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The rapid emergence and spread of multidrug-resistant bacteria pose a serious challenge to human life
and health, necessitating the development of novel antibacterial agents. Herein, to address this
challenge, three iridium-based antibacterial agents were prepared and their antimicrobial activity were
explored. Importantly, the three complexes all showed robust potency against S. aureus with MIC
values in the range of 1.9-7.9 ng mL™ . Notably, the most active complex Ir3 also exhibited relative
stability in mammalian fluids and a significant antibacterial effect on clinically isolated drug-resistant
bacteria. Mechanism studies further demonstrated that the complex Ir3 can kill S. aureus by disrupting
the integrity of the bacterial membrane and inducing ROS production. This multi-target advantage
allows Ir3 to not only effectively combat bacterial resistance but also efficiently clear the bacterial

biofilm. In addition, when used together, complex Ir3 could enhance the antibacterial potency of
Received 21st March 2024 linical tibioti inst S M both G I 1l d
Accepted 28th April 2024 some clinical antibiotics against S. aureus. Moreover, bo . mellonella wax worms and mouse

infection model demonstrated that Ir3 has low toxicity and robust anti-infective efficacy in vivo.

DOI: 10.1039/d4ra02152e Overall, complex Ir3 can serve as a new antibacterial agent for combating Gram-positive bacterial
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1 Introduction

Multidrug-resistant bacterial infections have posed a growing
global health threat. The resulting death toll is anticipated to
exceed that of AIDS and cancer combined by the year 2050.' As
the most common Gram-positive pathogen, Staphylococcus
aureus (S. aureus) colonizes in one-third of the world population
and is one of the major pathogens to cause fatal infections.*
Furthermore, S. aureus has evolved to achieve antibiotic resis-
tance owing to the abuse of antibiotics, which makes the
problem worse. It was reported that the evolution of methicillin-
resistant S. aureus (MRSA), which is also known as a “super-
bug”, has resulted in nearly 20 000 deaths in the United States
each year.® Worse yet, few drugs are available to fight against
this notorious pathogen after it developed resistance.
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Therefore, it is urgent to develop novel drugs for combating this
so-called superbug.

In recent decades, metal-based agents as potential anti-
tumor drugs have received extensive attention and research.®
In addition, due to the unique photophysical and electro-
chemical properties, they were commonly used in biocatalysts
and cell imaging to treat diseases, with a huge advantage to
improve the accuracy of diagnosis and treatment.”” In fact,
metal-based antibacterial agents have also received extensive
attention and possess huge potential to address drug-resistant
bacterial infections.'®** It has been reported that iridium(u)
complexes bearing polypyridine moieties showed obvious
antibacterial activity against Gram-positive bacteria such as S.
aureus.”>'® Meanwhile, ruthenium-based complexes, which
could disrupt the integrity of the bacterial membrane, not only
exhibited robust antibacterial efficacy against Gram-positive
bacteria but also effectively blocked the generation of bacte-
rial resistance.*

In this work, three iridium-based antibacterial agents
capable of bacterial membrane destruction and reactive oxygen
species induction were designed and prepared, aiming to
screen a better antibacterial metallodrug to combat multidrug-
resistant bacteria. Their antibacterial potencies against S.
aureus were evaluated through minimum inhibitory concen-
tration. Furthermore, the antibacterial mechanism was
confirmed using scanning electron microscopy, bacterial
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staining assay, and the leakage of cytoplasmic materials anal-
yses. Next, a series of assays, including the hemolytic toxin
secretion, bacterial biofilm formation and clearance, checker-
board assay and drug resistance development assay, were
further performed to confirm the advantage of complex Ir3 as
a candidate metal-based antibiotic. At last, the G. mellonella wax
worms and mouse infection model were employed to verify its
toxicity and anti-infective efficacy in vivo.

2 Results and discussion

2.1 Synthesis, characterization and in vitro antibacterial
activity against S. aureus

The synthesis routes of the three complexes are shown in
Scheme 1.°** Three iridium complexes were isolated with
hexafluorophosphate as the counter anion. The structures of all
complexes were characterized by HRMS spectrometry, "H-NMR,
and "*C-NMR. For the HRMS spectra, all found signals of [M-
PF,]" were exactly the same as the theoretical values. In addi-
tion, the purity of the three complexes was confirmed by HPLC
(EST 1).

