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Copper nanoclusters with aggregation-induced
emission: an effective photodynamic antibacterial
agent for treating bacteria-infected wounds+
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Designing antibacterial agents with broad-spectrum antibacterial effects and resistance-free properties is
essential for treating bacteriainfected wounds. In this study, we present the design of copper nanoclusters
(Cu NCs) that exhibit aggregation-induced emission (AIE). This was achieved by controlling the aggrega-
tion state of ligand layers (cysteine and chitosan) through the manipulation of pH and temperature. The
AIE properties, characterized by strong photoluminescence (PL), a large Stokes shift, and microsecond-
long lifetimes, enable these Cu NCs to generate significant amounts of reactive oxygen species (ROS)
upon light illumination for efficient bacterial elimination without inducing drug resistance. As a result, they
effectively inactivate various microbial pathogens, including Gram-negative and Gram-positive bacteria,
as well as Candida albicans (C. albicans), achieving elimination rates of 99.52% for Escherichia coli (E.
coli), 98.89% for Staphylococcus aureus (S. aureus), and 94.60% for C. albicans in vitro. Furthermore, the
natural antibacterial properties of chitosan and Cu species enhance the photodynamic antibacterial
efficacy of the AlE-typed Cu NCs. Importantly, in vivo experiments demonstrate that these Cu NCs can
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effectively eradicate bacteria at infection sites, reduce inflammation, and promote collagen synthesis,
facilitating nearly 100% wound recovery in S. aureus-infected wounds within 9 days. The findings of this
study are of considerable significance, providing a foundation for the application of AIE-typed Cu NCs in

rsc.li/nanoscale photodynamic nanotherapy for bacterial infections.

biomedicine.'*' Unlike traditional luminescent materials

with AIE, which suffer from aggregation-induced quenching at

1. Introduction

Highly luminescent metal nanoclusters (NCs) with aggrega-
tion-induced emission (AIE) have emerged as a novel class of
functional materials, characterized by their ultra-small core
size (<3 nm),"” excellent photoluminescence (PL),*® large
Stokes shift (>200 nm),”® long-lived charge carriers life (at the
microsecond level),’ tunable composition,'® customizable
surface chemistry,"* and good biocompatibility.'> These pro-
perties have garnered significant research interest in various

fields, including optics,"*™ energy,'®'” sensing,'’® and
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high concentrations,** limiting their biological applications,
AIE-typed luminescent metal NCs exhibit minimal emission in
dilute solutions but demonstrate bright emission when con-
centrated or aggregated.'®>*>* This unique behavior, coupled
with the designability of their surface shell and metal-core,
enables the creation of metal NCs with AIE characteristics tai-
lored for specific functions, offering solutions to diverse chal-
lenges across multiple domains.

In recent decades, the escalating issue of bacterial resis-
tance due to antibiotic overuse has underscored the urgent
need for broad-spectrum, non-resistant antibacterial nano-
materials in public health and environmental hygiene.>*>®
Metal NCs, particularly gold (Au) and silver (Ag) NCs, have
shown efficacy in killing a wide range of bacteria without indu-
cing resistance, prompting extensive research in both basic
and applied contexts.>’ >° However, their antibacterial mecha-
nism, typically involving self-consumption through metal ion
release or cellular internalization to generate reactive oxygen
species (ROS), results in a relatively short antibacterial effect.

This journal is © The Royal Society of Chemistry 2025
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Recent advancements have demonstrated that AIE-typed Au
and AuAg NCs can produce substantial ROS under light
irradiation, achieving prolonged and broad-spectrum antibac-
terial effects.’** Nevertheless, the high cost of Au and Ag
limits their widespread application in the antibacterial field.
Consequently, developing AIE-typed copper (Cu) NC-based
antibacterial agents is of significant interest, given that Cu has
similar physicochemical properties to Au and Ag and is a ben-
eficial trace element involved in the synthesis of various pro-
teins and enzymes in the human body.**” On this basis, we
hypothesize that designing Cu NCs with AIE characteristics
could lead to cost-effective and long-lasting photodynamic
sterilization, enhancing their application in antibacterial treat-
ments and wound healing for bacterial infections.

