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A near infrared fluorescent probe for rapid sensing
of peroxynitrite in living cells and breast cancer

Zixiang Xu,® Zhencai Xu @ *® and Dong Zhang*®

Peroxynitrite (ONOQO™) plays an essential role in numerous physiological and pathological processes owing

to its strong oxidation and nitrification. Many studies have shown that ONOO™ abnormalities are associated

with inflammatory diseases, even cancer, such as arthritis, hepatitis, pneumonia, and breast cancer. Thus,

developing a trustworthy technology to monitor ONOO™ levels is critical in inflammatory or cancer
illnesses. Herein, an ultrafast near-infrared (NIR) fluorescent probe (Cy—-OH-ONOO) is proposed to
detect ONOO™ within 30 s. The probe's borate moiety is oxidized and separated from Cy—-OH-ONOO,
releasing a NIR fluorescence signal after interacting with ONOO™ under physiological circumstances. In

addition, the probe displays good selectivity and sensitivity towards ONOO™ compared to other related

biological species. Moreover, it is applied to the image and detects the level fluctuation of ONOO™ in
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living cells and breast cancer mice based on excellent features with high biocompatibility and low

toxicity of the developed probe. Therefore, Cy—-OH-ONOO could serve as a powerful imaging tool to
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1. Introduction

Cell proliferation, apoptosis, and differentiation are regulated
by reactive nitrogen species (RNS), which are intracellular
signaling molecules that play a part in two important processes:
pathological and physiological.* During the invasion of
foreign substances, it is possible that their abnormal levels
could lead to the development of various ailments, such as
inflammation, cardiovascular diseases, neurological diseases,
and even cancer.*® Peroxynitrite (ONOO™), a critical RNS, is
generated by the intracellular diffusion of superoxide anion
(0,'7) and nitric oxide (NO).*® Because of its powerful oxidation
and nitration, it may react with most compounds in cells, such
as proteins, DNA, RNA, and lipids. Furthermore, it has been
identified as a key molecule in the process of signal trans-
duction.”*® Unfortunately, the overgeneration of ONOO™ may
interfere with the physiological activities of cells, thereby
causing damage to human tissues and organs."™** Several
recent studies have shown that ONOO™ is closely related to
inflammatory and cancer diseases. For example, breast cancer
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understand the correlation of ONOO™ with inflammatory or breast cancer pathophysiological processes
and to assess ONOO™ levels in cellular oxidative stress.

is now one of the most common types of invasive cancers and
the second leading cause of cancer-related deaths in women
worldwide, and its incidence and mortality rates are rapidly
increasing.'** Developing an effective technique for identifying
the ONOO™ in living creatures is essential to appreciate its
involvement in breast cancer and enhance the understanding of
disease onset and progression.

Recently, various analysis methods have been developed to
trace ONOO ™, including the UV-vis technique, electrochemical
analysis, ELISA, and electron spin resonance.'*® However,
despite these methods being developed to detect ONOO™, there
is still a challenge because its half-lives are relatively short, and
its levels are low in the biology system. It is necessary to develop
a novel technique for monitoring the fluctuations of ONOO™ to
better understand the regulatory mechanisms of ONOO™ in the
human body. With its non-invasiveness, simple operation, real-
time responsiveness, and spatiotemporal resolution, the fluo-
rescence probe and imaging method has become a popular tool
for visualizing biological species.**** Several fluorescent probes
have been constructed for the detection of ONOO™. This probe
design is primarily due to the cleavage of C=C, oxidation of
boronate, hydrazides, N-dearylation, and others.”*** Compared
to the UV or visible region, near-infrared (NIR) fluorescent
probes have unique advantages, which include less light
damage, less background fluorescence, and deeper tissue
penetration.*** Consequently, it is critical to build a NIR
fluorescent probe that is eventually proficient in detecting
ONOO™ in a fast and precise manner in living cells.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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We reasonably design a NIR fluorescent probe (Cy-OH-
ONOO) to detect quickly and selectively intracellular ONOO™.
The probe comprises a hemicyanine dye (Cy-OH) and a phenyl-
boronic acid ester derivative with a particular recognition
moiety for ONOO™. The developed probe exhibits high speci-
ficity and sensitivity. In the presence of ONOO™, the probe
promptly cleaves the boronic ester group and emits a NIR
fluorescence signal (705 nm) via the intramolecular charge
transfer (ICT) mechanism. Because of the probe’'s minimal
biotoxicity and high biocompatibility, it is being engaged for the
detection of the sensitivity of intracellular ONOO™ under
oxidative stress. This probe reveals great potential for imaging
ONOO™ in biological systems, which is beneficial for the diag-
nosis of breast cancer diseases.

