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Hypochlorous acid is a reactive oxygen species that is widely present in the body and has been found to
exhibit an elevated concentration in tumors. As a result, fluorescent probes for tumor detection have
recently gained significant attention. In this study, we designed and synthesized a novel ratiometric
fluorescent probe, LW-1, using coumarin as a scaffold, and characterized its spectral properties. LW-1
displayed indigo blue fluorescence at low concentrations of hypochlorous acid. As the concentration of
hypochlorous acid increased, the probe underwent a reaction, resulting in a red shift in its fluorescence
peak and exhibiting green fluorescence. The fluorescence intensity ratio (green/blue) was a susceptible
detection signal for HCIO. LW-1 exhibited favorable characteristics, including a low detection limit, high

sensitivity, good stability, and low background interference. The detection limit has reached 2.4642 nM.
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Accepted 17th October 2023 Moreover, we successfully employed LW-1 to image normal human liver and colon cancer cells in vitro,
demonstrating its potential as a promising tool for tumor detection. Overall, our findings suggest that
DOI: 10.1039/d3ra04729f - .
LW-1 could serve as a valuable addition to the current arsenal of fluorescent probes for tumor detection,

rsc.li/rsc-advances with potential applications in the diagnosis and treatment of cancer.
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Introduction

Reactive oxygen species (ROS), such as superoxide, hydrogen
peroxide, and hydroxyl radical, have gained recognition as
important signaling molecules both inside and outside of cells
in recent years."” Mitochondria are the primary source of
intracellular ROS and play a critical role in regulating cellular
processes, including proliferation, apoptosis, and metabo-
lism.** Understanding the role of ROS in cellular processes is
essential for elucidating the mechanisms underlying tumori-
genesis. Among the various ROS species, hypochlorous acid
(HOCI) generated by myeloperoxidase (MPO) has been shown to
play a pivotal role in many physiological processes owing to its
ability to react with biomolecules.>™*>

HOCI is an important ROS species in the body, widely
distributed in mitochondria and lysosomes, and present at
higher concentrations in tumor cells than in normal cells.

The tumor microenvironment is a complex and dynamic
environment characterized by hypoxia, nutrient deprivation,
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and immune suppression. It is now widely recognized that the
tumor microenvironment plays a critical role in tumor. Due to
the unique nature of the tumor microenvironment, researchers
have sought to gain a comprehensive understanding of its
characteristics to devise more effective treatment strategies.
Fluorescence spectroscopy is a powerful technique that has
emerged as a valuable tool for studying molecular entities in the
tumor microenvironment.*® It works by exciting molecules with
a specific wavelength of light and measuring the resulting
emission of light at a different wavelength. This emission
provides information about the structure, dynamics, and
interactions of molecules in the sample.

One of the key advantages of fluorescence spectroscopy is its
high sensitivity, which allows for detecting even small amounts
of molecules in complex samples. Additionally, the technique is
user-friendly and can be easily adapted for use in various
experimental settings.

Molecular imaging of the tumor microenvironment provides
a better understanding of its characteristics and functions in
cancer biology, thereby facilitating the development of novel
diagnostic and therapeutic strategies for early cancer detection
and treatment. The similarity of tumor microenvironment
characteristics in different types of cancer enables probes
designed for specific biomarkers to have extensive clinical
applications for various cancers.' Intraoperative cancer fluo-
rescence imaging is a powerful technique that aids in identi-
fying cancer lesions and minimizing the risk of leaving positive
surgical margins. Fluorescent imaging probes targeting
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different tumor antigens, tumor-related enzymes, pH values,
and other factors have been developed as visual guidance tools
for surgery or endoscopy. Probes are indispensable in detecting
and monitoring material abnormalities in the tumor microen-
vironment. Commonly used probes, such as coumarins, fluo-
rescein, rhodamine, BODIPY, and others, react with substances
altered by cancer cells in the tumor microenvironment, dis-
playing different colors or brightness. These probes facilitate
the visualization of substance content changes, enabling cancer
cells’ differentiation and radical treatment.

