSx NCs incubated E.coli decreased the 
most and to be same with only E.coli. This indicated that Amino-Pep- 
CuSx NCs was more digested into by bacteria than that of BSA-CuSx NCs, 
leading to the similar surface charge property with E.coli (Fig. S6B). 
These outcomes strongly imply a more potent phagocytic effect as 
Amino-Pep-CuSx NCs were perceived as a more favorable "food" source 
by bacteria.

Scanning electron microscopy (SEM) was utilized to elucidate al-
terations in morphology of bacteria and assess changes in cell membrane 
integrity. As depicted in Fig. 6G and Fig. S7 and S. aureus and E. coli 
bacteria treated with both Amino-Pep-CuSx NCs and BSA-CuSx NCs were 
fragmented into debris upon light irradiation, making it challenge to 
identify intact bacteria. In contrast, S. aureus and E. coli subjected to PBS 
treatment retained their original shape. This phenomenon was attrib-
uted to the enhanced Fenton-like activity facilitated by the 

Fig. 6. Bacteria actively eating Amino-Pep-CuSx NCs for enhanced antibacterial efficacy. (A) Schematic showing bacteria eating Amino-Pep-CuSx NCs for rapid 
sterilization; (B) Photographs of agar plates ([CuSx NCs] = 0.6 mM) and (C) Histograms depicting bacterial counts for S. aureus treated with PBS, Cu2+ and different 
Amino-Pep-CuSx NCs with and without simulated sunlight irradiation (1526 W/m2) ([CuSx NCs] = 1 mM); (D) Photographs of agar plates and (E) corresponding 
histograms of bacterial amounts ratio of Amino-Pep-CuSx NCs-2 and BSA-CuSx NCs against S. aureus and E.coli ([CuSx NCs] = 1 mM); (F) Cu mass from the 
phagocytosis of Amino-Pep-CuSx NCs and BSA-CuSx NCs uptake by S.aureus using ICP-MS; (G) SEM images of PBS, Amino-Pep-CuSx NCs and BSA-CuSx NCs treated 
S. aureus after light irradiation, scale bars: 200 nm. The concentration of bacterial cells is approximately 1.0 × 107 CFU. One-way ANOVA analysis was employed for 
statistical analysis. The error bars indicate the standard deviation calculated from three independent measurements. Data are presented as mean values ± SD (*means 
p < 0.05, **means p < 0.01, *** means p < 0.001, NS means no significance, n = 3).
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photothermal effect, leading to the oxidation of membrane proteins and 
peptidoglycan in bacteria [51,67–69]. Specifically, the observed bacte-
rial fragmentation can be ascribed to the destruction of peptidoglycan, a 
structural component of the cell wall, highlighting its crucial role in 
maintaining bacterial integrity. Additionally, SEM analysis revealed 
more pronounced membrane disruption and cytosol condensation in 
bacteria treated with Amino-Pep-CuSx NCs compared to those treated 
with BSA-CuSx NCs. These observations collectively contribute to the 
heightened antibacterial activity of Amino-Pep-CuSx NCs. These results 
indicated the synergistic bactericidal action and heightened bacterial 
phagocytosis rate of Amino-Pep-CuSx NCs, owing to four key factors: the 

photothermal effect, chemodynamic performance, 
hyperthermia-accelerated Fenton-like activity, and high uptake 
enhancement arising from the amino-pep corona.

