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The urgent need to develop biocompatible, non-resistant antibacterial agents to effectively combat Gram-
negative bacterial infections, particularly for the treatment of peritonitis, presents a significant challenge. In
this study, we introduce our water-soluble Cusg nanoclusters (NCs) as a potent and versatile antibacterial
agent tailored for addressing peritonitis. The as-synthesized atomically precise Cuzg NCs demonstrate
exceptional broad-spectrum antibacterial performance, and especially outstanding bactericidal activity of
100% against Gram-negative Escherichia coli (E. coli). Our in vivo experimental findings indicate that the
Cuso NCs exhibit remarkable therapeutic efficacy against primary peritonitis caused by E. coli infection.
Specifically, the treatment leads to a profound reduction of drug-resistant bacteria in the peritoneal
cavity of mice with peritonitis by more than 5 orders of magnitude, along with the resolution of

pathological features in the peritoneum and spleen. Additionally, comprehensive in vivo biosafety
Received Bth March 2024 t und th kable bi tibility, low biotoxicit Il as efficient hepatic and
Accepted 27th April 2024 assessment underscores the remarkable biocompatibility, low biotoxicity, as well as efficient hepatic an

renal clearance of Cuzg NCs, emphasizing their potential for in vivo application. This investigation is

DOI: 10.1039/d4ra01785d poised to advance the development of novel Cu NC-based antibacterial agents for in vivo antibacterial
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1. Introduction

Bacterial infections pose a significant threat to global public
health and human well-being, with approximately 700 000
people succumbing to drug-resistant bacterial infections
annually, according to the World Health Organization.
Although antibiotics have historically been effective in
combating bacterial infections, the widespread overuse and
abuse of these drugs have escalated the issue of bacterial
resistance.”” Notably, different from the situation that Gram-
positive bacteria could be easily treated by novel drugs target-
ing Gram-positive bacteria in clinical trials, the unique struc-
ture of Gram-negative bacteria, and their proclivity for
transmitting drug resistance have significantly impeded the
development of new antibiotics targeting these bacteria over the
last two decades.®” This has rendered the treatment of Gram-
negative infections particularly challenging.*® Gram-negative
bacterial infections can be classified into local and systemic
infections according to the different infection sites. Local
infections are typically confined to the skin or organs, while
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treatment and the elimination of abdominal inflammation.

systemic infections are commonly associated with abdominal
cavity or bloodstream infections. Among these infections,
primary peritonitis, a serious systemic infection caused by
Gram-negative bacteria in the abdominal cavity, merits partic-
ular attention. Without timely treatment, peritonitis can
precipitate systemic multiple organ failure, septic shock, and
death.** Therefore, the pressing need to develop new, non-
resistant antibacterial agents to combat Gram-negative bacte-
rial infections, notably to effectively manage peritonitis, cannot
be overstated.”

In recent years, there has been a surge in the development of
ultrasmall coinage metal nanoclusters (NCs; e.g., Au and Ag)
with a core size of <3 nm,"™ which have gained widespread
acceptance in various biomedical applications such as bio-
imaging,'®"” drug delivery," disease theranostic,"” and broad-
spectrum antibacterial." Metal NCs exhibit atomically precise
size,”*** molecule-like luminescence,”*?* good biocompati-
bility,” size/structure-dependent physicochemical
properties, strong antibacterial activity,*** and no drug
resistance,’ rendering them effective in diverse antibacterial
applications."**** Notably, a series of Au and Ag NCs-based
antibacterials have demonstrated either long-lasting photody-
namic antibacterial performance or intrinsic antibacterial
activity,*>** thereby promoting the healing of bacteria-infected
wounds.**** However, previous studies on metal NCs-based
antibacterials have predominantly focused on the treatment
of local infections, neglecting systemic ones. Moreover, the
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limited availability of Au and Ag on Earth hinders their wide-
spread utilization in cost-effective antibacterial applications.
Conversely, copper (Cu), belonging to the same IB group as Au
and Ag and being abundant, presents a promising alternative
for developing affordable yet efficient metal NCs-based anti-
bacterial agents.***® Nevertheless, the easy oxidation of Cu and
the infeasibility of previously used synthetic strategies for Au
and Ag NCs pose challenges in the synthesis of atomically
precise water-soluble Cu NCs. Consequently, the development
of low-cost water-soluble Cu NCs-based antibacterial agents and
their application to systemic infections, such as peritonitis
caused by Gram-negative bacteria, hold considerable potential
for research and clinical value, thereby motivating this project.