The high sensitivity, selectivity, fast response time, and high
spatial resolution offered by fluorescent probes have garnered
considerable interest among researchers in detecting reactive
oxygen species (ROS) and reactive nitrogen species (RNS).'*?*
Although various methods have been developed for this
purpose, fluorescent probes are particularly attractive due to
their ability to provide real-time, noninvasive detection of these
species in living cells and tissues. Various methods have been
developed for detecting hypochlorite/hypochlorous acid,
including  colorimetry, iodometric titration, chem-
iluminescence, coulometry, and radiolysis.>**®* However, these
techniques often require complex procedures and have rela-
tively high detection limits. In contrast, fluorescent probes offer
several advantages, such as high sensitivity, selectivity, fast
response time, and wide detection range. Moreover, the detec-
tion process typically does not damage the sample and has
minimal impact on cells.”?*** For example, Guangfei Wu et al.*®
developed a water-soluble probe based on BODIPY design.
Xiaohong Cheng et al.’” proposed a new design strategy for
removing OCI™ fluorescence activated chemical probes with
C=N isomerization. The HCIO probe of Daoxue Li et al* is
designed for mitochondria.

Ratio-based fluorescent probes have become an increasingly
popular research topic due to their ease of observation and low
background interference caused by fluorescence changes. For
example, Shirong Fang et al* and Saravanan Embanathan
et al.*® synthesized HCIO ratio probes with excellent properties.
In this study, a novel ratio-based fluorescent probe (LW-1) was
designed and synthesized for detecting hypochlorite using
coumarin. LW-1 can react with hypochlorite to generate LW-
0 (Scheme 1). The sensitivity, selectivity, photostability, and
response time of LW-1 were analyzed using UV-visible absorp-
tion spectroscopy and fluorescence emission spectroscopy. The
fluorescence performance of LW-1 was verified using normal
human liver cells and colon cancer cells. These results
demonstrate the potential of LW-1 as a promising tool for tumor
detection due to its low detection limit, high sensitivity, good
stability, and minimal background interference. The detection
limit has reached 2.4642 nM, and the quantum yield was 0.381.
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Scheme 1 Reaction of LW-1 with HOCIL.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Results and discussion
Spectral properties of LW-1

The UV-visible absorption and fluorescence emission spectra of
the LW-1 probe were measured and are depicted in Fig. 1a.
Notably, the original solution of LW-1 exhibited a strong
absorption peak at 405 nm in the UV-visible spectrum. Upon
increasing the NaClO content, the absorption peak underwent
a significant redshift, with the peak at 405 nm gradually
decreasing and the peak at 462 nm gradually increasing.
Subsequent titration with NaClO solution revealed in the fluo-
rescence emission spectrum, shown in Fig. 1b, that the
maximum emission wavelength of LW-1 underwent a redshift,
reaching 504 nm. This shift occurred upon adding 550 nM of
NaClO, demonstrating the probe's ability to detect HCIO at the
nanomolar level. Comparison of the fluorescence curves of the
solution without NaClO addition and the solution with the
addition of 550 nM NaClO revealed a significant change in
fluorescence emission intensity at 488 nm, which continued to
decrease, and at 504 nm, which continued to increase, with
changes in the HCIO content in dozens of nanomolar. However,
the mutual influence between the front and rear fluorescence
peaks occurred since the two peaks did not converge too far. As
a result, as the HCIO concentration continued to increase, the
fluorescence emission peak curve first showed a trend of
redshift and decrease, followed by a trend of redshift and
increase. Similar fluorescence peaks were observed in the study
by Yong Woong Jun et al.** The relationship between the HCIO
content and fluorescence intensity ratio of LW-1, with the ratio
of fluorescence intensity at 504 nm to fluorescence intensity at
488 nm as the ordinate and the amount of HCIO as the abscissa,
was plotted and subjected to S-shaped fitting (Fig. 1c). The
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Fig. 1 (a) The ultraviolet-visible absorption spectra of LW-1 at
a concentration of 20 pM were recorded with varying concentrations
of HCIO. (b) The fluorescence emission spectra (A, = 300 nm) of LW-1
at a concentration of 20 uM were recorded with varying concentra-
tions of HCILO. (c) The fluorescence intensity ratio of LW-1at 504 nm to
488 nm was fitted to an S-shaped curve. (d) The ratio of fluorescence
intensity of LW-1at 504 nm to 488 nm was fitted to a linear regression
model.
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graph indicated that the fluorescence intensity at 504 nm and
the fluorescence intensity ratio at 488 nm first continuously
decreased with increasing HCIO content. When the hypochlo-
rite content reached a certain concentration, the fluorescence
emission peak at 504 nm dominated, resulting in a stable ratio
of fluorescence emission peaks. Furthermore, linear fitting of
the graph within the range of 0 to 110 nM revealed that the
fluorescence intensity ratio of LW-1 exhibited a good linear
relationship with the change in HCIO concentration, with an R
value of 0.986 (Fig. 1d).