Herein, we report the design of AIE-typed luminescent Cu
NCs as photodynamic antibacterial agents to facilitate wound
healing in bacterial infections (Scheme 1). The central aspect
of this design is the formation of a dense ligand layer com-
posed of cysteine (cys) and chitosan (CS) that is established
through strong electrostatic interactions between the proto-
nated amine groups of CS and the deprotonated carboxyl
groups of cys by manipulating the reaction pH and tempera-
ture. Within this dense ligand layer, Cu(0)@Cu(1)-thiolate NCs
are generated in situ after the introduction of Cu®*, thereby
rapidly producing highly luminescent Cu NCs with AIE charac-
teristics (Cu-cys-CS NCs for short). By manipulating the reac-
tion pH and temperature, the PL of the Cu-cys-CS NCs can be
tuned by altering the aggregation degree of the ligand layer.
These AIE-typed Cu-cys-CS NCs exhibit suitable HOMO-LUMO
positions, strong PL, and long carrier lifetimes, enabling the
photoinduced generation of abundant ROS for bacterial elim-
ination. Moreover, the inherent antibacterial activity of CS and
Cu further improves the antibacterial efficacy of the AIE-typed
Cu-cys-CS NCs. Consequently, the designed Cu-cys-CS NCs
demonstrate significant rapid bacterial inactivation under
visible light irradiation in vitro, along with a favorable wound
healing effect in vivo. The findings of this study underscore
the promising potential of the proposed drug for photo-
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Scheme 1 Schematic representation of AlE-typed Cu-cys-CS NC anti-
bacterial agents for wound healing via photodynamic bacteria
elimination.

dynamic therapy in treating wound infections. This study
establishes a foundation for the future development of AIE-
typed Cu NCs based on photodynamic antibacterial agents
and their application in treating bacterial infection wounds.

2. Experimental section
2.1. Chemicals and materials

Ultrapure water (18.2 MQ cm) was used throughout the experi-
ment. All glassware was cleansed with aqua regia, thoroughly
rinsed with an abundance of ethanol and water, and sub-
sequently dried in an oven before use. Copper nitrate trihy-
drate (Cu(NOs),-3H,0), cysteine (cys), and chitosan (CS) were
purchased from Adamas Reagent Co., Ltd. Chitosan had a
degree of deacetylation of >90%, a viscosity of <100 mPa s,
and a molecular weight ranging from approximately 50 kDa to
100 kDa. The 2',7'-dichlorofluorescein diacetate (DCFH-DA)
dye and dimethyl sulfoxide (DMSO) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Formalin solution was
purchased from Merck. Phosphate buffer solution (PBS) solu-
tion, Luria-Bertani (LB) nutrient agar, and LB broth were pur-
chased from Qingdao Hope Bio-Technology Co., Ltd.
Vancomycin hydrochloride (Van) and carbomer were pur-
chased from Shanghai McLean Biochemical Co., Ltd. A com-
plete Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from Beijing Solarbio Science & Technology Co., Ltd.
Standard strains of Staphylococcus aureus ATCC 6538 (S.
aureus), Escherichia coli ATCC 25922 (E. coli), and C. albicans
were purchased from China General Microbiological Culture
Collection Center. L929 mouse fibroblast cells were purchased
from the American Type Culture Collection. Female ICR mice
aged six weeks were procured from China Weitonglihua
Animal Co., Ltd. The animals were housed under specific
pathogen-free conditions. All animal experiments were con-
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ducted following “International Ethical Guidelines” and the
“NIH Guide for the Care and Use of Laboratory Animals”.

2.2 Instrumentation

The spectral absorption characteristics of diverse samples,
along with the turbidity measurements in microbiology, were
meticulously examined utilizing a Shimadzu UV-1800 spectro-
photometer. Steady-state and time-resolved PL spectra were
acquired employing a PerkinElmer LS-55 fluorescence spectro-
meter and a dedicated time-resolved PL system (FLS-1000),
respectively. The size of Cu-cys-CS NCs was meticulously
inspected via transmission electron microscopy (TEM,
JEM-2100 Plus). The morphology of bacteria was observed
using a scanning electron microscope (SEM, JSM-6700F). UV-
visible diffuse reflectance (DRS) spectra were recorded on a
U-3900 spectrophotometer with an integration sphere. Fourier
transform infrared (FTIR) spectroscopy, spanning the range of
4000 to 450 cm™', was conducted on a Horiba-Jobin Yvon
FluoroMax-4 spectrophotometer. X-ray photoelectron spec-
troscopy (XPS) and valence band XPS (VB-XPS) data were gath-
ered on an ESCALAB MK II Axis Ultra DLD system, utilizing Al
Ko radiation as the excitation source, with the spectrometer
and work function calibrated to the C 1s peak at 284.8 eV. The
specific types of reactive oxygen species (ROS)-singlet oxygen
(*0,), superoxide anions ("O,”), and hydroxyl radicals ("OH)-
were measured using an electron paramagnetic resonance
(EPR) spectrometer (EPR200-Plus, China). The production of
H,0, over Cu-cys-CS NCs was determined using a colorimetric
method. In this procedure, 1 mL of a 2,9-dimethyl-1,10-phe-
nanthroline (DMP) ethanol solution (10 mg mL™") and 1 mL of
a 0.01 M CuSO, aqueous solution were added to a centrifuge
tube. Subsequently, 0.5 mL of the reaction solution and
0.5 mL of isopropanol were combined in the tube. The mixture
was then incubated at room temperature for 10 minutes, after
which the absorbance of the resulting solution was analyzed
using a UV-2600 UV-Vis spectrophotometer (Shimadzu). The
production of H,0, was quantified by measuring the absor-
bance of the supernatant at 454 nm. Dynamic light scattering
(DLS) measurements were carried out on a NanoBrook Omni
from Brookhaven Instruments.