In this study, we present our design of water-soluble Cus,
NCs as a potent and versatile antibacterial agent for the effective
treatment of peritonitis (Scheme 1). The synthesized Cuz, NCs
exhibit a monodisperse size at the atomic level, and have
demonstrated outstanding broad-spectrum antibacterial
activity. They have been shown to achieve bactericidal rates of
more than 99% against both Gram-negative Escherichia coli (E.
coli), Gram-positive Staphylococcus aureus (S. aureus), and the
fungus Candida albicans, and >97% against obstinate
methicillin-resistant S. aureus (MRSA). Moreover, the in vivo
evaluation of Cuz, NCs, administered through intraperitoneal
injection, against primary peritonitis caused by Gram-negative
E. coli has shown their efficacy for peritonitis treatment and
reducing inflammation in bacterial infections. Furthermore,
both in vitro and in vivo studies have revealed the good
biocompatibility of the Cuz, NCs, emphasizing their suitability
for combatting systemic infections. To the best of our knowl-
edge, this study represents the first successful application of
ultrasmall Cu NCs-based antibacterial agents in the treatment
of primary peritonitis.

2. Result and discussion
2.1 Synthesis and characterization of Cuz, NCs

The synthesis of Cuzo NCs in this study was accomplished using
the previously reported “NaOH-mediated NaBH, reduction”
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Scheme 1 Schematic illustration of the synthesis of Cuzg NCs and
their antibacterial application in treating primary peritonitis.
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method. It should be mentioned that optimal pH and solvent
polarity are the key parameters to obtain monodisperse Cusz,
NCs. Specifically, NaOH was found to modulate the reduction
ability of NaBH, by impeding its self-hydrolysis, while concur-
rently heightening the etching ability of thiolate ligands by
deprotonating free ligands in an alkaline environment. Addi-
tionally, the mixed water/ethanol solvent was instrumental in
fine-tuning the size and structure of MBA-Cu(i) complexes.
Therefore, the absence of NaOH and ethanol led to the forma-
tion of polydisperse products.*” As shown in Scheme 1, the Cu
precursor CuSOy,, the protecting ligand 4-mercaptobenzoic acid
(MBA), and NaOH were mixed in a water/ethanol solution
(containing 35 vol% ethanol) under stirring condition to form
MBA-Cu(1) complexes. Subsequently, a reducing agent (NaBH,)
was slowly introduced to reduce the MBA-Cu(1) complexes and
promote a rapid equilibrium between the forward reduction
reaction and the reverse etching reaction,®® resulting in the
formation of yellow atomically-precise Cuzo(MBA);¢ NCs within
4 h, as illustrated in the inset of Fig. 1a. The synthesized MBA-
protected Cu NCs were characterized, and the results revealed
an optical absorption peak at 380 nm in the UV-vis absorption
spectrum (Fig. 1a). This observation effectively ruled out the
production of large-sized Cu nanoparticles (~640 nm) and
indicated the formation of monodisperse Cu NCs.** Further-
more, the transmission electron microscope (TEM) image
revealed a core size of ~1.12 nm for the synthesized Cu NCs,
suggesting the formation of ultrasmall Cu NCs (Fig. 1b). The
natural polyacrylamide gel electrophoresis (PAGE) analysis of
Cu NCs (Fig. 1c) disclosed a single band, demonstrating the
excellent monodispersity of the Cu NCs. Notably, size analysis
of this type of Cu NCs was conducted with atomic precision in
our previous study. Based on the results from electrospray
ionization mass spectrometry,*” their formula was assigned to
be Cuzo(MBA);¢ NCs.

