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Herein, we report a facile approach for the preparation of two-
dimensional iodine nanosheets (2D iodine NSs) with good stability
and high biocompatibility via an aqueous solvent-assisted ultra-
sonic route. Due to the large specific surface area of the 2D mor-
phology, iodine NSs effectively interact with bacterial membranes
and destroy bacterial integrity, as well as further damaging intra-
cellular DNA, showing prominent antibacterial activity against
S. aureus in vitro and in vivo.

Pathogenic microorganisms such as bacteria, fungi, and
viruses represent a serious threat to public health, causing
millions of deaths worldwide.'® In the past decades, the
appearance of antibiotics has contributed to saving millions of
lives as their administration is a major and effective strategy to
treat infectious diseases.*” However, these antibiotic-mediated
therapeutic methods have been unsatisfactory with the emer-
ging pathogenic infections induced by the spread of drug-
resistant bacteria, which has become an issue of increasing
concern.®” Thus, the discovery and development of new anti-
microbial agents and alternative strategies to overcome bac-
terial resistance are critical. As an essential trace element for
human health, iodine is one of the most commonly used dis-
infectants in clinical practice. It shows great potential in the
treatment of infected wounds due to its good biocompatibility,
high efficiency, broad spectrum, and low cost.® Notably,
iodine-containing antimicrobial agents have been verified to
exhibit irreversible and nonspecific damage to microorganism
cells, and can effectively avoid further spread of drug-resistant
bacteria for antibacterial therapy.”'® However, the poor solubi-
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lity and easy volatility of iodine monomers severely impede its
biological application.'* Therefore, it is significant to develop
new iodine-based antimicrobial agents with good stability and
solubility, less toxicity, and effective antibacterial activity to
treat bacterial infections.

Generally, polyvinylpyrrolidone (PVP) is employed as a
stabilizer to absorb and stabilize iodine due to its ability to
complex with iodine (PVP-I).">** Tremendous research works
have demonstrated that PVP-I-containing implants could effec-
tively prevent and treat post-operative infection after orthope-
dic surgery with no obvious cytotoxicity or adverse
reactions.">'® Recently, the in situ modification of iodine on
the surface of titanium (Ti-I,) was found to significantly
promote the antibacterial properties of these antibacterial
systems.'”” Metal-organic frameworks (MOFs) as advanced
drug delivery carriers have been widely employed to load and
deliver iodine for antibacterial treatment.'®'® However, the
insufficient loading capacity and inadequate release of iodine
severely impair their antibacterial potency and thus hinder
their further clinical applications. Therefore, it is desirable to
fabricate new carrier-free iodine-based antimicrobial agents
with good antibacterial activity.

The advent of nanotechnology has inspired the emergence
of versatile antimicrobial agents, and numerous observations
suggest that the physical parameters of nanomaterials, such as
size and morphology, show significant influences on the bio-
availability of antimicrobial nanosystems.”®*' Two-dimen-
sional (2D) nanomaterials, carrying unique and specific mor-
phologies, possess a much larger specific surface area,*” which
not only exposes more active sites to improve their bio-catalytic
performance but also increases the interaction area of nano-
materials and cells to facilitate damage to bacterial integrity.>*
Moreover, the ultra-thin property can enable physical cutting
of bacterial membranes to enhance the antibacterial
activity.*® For instance, our group reported 2D Cu-MOF
nanosheets (NSs) for reactive oxygen species (ROS)-mediated
antibacterial treatment. The higher specific surface area of 2D
Cu-MOF NSs provided a high density of Cu**/Cu” surface
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active sites to oxidize the proteins and lipids on the bacterial
surface, and accelerate the diffusion rate of ROS, resulting in
the enhancement of antibacterial performance. However, the
inevitable leakage of Cu®" ions induced the potential biotoxi-
city of Cu-MOF NSs, severely limiting their applications.””
Thus, it is desirable to develop a 2D iodine antimicrobial plat-
form with high antibacterial activity and good biosecurity.