Firstly, the minimum inhibitory concentrations (MIC) of the
three iridium-based agents against S. aureus were assessed
using a broth microdilution assay. The MIC values of Ir1, Ir2
and Ir3 against S. aureus were 7.8 pg mL ™", 3.9 g mL ™" and 1.9
ng mL™', respectively (Fig. 1). Notably, the antimicrobial
potency of complex Ir3, which works best, is comparable to that
of vancomycin, a glycopeptide antibiotic that is used as the first-

1 N
NP © 130°C,3h
+ R-CHO -
N 0 NH,4OAc,HOAC
! Z
| N
~C 2-ethoxyethano:H,0O
. C Cl N
\Ir/ \Ir/
2NN IrCl3 * 3H,0 / AV
) 130°C,24 h N Cl c

Iz __z

“ Ir1

= Ir2

Yield: 73.0 % Yield: 75.0 %

View Article Online

RSC Advances

f=
X 20
= -
g
=
9}
2 154
8 ~

=
=
S 5 101 7.80 pg/mL
2.3 6.25 pg/mL
i
£ 3.90 pg/mL
E
g --------------- 1.90 pg/mL
é T T

& )

Fig. 1 Minimum inhibitory concentration (MIC) values of some anti-
biotics and the three iridium complexes against the S. aureus Newman
strain.

line drug for drug-resistant S. aureus. In addition, complex Ir3
exhibited robust effectiveness against drug-resistant S. aureus
(MRSA) isolated from the clinic, with the MIC value at only 3.9
pg mL~" (Table S17).

After entering the bloodstream, metal-based agents are
easily decomposed by some enzymes, which limits their
clinical applications to a great extent. Therefore, the stability
of the three iridium complexes was evaluated after being
incubated in plasma, serum and blood at different times.>***
As showed in Fig. 2, the MIC values of Ir3 remained constant
after being incubated in 50% serum even for 8 h. Further-
more, the MIC values of Ir3 only increased to 4 and 8 pg mL ™"
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Scheme 1 The synthetic route to the iridium-based complexes and the structures of three iridium complexes.
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Fig. 2 The scheme illustration of the stability evaluation of three iridium-based complexes in mammalian body fluids (A); the MIC changes
of Ir1 (B), Ir2 (C) and Ir3 (D) after co-incubated with mammalian body fluids.

after being incubated in blood or plasma, respectively. In
contrast, the MIC values of Irl and Ir2 increased to 125 and
30 pg mL ™!, respectively, under the same conditions. This
result indicated that Ir3 provided the best antibacterial
activity and biological stability, making it a suitable antibi-
otic candidate.

2.2 Antibacterial mechanism studies of Ir3

Encouraged by the excellent potency of Ir3 against S. aureus in
vitro, we further investigated its antibacterial mechanisms
using a series of assays. At first, two fluorescence probes, PI and
DAPI, were employed to investigate the damage effect on the
bacterial membrane. Generally, DAPI can stain all cells blue,
while PI only stained damaged cells red.>® As shown in Fig. 3,
after co-incubation with Ir3 or vancomycin at 1 x MIC
concentration for 4 h, both red and blue fluorescence signals
were observed, indicating that the membrane integrity of the
bacteria was compromised. In contrast, only blue fluorescence
was observed in the PBS-treated group. These results indicated

16196 | RSC Adv, 2024, 14, 16194-16206

that Ir3 might effectively destroy the integrity of the bacterial
cell membrane.

In general, physical destruction of the cell membrane
would result in the leakage of intracellular proteins and
nucleic acids. Next, the membrane-disruptive effect of
complex Ir3 on S. aureus was further verified by testing the
leakage of cytoplasmic materials (e.g., nucleic acid with
absorption at 260 nm). As shown in Fig. 4A, the obvious
release of nucleic acids from S. aureus was observed after co-
incubation with complex Ir3. Notably, Ir3 caused more
nucleic acid leakage than polymyxin B, a small lipopeptide
membrane destabilizer. Similarly, complex Ir3 also resulted
in the leakage of ortho-nitrophenyl-B-galactoside (ONPG), an
intracellular enzyme which can produce O-nitrophenol with
absorbance at 415 nm,*®*?>” under the same condition
(Fig. 4B). These results further showed that Ir3 could
significantly damage the S. aureus cytoplasmic membrane,
leading to the leakage of cytoplasmic material. At last, the
scanning electron microscope (SEM) assay was employed to
directly monitor the morphological changes of the bacteria.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence micrographs of S. aureus cells stained with DAPI/PI after co-incubation with Ir3 or vancomycin.

