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ABSTRACT: Hypochlorous acid (HCIO), a reactive oxygen
species, plays an essential role in the processes of physiology and
pathology via reacting with most biological molecules. The
abnormal level of HCIO may cause inflammation, especially
arthritis. To further understand its key role in inflammation, in situ
detection of HCIO is necessary. Herein, a water-soluble small
molecule fluorescent probe (HDI-HCIO) is employed to monitor
and identify trace amounts of HCIO in the biological system. In
the presence of HCIO, the probe releases a hydroxyl group
emitting strong fluorescence because of the restoration of the
intramolecular charge transfer process. Furthermore, this probe
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displays a 150-fold fluorescence enhancement accompanied by a large Stokes shift and a lower detection limit (8.3 nM). Moreover,
the probe can make a rapid response to HCIO within 8 s, which provides the possibility of real-time monitoring of intracellular
HCIO. Based on the advantages of rapid dynamics, good water solubility, and excellent biocompatibility, this probe could effectively
monitor the fluctuations of exogenous and endogenous HCIO in living cells. The fluorescence imaging of HDI-HCIO indicated that
it is an excellent potential approach for comprehending the relationship between inflammation and HCIO.

1. INTRODUCTION

As excellent significant intracellular signaling molecules,
reactive oxygen species (ROS) play a prmc gal role in various
physiological and pathological processes.' ™ The overexpres-
sion of ROS can lead to abnormal cells and genetic structures,
further causing various diseases, for example, DNA/protein
mutations, atherosclerosis, inflammation, and cancer.*™®
Hypochlorous acid (HCIO), an extremely vital ROS, is mainly
generated from the myeloperoxidase-catalyzed peroxidation
reaction of chloride ions (Cl7) and hydrogen peroxide
(H,0,).””” The presence of HCIO can protect the human
immune system from pathogens and bacteria.”'” For example,
rheumatoid arthritis (RA) is an extremely general chronic
inflammatory dlsease, which may cause chronic pain, damage,
and even disability."'~'* Accumulated evidence showed that
RA is closely related to the level of HCIO.'>'® However, the
excessive levels of HCIO can also lead to the oxidation of
nucleic acids, proteins, and lipids, which further leads to some
diseases, for instance, arthritis and cancer.'” Thus, it is of great
importance to detect the fluctuations of HOCI in biological
systems.

Compared with conventional analysis techniques, liquid
chromatography—mass spectrometry (LC—MS), potentiome-
try, high-performance liquid chromatography (HPLC), and
fluorescence imaging technology have become indispensable
tools in the field of biological, chemical, and medical research
because of their excellent sensitivity and specificity, non-
invasiveness, real-time visual detection, and high spatiotempo-
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ral resolution.'® ™" Because of the strong reactivity and short
existence of HCIO, excellent fluorescent probes must possess
high selectivity, sensitivity, fast response, and great biocompat-
ibility for the monitoring of HCIO.””*’ In recent years, more
and more fluorescent probes were proposed to monitor or
image HCIO. They are mainly the oxidation reaction of HCIO
with p-alkoxyaniline, p-methoxyphenol, oxime, electron-
deficient C=C bonds, etc.”*™*" In spite of those probes
displaying excellent characteristics, they also show short-
comings, for instance, low detection limit, slow reactivity, poor
water solubility, and biocompatibility. Thus, exploiting small
molecule fluorescent probes with great biocompatibility is
necessary for the fast detection of HCIO in living cells.

In this study, we design a small molecule fluorescent probe
(HDI-HCIO) based on intramolecular charge transfer (ICT).
In this design, we introduce indole cations to enhance the
water solubility of HDI-HCIO and to obtain good biocompat-
ibility. In the presence of HCIO, the probe will rapidly
transform into a fluorophore within 8 s, releasing a strong
fluorescence signal. Furthermore, the probe exhibits specific
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selectivity to HCIO and is not interfered by other ROS, such as
hydrogen peroxide (H,0,). Moreover, HDI-HCIO displays a
lower detection limit (LOD) and a satisfactory linear
relationship for HCIO. We also certified that HDI-HCIO
could be utilized to track exogenous and endogenous of HCIO
in cells, helping us to better understand inflammation,
especially RA.