2.3 Preparation of CS solution

30 mg of CS was added to 6 mL of water, followed by introdu-
cing a few drops of ice-cold acetic acid (99%-100%) while con-
tinuously stirring to facilitate CS dissolution. The pH of the
dissolved CS solution was around 3.2. Subsequently, the pH of
the solution was adjusted to around 5.2 using 1 M NaOH.

2.4 Synthesis of AIE-typed luminescent Cu-cys-CS NCs

1 mL of cys solution (30 mg mL™") and 0.5 mL of CS (5 mg
mL ") were introduced into 2.44 mL of ultrapure water, fol-
lowed by stirring at room temperature for 30 minutes.
Subsequently, 60 pL of Cu(NO3), (0.3 M) was added to the
mixed solution and stirred for 30 minutes at room temperature
to obtain highly luminescent Cu-cys-CS NCs. Finally, the
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obtained solution was stored in a refrigerator at 4 °C for
further use.

2.5 Antimicrobial experiments of AIE-typed luminescent Cu-
cys-CS NCs

Gram-negative E. coli, Gram-positive S. aureus, and Candida
albicans (C. albicans) were selected as the microbial model to
evaluate the antimicrobial effectiveness of Cu-cys-CS NCs. All
glassware and culture media were sterilized, and antimicrobial
experiments were performed under aseptic conditions.
Bacterial cells were cultured in the LB medium at 37 °C for
18 hours, followed by centrifugation at 8000 rpm to remove
metabolites. The cells were then diluted with PBS solution
(0.01 M, pH 7.4) to prepare a bacterial suspension with a con-
centration of 107 CFU mL™" (ODgy =~ 0.1). In a typical anti-
microbial experiment, 1 mL of Cu-cys-CS NCs (0.5 mM) was
mixed with 4 mL of the microbial suspension, while for the
control group, 1 mL of PBS solution was mixed with 4 mL of
the microbial suspension. Both the control and experimental
groups were then exposed to a 300 W xenon lamp (equipped
with the commercial optical cut-off filter UVCUT 400, 1 >
400 nm), Beijing China Education AuLight Technology
(CEAuLight) Co., Ltd with a light intensity of 100 mW cm™> for
40 minutes. Every 20 minutes, 100 pL of the mixture was
taken, diluted 1000-fold, and smeared onto fresh agar plates,
which were subsequently incubated at 37 °C for 24 hours to
count the colonies and determine the number of viable bac-
teria. Additional antimicrobial experiments were conducted in
the absence of light.

2.6 ROS assay

The intracellular ROS levels were qualitatively assessed using
2',7'-dichlorofluorescein diacetate (DCFH-DA), a cell-permeable
nonfluorescent molecular probe oxidized by ROS to produce
fluorescent 2'7'-dichlorofluorescein (DCF). Initially, 4 mL of
the bacterial solution was mixed with 1 mL of the Cu-cys-CS
NCs antimicrobial agent and 40 pL (200 pM) of DCFH-DA.
Subsequently, the mixture was irradiated under visible light (4
> 400 nm, 100 mW cm™?) for 1 h. After that, 1 mL of the
mixture was centrifuged at 8000 rpm for 5 minutes, and the
supernatant was discarded. The pellet was washed three times
with PBS by centrifugation and then reconstituted to a final
volume of 1 mL. The fluorescence intensity of DCF at a wave-
length of 525 nm was measured at an excitation wavelength of
488 nm using a fluorescence spectrophotometer to assess the
ROS content.

2.7 Cytotoxicity test

The cytotoxicity of the Cu-cys-CS NC antimicrobial agent was
assessed using a cell proliferation kit (MTT), with L-929 cells
serving as the model. Initially, the L-929 cells were seeded in a
96-well plate at a concentration of 10* cells per well and cul-
tured under standard conditions (37 °C, 5% CO,) for 24 hours.
Subsequently, various concentrations of the antimicrobial
agent were added to each well, which were then exposed to
visible light for 40 minutes. Following this incubation, 20 pL

This journal is © The Royal Society of Chemistry 2025
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of MTT solution was added to each well, and the cells were cul-
tured for an additional 4 hours in the incubator. After this
period, the culture medium was removed, and 150 pL of
DMSO was added to each well. The plates were allowed to
stand for 30 minutes, after which the absorbance at 570 nm
was measured using a Tecan Spark® multimode microplate
reader.