2.2 In vitro antimicrobial activity and cytotoxicity of Cujs,
NCs

The Cuzo NCs showed excellent antibacterial activity against
both Gram-negative and Gram-positive bacteria. As indicated in
Fig. 2a, Cus, NCs significantly inhibited the growth of E. coli and
S. aureus in the culture medium compared to the PBS control
group. Particularly, Cu NCs with a total concentration of 10 uM
(based on Cu ions) exhibited a high antibacterial performance
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Fig. 1 Characterization of Cuzg NCs. (a) UV-vis absorption spectrum
of Cuzp NCs in 35 vol% of ethanol. The inset shows digital photograph
of Cuzg NCs solution. (b) TEM image and size distribution histogram
(inset) of Cuzg NCs. (c) PAGE result of Cuzo NCs.
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against E. coli and S. aureus, with antibacterial rates of 100%
and 99.17 £ 1.21%, respectively, as shown in Fig. 2b. In addi-
tion, we evaluated the antimicrobial effectiveness of Cu;, NCs
against MRSA and Candida albicans (Fig. S1 and S2t). The
findings demonstrated that the Cus, NCs with 20 pM concen-
tration exhibited a 97.89 £ 2.94% antibacterial rate against
MRSA and a 99.81 + 1.19% antifungal rate against Candida
albicans under the same testing conditions. The remarkable
antimicrobial efficacy of Cuzy NCs can be attributed to their
ultrasmall size and high surface-to-volume ratio, as well as the
inherent antibacterial properties of Cu species. These charac-
teristics significantly enhance atomic utilization and antimi-
crobial performance. Additionally, the as-designed Cuz, NCs
simultaneously possess ultrasmall size, excellent antibacterial
performance, and cost-effectiveness compared to other anti-
bacterial agents (i.e., silver-gallium nano-amalgamated parti-
cles and polycationic silver NCs),"** increasing the acceptance
in peritonitis treatment.

Upon treatment with Cus, NCs, the cell morphology of E. coli
and S. aureus undergoes a noticeable transformation from
a plump and smooth appearance (Fig. S3a and S4at) to an
atrophic and wrinkled state (Fig. S3b and S4b¥), indicating the
disruption of the cell membrane. To gain a deeper insight into
the antibacterial mechanism, two experiments were conducted.
Initially, the cell uptake behavior of E. coli was investigated by
measuring the optical absorbance of Cu;, NCs before and after
incubation with E. coli. The results in Fig. S5f revealed
a significant decrease in the optical absorbance of Cu;, NCs at
380 nm from 2.94 to 1.67 after the separation of E. coli from the
Cu;, NCs solution via centrifugation, suggesting that 46.3% of
the Cuz, NCs were absorbed on the membrane of E. coli or
endocytosed by the bacterium. Subsequently, transmission
electron microscope (TEM) analysis was employed to examine
the cell uptake behavior of E. coli for Cuz, NCs, with E. coli cells
incubated with Cuj, NCs being fixed prior to TEM analysis.
Fig. S6f illustrated clear cell morphology with a fractured
membrane of E. coli, along with numerous ultra-tiny black dots
(Cuzo NCs) observed both on the cell membrane and within the
cell. Based on this data, it can be inferred that the absorption
and internalization of Cuz, NCs by E. coli may trigger the
generation of ROS, leading to oxidative stress, subsequent ROS
production, and eventual destruction of the cell membrane,
resulting in the inactivation or dysfunction of the bacteria.*** It
is worth noting that the peptidoglycan membrane of Gram-
negative E. coli is thinner compared to Gram-positive S.
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Fig.2 (a) In vitro antibacterial results of Cuzg NCs with a concentration
range of 5-20 uM against E. coli and S. aureus with the usage of PBS as
control. (b) Antibacterial rates of Cuzg NCs against E. coliand S. aureus.
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Fig. 3 In vivo evaluation of the therapeutic effect of Cuzg NCs on
peritonitis in mice. (a) Schematic illustration for the animal experi-
mentation timeline. (b) Survival rate of mice after injection with
different concentrations of E. coli. (c) Survival rate of peritonitis mice
after injection with different concentrations of Cuzg NCs. (d) Bacterial
quantity within the peritoneal cavity of mice after treatment with Cuszg
NCs for different time. (e) H&E staining of histological sections
including spleen and peritoneum of mice with acute peritonitis after
treatment with Cusg NCs for different time. The increasing inflam-
matory cells on peritoneum and the enlarged lymphoid nodules on
spleen are marked with red and blue arrows, respectively. The normal
mice without any infection were used as a control group. Scale bar, 50
um (peritoneum group), 500 um (spleen group).

aureus,* rendering the former more susceptible to inactivation.
Therefore, this disparity may contribute to the superior anti-
bacterial effectiveness of Cuz, NCs against Gram-negative
bacteria in comparison to Gram-positive counterparts.