2. RESULTS AND DISCUSSION

2.1. Design and Synthesis of HDI-HCIO. The structure
of HDI-HCIO and the proposed react mechanism of this probe
toward HCIO are displayed in Scheme 1. To specially detect

Scheme 1. Molecular Structure of HDI-HCIO and Response
Mechanism toward HCIO
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the levels of HCIO, the choice of fluorophores is critical for the
excellent fluorescent probe. It can be seen that HDI-HCIO
composes a cyanine dye moiety and a response group of
HCIO. The introduction of indole cations greatly improves its
water solubility and further increases the biocompatibility of
the probe. Furthermore, some reports demonstrate that N,N-
dimethylthiocarbamate can serve as a reaction site to achieve
fast and specific detection of HClO.**7** Herein, a novel
water-soluble fluorescent probe was synthesized by combining
HDI with N,N-dimethylthiocarbamoyl chloride. The synthetic

route and characterization of the probe are described in the
Supporting Information. In the absence of HCIO, HDI-HCIO
was non-fluorescent owing to N,N-dimethylthiocarbamate
inhibiting the ICT process. Moreover, HPLC experiments
were employed to further evaluate the response mechanism of
HDI-HCIO to HCIO (Figure S1). As can been seen from
Figure S1, the peak positions of HDI-HCIO and HDI were at
543 and 6.78 min, respectively. Gratifyingly, after adding
HCIO, a small peak appeared, and its peak position was
basically the same as that of HDI. In addition, this probe
displayed an obvious fluorescence emission peak centered at
520 nm after the addition of HCIO.

2.2, Spectroscopic Properties. The spectral character-
istics of the probe were evaluated in 10 mM buffer solution
(PBS/DMSO = 10:1, v/v, pH = 7.4). HDI-HCIO displayed an
obvious absorption at 400 nm. After adding HCIO, there was
an obvious 40 nm red shift to 440 nm (Figure la).
Furthermore, the fluorescence response of HDI-HCIO to
variable concentrations of HCIO was tested. In the initial state,
the probe had almost no fluorescence. However, this probe
HDI-HCIO expressed a gradually increased fluorescence signal
centered at 520 nm accompanied with a large Stokes shift of 80
nm. It should be ascribed to rapid reaction between HCIO and
N,N-dimethylthiocarbamate, thereby turning the fluorescence
signal on (Figure 1b), suggesting that HDI-HCIO could be
utilized to the monitoring of HCIO. Furthermore, an exciting
linear relationship between the fluorescence intensity and
HCIO levels from 0 to 20 uM was obtained (Figure 1c).
Furthermore, the regression equation was Fgyy,, = 181.43-
[HCIO] + 133.25 with a linear functional relationship R* of
0.9863. According to the standard method of 36/k, the LOD
was determined to be about 8.3 nM, which demonstrated that
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Figure 1. Spectral characteristics and selectivity of HDI-HCIO. (a) UV—vis absorption and (b) the fluorescence emission spectrum with HCIO
(0—20 uM). (c) Linear relationship between the fluorescence intensity and HCIO. (d) Response of HDI-HCIO to various species: 1, blank; 2, 100
4M NO,™; 3, 100 uM NO; 4, 100 uM HNO; 5, 100 uM ONOO™; 6, 100 M -OH; 7, 100 uM O,; 8, 100 1M H,0,; 9, 100 uM BuOO:; 10, 1
mM SO.*; 11, 1 mM HSO;; 12, 1 mM HSO,; 13, 1 mM HCO;; 14, 1 mM HS™; and 15, 20 gM HCIO.
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Figure 2. (a) Response speed and (b) pH effect of HDI-HCIO to HCIO.
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this probe had a certain ability to identify trace HCIO.
Compared with other probes reported, our probe had a
relatively LOD, which suggested that HDI-HCIO possessed
good potential to detect HCIO (Table S1).

2.3. Selectivity. Great selectivity is very important to an
ideal fluorescent probe. The response of the probe HDI-HCIO
was examined toward various biological interferents, including
various reactive species (NO,~, -OH, H,0,, NO, HNO,
ONOO™, OCI~, 0,7, and ‘BuOO-), common ions and anions
(Cu*, Ba®, Na*, K*, Ca*, Hg*, Mg, Fe**, SO;*~, HSO;",
HSO,”, HCO;, HS, S,0.,%7, S,0,°7, F~, CI", and Br™), and
amino acids (glutathione (GSH), tryptophane (Trp),
methionine (Met), glutamic acid (Glu), cysteine (Cys),
homocysteine (Hcy), alanine (Ala), arginine (Arg), threonine
(Thr), serine (Ser), aspartic acid (Asp), leucine (Leu), and
lysine (Lys)). It was gratifying to see that only HCIO could
lead to the increase of the fluorescence signal due to the fact
that it could convert HDI-HCIO into a HDI fluorophore,
further revealing that the probe possessed excellent selectivity
to HCIO (Figure 1d and Figure S2). Subsequently, we studied
the influence of some thiols on the probe for a long time (0—
180 min). The result suggested that, after adding Cys, GSH,
and HCy for 60 min, a weaker fluorescence signal appeared at
460 nm (Figure S3). The above results evidenced that HDI-
HCIO could specifically distinguish HCIO instead of other
species.