In this work, we proposed a facile approach for the prepa-
ration of 2D iodine nanosheets (NSs) by exfoliating bulk iodine
via an aqueous solvent-assisted ultrasonic route in an ice bath
(Scheme 1).*® By controlling the ultrasonic conditions, bulk
iodine could be converted into multi- and monolayer iodine NSs,
and the thickness of the resultant iodine NSs was observed using
atomic force microscopy (AFM) analysis. The iodine NSs exhibi-
ted good solubility and stability in an aqueous solution. Taking
advantage of the enhanced interaction area between 2D NSs and
bacterial cells, the iodine NSs could effectively interact with the
bacterial membranes and damage the integrity of bacteria, indu-
cing the outflow of cytoplasm and biological molecules and
further damage to the intracellular DNA. The iodine NSs showed
prominent antibacterial activity against Staphylococcus aureus (S.
aureus) in vitro. The results of bioluminescence imaging (BLI)
and colony count demonstrate that the iodine NSs could effec-
tively combat S. aureus in vivo and facilitate the recovery of
abscess tissue. Additionally, the 2D iodine NSs exhibited high
biocompatibility, providing a promising nanoplatform for clinical
antibacterial treatment.
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2D iodine NSs were synthesized from bulk iodine through
ultrasonic treatment in an aqueous solvent. Bulk iodine was a
dark grey spherical particle with metallic luster (Fig. S17),
which was insoluble in pure water (Fig. S21t). After receiving de-
ionized water-assisted ultrasonic treatment, a brownish-yellow
solution was obtained (Fig. S31). The transmission electron
microscopy (TEM) images showed the successful fabrication of
ultrathin iodine NSs with planar topology (Fig. 1A). The obser-
vation of the dark-field TEM image (Fig. 1B) and the energy dis-
persive spectroscopy (EDS) element mapping of I revealed the
distribution of elemental iodine on 2D iodine NSs (Fig. 1C). As
shown in Fig. 1D, X-ray photoelectron spectroscopy (XPS) was
further employed to verify the surface state of 2D iodine NSs. The
binding energy peaks of I 3d;/, and I 3ds, in the structure of 2D
iodine NSs were located at 618.8 and 630.2 eV, respectively,
showing a difference of 11.4 eV, which indicated that the valence
state of the iodine element was I (0). The topographic height of
iodine NSs was about 1.29 nm based on the AFM images and the
height profiles (Fig. 1E and F). Furthermore, the photographs of
the iodine NS solution showed that there was no significant
change of color of the precipitate after 3 days (Fig. S4f).
Additionally, no significant morphology changes of iodine NSs
were observed after receiving the treatment of water, whereas the
iodine NSs exhibited obvious degradation when they were incu-
bated with the cell culture medium (Fig. S51). These results
demonstrated the good stability of iodine NSs in vitro and excel-
lent biodegradability in vivo.
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Scheme 1 Schematic illustration of the preparation procedure of the 2D iodine NSs by exfoliating bulk iodine through an aqueous solvent-assisted
ultrasonic route in an ice bath and its antibacterial performance in combating S. aureus in vivo.
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Fig. 1 Characterization of 2D iodine NSs. (A) TEM image. (B) Dark-field TEM image. (C) Elemental mapping of iodine. (D) XPS spectra of bulk iodine
and iodine NSs. (E) AFM image. (F) Height profiles along the corresponding lines in (E).

As shown in Fig. 2, the antibacterial activity and the anti-
bacterial mechanism of iodine NSs in vitro were investigated
using S. aureus as an experimental model, a representative of
Gram-positive bacteria. Firstly, the bacterial viability of
S. aureus cultured with iodine NSs at different concentrations
was determined by Cell Counting Kit-8 (CCK-8) assay (Fig. 2A).
Along with the increase in iodine NS concentrations, the bac-
terial survival of S. aureus decreased, and S. aureus displayed a
bacterial viability of 4.73% when the concentration of iodine
NSs was 256 pg mL~'. Furthermore, the Live/Dead double-
staining result of S. aureus is presented in Fig. 2B to visualize
the distribution of live and dead bacteria after receiving the
treatment of iodine NSs. A LIVE/DEAD™ BacLight™ Bacterial
Viability Kit was employed to carry out this experiment, in
which propidium iodide (PI) with enhanced red fluorescence
only penetrated bacteria with damaged membranes, and the
living bacteria were stained green with SYTO 9.>° S. aureus
treated with the iodine NSs showed high bacterial death ratios.
These results demonstrated the good antibacterial activity of
2D iodine NSs in killing S. aureus in vitro.