2.8 Animal experiments

Mice were randomly assigned to six groups, each consisting of
three individuals: the uninfected group, the carbomer group,
the carbomer + Light group, the Cu-cys-CS NCs (dispersed in
carbomer) group, the Cu-cys-CS NCs (dispersed in carbomer) +
Light NCs group, and the Van group. The mice were anesthe-
tized with an appropriate dose of isoflurane (2%), and hair
was removed from a designated area on their backs using a
depilatory cream. Full-thickness wounds were created on the
dorsal skin using an 8 mm diameter skin biopsy punch.
100 pL suspension of S. aureus (10° CFU mL™") was inoculated
at the wound site, which was then covered with a 3 M film and
left wundisturbed for one day to facilitate infection
development.

Following this, the infected wounds were treated with
200 pL of various photodynamic antimicrobial agents
(0.1 mM, dispersed in carbomer). The wound sites were irra-
diated daily for 5 minutes using a xenon lamp light source
equipped with a 400 nm optical cut-off filter. After a treatment
duration of nine days, all mice were euthanized, and the sur-
rounding wound tissues were fixed using 4% paraformalde-
hyde for subsequent H&E staining. Blood samples were also
collected for the analysis of inflammatory factors, including
tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1f),
and interleukin-6 (IL-6).

3. Results and discussion

3.1. Synthesis and characterization of AIE-typed luminescent
Cu-cys-CS NCs

In this study, AIE-typed luminescent Cu-cys-CS NCs were syn-
thesized in the presence of CS and cys (for detailed pro-
cedures, see the Experimental section). As illustrated in
Fig. 1a, the as-synthesized Cu-cys-CS NC solution appears pale
yellow (item 1) with good visible light absorption across the
wavelength range of 400 nm to 600 nm (black curve). This
observation implies the formation of ultrasmall Cu NCs
(<3 nm), rather than larger copper nanoparticles, which typi-
cally exhibit surface plasmon resonance absorption between
550 nm and 600 nm.*® The DLS results indicated that the
aggregates formed by CS polymers and cys molecules have a
particle size of approximately 340 nm (Fig. S17). Additionally,
TEM imaging provided direct evidence, revealing small par-
ticles approximately 1.8 nm in size encapsulated within the
aggregates formed by the CS polymers and cys molecules
(Fig. 1b). Furthermore, the as-synthesized Cu-cys-CS NCs emit
intense red PL (item 2 in the inset of Fig. 1a), with an emission

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

peak at 621 nm (red curve, excited at 365 nm), suggesting a
substantial Stokes shift exceeding 200 nm. This large Stokes
shift highlights the characteristic AIE behavior of Cu-cys-CS
NCs and indicates that the luminescence originates primarily
from the relaxation processes of ligand-to-metal charge trans-
fer (LMCT) or ligand-to-metal-metal charge transfer (LMMCT).
This is further evidenced by the time-resolved PL spectrum of
Cu-cys-CS NCs. This spectrum reveals two components
(Fig. 1c): a low proportion 7; (0.15 ps, 23%), stemming from
the interband transition (d « sp) of the metal core, and a high
contribution 7, (77%), arising from LMCT or LMMCT. Notably,
the PL lifetime of Cu-cys-CS NCs is up to 1.77 ps, surpassing
the lifetimes of most non-AIE metal NCs (typically in the pico-
second or nanosecond range). Additionally, the PL quantum
yield of the Cu-cys-CS NCs is found to be 5.1% at a concen-
tration of 1.125 mM. Consequently, the combination of
effective visible light harvesting, strong PL output, large Stokes
shift, and long-lived PL lifetime in AIE-typed Cu NCs positions
them as highly suitable candidates for efficient photodynamic
antibacterial activities and wound healing applications.

The surface chemistry of AIE-typed luminescent Cu-cys-CS
NCs was further characterized using FTIR. The characteristic
stretching vibration of the -SH bond at 2548 cm™' was not
observed in the FTIR spectrum of Cu-cys-CS, in contrast to the
cys sample, which could be attributed to the attachment of cys
molecules to the Cu core via Cu-S bonds (Fig. 1d).*°
Meanwhile, this interaction likely alters the structure of cys, as
indicated by the disappearance of the vibration band at
2078 ecm™'. This band is associated with the deformation of
the asymmetrical vibration of the amine groups (-NH,) caused
by the vibration of carboxyl groups (-COOH).** Additionally,
the FTIR spectrum of Cu-cys-CS NCs closely resembles that of
CS, indicating that Cu-cys-CS NCs and CS share similar surface
properties. Furthermore, zeta potential measurements for Cu-
cys-CS NCs and CS yielded similar values, reinforcing the pres-
ence of the CS polymer coating on the surface of Cu-cys-CS
NCs (Fig. 1e). Moreover, XPS analysis was conducted to investi-
gate the valence states of the Cu elements in Cu-cys-CS NCs.
Fig. 1f displays two peaks at 932.3 eV and 951.8 eV, corres-
ponding to the binding energies of Cu 2p3,, and Cu 2p;, elec-
trons of Cu(0), respectively. Notably, the difference in binding
energy between Cu(0) and Cu(r) for the Cu 2pj, state is
approximately 0.1 eV. This indicates that the valence state of
the AIE-typed Cu NCs is likely situated between 0 and +1, con-
firming the coexistence of both Cu(r) and Cu(0) within the Cu-
cys-CS NCs.*"** Furthermore, the binding energy for Cu(u) at
942.5 eV was not detected in the Cu 2p spectrum, suggesting
that Cu(u) has been reduced by cys.