As shown in Fig. 4C, the morphology of the bacterial cells in
the untreated group exhibits a smooth and intact membrane.
However, the bacterial membrane was obviously damaged
and distorted into sharp angles after co-incubation with Ir3.
Taken together, these results suggested that complex Ir3 can
destroy the bacterial membrane, leading to bacterial death.

As is well known, many metal-based agents can induce the
production of reactive oxygen species (ROS), which then kill
bacteria or tumor cells. For example, some ruthenium
complexes can efficiently kill pathogens by generating ROS.*®
Here, in order to verify whether Ir3 also can induce ROS
generation in S. aureus, we monitored the intracellular ROS
levels using DCFH-DA, a green fluorescent probe which specif-
ically recognizes ROS in vivo. As shown in Fig. 5A, in the pres-
ence of Ir3, large amounts of ROS were detected in S. aureus, as
indicated by the obvious green fluorescence. Next, we further
investigated the MIC value changes of Ir3 in the presence of N-
acetyl-i-cysteine (NAC), a commonly used ROS scavenger,?
aiming to confirm the important role of ROS in Ir3-killed S.
aureus. As shown in Fig. 5B, the antibacterial potency of Ir3
against S. aureus was reduced by 16 times, with the MIC values
increased from 1.95 to 31.25 pg mL ™", in the presence of NAC.
This result suggested that Ir3 could cause S. aureus to produce
ROS, which then helps Ir3 kill them. Overall, the above series of

© 2024 The Author(s). Published by the Royal Society of Chemistry

mechanism research experiments clearly showed that Ir3 has
a multi-target antibacterial mechanism, killing S. aureus by
disrupting the integrity of the bacterial membrane and
inducing ROS production.

2.3 Ir3 inhibited biofilm formation and eradicated the
established biofilm

In vitro antibacterial activity and mechanism studies showed
that complex Ir3 has robust potency and a multi-target anti-
bacterial mechanism. We believe this advantage must be
extremely beneficial in fighting bacterial infections. As is well
known, the bacterial biofilm is an important protective barrier
for them against antibiotics.*® At first, in order to identify
whether Ir3 can efficiently inhibit the formation of the S.
aureus biofilm, a crystal violet staining assay was employed.
Briefly, S. aureus bacteria were co-incubated with Ir3 (0.25, 0.5
or 0.75 x MIC) at 37 °C for 48 h, then the biofilm was stained
and quantified. As shown in Fig. 6A, the ability of the bacteria
to produce biofilms was significantly disrupted in the presence
of Ir3. The biofilm formation was significantly reduced by 17.4,
35.3 and 65.4% after exposure to 0.5, 1.0 and 1.5 pg mL™" of
Ir3, respectively. Once the biofilm forms, bacteria can hide in it
and then evade antibiotic attacks. Therefore, the ability of an

RSC Adv, 2024, 14, 16194-16206 | 16197
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antibacterial agent to eradicate the established biofilms is very
important in its complete removal of bacteria from the site of
infection.** Subsequently, the biofilm eradication potency of
Ir3 was investigated by monitoring the number of viable
bacteria in matured biofilms after being co-incubated with it.
As shown in Fig. 6B, only at 2 x MIC, Ir3 reduced the number
of viable bacteria, those hiding within the matured biofilm, by
22.2%. When the concentration of Ir3 reached 4 x MIC, an
83.3% decrease of viable bacteria in the biofilm was observed.
Taken together, these results indicated that complex Ir3 could
not only inhibit biofilm formation of S. aureus, but also erad-
icated the established biofilm.

2.4 Bacterial resistance study

One of the main drawbacks of traditional clinical antibiotics is
that bacteria can easily develop resistance to them after
repeated use, which poses a major challenge for the treatment
of infectious diseases.** Since complex Ir3 has the advantage of
a multi-target mechanism and clearing matured biofilm, this
should be helpful to combat bacterial resistance.