2. Experimentation portion
2.1 Reagents and apparatus

Aladdin provided 1,2-myristate-1,3-acetate (PMA), lipopolysac-
charide (LPS), and 4-bromomethylphenylboronic acid pinacol
ester (Shanghai, China). All the other compounds were obtained
from Maclean and were not further purified. Uv-2910 and F-
7000 were used to determine the spectra of the UV-vis and
fluorescence predominantly, respectively. A Bruker nuclear
magnetic resonance spectrometer was used to perform 'H and
13C NMR. Olympus FV1000 was used to capture the fluorescence
images.

2.2 Synthesis of compound 2

9 mL of DMF and 50 mL of CH,Cl, were added to a three-necked
flask and swirled at 0 °C for 10 min. Then, 10 mL of phosphorus
tribromide (PBr;) was added dropwise to the mixture. After
stirring for about 1 h, 4 mL cyclohexanone was added dropwise
and stirred vigorously overnight (12 h) at room temperature.
The pH was adjusted to neutral, extracted with CH,Cl,, and
subjected to the following step without further purification
(Scheme S17).

2.3 Synthesis of compound 3

Compound 2 (1.89 g, 10 mmol), Cs,CO;3 (6.5 g, 2 mmol), and 2-
hydroxy-4-methoxybenzaldehyde (1.52 g, 10 mmol) were put in
a round bottom flask. This mixture was dissolved in 30 mL of
dry DMF and stirred at room temperature (25 °C) for 18 h. Water
was used to quench the reaction; then, the mixture was
extracted using CH,Cl,. Anhydrous Na,SO, was carried out by
drying the organic phase. The crude product was chromato-
graphed on a silica column using petroleum ether and CH,Cl,
(3/1, v/v) to obtain yellow solids. "H NMR (500 MHz, CDCl,),
6 (ppm): 10.31 (s, 1H), 7.11 (d, 1H), 6.82-6.48 (m, 3H), 3.85 (s,
3H), 2.57-2.51 (m, 2H), 2.42 (t, 2H), 1.69 (m, 2H).

2.4 Synthesis of compound 4

After dissolving compound 3 (1.21 g, 5 mmol) in 20 mL dry
CH,Cl,, BBr; (1.5 mL, 15 mmol) was added dropwise to the
solution at 0 °C, and the mixture was allowed to react at room
temperature for one night. It was put into ice water, and the pH
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was adjusted to neutral. The removal of the solvent under lower
pressure after extraction with CH,Cl,. The crude product was
chromatographed on a silica column using CH,Cl,/CH;0H
(100/1, v/v) to obtain compound 4. '"H NMR (500 MHz, d-
DMSO) 6 (ppm): 10.28 (s, 1H), 10.18 (s, 1H), 7.18 (d, 1H), 6.95 (s,
1H), 6.71 (s, 1H), 6.63 (d, 1H), 2.56-2.51 (d, 2H), 2.29 (t, 2H),
1.69-1.61 (m, 2H).