To assess the biological applications, the cytotoxicity of Cus,
NCs against 4T1 cells was examined using an MTT assay
(Fig. S71). The results revealed that the cytotoxicity of Cuzy NCs
(12.5 uM) was low, with the 4T1 cells retaining a viability of
96.12% after 24 h, compared to the positive control (ultrapure
water) and significantly higher than the negative control (Tween
20, 6.92% cell viability). These results indicate the good
biocompatibility of the Cuz, NCs.

2.3 In vivo treatment of primary peritonitis with Cuz, NCs

The Cuzo NCs have exhibited a promising in vitro antimicrobial
effect, low cytotoxicity, and good biocompatibility, providing
strong justification for further investigation of their potential
efficacy for treating in vivo peritonitis with antibacterial and
anti-inflammatory effects. Initial experiments depicted in
Fig. 3a involved the establishment of a mouse model of primary
peritonitis through intraperitoneal injection of E. coli sus-
pended in saline. Notably, the concentration of E. coli required
to induce 100% mortality in mice after 2 days was found to be 5
x 107 CFU mL™, as illustrated in Fig. 3b. Consequently, this
concentration was utilized in subsequent peritonitis induction
experiments. Within 3 h post E. coli injection, mice exhibited

RSC Adv, 2024, 14, 15413-15418 | 15415
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symptoms characteristic of primary peritonitis such as depres-
sion, moodiness, curling up into a ball, and exclusion of mucus
feces. Subsequently, mice afflicted with peritonitis were injec-
ted with Cujzy NCs in 100 pL saline with varied concentrations,
while a saline group served as a control. Fig. 3c illustrates the
outcomes where infected mice faced mortality within 120 h
when treated with Cuz, NCs below 0.5 mM. Conversely,
administering Cuz, NCs at concentrations of =0.6 mM resulted
in mice surviving normally at 120 h, indicating that the
minimum effective concentration for successful primary peri-
tonitis therapy is 0.6 mM. Interestingly, even with a threefold
increase in concentration (1.8 mM), all mice maintained a 100%
survival rate, suggesting a wide therapeutic window. This result
can be ascribed to the outstanding biocompatibility, low bio-
toxicity, and effective therapeutic action of Cuzq NCs. There-
after, the efficacy of 0.6 mM Cujz, NCs in treating primary
peritonitis was evaluated.

The Cuz, NCs demonstrated notable effectiveness in treating
in vivo primary peritonitis infected with E. coli. Fig. 3d and S8F
illustrated the rapid reduction of E. coli in the peritoneal cavity
of mice following Cu;, NCs administration, with a subsequent
gradual decrease towards normal levels over time. Significantly,
the bacterial counts decrease by more than 5 orders of magni-
tude at 48 h compared to their initial population, indicating the
strong bactericidal properties of Cuz, NCs within organisms.
Further validation of the in vivo therapeutic effect of Cuz, NCs
was observed through hematoxylin-eosin (H&E) staining
(Fig. 3e and S9t). Compared with the control mice with the
injection of saline rather than E. coli, the peritonitis model
exhibited increased inflammatory cells (marked with red
arrows, see upper panel in Fig. 3e and S97) in the peritoneum
post-bacterial infection, as well as enlarged splenic lymph
nodes (labelled with blue arrows, see lower panel in Fig. 3e and
S97). Fig. S101 displayed the detailed size information of the
inflammatory cells and splenic lymph nodes.'* Notably, the
number of inflammatory cells in the peritoneum of the perito-
nitis mice group increased, peaked at 8 h from the intraperi-
toneal injection of Cuzy, NCs, and subsequently decreased to
normal levels by 48 h. Similarly, splenic lymph nodes reached
maximum extension at 8 h from the intraperitoneal injection of
Cuzo NCs, declining significantly by 24 h and returning to
normal levels at 40 h. The conclusion that Cu;, NCs have anti-
inflammatory effects is strengthened by the expression levels of
anti-inflammatory factors in mice,*** as depicted in Fig. S11.f
Specifically, the expression levels of tumor necrosis factor-
o (TNF-o, Fig. Silat), interleukin-6 (IL-6, Fig. S11bt), and
interleukin-1p (IL-1B, Fig. S11ct) in the Cuz, NCs-treated group
gradually decreased to levels within the normal range observed
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Fig. 4 H&E staining of histological sections including heart, liver,
spleen, lungs and kidneys of peritonitis mice 5 days post injection with
Cusp NCs for in vivo biosafety evaluation. The normal mice without any
infection were used as a control group.