2.4. The Response Speed and pH Effect. The reaction
kinetics of HDI-HCIO on HCIO was investigated. Notably, the
fluorescence signal achieved a platform at 520 nm within 8 s
and accompanied with a 150X signal enhancement, suggesting
that HDI-HCIO can quickly respond to HCIO (Figure 2a).
Next, the influence of pH on HDI-HCIO was assessed. In the
absence or presence of HCIO, the changes of fluorescence
intensities were analyzed with an emission wavelength at 520
nm ranging from pH 3.0 to 10.0. The fluorescence intensity of
HDI-HCIO remained steady under the range of the study, and
HDI remained stable under physiological pH (Figure 2b),
suggesting that the probe could be of great potential to
qualitatively identify trace HCIO in the living system.

2.5. Imaging of HCIO in Living Cells. Inspired by the
excellent performance of HDI-HCIO, the potential application
of the probe HDI-HCIO to detect HCIO was further evaluated
in living cells. To test the biocompatibility and cytotoxicity of
HDI-HCIO, the cell counting kit-8 (CCK-8) assay was
performed against RAW 264.7 cells and HeLa cells. As
shown in Figure S4, HDI-HCIO displayed lower cytotoxicity
and great biocompatibility. Since HDI-HCIO contained

features of great sensitivity and specificity and low cytotoxicity,
it could be suitable to detect the levels of HCIO in living cells.
Herein, HeLa cells and RAW 264.7 cells were selected as test
cell models. Subsequently, we further evaluated the potential of
the probe for monitoring intracellular HCIO. HDI-HCIO was
employed to image HCIO in living cells. Herein, the HeLa cell
line was first incubated with HDI-HCIO for around 20 min
before imaging. As illustrated in Figure 3, we could observe a

Control 10 uM 20 pM 40 pM

Figure 3. Imaging of exogenous HCIO in HeLa cells incubated with
the probe and (a) 0, (b) 10, (c) 20, and (d) 40 yM HCIO™. Blue
channel: 4., = 40S nm, 4., = 440—480 nm; green channel: 4., = 458
nm, A, = 500—580 nm.

weak fluorescence signal. However, after these cells were
treated with 10 yuM HCIO, a significant fluorescence signal
enhancement was obtained. The results indicated that HDI-
HCIO could make a specific response to HCIO but not to
other active species. Furthermore, to verify whether the signal
changed with the change of the HCIO level, we added different
concentrations of HCIO. As expected, the fluorescence signal
was significantly enhanced when adding 20 and 40 yM HCIO,
which provided the possibility for the quantification of
intracellular HCIO. Therefore, the developed probe HDI-
HCIO could be used as an effective tool for the monitoring of
HCIO in living cells.

Since the probe could be capable of effectively monitoring
exogenous HCIO, it should be able to monitor endogenous
HCIO. The potential of the probe HDI-HCIO for imaging
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endogenous HCIO was further assessed. The assay was carried
out in RAW 264.7 cells owing to the fact that the cells could
produce high levels of HCIO after being stimulated by
lipopolysaccharide (LPS) as well as phorbol-12-myristate-13-
acetate (PMA).>>™*° The RAW 264.7 cell lines were first
treated with 10 uM HDI-HCIO, and an inert fluorescence
signal was found. However, after co-incubating RAW 264.7
cells with PMA/LPS, an apparent fluorescence enhancement
signal was obtained, which suggested that the content of HCIO
was increased. The RAW 264.7 cell line was incubated with a
particular inhibitor of myeloperoxidase and 4-aminobenzoic
acid hydrazide (ABAH), which could suppress the production
of HOCIL. As expected, the weaker fluorescence signal was
observed, which declared that ABAH inhibited the production
of HCIO and reduced its concentration. Moreover, the result
also exhibited that the obtained fluorescence enhancement
signal was caused by HCIO and no other substance. To
increase the reliability of the experiment, we used another
HCIO scavenger (NAC) (Figure 4). Similarly, we got a similar