2.5 Synthesis of compound 5

The following compounds were dissolved in CH;CN: compound
4 (0.228 g, 1 mmol); K,CO; (0.331 g, 2.4 mmol); and 4-(bromo-
methyl)benzeneboronic acid (0.325 g, 1.1 mmol). After stirring
and refluxing for 12 h, the solvent was removed. The acquired
crude product was purified by chromatographing on a silica
column with CH,Cl,/CH;O0H (30/1, v/v) to obtain yellow solids.
'H NMR (500 MHz, CDCl,), 6 (ppm): 10.32 (s, 1H), 7.86 (d, ] =
8.0 Hz, 2H), 7.45 (d, ] = 7.9 Hz, 2H), 7.09 (d, = 8.5 Hz, 1H), 6.75
(s, 2H), 6.66 (s, 1H), 5.14 (s, 2H), 2.62-2.55 (m, 2H), 2.46 (t, ] =
6.0 Hz, 2H), 1.74 (dd, J = 12.3, 6.1 Hz, 2H), 1.37 (s, 12H). *C
NMR (125 MHz, CDCl;) §(ppm): 187.7, 160.4, 153.3, 139.3,
135.1, 127.5, 126.5, 114.9, 112.6, 111.5, 101.6, 83.9, 70.2, 30.0,
24.9, 21.5, 20.4.

2.6 Synthesis of the Cy-OH-ONOO compound

10 mL of anhydrous ethanol, piperidine (0.1 mL), compound 5
(0.444 g, 1 mmol), and compound 6 (0.315 g, 1 mmol) were
added into a three-necked bottom flask. The mixture was stirred
and refluxed under N, for 12 h. After being cooled to room
temperature, the solvent was removed under reduced pressure.
The obtained crude product was performed on silica column
chromatography with CH,Cl,/CH;O0H (50/1, v/v) to produce
yellow solids. "H NMR (500 MHz, CDCl,) ¢ 8.63 (d,/ = 14.7 Hz,
1H), 7.90 (s, 2H), 7.56-7.48 (m, 4H), 7.46-7.42 (m, 2H), 7.37 (s,
1H), 7.22 (s, 1H), 6.96 (d, J = 8.6 Hz, 1H), 6.88 (s, 1H), 6.62 (d,] =
14.9 Hz, 1H), 5.27 (s, 2H), 4.64 (dd, J = 14.3, 7.1 Hz, 2H), 2.81
(dd,J = 52.9, 5.6 Hz, 4H), 1.97 (s, 2H), 1.80 (s, 6H), 1.56 (s, 3H),
1.36 (s, 12H). C NMR (125 MHz, CDCl;) é (ppm) 152.0, 146.6,
145.4, 138.2, 135.1, 134.9, 127.7, 127.6, 126.6, 126.3, 126.1,
121.4, 117.6, 104.4, 92.1, 83.8, 83.6, 65.3, 44.7, 44.2, 36.3, 32.6,
28.7, 28.0, 24.9, 24.4, 10.8. HR-MS: caled for C,oH,sBNO,",
613.3460; found [M + HJ", 614.3444.

2.7 A combination of cell culture and confocal microscopy

The two cells (RAW 264.7 and HepG2 cells) were grown in
DMEM supplemented with 1% antibiotics (streptomycin/
penicillin) and 10% FBS at 37 °C in a 5% CO, environment
with a 95% humidified atmosphere. The cytotoxicity of the Cy-
OH-ONOO probe was investigated using the CCK-8 experiment.
The cells were cultured in 96-well plates (5000-10 000 cells per
well) for 24 h. Next, the different densities of the probe were
added. The cells were rinsed with DMEM media after 24 h of
incubation, and then 10 uL. CCK-8 was added. After the incu-
bation period (4 h), the optical density was measured at 450 nm
(Tecan, Austria). A fluorescent image was received at Olympus
FV1000 and fluorescence collection windows in the range of
690-750 nm. All the experiments were performed in compliance
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with relevant laws or guidelines and followed institutional
guidelines. Furthermore, all animal procedures were performed
following the Guidelines for Care and Use of Laboratory
Animals of Guanyun People's Hospital, and the experiments
were approved by the Animal Ethics Committee of the Guanyun
People's Hospital Animal Ethics Committee.