After confirming the successful preparation of AIE-typed
luminescent Cu-cys-CS NCs, the underlying PL mechanism
was investigated. Initially, we explored the effects of cys and CS
on the PL properties of Cu-cys-CS NCs. As illustrated in
Fig. S2,t the synthesis solution without added CS shows no
significant absorption in the visible light region and does not
produce an emission peak under UV excitation, indicating an
absence of luminescence properties (Fig. S2a and bf).

Nanoscale, 2025,17, 5778-5787 | 5781
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Fig. 1 (a) UV-visible absorption (black curve), photoexcitation (blue curve), and photoemission spectra (red curve) of Cu-cys-CS NCs (inset: the
optical images of Cu-cys-CS NC solution under visible light illumination (item 1) and UV illumination (item 2)). (b) Representative TEM image and size
distribution histogram (inset) of Cu-cys-CS NCs. (c) Time-resolved PL decay profile and the corresponding fit curve of Cu-cys-CS NCs. (d) FTIR
spectra of Cu-cys-CS NCs, CS polymers, and cys molecules. (e) Zeta potential result of Cu-cys-CS NCs and CS. (f) High-resolution XPS of Cu 2p in

Cu-cys-CS NCs.

Similarly, the omission of cys results in poor light absorption
and a lack of PL. These findings highlight the crucial synergis-
tic interaction between CS and cys in enhancing the lumine-
scence properties of Cu-cys-CS NCs (Fig. S2c and df).
Furthermore, we optimized the amount of CS used in the syn-
thesis. With a fixed quantity of cys, we found that when 2.5 mg
of chitosan was used, the PL intensity of Cu-cys-CS NCs
reached their peak (Fig. S3t). This can likely be attributed to
the formation of the densest structure between CS and cys
under these conditions, resulting in the highest PL observed
in the solution.

The influence of pH and temperature of the synthesis
medium on the PL properties of Cu-cys-CS NCs were investi-
gated, as these factors are critical in determining the inter-
actions between cys and CS and, consequently, the PL pro-
perties of the NCs. Fig. 2a-c depicts the PL intensities of Cu-
cys-CS NCs synthesized under varying pH values (3.5, 4, 4.5, 5,
5.5, and 6). The data reveal that the PL intensity peaks at pH 4,
while further increases in pH lead to significant fluorescence
quenching. At pH 6, the NCs exhibit almost no PL. This behav-
ior is primarily attributed to the protonation and deprotona-
tion of -NH, on CS and -COOH on cys, which depend on the
PpH of the surrounding solution. The pK, value of -NH, on CS
is typically around 6.5 (Fig. S4at); thus, at pH 4, the -NH,
groups bind to an H', becoming positively charged (-NH;").
Conversely, the pK, value of the -COOH groups on cys is
approximately 1.92 (Fig. S4bt); at pH 4, these groups lose an
H', becoming negatively charged (-COO-). As a result, the

5782 | Nanoscale, 2025,17, 5778-5787

positively charged CS and negatively charged cys aggregate
through strong electrostatic interactions (Fig. 2d), which
enhance the rigidity of the capping ligands and reduce the
likelihood of non-radiative relaxation of the excited state, ulti-
mately improving the PL properties of Cu-cys-CS NCs. The
reduced PL intensity at pH 6 can be attributed to the proximity
of the pK, value of CS, which leads to CS deprotonation and a
subsequent weakening of the electrostatic interactions
between CS and cys.

Fig. 2e illustrates the PL intensities of Cu-cys-CS NCs syn-
thesized at different temperatures. Contrary to previous find-
ings suggesting that an increased temperature enhances the
aggregation of coating ligands,® thereby improving the PL
intensity, our results indicate that the PL intensity of Cu-cys-
CS NCs decreases as the reaction temperature increases. This
decrease is primarily due to intensified intermolecular motion
at elevated temperatures, which weakens the electrostatic inter-
actions between chitosan and cys. Consequently, the synergis-
tic effects of CS and cys are pivotal in the synthesis of AIE-type
luminescent Cu-cys-CS NCs at room temperature. The room
temperature synthesis conditions offer a more flexible and
low-energy strategy for the preparation of AIE-typed lumines-
cent Cu NCs, further enhancing their prospective applications
in real life.