in uninfected mice. These observations collectively substantiate
the remarkable therapeutic effects of Cu NCs against drug-
resistant bacterial infections and primary peritonitis. Further-
more, the as-designed Cuz, NCs showed better therapeutic
performance than ampicillin, a commercial antibacterial agent,
in peritonitis treatment, which is evidenced by their dose-
response curves (Fig. S121) and in vivo antibacterial activities
(Fig. S131), emphasizing the huge potential of Cuz, NCs in
clinical peritonitis treatment.

2.4 In vivo biosafety assessment of Cuz, NCs

The in vivo biosafety of Cuz, NCs is a significant concern,
despite the strong confirmation of their superior therapeutic
efficacy for primary peritonitis as demonstrated above. To
address this concern, H&E staining was carried out on major
organs, including the heart, liver, spleen, lungs, and kidneys, in
Cuzo NCs-treated mice five days after the injection of Cuz, NCs.
This was compared with the normal mice as a control, as
depicted in Fig. 4. The results revealed that there was no
observable histopathological damage or abnormality in the
major organs of the mice. Furthermore, blood routine analysis
and blood biochemistry tests indicated that all the blood
indexes, as well as the liver and kidney functions, were within
the normal range (Table 1). These findings clearly showed that
Cuzo NCs are safe and compatible for use in peritonitis therapy,
demonstrating their promising potential for in vivo application.

The in vivo distribution and metabolism of Cujz, NCs also
played a crucial role in biosafety. Fig. 5 revealed that Cuz, NCs
were present in all organs of the mice, with varying quantities.
Specifically, initial increments followed by subsequent
decreases in Cuz, NCs levels were observed in the heart, lungs,
spleen, and peritoneum within 48 h, indicating non-
accumulation in these organs. Conversely, the levels of Cus,
NCs in the kidneys and liver exhibited an “increase-decrease—
increase” pattern within 48 h, signifying a tendency towards

Table 1 Blood routine and liver function parameters for peritonitis mice 5 days post injection with Cuzg NCs

White blood cell Monocytes Neutrophil Alkaline phosphatase Total protein Alanine aminotransferase
Name (10°L7Y (10°L™) (10°L™) (uL™h (gL™ (L™
Numerical value 2.9 0.2 0.9 157.50 54 34.2
Normal range 0.8-6.8 0.0-0.3 0.1-1.8 62-209 36-66 28-132
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Fig. 5 Time-course biodistribution of Cuzq NCs in different organs of
mice: (a) heart, (b) liver, (c) spleen, (d) lungs, (e) kidneys, and (f)
peritoneum.

accumulation. Furthermore, the gradual decrease in Cuz, NCs
content in the heart, lungs, spleen, and peritoneum within 30 h,
in conjunction with the increase in the kidneys and liver,
provided clear evidence that the clearance of Cuj, NCs is
dependent on the metabolic functions of the liver and kidneys.
This observation is consistent with the role of the liver and
kidneys as crucial organs for metabolic and detoxification
processes in living organisms.

3. Conclusions

In summary, water-soluble Cuz, NCs have been developed as an
effective antibacterial agent for treating primary peritonitis. The
ultrasmall size of Cus, NCs (<1.2 nm) and their excellent anti-
bacterial properties against Gram-negative E. coli (100%) have
contributed to their remarkable therapeutic effects. Moreover,
the treatment with Cujz, NCs resulted in a reduction of more
than 5 orders of magnitude in the number of drug-resistant E.
coli in the peritoneal cavity of mice with peritonitis and led to
the disappearance of pathological features in the peritoneum
and spleen. Importantly, no significant toxicities were observed
in the group of mice treated with Cu;, NCs during the tested
period, demonstrating their good biocompatibility, low bio-
toxicity, as well as hepatic and renal clearance. This study is
significant in that it sheds light on the design of novel Cu NCs-
based antibacterial agents for in vivo antibacterial treatment
and the elimination of abdominal inflammation.
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