3. Results and discussion
3.1 Synthesis design of Cy-OH-ONOO

The molecular formula and the proposed reaction mechanism
of the probe Cy-OH-ONOO toward ONOO™ are explained in
Scheme 1. In this design, hemicyanine dye was introduced as
NIR fluorophores owing to its great biocompatibility and spec-
tral properties. Recent studies have confirmed that phenyl-
boronic acid and its esters can respond quickly to ONOO™ and
are superior to H,O,; thus, they can be good candidate reaction
sites to achieve ONOO™ specific response.***® The pinacol ester
of 4-(bromomethyl)benzene-boronic acid was chosen as an
ONOO™ responsive unit. In contrast, ONOO™ can transform
phenylboronate into phenol, followed by 1,6-self-elimination of
the phenol derivative, releasing the fluorophore Cy-OH-ONOO,
which leads to the turn-on of the fluorescent signal. The ESIf
shows the detailed synthesis technique as well as "H NMR, **C
NMR, and HRMS characterizations of Cy-OH-ONOO.

3.2 Cy-OH-ONOO response to ONOO

The spectrum characteristics of the compound Cy-OH-ONOO
were investigated in a PBS buffer solution with 5% ethanol
(EtOH/PBS = 1:19, v/v, pH = 7.4). As illustrated in Fig. 1A, the
Cy-OH-ONOO probe had maximum absorbance centered at
480 nm and a weak double peak (610 and 670 nm). After the
addition of ONOO™, there was a strong double peak around 610
and 670 nm, and the absorption peak at 480 nm disappeared
(Fig. 1A). Then, the fluorescent spectrum of Cy-OH-ONOO to
ONOO™ was investigated as well. Initially, the Cy-OH-ONOO
probe displayed a negligible fluorescence emission peak. After
being treated with ONOO™, Cy-OH-ONOO exhibited an obvious
fluorescence emission around 705 nm, which should be
attributed to the leaving of p-boratebenzyl in ONOO™ and in
turn led to the onset of the fluorescent signal. Moreover, the
fluorescence intensity of Cy-OH-ONOO with varied ONOO™
content was further evaluated (Fig. 1B). There was a satisfying

\ ONOO”

Cy-OH

Cy-OH-ONOO

Scheme 1 The composition of Cy-OH-ONOO and the response
mechanism to ONOO™.
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linear relationship between fluorescence intensity and ONOO™
level in the range of 0-20 uM (Fig. 1C). The regression equation
was determined as Fy; nm = 54.5294 [ONOO | +259.4823, with
a satisfactory linear relationship (R*> = 0.9874) between fluo-
rescence intensity and ONOO™ level in the range of 0-20 uM
(Fig. 1C). The detection limit (LOD) was calculated as 56 nM
using a standard method of 3¢/k, demonstrating that Cy-OH-
ONOO can identify ONOO in the presence of other
compounds.

3.3 Selectivity

Whether the substance can be specifically detected is the
criterion for evaluating the pros and cons of the probe. The
selectivity monitoring of the probe Cy-OH-ONOO on ONOO™
was evaluated in PBS buffer (EtOH/PBS = 1:19, v/v, pH = 7.4).
As depicted in Fig. 1D, an obvious NIR fluorescence enhance-
ment was found after the addition of ONOO™ (20 puM). It was
previously reported that H,O, can react with phenylboronate;
however, it did not cause strong fluorescence fluctuations.
Subsequently, other reactive species (HOCI, -OH, HNO, NO,
0,"7, NO,~ and BuOO-), common anions or cations (Na', K",
Ca®", HCO; ™, Br~ and HS™) and amino acid (glutamic acid
(Glu), glutathione (GSH), tryptophane (Trp), serine (Ser),
cysteine (Cys), methionine (Met), aspartic acid (Asp), homo-
cysteine (Hcy), threonine (Thr) and lysine (Lys)) was inspected to
see if they could cause changes in the probe's fluorescence
signal (Fig. 1D and S1}). As expected, inert fluorescence was
observed, further indicating that the Cy-OH-ONOO probe can
specifically respond to ONOO™ over other species.