3.2. Photodynamic antibacterial tests in vitro

After confirming the successful synthesis of AIE-typed lumi-
nescent Cu-cys-CS NCs, we investigated their photodynamic

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The photoemission spectra of Cu-cys-CS NCs synthesized
under varying pH values. The optical images of the Cu-cys-CS NCs syn-
thesized under varying pH values under visible light illumination (b) and
UV illumination (c). (d) Schematic illustration of the AIE-typed Cu-cys-
CS NCs coordinated by CS and cys via strong electrostatic interaction.
(e) The photoemission spectra of Cu-cys-CS NCs synthesized under
different temperatures.
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antibacterial agents under the dark conditions or Vvisible-light
illumination.
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antibacterial performance under visible light irradiation (4 >
400 nm, 100 mW cm™?). Gram-negative E. coli and the Gram-
positive S. aureus were chosen as two representative bacteria.
As illustrated in Fig. 3, AIE-typed luminescent Cu-cys-CS NCs
effectively eliminated 99.52% of E. coli with a 2.3 order of mag-
nitude reduction in colony-forming units (CFU) (Fig. 3a and b)
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and 98.89% of S. aureus with a reduction of 2.0 orders of mag-
nitude in CFU (Fig. 3c and d) within 40 minutes. These results
demonstrate the superior photodynamic bacterial elimination
performance of AIE-typed luminescent Cu-cys-CS NCs. In con-
trast, control experiments without the addition of Cu-cys-CS
NCs under light illumination (PBS + L) showed no significant
impact on bacterial elimination, indicating that visible light
irradiation alone has a negligible effect on bacterial growth.
Additionally, approximately 0.8 orders of magnitude reduction
in CFU of E. coli and 0.7 orders of magnitude reduction in
CFU of S. aureus were achieved by Cu-cys-CS NCs in the
absence of light exposure, leading to two important con-
clusions: (i) AIE-typed luminescent Cu-cys-CS NCs have
inherent intrinsic antimicrobial properties under dark con-
ditions; (ii) the photodynamic antimicrobial performance of
AIE-typed luminescent Cu-cys-CS NCs is enhanced and the
underlying mechanism will be discussed later. Furthermore,
AIE-typed luminescent Cu-cys-CS NCs also demonstrated excel-
lent antifungal activity against C. albicans (94.60%) under
visible light irradiation, achieving a reduction of 1.3 orders of
magnitude in CFU (Fig. S51), which underscores the potential
to broaden the application fields for AIE-typed luminescent
Cu-cys-CS NCs. Overall, these findings suggest that AIE-typed
luminescent Cu-cys-CS NCs exhibit remarkable photodynamic
antimicrobial activities, positioning them as promising agents
for the treatment of bacteria-infected wounds.

3.3. The antibacterial mechanism of the AIE-typed
luminescent Cu-cys-CS NCs

To further elucidate the underlying mechanism behind the
excellent visible-light-driven antibacterial activity of AIE-typed
luminescent Cu-cys-CS NCs, we first evaluated their optical
absorption using UV-visible DRS, which is essential for photo-
dynamic antibacterial function. The UV-visible DRS curve
(Fig. 4a) and the corresponding Kubelka-Munk plots (inset of
Fig. 4a) indicate that Cu-cys-CS NCs exhibit good visible light
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Fig. 4 (a) UV-visible DRS spectrum of Cu-cys-CS NCs (inset: the
corresponding Kubelka—Munk plots). (b) VB-XPS spectrum of Cu-cys-
CS NCs. (c) The diagram of energy levels of Cu-cys-CS NCs. (d) The PL
intensity of DCF treated with PBS under dark conditions (control group),
and treated with Cu-cys-CS NCs in the absence or presence of light
treatments. SEM images of the S. aureus before (e) and after (f) photo-
dynamic antibacterial test.
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absorption, attributable to their relatively narrow energy
bandgap (Eg, 2.27 eV). This characteristic helps explain their
effective photodynamic bacterial elimination performance
under visible light illumination.

Considering that reactive oxygen species (ROS), including
superoxide (O,7), hydroxyl radicals ("OH), and hydrogen per-
oxide (H,0,)—play a crucial role in bacterial inactivation, we
assessed the positions of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of Cu-cys-CS NCs. These measurements are critical for
determining the photodynamic generation of ROS. As shown
in Fig. 4b, the VB position of Cu-cys-CS NCs is calculated to be
1.08 V by valence band X-ray photoelectron spectroscopy
(VB-XPS). According to the following equation:

Erue = @ + Evp-xps — 4.44

where Epyg is the reversible hydrogen electrode (RHE) poten-
tial, ¢ is the electron work function of the instrument (4.55)
and Eypxps is the VB energy. The VB position (corresponding
to the HOMO) of Cu-cys-CS NCs is converted into the electro-
chemical energy potentials in volts of 1.19 V vs. RHE (pH = 0).
Given the E value of Cu-cys-CS NCs, the conduction band (CB)
level, corresponding to the LUMO, was calculated to be —1.08
eV relative to RHE (pH = 0), which is more negative than the
reduction potentials for O, (0,/°0,~, —0.046 V vs. RHE; (pH =
0) O,/H,0,, 0.68 V vs. RHE (pH = 0)). These conditions indi-
cate a thermodynamically favorable pathway for producing
‘0,” and H,0, through O, reduction (Fig. 4c). Moreover, the
VB level of Cu-cys-CS NCs exceeds the potentials for H,0, to
generate "OH (H,0,/°OH, 1.14 V vs. RHE (pH = 0)), facilitating
the oxidation of H,0, to produce ‘OH.