Control LPS/PMA LPS/PMA+ABAH LPS/PMA+NAC

Figure 4. Imaging of endogenous HCIO in RAW 264.7 cells. (a) Cells
were preincubated with probes and washed with PBS buffer before
imaging. The cells were preincubated with probes, washed with PBS
buffer (b), and then stimulated with LPS (1 pug/mL)/PMA (1 ug/
mL) and ABAH (200 M) (c) and NAC (1 mM) (d) for 1 h. Blue
channel: 4., = 405 nm, 4., = 440—480 nm; green channel: 4., = 458
nm, A, = 500—580 nm.

experimental phenomenon that the intracellular fluorescence
signal was significantly inhibited, revealing that the level of
HCIO was low. All above data evidenced that HDI-HCIO
could be able to detect fluctuations of endogenous and
exogenous HCIO.

3. CONCLUSIONS

In summary, we develop a new fluorescent probe HDI-HCIO
that can be used to track intracellular HCIO levels. The probe
features excellent specificity, sensitivity, and rapid response
toward HCIO. It is worth noting that the probe shows a low
detection limit and good linearity for HCIO, which provides a
reliable basis for the quantitative analysis of HCIO.
Furthermore, the probe shows excellent water solubility and
good biocompatibility. In addition, the proposed probe HDI-
HCIO has been employed to image and detect the content of
HCIO in living cells, which may be used as a tool to
comprehend the relationship between HCIO and inflamma-
tion, such as arthritis.

4. EXPERIMENTAL SECTION

4.1. Apparatus and Reagents. The absorption and
fluorescence spectra were obtained on Hitachi UV-2910 and F-
7000 fluorescence spectrophotometers, respectively. '"H NMR
and 3C NMR measurements were carried out on a Bruker-500
MHz nuclear magnetic resonance spectrometer at room
temperature. The fluorescence images of cells were acquired
by an Olympus FV1000.

4.2, Synthesis of Compound 1. Toluene (20 mL), S mL
of iodoethane, and 3.2 g of 2,3,3-trimethyl-3H-indole were
added into a 100 mL round-bottom flask and heated to reflux
for 18 h; the solvent was removed to obtain a deep blue solid.
After heating with methanol in the flask to dissolve the solid,
the mixture was transferred to a beaker and ether was added
dropwise to precipitate the solid. It was then filtered with
suction, and the precipitate was washed with ether to obtain a
light blue powdery solid. After drying, the solid did not need to
be purified and can be used directly in the next step.

4.3. Synthesis of HDIl. Compound 1 (0.66 g) and p-
hydroxybenzaldehyde (0.25 g) were put into a round-bottom
flask. Then, 10 mL of absolute ethanol was added and heated
to reflux overnight. When the mixture was cooled, a large
amount of purple-red solid appeared. The mixture was filtered
with suction and washed with absolute ethanol to obtain HDI.

4.4. Synthesis of HDI-HCIO. Dimethylthiocarbamoyl
chloride (123 mg, 1 mmol) and HDI (73 mg, 0.25 mmol)
were dissolved in anhydrous CH,Cl, (10 mL). Piperidine (43
uL, 0.50 mmol) was slowly dripped into the mixture and
stirred vigorously overnight. After removing the solvent, the
crude product was purified via silica column chromatography
(CH,Cl,:CH;0H = 10:1, v/v) to obtain HDI-HCIO (34 mg,
37%). The specific synthetic route and the characterization of
the compound are displayed in the Supporting Information. "H
NMR (500 MHz, CDCL) & (ppm): 8.33—8.28 (m, 3H),
7.77—7.70 (dd, 2H), 7.60—7.58 (d, 3H), 7.24—7.7.22 (d, 2H),
5.00—4.99 (d, 2H), 3.45 (s, 3H), 3.36 (s, 3H), 1.87 (s, 6H),
4.62—1.59 (t, 3H)."*C NMR (125 MHz, CDCl;) 6 (ppm):
186.45, 181.51, 158.29, 154.05, 143.58, 140.20, 132.86, 131.34,
130.14, 129.78, 124.17, 122.96, 115.05, 112.55, 69.97, 52.72,
44.55, 43.36, 39.16, 27.01, 25.61, 14.53. HR-MS: m/z
Cy3H,,N,08* caled, 379.1839; found [M]*, 379.1837.