3.4 The pH effect and response speed

The effect of pH on Cy-OH-ONOO was investigated in the
absence or presence of ONOO™. As we expected, the fluores-
cence intensity of Cy-OH-ONOO was passive and remained
constant in the range of 3-10 pH in the absence of ONOO™,
which suggested that pH could not cause fluctuations in the
fluorescence intensity of the probe. However, the fluorescence
intensity of the Cy-OH-ONOO probe increased rapidly and
stabilized in physiological pH in the presence of ONOO™
(Fig. 2A). However, the response time of Cy-OH-ONOO to
ONOO™ was examined. As shown in Fig. 2B, the fluorescence
intensity of Cy-OH-ONOO eventually reached a plateau within
30 s at variable ONOO™ concentrations (e.g., 0, 10, and 20 pM).
The findings revealed that the probe can detect ONOO™ levels in
cells in real time. These results revealed that the Cy-OH-ONOO
probe was useful for monitoring trace ONOO™ variations in
physiological conditions based on these findings.

3.5 Appearance of ONOO™ in living cells

Because of its excellent spectrum properties, we investigated the
ability of Cy-OH-ONOO to detect ONOO™ in living cells. The
Cells Counting Kit-8 (CCK-8) test was carried out to determine
the cytotoxicity and biocompatibility of Cy-OH-ONOO prior to
cell imaging. HepG2 and RAW 264.7 cells were selected as dis-
cussed subjects. The vitality of these cells was high when they
were treated with various concentrations of Cy-OH-ONOO,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Spectral attributes of Cy—OH-ONOO. (A) UV-Vis absorption and (B) the fluorescence spectrum of Cy—OH-ONOO for ONOO™. (C) The
linear relationship between the fluorescence intensity of the probe and ONOO™ (0—-20 puM). (D) The reaction of Cy—OH-ONOO to different
metabolites: (1) blank; (2) ONOO™; (3) H,O,; (4) NO,~; (5) HNO; (6) HCIO; (7) ‘BuOO-; (8) -OH; (9) O, ~; (10) Hey; (11) Cys; and (12) GSH.

demonstrating that the probe's cytotoxicity was little in this
setting (Fig. S31). It also suggested that Cy-OH-ONOO has a lot
of potential for biological imaging applications. Therefore, we
investigated the ability of Cy-OH-ONOO to image exogenous
ONOO™ in living cells. As shown in Fig. 3A, the RAW 264.7 cells
displayed weak fluorescence signals when treated with Cy-OH-
ONOO for 30 min. Subsequently, the RAW 264.7 cell line was
incubated with 3-morpholino-sydnonimine (SIN-1, an ONOO™
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donor) for 60 min and then stained by Cy-OH-ONOO before
imaging (Fig. 3B). There is an apparent fluorescence after the
RAW 264.7 cells were treated with SIN-1, revealing that Cy-OH-
ONOO was able to detect ONOO™ in living cells. However, the
cells were treated with 100 pM H,0O, and then stained with Cy-
OH-ONOO; a negative fluorescent signal was obtained.
Following that, the cells were treated with MSB (an O, "~ donor)
or NOC-18 (an NO donor). In neither set of cells, there was no

1500

= 0uM
-g. ° 10 |.IM A A A A A
2 12001 4 20 yM
3
f=
; A
Y 900 -
c ® Y ° ° ®
(]
@
o 600 .
S
o
=
“300{s & & 4 =2 = =
0 20 40 60 80 100 120

Time(s)

(A) The response rate and (B) pH effect of Cy—OH-ONOO toward ONOO™.
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Fig. 3 Exogenous ONOO™ fluorescence imaging in RAW 264.7 cells.
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NOC-18

Intensuty
B
8

Control SIN-1  H,0, MSB NOC-18

) Control group: cells were stained by Cy-OH-ONOO after being

pretreated with SIN-1/H,O,/MSB/NOC-18; (B—E) SIN- 1/H202/MSB/NOC 18 group: cells were pretreated with SIN-1/H,0,/MSB/NOC-18 before
being stained by Cy—OH-ONOO and imaged. (F) Fluorescence intensity in panel A—E. Ao, = 690-770 nm; Ay = 640 nm; scale bar: 20 um.

significant increase in the fluorescence signal, showing that
these chemicals cannot produce changes in the fluorescence
intensity of the probes. These findings suggest that this probe
might be utilized to detect ONOO™ but not other active species
in cells.