16198 | RSC Adv, 2024, 14, 16194-16206

Subsequently, in order to confirm this hypothesis, the
repeated use of Ir3 against S. aureus was performed to induce
bacterial resistance development. As showed in Fig. 7, complex
Ir3 did not induce any resistance in S. aureus even after 20
passages, while the MIC value of ampicillin, one of the most
commonly used antibiotics in the clinic, increased by 1024
times under the same conditions. This result undoubtedly
confirmed the ability of Ir3 in fighting against the rapid
development of resistance in bacteria.

2.5 1Ir3 increases the susceptibility of S. aureus to antibiotics

As an alternative approach, in order to mitigate antibiotic
resistance development, the use of antimicrobial adjuvants to
increase antibiotic potency and reverse drug resistance has
received much attention in recent years.** Next, a checker-
board assay was performed,*® aiming to investigate whether
Ir3 can enhance the potency of the clinically used antibiotic.
Here, we selected five different classes of antibiotics,
including aminoglycoside antibiotic (gentamicin), macrolide
antibiotics (tetracycline), polypeptide antibiotics (polymyxin

© 2024 The Author(s). Published by the Royal Society of Chemistry
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B), glycopeptide antibiotics (vancomycin) and cephalosporins
antibiotics (cefalexin). At first, the heat plots of the five
checkerboard assays were drawn (Fig. 8A). Next, the fractional
inhibitory concentration index (FICI), a key data to evaluate
synergism, was calculated and an isobologram analysis of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

synergistic effects was plotted (Fig. 8F and G). Generally, FICI
= 0.5 clearly suggests synergism. Our results confirmed that
Ir3 could efficiently improve the antibacterial potency of
gentamicin (FICI = 0.3125), tetracycline (FICI = 0.5) and
polymyxin B (FICI = 0.3125) against S. aureus. This result

RSC Adv, 2024, 14, 16194-16206 | 16199
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a rabbit erythrocyte lysis test. As shown in Fig. 9, upon co-
incubation with 0.5 or 1 pg mL™" of Ir3, the amount of -
hemolysin secretion in the bacterial culture supernatant
significantly decreased by 25.4% and 99.9%, respectively.
Thus, our results presented here clearly suggested that Ir3
could efficiently inhibit the toxin production. Especially at
0.5 x MIC, the secretion of a-toxins is almost completely
suppressed.

2.7 The toxicity of complex Ir3

A potential antibacterial drug should not only have robust
potency, but also exhibit low toxicity to mammalian cells.
This is a key prerequisite for entering clinical research.
Therefore, we further explored the toxicity of complex Ir3 in
vitro and in vivo. Firstly, rabbit erythrocytes were used to
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The survival rate of G. mellonella wax worms after treatment with Ir3 at a dose range of 8 to 256 mg kg ™.

RSC Adv, 2024, 14, 16194-16206 | 16201


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02152e

Open Access Article. Published on 20 May 2024. Downloaded on 7/13/2025 10:12:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

G. mellonella wax worms infection model

A
e 1h P 5 day
&Gl o P o
C:"WV\M-\ \}5 (:Z—’VWV”\ \}6
/ o / B
& pd
3 ({{f’
S.aureus “1Ir3
B - . .
Ampicillin
SO p——p = === - —————=a
T
2
S 751
?
K]
E 501
L - Ctrl
g 25 -= 20 ug/mL
o =« 40 yg/mL
0 T T T .
0 24 48 72 96 120

Time (h)

Fig. 11
G. mellonella wax worms after treatment with Ir3 (B) or ampicillin (C).

evaluate the biocompatibility of Ir3 in vitro. In brief, different
concentrations of Ir3 were incubated with rabbit erythrocytes
at 37 °C. The PBS and 0.1% Triton-X treated samples were
used as the negative and positive controls, respectively. At 2
pg mL~" (1 x MIC), Ir3 did not damage any red blood cells.
Even at 400 pg mL ™" (100 x MIC), the percentage of ruptured
red blood cells was only 45.0% in the presence of Ir3, indi-
cating that complex Ir3 has good blood biocompatibility
(Fig. S17). Next, to further explore the toxicity of Ir3 in vivo, G.
mellonella, an insect widely used for toxicity screening due to
its significant similarity of the physiology and immune
systems to those of mammals, was employed. As shown in
Fig. 10, Ir3 exhibited very low toxicity to G. mellonella at doses
of 2to 256 mg kg™ ". Even at a high dose (256 mg kg™ '), Ir3 did
not cause more deaths than the PBS-treated group. Taken
together, our results indicated that Ir3 has low cytotoxicity
and good biocompatibility.