To visually assess the capacity of iodine NSs to damage the
bacterial membranes, we observed the morphologies of
S. aureus after co-culture with the 2D iodine NSs by scanning
electron microscopy (SEM) imaging. As shown in Fig. 2C,
untreated S. aureus displayed an intact morphology and a
smooth body. Once S. aureus was incubated with the iodine
NSs, the membranes of the bacteria were rough and wrinkled,
and the bacterial shape changed, indicating that the integrity

This journal is © The Royal Society of Chemistry 2023

of S. aureus was effectively disrupted due to the interaction of
the bacterial surface and 2D iodine NSs. The wrinkled and
lysed cell walls, the disrupted integrity of bacteria, and the
apparent leakage of the intracellular content from bacteria
demonstrated that the 2D iodine NSs could effectively damage
the integrity of the bacterial structure and further cause the
leakage of the intracellular content, thus inducing bacterial
death and achieving highly efficient antibacterial performance.

The antibacterial mechanism of 2D iodine NSs was further
studied and discussed. Considering the high damage capacity
of iodine NSs to the bacterial membranes and the apparent
leakage of the intracellular content, we assumed that the
iodine NSs could interact with intracellular biological com-
ponents such as DNA, further accelerating bacterial death. The
ability of iodine NSs to damage DNA within S. aureus was veri-
fied by agarose gel electrophoresis (Fig. 2D). Compared with
the control group, no significantly bright bands could be
observed in the groups of the DNA extracted from S. aureus
treated with the iodine NSs. The phenomena were attributed
to the highly effective interaction between the iodine NSs and
intracellular DNA, and the iodine NSs attacked key nucleotides
bearing thiol and amino groups, thereby damaging intra-bac-
terial DNA or degrading it to smaller DNA fragments.*® These
results suggest that the iodine NSs could severely damage the
DNA in the bacteria and accelerate bacterial death. The disrup-
tion of bacterial proteins by the iodine NSs was investigated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). As shown in Fig. S6,1 the protein bands of bac-
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Fig. 2 Antibacterial performance of 2D iodine NSs in vitro. (A) Bacterial viability of S. aureus incubated with iodine NSs at different concentrations.
(B) Representative CLSM images of S. aureus treated with iodine NSs and PBS (as control) via live/dead bacterial staining assay. The scale bar is
25 pm. (C) SEM images of S. aureus after the treatments with iodine NSs and PBS (as control), respectively. The scale bar is 1 pm. (D) Genomic DNA
bands of S. aureus after the treatment with PBS (lane 1) and iodine NSs (lane 2) using agarose gel electrophoresis.

teria treated with the iodine NSs were lighter, demonstrating
that the resultant iodine NSs could severely damage proteins
in bacteria.

Therefore, the antibacterial mechanism of iodine NSs is
mainly through the oxidation of unsaturated fatty acids and
amino acids in bacterial cell membranes, leading to their
denaturation and inactivation, further aggravating the destabi-
lization of structural components on cell membranes, then oxi-
dizing DNA and proteins in bacterial cells, and ultimately
inducing bacterial death.

Inspired by the high antibacterial activity of iodine NSs
in vitro, we investigated the antibacterial performance of the
resultant 2D iodine NSs in vivo using bioluminescent
S. aureus-infected mice as a model (Fig. 3A). The bio-
luminescence imaging (BLI) was performed to accurately quan-
tify and visually monitor the antibacterial effect of iodine NSs.
As shown in Fig. 3B and C, the obvious BLI signal could be
observed for the control group, and along with the increase in
the treatment time, the BLI signal intensities decreased, which
might be ascribed to the immune self-clearance of the body.
In contrast, the BLI signal of iodine NS-injected mice signifi-
cantly decreased in two days, and the infection of S. aureus
almost disappeared after 6-day treatment, displaying only

1314 | Biomater. Sci., 2023, 11, 131-1317

7.5% of bacteria remaining, which was lower than that of the
phosphate buffered saline (PBS)-treated mice. These results
indicated that the iodine NS-mediated antibacterial treatment
could greatly decrease the bacterial burden of S. aureus in vivo.