To assess the ROS levels in bacteria treated with various
samples, we employed 2’,7-dichlorofluorescein diacetate
(DCFH-DA), which can be oxidized by the ROS to yield fluo-
rescent 2',7-dichlorofluorescein (DCF). The PL intensity of
DCF generated in bacteria treated with Cu-cys-CS NCs under
visible light illumination was significantly higher than that of
the other groups, indicating the highest ROS production
associated with Cu-cys-CS NCs and confirming their strong
photodynamic antibacterial activity (Fig. 4d). To further
confirm the specific types of ROS produced, we conducted EPR
spectroscopy to detect 'O,, ‘0,7, and "“OH during the photo-
catalytic reaction. The EPR signal of the adduct DMPO-'OH
was observed under visible light illumination, while no signals
for "0, and 'O, were detected under the same conditions
(Fig. Sea-ct). These results indicate that Cu-cys-CS NCs are
capable of producing "OH while excluding the generation of
'0,~ through one-electron O, reduction and 'O, via energy
transfer. Furthermore, the engineered Cu-cys-CS NCs demon-
strated the capacity to produce H,0,, which can react with
DMP and CuSO, to form the Cu(1)-DMP complex, characterized
by a prominent peak at 454 nm (Fig. S6df). Based on these
findings, we concluded that "‘OH and H,O, are the primary
ROS species responsible for bactericidal activity, with H,O,
likely produced through a two-electron reduction of O, and
‘OH generated via the oxidation of H,O,.
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It is noteworthy that Cu-cys-CS NCs can also induce ROS
generation in bacteria even in the absence of visible light,
likely attributable to the inherent antimicrobial properties of
the CS polymers and Cu species that induce oxidative stress in
the bacteria. This underpins the observed antibacterial activity
of Cu-cys-CS NCs under dark conditions. Furthermore, SEM
was used to observe the morphologies of bacteria before and
after photodynamic bactericidal treatment, revealing signifi-
cant morphological changes in S. aureus, which transitioned
from a plump, smooth, and intact state to one that was col-
lapsed, wrinkled, and cracked (Fig. 4e and f). These morpho-
logical alterations can be ascribed to the destruction and oxi-
dation of the bacterial cell membrane by ROS, ultimately
leading to bacterial inactivation.

3.4 Invivo wound healing assessment

Building on the remarkable photodynamic antibacterial
activity of AIE-Cu-cys-CS NCs, we investigated their therapeutic
effects on S. aureus-infected wounds (Fig. 5a). Initially, we
assessed the cytotoxicity of Cu-cys-CS NCs towards L929 cells
before conducting the wound healing experiments. As demon-
strated in Fig. S7,1 L929 cells exhibited good viability (86.1%)
after a 24-hour treatment with Cu-cys-CS NCs, indicating low
cytotoxicity. This can be attributed to the natural biocompat-
ibility of CS and cys, as well as the low toxicity of Cu species.
The wound-healing process was documented using a digital
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Fig. 5 (a) Schematic illumination of S. aureus infected wound healing.
(b) Representative images of the S. aureus infected wounds treated with
various antibacterial agents at the determined time and the simulation
images of wound areas on days 1, 3, 5 and 9 in different groups. The
Un-inf group represents uninfected skin wounds. (c) Representative
wound size changes from day 1 to day 9. (d) Representative weight
changes of different groups from day 1 to day 9 during the treatment.
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camera. Fig. 5b and c illustrate that all S. aureus-infected
wounds began to show signs of healing by day 3 post-treat-
ment with a significant reduction in the wound area. Notably,
the body weights of mice treated with Cu-cys-CS NCs + light
(Cu-cys-CS NCs + L) and Van recovered back to those before
the disease (Fig. 5d), signifying effective control of bacterial
infection due to the superior photodynamic antibacterial
activity of Cu-cys-CS NCs. By day 7, we measured the wound
sizes of mice treated with Carbomer, Carbomer + light
(Carbomer + L), Cu-cys-CS NCs, Cu-cys-CS NCs + light (Cu-cys-CS
NCs + L), and Van as 23.6 + 2.8, 18.1 + 3.5, 17.8 £ 2.36, 7.9 + 14
and 6.9 + 1.4 respectively, with corresponding wound healing
rates of 76.4%, 81.9%, 82.2%, 92.1%, 93.1%. By day 9, the
S. aureus-infected wounds treated with Cu-cys-CS NCs under
visible light irradiation and Van had fully healed, resulting in the
regeneration of new epidermal tissue, while the wounds treated
with the other samples still presented scabs, with unhealed areas
of 7.1%, 21.2%, 17.6%, and 14.4%, respectively. Furthermore, Cu-
cys-CS NCs exhibited similar therapeutic effects with Van, a com-
mercial antibacterial agent. However, the broad-spectrum anti-
bacterial activity, multiple antibacterial mechanisms, and resis-
tance inhibition of the AIE-typed Cu-cys-CS further highlighted
their significant potential for clinical applications. These results
suggest that Cu-cys-CS NCs can generate ROS under visible light
irradiation to eradicate bacteria, ultimately facilitating the healing
of infected wounds.