2.8 The therapy efficacy of Ir3 against S. aureus-induced
infection

Due to Ir3 presenting excellent antibacterial activity against S.
aureus in vitro and its low toxicity, we further established two
animal infection models in order to evaluate its antibacterial
efficacy in vivo. At first, G. mellonella was used again. In brief,
a bacterial suspension was injected into the right front gastro-
poda of G. mellonella larva. After 1 hour, Ir3 or a commonly used
clinical antibiotic (ampicillin) was injected into the left front
gastropoda of the larva, and then their therapeutic effects were
evaluated by recording the survival rate of the infected G.
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(A) Schematic illustration of the experimental protocol for the G. mellonella larva infection model. The survival rate of S. aureus-infected

mellonella within 5 days. As shown in Fig. 11, the infected G.
mellonella all survived after treatment with 40 mg kg™ " Ir3 or
ampicillin. Meanwhile, at a dose of 20 mg kg™, the survival rate
of the infected G. mellonella treated with Ir3 was obviously
higher than that with ampicillin, indicating that Ir3 exhibited
a better therapy efficacy than ampicillin, at least in the case of
20 mg kg~ dose.

Next, a model of S. aureus-infected dermal wound was
established on a mouse model to further investigate Ir3's in vivo
potency and infected-wound healing application. Briefly, the
wound-infected mouse was randomly divided into 4 groups (n =
5), and then the S. aureus-infected dermal wounds were treated
with a sterile cream containing Ir3 or ampicillin. During the
therapy course, the wound healing size of the mice was calcu-
lated and the mice were weighed. At last, the number of viable
bacteria in the infected-wound was monitored. As shown in
Fig. 12, after being treated for 10 days, marked differences in
the cutaneous wound size were observed between the Ir3,
ampicillin and PBS groups. Both Ir3 and ampicillin significantly
accelerated the healing of the wound, and the smaller wound
resulting from Ir3 suggested it has a better therapeutic effect
than ampicillin at the same dose. In addition, at the dose of 150
pg mL ', the number of viable bacteria in the infected-wound of
the mouse model in the Ir3 group is less than that in the
ampicillin group. It is worth noting that the weight of all of the
mice did not change significantly during the treatment, again
suggesting the low toxicity of Ir3. All in all, these results sug-
gested that Ir3 has excellent therapy efficacy against S. aureus-
induced infections as well.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12

(A) Schematic illustration of the experimental protocol for the mouse S. aureus-infected dermal wound model. (B) Representative

photographs of cutaneous abscesses after treatment with Ir3 or an ampicillin-containing ointment. (C) The relative size changes of skin ulcers
over 9 days. (D) Schematic illustration of the experimental protocol for monitoring the viable bacteria in the mouse wound. (E) The number of
viable bacteria in the mouse wound. (F) The relative weight changes of the mouse model over 9 days. The data are shown as mean + sd.

3 Conclusion

In the face of a severe drug resistance situation, the develop-
ment of new multi-target drugs with excellent activity that can
hinder bacterial resistance is urgently needed. In this work,
a series of iridium-based antibacterial agents were synthesized
and evaluated. Importantly, complex Ir3 was identified to be the
most active one, which not only showed robust potency against
S. aureus with a MIC value that only lies at 1.9 ug mL™*, but also
exhibited relative stability in mammalian fluids. Furthermore,