3.7. In vivo resistance to bacterial infection

The cytotoxicity and biocompatibility of Amino-Pep-CuSx NCs were 
compared to BSA-CuSx NCs in their interaction with Human normal 
colonic epithelial cells (NCM460). The evaluation, depicted in Fig. S8, 
demonstrated that the cellular activity of NCs remained at approxi-
mately 80 % when the concentration was below 0.6 mM. This 

Fig. 7. In vivo resistance to bacterial infection of Amino-Pep-CuSx NCs. (A) scheme for constructing an animal model on C57BL/6J mice of bacterial infection by 
Amino-Pep-CuSx NCs; (B) Photographs depicting the area of the infected wounds in mice during treatment with Amino-Pep-CuSx NCs; (C) Infected area change 
during Amino-Pep-CuSx NCs treatment for 13 days. In detail, the solid line segments indicate the sunlight-irradiated components, and the dashed line segments 
indicate the components without sunlight irradiation; the blue line indicates the Amino-Pep-CuSx NCs group, the orange line segment indicates the BSA-CuSx NCs 
group, and the grey line indicates the saline control group; (D) Changes in the body weight of the mice throughout the course of therapy ([CuSx NCs] = 0.6 mM). Data 
are presented as mean values ± SD (*means p < 0.05, **means p < 0.01, *** means p < 0.001, NS means no significance, n = 3).
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observation suggests that a concentration of 0.6 mM is optimal for 
subsequent anti-infection applications, striking a balance between 
effectiveness and low toxicity. The in vivo antibacterial efficacy of 
Amino-Pep-CuSx NCs was examined using a mouse peritonitis-sepsis 
infection model. Mice were infected with colistin-resistant E.coli/S. 
aureus strains obtained from clinical isolates via intra-peritoneal injec-
tion. Subsequently, samples, including Amino-Pep-CuSx NCs, BSA-CuSx 
NCs, and saline, were topically applied to the bacteria-infected wounds 
every two days. At 12-1 pm, direct sunlight exposure for 2 h was 
intermittently administered to treat the wounds on days 2, 4, 6, 8, 10, 
and 12. This approach ensured sufficient elevation of temperature above 
42 ◦C, activating the photothermal effect as illustrated in Fig. 7A. 
Following the administration of various therapies, the wound healing 
progress in mice was observed for 13 days during the follow-up obser-
vations. Substantial reductions in the infected cut areas were observed, 
indicating significant signs of improvement after the treatments. 

Observations (Fig. 7B and C) revealed that the wound areas in mice 
treated with Amino-Pep-CuSx NCs, both with and without sunlight 
irradiation, were completely healed after the 6th treatment. In contrast, 
for those treated with BSA-CuSx NCs, the healing rates were 96.3 % and 
92.2 %, respectively, demonstrating a relatively lower rate of healing. 
This suggests that the actively swallowing effect of Amino-Pep-CuSx 
NCs, coupled with their higher healing efficiency, enhances bactericidal 
efficacy, aligning with the in vitro findings. In addition, following the 
third treatment, infected wounds treated with Amino-Pep-CuSx NCs and 
BSA-CuSx NCs demonstrated a 13 % and 12 % increase in healing effi-
ciency, respectively, when exposed to sunlight in comparison with those 
without sunlight exposure. These results signify that the photothermal 
effect significantly contributed to the enhanced bacterial infection 
ability of CuSx NCs. Importantly, both the treatment and control groups 
exhibited no notable changes in body weight observed throughout the 
treatment period (Fig. 7D), indicating the favorable biocompatibility of 

Fig. 8. In vivo biosafety of Amino-Pep-CuSx NCs-2 compared to BSA-CuSx NCs-2 on C57BL/6J mice. Blood biochemical analysis including alanine aminotransferase 
(ALT) (A), aspartate aminotransferase (AST) (B), uric acid (URIC) (C), and blood urea nitrogen (BUN) (D) of mice treated with Amino-Pep-CuSx NCs-2 and BSA-CuSx 
NCs-2 with and without sunlight irradiation; (E) The H&E staining of main organs and peri-wound muscles of mice treated by different groups.
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CuSx NCs, which complied with the in vivo cell viability data. In sum-
mary, the light-irradiated activated Amino-Pep-CuSx NCs demonstrated 
the most effective healing outcome, showcasing a faster wound healing 
rate attributed to a combination of enhanced phagocytic activity and a 
synergistic hyperthermia-induced chemodynamic effect.