The potential application of Cy-OH-ONOO for imaging
endogenous ONOO™ was further investigated in RAW 264.7
cells. RAW 264.7 cells produced elevated levels of inducible
nitric oxide synthase (iNOS) when stimulated by lipopolysac-
charide (LPS) and PMA through a cellular inflammation
response.’’** Only one probe was used to stain the RAW 264.7
cell, and we discovered an inert fluorescent signal (Fig. 4A). A
clear fluorescence enhancement signal was obtained after the
cells were preincubated with LPS/PMA, indicating that intra-
cellular ONOO™ concentrations were increased in response to
oxidative stress activation (Fig. 4B). In the next attempt, a nitric
oxide synthase (NOS) inhibitor AG was utilized to verify that the
fluctuations in fluorescence signals were caused by endogenous
ONOO™, not other substances. As expected, we observed
a decrease in fluorescence after the cells had been pre-
incubated with LPS/PMA and then with AG for 30 min,
revealing that the change in fluorescence signal was indeed
from ONOO™ rather than other biomolecular (Fig. 4C).

Control

Fig. 4

Uric Acid

Imaging of endogenous ONOO™ in RAW 264.7 cells. (A) Control group: the cells were incubated with Cy—OH-ONOO. (B) LPS group: the

Similarly, uric acid (an ONOO™ scavenger) and superoxide
scavenger 2,2,6,6-tetramethylpiperidine-N-oxyl (Tempol) was
also employed to investigate whether the fluorescent signal was
generated by the reaction of the probe with ONOO™. A weaker
fluorescence phenomenon was found, indicating that the
generation of ONOO™ was inhibited (Fig. 4D and E). Moreover,
it is visually declared that only the presence of ONOO  can
cause fluctuations in the fluorescence signal. The above
imaging results proved that Cy-OH-ONOO can respond to
exogenous and endogenous conditions concerning the ONOO™
state in the system of biology.

The Cy-OH-ONOO probe was used to scan exogenous and
endogenous ONOO™. We applied it to detect ONOO™ in CCl,-
induced toxic hepatitis. Once CCl, enters the cell, CCI; and
CCL3;00- are produced, thereby tracking the influx of cell
membrane and Ca**.* This process results in oxidative damage
to hepatocytes and intracellular oxidative stress, which in turn
leads to toxic hepatitis. As depicted in Fig. 5A, HepG2 cells
treated with Cy-OH-ONOO showed weak fluorescence. When
HepG2 cells were pretreated with CCl, before being treated with
Cy-OH-ONOQO, a significant fluorescence signal was found. The
levels of ONOO™ were higher in CCl-induced toxic hepatitis
according to these findings, suggesting that ONOO™ could serve

Tempol

Intensity

Control LPS AG  Uric Acid Tempol

cells were incubated with LPS/PMA and Cy—-OH-ONOO. (C-E) AG/uric acid/Tempol group: AG/uric acid/Tempol and LPS/PMA were used to
activate the cells, which were then stained by Cy—OH-ONOO. (F) Fluorescence intensity in panels A-E. Aex = 640 nm, Ay, = 680-750 nm; scale

bar: 20 pm.
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Fig. 5 Toxic hepatitis produced by CCl, in cells visualized using fluorescence microscopy. (A) Control group: the cells were incubated with Cy—
OH-ONOQO. (B) CCly group: the cells were incubated with CCl, and Cy—-OH-ONOO. (C-E) NAC/DDB/SM group: the cells were incubated with
NAC/DDB/SM, CCly, and then Cy—OH-ONOOQO. (F) Fluorescence intensity in panel A—E. Aex = 640 nm, Ae, = 680—-750 nm, and scale bar: 20 pm.

as a biomarker in inflammatory diseases (Fig. 5B). Subse-
quently, the cells were treated with hepatoprotective medicine,
including N-acetylcysteine (NAC), silymarin (SM), and bifenda-
tatum (DDB). We found a negligible fluorescence signal
(Fig. 5C-E). These findings showed that the Cy-OH-ONOO
probe was an effective tool for detecting ONOO™ levels in CCl,-
induced toxic hepatitis cells.