© 2024 The Author(s). Published by the Royal Society of Chemistry

using a series of assays, we demonstrated that Ir3 has multiple
targets in killing S. aureus. It killed bacteria mainly through
disrupting the integrity of the bacterial membrane and
inducing ROS production. Due to its multi-target mechanism,
Ir3 could efficiently avoid the development of bacterial resis-
tance. The MIC values of Ir3 against S. aureus did not change
after being used for 20 passages. It is worth noting that Ir3 also
inhibited the biofilm formation of S. aureus, eradicated the
established biofilm, efficiently suppressed the secretion of a-
toxins, and showed potential as an antimicrobial adjuvant as it
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can improve the antibacterial potency of clinical antibiotics.
This series of advantages over traditional antibiotics make it
a potential new metal-based antibacterial drug. In addition,
using G. mellonella wax worms and mouse infection model, we
have demonstrated that complex Ir3 showed low toxicity and
had excellent therapy efficacy against S. aureus-induced infec-
tion as well. Overall, our work presented here clearly suggested
that iridium-based antibacterial agents possessed excellent
antibacterial activity, and can serve as a novel antibacterial
agents for combating Gram-positive bacterial infections.

4 Experimental section

4.1 Minimum inhibitory concentration (MIC)

Briefly, S. aureus cells were diluted to 1 x 10° CFU mL ™" with
fresh TSB medium, and then transferred to a 96-well micro
plate. Then, different concentrations of tested drugs were
added, and the plate was incubated at 37 °C for 20 h to deter-
minate the MIC values.

4.2 Drug resistance develop assay

The minimum inhibitory concentration (MIC) was employed to
evaluate the development of bacterial resistance after exposure
to Ir3 or ampicillin. Bacterial cells under 0.5 x MIC of the tested
compound were employed to make a new S. aureus suspension
for the next assay. Every passage was incubated for 20 hours
with shaking at 220 rpm. The process was repeated for 20
passages and the MIC values were recorded.

4.3 Hemolytic activity study

S. aureus suspensions were diluted to 1 x 10° CFU mL ", and
then different concentrations of Ir3 were added. After being
incubated with shaking at 37 °C for 10 h, the supernatant was
obtained through centrifugation. The fresh sterile rabbit blood
was centrifuged at 2000 rpm for 2 min, and washed with PBS 3
times to obtain pure red blood cells. The bacterial supernatant
(200 pL) and red blood cells (50 pL) were added into 1 mL PBS
buffer. The mixture was incubated at 37 °C for 30 min, then
centrifuged at 2000 rpm for 2 min. At last, the hemolytic activity
was determined through the absorption at 540 nm.

4.4 Bacterial biofilm inhibition assay

A 2 mL volume of 1 x 10° CFU mL ™" S. aureus suspension was
added to a 24-well polyphenylene plate, followed by different
concentrations of Ir3. After being incubated at 37 °C for 48 h, the
planktonic bacteria were removed and then washed with PBS 3
times. The plate was dried out at room temperature. Then, 0.1%
crystal violet solution was used to stain the bacterial biofilm for
15 min, and washed with PBS 3 times. Afterwards, acetic acid
(50%) was used to dissolve the crystal violet attached to the bio-
film. Finally, the absorbance values at 595 nm were detected.

4.5 Bacterial biofilm disruption assay

A 200 pL volume of 1 x 10° CFU mL™ " S. aureus suspension was
added into a 96-well micro plate. After being incubated at 37 °C
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for 48 h, the planktonic bacteria were removed and then washed
with PBS 3 times. Different concentrations of Ir3 were added,
and then the plate was incubated at 37 °C for 4 h. Next, the
biofilm was washed with PBS 3 times, and then 200 pL PBS was
added into the 96-well micro plate. Afterwards, ultrasonication
was used to treat the 96-well micro plate with the attached
biofilm, making it fall off. Subsequently, 50 uL suspensions
were plated on a TSB agar plate to quantity the number of viable
bacteria.

4.6 Checkerboard assay

S. aureus cells were diluted to 1 x 10° CFU mL ™" with TSB
medium, and transferred into a 96-well micro plate. After add-
ing the diluted bacterial suspension in the presence of the
mixtures of Ir3 and the antibiotics (Ir3 and antibiotics were
continuously diluted by 2-fold dilution method), the plate
containing the mixtures was incubated at 37 °C for 20 h to
determine the MIC of Ir3 and the antibiotics.