The agar plate count of homogenized tissue dispersions
from the infected sites of mice that received different treat-
ments was also used to evaluate the antibacterial activity of
iodine NSs in vivo. As shown in Fig. 3D, the bacterial colonies of
S. aureus collected from the abscess sites of the PBS-treated mice
were clearly observed on agar plates, whereas few S. aureus colo-
nies appeared in the plate of the samples from the iodine NS-
injected mice. Moreover, the S. aureus-infected tissues receiving
different treatments were collected and stained with hematoxylin
and eosin (H&E) to further investigate the anti-infective ability of
iodine NSs. As shown in Fig. 3E, many inflammatory cells (red
arrows) which were stained in blue could be observed in the
infected tissue from the PBS-treated mice. In contrast, the iodine
NS-treated group displayed normal morphological features with
fewer inflammatory cells. These results further confirmed the
high antibacterial performance of 2D iodine NSs and their negli-
gible damage to normal tissues.

The biocompatibility of the 2D iodine NSs was systemati-
cally and carefully evaluated in this work. CCK-8 assay revealed

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Antibacterial performance of 2D iodine NSs in vivo. (A) Schematic diagram of the iodine NS-mediated and BLI-guided treatment procedure
for combating S. aureus infection in living mice. Images of bioluminescence imaging (B) and representative bioluminescence signal intensity (C) of
infected tissues injected with iodine NSs and PBS (as control). (D) Quantitative analysis of S. aureus colonies from infected sites of different groups.
(E) HEE images of infected tissue were collected from different treatment groups after 6 days.

that the cell viabilities of L929 cells (mouse fibroblasts) were
above 80% even if the concentration of iodine NSs was 200 pg
mL~", indicating the low cytotoxicity of iodine NSs (Fig. S77).
The effect of iodine NSs on red blood cells (RBCs) was also
investigated by the hemolysis analysis method (Fig. S81). No
significant hemolytic phenomenon could be observed, and the
hemolysis ratio was below the permissible limit (5%) along
with an increase in the concentration of iodine NSs, showing
negligible hemolytic activity of iodine NSs. These results
suggested the good biocompatibility of iodine NSs in vitro.
Furthermore, the potential toxicity in vivo of the 2D iodine
NSs was investigated via blood routine and biochemical
indexes (Fig. S9). The biochemical blood analysis was carried
out on the mice receiving the injection of PBS (as control) and
iodine NSs after six-day treatment. The blood routines includ-
ing the levels of white blood cells (WBC), red blood cells
(RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscu-
lar hemoglobin concentration (MCHC), mean corpuscular
volume (MCV), and mean corpuscular hemoglobin (MCH) as
the normal hematology parameters showed no abnormal
changes after six days in comparison with those in the control
group. The levels of urea nitrogen (BUN) as an indicator of
renal function and alanine aminotransferase (ALT) as an indi-
cator of liver function were also in the standard range, indicat-
ing no hepatic or renal toxicity of iodine NSs. Additionally,
H&E staining of major organs, including the heart, liver,

This journal is © The Royal Society of Chemistry 2023

spleen, lungs, and kidneys, showed no evident inflammation
or noticeable signs of damage to the normal anatomical struc-
tures of organs (Fig. S107). These results demonstrated that
the resultant 2D iodine NSs had good biocompatibility in vivo,
showing their potential for further clinical applications.

Conclusions

In summary, we proposed a facile approach for the preparation
of 2D iodine NSs by exfoliating bulk iodine through an
aqueous solvent-assisted ultrasonic route, and systematically
explored its antibacterial performance in vitro and in vivo.
Benefiting from the large specific surface area, the 2D iodine
NSs could effectively interact with the surface of bacteria and
directly destroy the integrity of bacteria due to the strong oxi-
dation capability of iodine against cell membranes and pro-
teins. Additionally, the iodine NSs could damage the DNA
outflow from the bacterial cytoplasm, showing good antibac-
terial efficiency to combat S. aureus in vitro. Furthermore,
using subcutaneous S. aureus-infected mice as a model, the
in vivo experimental results demonstrated that the iodine NSs
showed high antibacterial activity and elimination capacity of
subcutaneous abscesses with good biosecurity. This work
paved a new way for the facile preparation of iodine-based bac-
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tericides, showing the efficient antibacterial performance of
2D iodine NSs with high application prospects in clinics.
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