4.5, Cell Culture and Cytotoxicity Experiment. The
HeLa and RAW 264.7 cells were incubated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS and 1% antibiotics (streptomycin/penicillin, 100 U/mL).
The cultures were maintained at 37 °C in a 95% humidified
atmosphere with 5% CO,. The cell cytotoxicity of HDI-HCIO
was evaluated by a CCK-8 assay. Both cells were put in a 96-
well plate (5000 cells per well) for 24 h. Subsequently,
phosphate-buffered saline (PBS) was used for cell washing and
various concentrations of HDI-HCIO were added in the cells
and incubated for 24 h. The cells were washed with the
DMEM medium; next, 10 L of CCK-8 was added. After being
incubated for about 4 h, the absorbance was measured at 450
nm using a microplate reader (Tecan, Austria).

4.6. Confocal Imaging. The fluorescence image was
performed on an Olympus FV1000. Cells were plated in a
culture dish and then adhered for 24 h before fluorescence
imaging. Fluorescence collection windows were Ch 1: A, =
405 nm, 440—480 nm and Ch 2: A,, = 458 nm, 500—580 nm.

https://doi.org/10.1021/acsomega.1c01102
ACS Omega 2021, 6, 12287—-12292


http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01102/suppl_file/ao1c01102_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01102?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01102?rel=cite-as&ref=PDF&jav=VoR

ACS Omega

http://pubs.acs.org/journal/acsodf

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c01102.

Structure characterizations of the probe, HPLC, and
additional fluorescence spectra and images (PDF)

B AUTHOR INFORMATION

Corresponding Author
Pan Luo — Osteonecrosis and Joint Reconstruction Ward,
Department of Joint Surgery, HongHui Hospital, Xi'an
Jiaotong University, Xi'an, Shanxi 710054, China;
orcid.org/0000-0003-2593-1023; Email: 1p19940626@
163.com

Author

Xuejun Zhao — Lunan Pharmaceutical Group Co., Ltd., Linyi,
Shandong 276006, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c01102

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Chen, X.;; Wang, F.; Hyun, J. Y.; Wei, T.; Qiang, J.; Ren, X.; Shin,
L; Yoon, J. Recent progress in the development of fluorescent,
luminescent and colorimetric probes for detection of reactive oxygen
and nitrogen species. Chem. Soc. Rev. 2016, 45, 2976—3016.

(2) Yoo, S. K; Starnes, T. W.; Deng, Q.; Huttenlocher, A. Lyn is a
redox sensor that mediates leukocyte wound attraction in vivo. Nature
2011, 480, 109—112.

(3) Li, X; Zhang, G,; Ma, H; Zhang, D; Li, J; Zhu, D. 4,5-
dimethylthio-4’-[2-(9-anthryloxy)ethylthio]tetrathiafulvalene, a
highly selective and sensitive chemiluminescence probe for singlet
oxygen. J. Am. Chem. Soc. 2004, 126, 11543—11548.

(4) Wright, A. F; Jacobson, S. G.; Cideciyan, A. V.; Roman, A. J;
Shu, X,; Vlachantoni, D.; McInnes, R. R.; Riemersma, R. A. Lifespan
and mitochondrial control of neurodegeneration. Nat. Genet. 2004,
36, 1153—1158.

(5) Pattison, D. L; Davies, M. J. Absolute rate constants for the
reaction of hypochlorous acid with protein side chains and peptide
bonds. Chem. Res. Toxicol. 2001, 14, 1453—1464.

(6) Yang, Y.; Qiu, F.; Wang, Y.; Feng, Y.; Song, X.; Tang, X.; Zhang,
G.; Liu, W. A sensitive and selective off-on fluorescent probe for
HCIO in 100% aqueous solution and its applications in bioimaging.
Sens Actuators B Chem. 2018, 260, 832—840.

(7) Hidalgo, E.; Bartolome, R; Dominguez, C. Cytotoxicity
mechanisms of sodium hypochlorite in cultured human dermal
fibroblasts and its bactericidal effectiveness. Chem.-Biol. Interact. 2002,
139, 265—282.

(8) Li, H; Cao, Z; Moore, D. R; Jackson, P. L.; Barnes, S.;
Lambeth, J. D.; Thannickal, V. J.; Cheng, G. Microbicidal activity of
vascular peroxidase 1 in human plasma via generation of
hypochlorous acid. Infect. Immun. 2012, 80, 2528—2537.

(9) Prokopowicz, Z. M; Arce, F.; Biedron, R; Chiang, C. L.-L;
Ciszek, M.; Katz, D. R,; Nowakowska, M.; Zapotoczny, S.;
Marcinkiewicz, J.; Chain, B. M. Hypochlorous acid: a natural adjuvant
that facilitates antigen processing, cross-priming, and the induction of
adaptive immunity. J. Immunol. 2010, 184, 824—835.