4.7 DAPI/PI fluorescence staining

The S. aureus suspension was centrifuged at 5000 rpm for 2 min,
and washed with PBS 3 times. The bacterial cell concentration
was further diluted to ODgo, = 0.4 with PBS, and then Ir3 was
added. The suspension was incubated with shaking at 37 °C for
4 h. Afterwards, 30 uL DAPI (10 pM) or 30 pL PI (10 uM) were
added into the bacterial suspension, and then further incu-
bated at room temperature in the dark for 30 min. Finally, the
fluorescence of the bacteria was monitored using a fluorescence
microscope.

4.8 Intracellular ROS assay

Bacterial suspensions with ODgoo = 0.4 were prepared. Ir3 was
added into the bacterial suspensions with shaking at 220 rpm at
37 °C for 2 h. Afterwards, with a constant volume of 5 mL with
PBS, the oxygen fluorescent probe 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) was used to identify the
bacteria ROS level. In brief, DCFH-DA (10 pL, 30 uM) was added
into the bacterial suspension for 30 min under dark conditions.
Then, the fluorescence of the bacteria was monitored using
a fluorescence microscope.

4.9 Membrane permeability assay

S. aureus cells were diluted with M9 minimal medium, and then
incubated at 37 °C for 8 h with lactose as the sole carbon source.
Next, S. aureus cells were centrifuged at 5000 rpm for 2 min and
washed with PBS 3 times. The bacterial cell concentration was
diluted to ODgy, = 0.3 with PBS, and 6 mL of the bacterial
suspension was added into a test tube, followed by the addition
of 300 L ONPG (1.2 mM) to each well. Then, 10 pL of Ir3 and
vancomycin were added to the test tubes and incubated with
gentle shaking at 37 °C for 2 h. The hydrolysis of ONPG to O-
nitrophenol over time was monitored at 415 nm with a micro
plate reader.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.10 Scanning electron microscope

S. aureus suspensions were centrifuged at 5000 rpm for 2 min
and washed with PBS 3 times. Bacterial cells were diluted to
ODggo = 0.4 with PBS. Then, Ir3 was added and further incu-
bated with shaking at 37 °C for 2 h. After being centrifuged for
2 min at 5000 rpm, the cells were washed with PBS 3 times.
Next, bacterial cells were fixed with 2.5% glutaraldehyde
overnight and dehydrated with tertbutanol. Afterwards, the
surface morphology of the bacterial cell membranes was
observed.

4.11 In vivo toxicity of the Ir3

Rabbit erythrocytes were used to evaluate the bio compatibility
of Ir3 in vitro. In brief, different concentrations of Ir3 were
added into each well containing rabbit erythrocytes. The PBS
and 0.1% Triton-X treated rabbit erythrocytes were used as the
negative and positive controls, respectively. The hemolytic
activity was determined through the absorbance value at
540 nm. Next, to further explore the in vivo toxicity of Ir3, G.
mellonella was used. Prior to injection, the site was sterilized
with ethanol. Then, 10 pL Ir3 was injected into the right front
gastropoda of the larva. Afterwards, the survival rate of G. mel-
lonella was observed within 5 days.

4.12Mouse Infection Model

All mouse infection models were purchased from Nanjing
Kerusi Animal Co., LTD. The mouse infection models were
divided into four groups (5 mice in each group), then wounds
were generated on the backs of the mice. Next, S. aureus
suspensions were diluted to ODgo, = 1 with PBS, and the
wounds on the mice were injected with the S. aureus suspen-
sion. After 24 hours of infection, the ointments containing Ir3
or ampicillin were softly smeared on the abscess, and the size of
the wounds was measured over times. Thereafter, the mice were
weighed. Nine days later, the tissues were collects and the viable
bacteria were counted by the surface plating method.

4.13G. mellonella Experiment

S. aureus suspensions were centrifuged at 5000 rpm for 2 min
and washed with PBS 3 times. Next, bacterial cells were diluted
to the absorbance of ODg, = 0.3 with PBS. Prior to injection, G.
mellonella was sterilized with ethanol. A 5 uL volume of S. aureus
bacterial suspension was injected into the right front gastro-
poda of the larva. After 1 hour, a different dose of Ir3 or ampi-
cillin was injected into the left front gastropoda of the larva. At
last, the survival rate of G. mellonella was observed within 5
days.

Ethical statement

The animal study was reviewed and approved by the Animal
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