To evaluate the performance of the coumarin derivative LW-
1, we conducted a series of tests to assess its response time,
fluorescence stability, and selectivity. Initially, we investigated
the probe's selectivity by exposing it to various metal ions,
biological mercaptans, and active oxygen and reactive nitrogen
species molecules in a methanol solution. As illustrated in
Fig. 2a, LW-1 exhibited a negligible fluorescence intensity
change in the presence of interfering ions or molecules, such as
CacCl,, MnCl,, MgCl,, FeCl;, ZnCl,, Cys, Hys, GSH, ROS, RNS,
among others. However, upon reacting with NaClO, LW-1
demonstrated a significant red shift and intensity change in
fluorescence emission peak, confirming its excellent selectivity
for HCIO. Subsequently, we assessed the response time and
fluorescence stability of LW-1 to HCIO. Fig. 2b illustrates the
time-dependent process of the fluorescence intensity ratio at
504 nm to 488 nm at room temperature. Notably, the fluores-
cence intensity ratio of LW-1 at 504 nm to 488 nm changed
promptly, reaching stability following the addition of NaClO,
with no significant changes over time. This response was
accomplished within 5 seconds, indicating the swift response
and outstanding fluorescence stability of LW-1 towards HCIO.

Imaging application of LW-1

To investigate the influence of fluorescent probes on cellular
fluorescence imaging following intervention with a hypochlo-
rite solution, experiments were conducted on the human
normal liver cell line LO2, where three different concentration
groups were treated with hypochlorite. The confocal microscopy
system results demonstrated that the control group, treated
with fluorescent probes only, exhibited significant blue fluo-
rescence under the DAPI channel. In contrast, slight green
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Cys. Hys, GSH, ROS, RNS b

Fluorescence intensity (a.u.)

A\ NaClO

0 o0 o 300 &0 00 1200 150 1800

Wavelength (nm) Time(s)

Fig. 2 (a) The fluorescence intensity of LW-1 at a concentration of 20
1M was measured under varying concentrations of interfering ions or
molecules (0.1 uM). (b) The time-dependent relationship between the
fluorescence intensity ratio of LW-1 at 504 nm to that at 488 nm was
investigated.
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fluorescence was observed under the GFP channel, which may
have originated from inherent cellular fluorescence. The treat-
ment groups with varying concentrations of hypochlorite solu-
tion exhibited a gradual decrease in blue fluorescence intensity
under the DAPI channel with increased hypochlorite concen-
tration. In contrast, the green fluorescence intensity under the
GFP channel progressively increased. The green fluorescence
became increasingly prominent upon merging the two chan-
nels, while the blue fluorescence gradually diminished. These
observations are depicted in Fig. 3.

Furthermore, fluorescence imaging experiments were con-
ducted on HT-29 human colon cancer cells to investigate the
response of the fluorescence probe to hypochlorite treatment.
Specifically, three groups with varying hypochlorite concentra-
tions were established and monitored using a high-resolution
cell imaging system. The results revealed that the blank
control group, which did not undergo any treatment, did not
exhibit significant fluorescence in the DAPI or GFP channels.
The negative control group, treated solely with fluorescent
probes, generated significant blue fluorescence in the DAPI
channel. In contrast, slight green fluorescence was observed in
the GFP channel, likely due to inherent -cellular
autofluorescence.

In comparison, the treatment groups exposed to different
hypochlorite concentrations demonstrated a gradual decrease
in blue fluorescence in the DAPI channel, accompanied by
a corresponding increase in green fluorescence in the GFP
channel as the hypochlorite concentration increased. The
merged images of the two channels showed a gradual shift from
blue to green fluorescence, with the former gradually dimin-
ishing and the latter becoming more pronounced as the hypo-
chlorite concentration increased. The results are illustrated in
Fig. 4.
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Fig. 3 Effect of fluorescence probe on fluorescence imaging of LO2
cells interventioned by hypochloric acid.
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Fig. 4 The effect of fluorescence probe on fluorescence imaging of
HT-29 human colon cancer cells intervened with hypochloric acid.

Conclusions

In summary, the present study describes a newly developed
ratio-based fluorescent probe, LW-1, that enables selective
detection of hypochlorite concentration in cells. The probe is
easy to synthesize and possesses merits such as high sensitivity,
rapid response kinetics, and low background interference.
Fluorescence imaging of normal human liver and colon cancer
cells demonstrates that LW-1 can detect changes in HCIO
concentration with high sensitivity. These findings suggest that
LW-1 will serve as a valuable tool for exploring the correlation
between alterations in HCIO concentration and diverse patho-
logical conditions in biological and medical investigations.
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