The processes of skin remodeling and regeneration play a
critical role in wound treatment and were assessed using
hematoxylin and eosin (H&E) as well as Masson staining. The
infected wound tissues treated with AIE-typed luminescent Cu-
cys-CS NCs + light displayed excellent repair, evidenced by the
complete recovery of epidermal and dermal structures in H&E
staining (Fig. 6a). In contrast, wound tissues from the
Carbomer, Carbomer + L, and Cu-cys-CS NCs groups remained
severely damaged. These findings align with the observed

Carbomer
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Fig. 6 (a) Representative H&E staining images of tissue slices treated
with different samples on day 9 (yellow arrows refer to the inflammatory
cells). (e) Representative (b) Masson staining images of tissue slices
treated with different samples on day 9 (the blue area represents the
collagen fiber). The expression levels of TNF-a (c) IL-1f (d), and IL-6 (e)
in blood treated with different samples on day 9.
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wound repair results. Moreover, we detected almost no inflam-
matory cells in the infected wounds treated with Cu-cys-CS
NCs under light irradiation, while some inflammatory cells
were still present in the other groups (indicated by yellow
arrows in Fig. 6). The collagen content, an important indicator
of the transition from the inflammatory phase to the recovery
phase, was assessed via Masson staining. The wounds in the
AIE-typed luminescent Cu-cys-CS NCs + L group displayed a
high collagen content (blue area) with orderly arranged and
dense structures, closely resembling that in the uninfected
control group (Fig. 6b). Conversely, the collagen in the other
treatment groups was found in a degraded state due to the
action of collagenase secreted by bacteria. Additionally, the
expression levels of pro-inflammatory factors in infected
wounds, including tumor necrosis factor-alpha (TNF-a,
Fig. 6¢), interleukin-1 beta (IL-1f, Fig. 6d), and interleukin-6
(IL-6, Fig. 6e), are in good agreement with the therapeutic
effects in different groups. These results indicate that AIE-
typed luminescent Cu-cys-CS NCs could effectively eradicate
bacteria under light conditions, reducing the levels of inflam-
matory factors, while promoting the formation of new col-
lagen, thereby accelerating skin remodeling and regeneration
of infected wounds. Additionally, Cu-cys-CS NCs under light
irradiation demonstrated therapeutic effects comparable to
those of Van, as evidenced by similar results in H&E staining,
Masson staining, and the expression levels of inflammatory
factors, further highlighting the potential of Cu-cys-CS NCs for
clinical applications.

Following the treatment experiments, the mice were eutha-
nized, and their main organs (heart, liver, spleen, lungs, and
kidneys) were dissected to assess the biocompatibility of Cu-
cys-CS NCs. Histopathological evaluation of the organs in each
group, using H&E staining (Fig. 7), revealed no significant
differences, indicating that Cu-cys-CS NCs did not cause any
damage to the major organs.

Un-inf

Carbomer

Carbomer+ L

Cu-cys-CS NCs |

Cu-cys-CS NCs+

Van

Fig. 7 H&E-stained histological imaging of the heart, liver, spleen,
lungs, and kidneys in mice treated with different samples (scale bar =
300 pM).
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4. Conclusion

In conclusion, we have successfully developed an antibacterial
agent based on AIE-typed luminescent Cu NCs by manipulat-
ing the pH and temperature of the reaction solutions. This
process enhanced the aggregation degree of the ligand layers,
leading to the production of highly luminescent Cu NCs. The
AIE characteristics, such as excellent PL, large Stokes shift,
and long charge carrier life, enable these Cu NCs to generate
substantial amounts of ROS under visible light irradiation,
effectively killing bacteria. Furthermore, the intrinsic anti-
microbial properties of CS polymers and Cu species contribute
to inducing oxidative stress in bacteria. Consequently, the AIE-
typed Cu NCs demonstrated significant photodynamic antibac-
terial efficacy against various microbial pathogens in vitro.
They also showed promising results in treating bacteria-
infected wounds, promoting collagen growth, and reducing
inflammation. Additionally, the Cu NCs exhibited favorable
biocompatibility due to the natural biocompatibility of CS and
cys. The strategy and design outlined in this study may inspire
further development of AIE-typed luminescent Cu NC-based
photodynamic antibacterial agents for the healing of bacteria-
infected wounds.
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