To further assess the biosafety of Amino-Pep-CuSx NCs and BSA-CuSx 
NCs, the biochemical analysis [52–54] on the blood of different groups 
of mice were conducted. Liver and kidney indexes, including alanine 
transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen 
(BUN), and uric acid (URIC), were tested. The results revealed no 
notable discrepancy compared to those in the control group, indicating 
the negligible liver and kidney burden of CuSx NCs (Fig. 8A–D). More-
over, blood cells, blood biochemistry, and visceral sections of mice from 
various groups were examined and compared. Examination of hemato-
crit, hemoglobin (Table S1), platelets (Table S2), and various immune 
cells (Table S3) in mice treated with CuSx NCs revealed similar values to 
the control groups for all parameters. This suggests that sun irradiation 
had no discernible impact on blood cells in mice treated with CuSx NCs, 
both with and without sunlight exposure. To further confirm the 
favorable biosafety of CuSx NCs, all groups were euthanized on day 13, 
and various organs were subjected to histological analysis using hema-
toxylin and eosin (H&E) staining. As depicted in Fig. 8E, there were no 
remarkable histopathological abnormalities or lesions detected in all 
organs including heart, liver, spleen, lung, or kidney of mice treated 
with CuSx NCs, regardless of sun irradiation. This suggests that the 
utilization of Amino-Pep-CuSx NCs and BSA-CuSx NCs on the skin sur-
face does not result in any discernible organic damage to major organs. 
Furthermore, there were no apparent signs of apoptosis or necrosis, and 
the diminished reproductive capacity of muscle tissue near the wound 
indicated no adverse effects of CuSx NCs, even when exposed to sunlight. 
In summary, these findings unequivocally establish that CuSx NCs pose 
no risk of harm to normal tissues during the therapeutic process, 
affirming their exceptional biosafety.

4. Conclusion

In summary, we have innovatively designed Amino-Pep-wrapped 
CuSx nanoclusters (Amino-Pep-CuSx NCs) to achieve an augmented 
synergistic photothermal-chemodynamic therapy for infected wounds. 
This is accomplished through an actively engaging "swallowing" effect, 
wherein the nanoclusters act as a bacterial food source. Defect engi-
neering of CuSx NCs, prepared through a straightforward room- 
temperature approach, was implemented to modulate their perfor-
mance in PTT and CDT. This was achieved by adjusting the sulfur va-
cancy density on the surface, allowing for tunable therapeutic 
capabilities. These CuSx NCs demonstrated a trend of decreasing 
photothermal-induced heat and increasing Fenton-like activity-induced 
HO• generation as the sulfur defect density increased. The partial and 
gradual biodegradability of CuSx NCs into copper ions both increased 
the ROS production by enhancing sulfur defects, and potentially aided in 
the eventual removal of CuSx NCs from the body after achieving their 
therapeutic effects. The XPS results validated that the sulfur defect 
increased proportionally with the rise in Cu + content, leading to 
enhanced HO• generation, suggesting that the chemodynamic effect can 
be precisely fine-tuned by managing the intrinsic valence state of copper 
in CuSx NCs. Owing to the presence of Amino-Pep derived from bacterial 
medium, Amino-Pep-CuSx NCs were actively consumed as "food" by 
bacteria, resulting in higher bacterial uptake efficiency. This, in turn, led 
to a more pronounced synergistic therapeutic effect against bacteria, 
achieved through the combined utilization of photothermal perfor-
mance and chemodynamic effects. Therefore, the devised strategy 
demonstrates an exceptionally high in vivo broad-spectrum antibacterial 
performance, surpassing approximately 98.0 % on the infected wound 
site during the treatment process. Considering its outstanding biocom-
patibility and biosafety, this effective approach not only reveals alter-
native design guidelines for enhancing hyperthermia-assisted CDT but 

also holds great promise for advancing the study of bacteria inhibition in 
infected wounds. Furthermore, it holds promise for the advancement of 
novel diagnostic and therapeutic agents.
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