3.6 Bioimaging applications of Cy-OH-ONOO in zebrafish

Considering that the efficiency with ONOO™ can be imaged and
detected in living cells, we wondered whether the Cy-OH-
ONOO probe could be used to scan ONOO™ in zebrafish. The
zebrafish were photographed immediately without any pro-
cessing as a control group; substantially, no fluorescence signal
phenomenon was observed (Fig. 6A). Next, the zebrafish were
stained by the probe for 30 min. As we expected, weak red
fluorescence was found, indicating that the probe could easily
enter zebrafish (Fig. 6B). However, ONOO™~ was added to these
zebrafish, which exhibited stronger red fluorescence (Fig. 6C). It
was discovered that the Cy-OH-ONOO probe could detect
exogenous ONOO™ in zebrafish. To determine the utility of Cy-

Red Channel

Probe +
ONOO-

Probe
+LPS

OH-ONOO in imaging endogenous ONOO ", the zebrafish were
preconditioned with LPS and PMA to promote the production of
ONOO™ (Fig. 6D). After the zebrafish were treated with the
probe, an obvious fluorescence enhancement signal was ob-
tained. These experiments demonstrated that the Cy-OH-
ONOO probe could act as an effective tool to image and detect
exogenous/endogenous ONOO™ in vivo.

3.7 Bioimaging applications of Cy~-OH-ONOO in mice
breasts

We attempted to apply the probe to breast cancer tumor
imaging in vivo. Here, we implanted 4T1 cells iz situ in mice to
form breast cancer tumors. We used a syringe to inject the
probe in situ into the skin near the breast cancer tumor site in
mice. As a control group, we also injected the same dose of Cy-
OH-ONOQO into the upper left side of the tumor site. As shown
in Fig. 7, after injection of the probe solution, the tumor site
exhibited stronger fluorescence compared to the non-tumor
site. This indicates that the probe had good tumor imaging
performance, which further proves that it has a strong ability to
identify tumors. These experiments demonstrated that the Cy-

Intensity

Control

Probe Probe+ONOO" Probe+LPS

Fig. 6 Cy—OH-ONOO (10 M) was used to image ONOO™ in zebrafish. (A) Blank zebrafish; (B) zebrafish incubated with Cy—OH-ONOO for
30 min; (C) zebrafish loaded with Cy—OH-ONOO incubated with ONOO™; (D) zebrafish enthused correlating to the LPS and PMA and then
stained by Cy—OH-ONOO before imaging. (E) Fluorescence intensity in panel A-D. Scale bar: 200 pm.

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

RSC Adv, 2023, 13, 8262-8269 | 8267


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01024d

Open Access Article. Published on 14 March 2023. Downloaded on 11/11/2025 4:33:28 AM.

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

(cc)

RSC Advances

Breast cancer

A Control

Radiant Efficiency

Isecfcm?
e

Fig. 7 Fluorescent imaging of ONOO™ in mice. (A) H&E analysis
images. (B) Fluorescent imaging of ONOO™ in normal mice and breast
mice.

OH-ONOO probe could act as an effective tool to image and
detect exogenous/endogenous ONOO ™~ in vivo.

4. Conclusion

In conclusion, we developed a Cy~-OH-ONOO NIR fluorescent
probe, which may be employed to track and image intracellular
dynamic ONOO™ contents. Under physiological conditions, the
probe demonstrated exceptional specificity and sensitivity to
ONOO™ in various analyses. Furthermore, the aspects that are
valuable for low biocompatibility cytotoxicity enabled the Cy-
OH-ONOO probe to image ONOO™ in complex biological
conditions. In addition, Cy-OH-ONOO was employed to iden-
tify ONOO™ upregulation in CCl-induced toxic hepatitis and
LPS stimulation in living cells. Moreover, the probe was
successfully applied to detect ONOO™ levels in mice with breast
cancer, which helps to further investigate the relationship
between ONOO™ and breast cancer. Therefore, these favorable
properties of Cy-OH-ONOO make it promising for bioimaging
applications, especially for studying the relationship between
ONOO™ and inflammatory or cancer diseases.
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