(10) Mao, G.J; Liang, Z. Z.; Bi, ].; Zhang, H.; Meng, H. M,; Su, L,;
Gong, Y. J; Feng, S.; Zhang, G. A near-infrared fluorescent probe
based on photostable Si-rhodamine for imaging hypochlorous acid
during lysosome-involved inflammatory response. Anal. Chim. Acta
2019, 1048, 143—153.

(11) Chen, Z; Liu, Z; Li, Z.; Ju, E.; Gao, N; Zhou, L.; Ren, J.; Qu,
X. Upconversion nanoprobes for efficiently in vitro imaging reactive
oxygen species and in vivo diagnosing rheumatoid arthritis.
Biomaterials 2015, 39, 15-22.

(12) Hazes, J. M. W,; Luime, J. J. The epidemiology of early
inflammatory arthritis. Nat. Rev. Rheumatol. 2011, 7, 381—-390.

(13) Mao, G. J;; Gao, G. Q; Liang, Z. Z.; Wang, Y. Y.; Su, L.; Wang,
Z.X.; Zhang, H.; Ma, Q. J.; Zhang, G. A mitochondria-targetable two-
photon fluorescent probe with a far-red to near-infrared emission for
sensing hypochlorite in biosystems. Anal. Chim. Acta 2019, 1081,
184—192.

(14) Mao, G. J; Wang, Y. Y.; Dong, W. P.; Meng, H. M.; Wang, Q.
Q.; Luo, X. F; Li, Y,; Zhang, G. A lysosome-targetable two-photon
excited near-infrared fluorescent probe for visualizing hypochlorous
acid-involved arthritis and its treatment. Spectrochim. Acta. A Mol.
Biomol. Spectrosc. 2021, 249, 119326.

(1S) Feng, H.; Zhang, Z.; Meng, Q.; Jia, H.; Wang, Y.; Zhang, R.
Rapid Response Fluorescence Probe Enabled In Vivo Diagnosis and
Assessing Treatment Response of Hypochlorous Acid-Mediated
Rheumatoid Arthritis. Adv. Sci. 2018, 5, 1800397.

(16) Yap, Y. W.; Whiteman, M.; Bay, B. H; Li, Y.; Sheu, F. S.; Qi, R.
Z.; Tan, C. H,; Cheung, N. S. Hypochlorous acid induces apoptosis of
cultured cortical neurons through activation of calpains and rupture of
lysosomes. J. Neurochem. 2006, 98, 1597—1609.

(17) Deng, Y.; Feng, S.; Xia, Q.; Gong, S.; Feng, G. A novel reaction-
based fluorescence probe for rapid imaging of HCIO in live cells,
animals, and injured liver tissues. Talanta 2020, 215, 120901.

(18) Kobayashi, H.; Ogawa, M.; Alford, R.; Choyke, P. L.; Urano, Y.
New strategies for fluorescent probe design in medical diagnostic
imaging. Chem. Rev. 2010, 110, 2620—2640.

(19) Ding, Y.; Shi, L.; Wei, H. A "turn on” fluorescent probe for
heparin and its oversulfated chondroitin sulfate contaminant. Chem.
Sci. 2015, 6, 6361—6366.

(20) Han, D; Yij, J; Liu, C.; Liang, L.; Huang, K;; Jing, L; Qin, D. A
fluoran-based viscosity probe with high-performance for lysosome-
targeted fluorescence imaging. Spectrochim. Acta. A Mol. Biomol.
Spectrosc. 2020, 238, 118408.

(21) Kumar, R;; Shin, W. S,; Sunwoo, K; Kim, W. Y.; Koo, S.;
Bhuniya, S.; Kim, J. S. Small conjugate-based theranostic agents: an
encouraging approach for cancer therapy. Chem. Soc. Rev. 2018, 44,
6670—6683.

(22) Xu, Q.; Lee, K. A,; Lee, S.; Lee, K. M.; Lee, W. J.; Yoon, J. A
highly specific fluorescent probe for hypochlorous acid and its
application in imaging microbe-induced HOCI production. ]. Am.
Chem. Soc. 2013, 135, 9944—9949.

(23) Wu, D.; Chen, L,; Xu, Q.; Chen, X; Yoon, J. Design Principles,
Sensing Mechanisms, and Applications of Highly Specific Fluorescent
Probes for HOCI/OCI. Acc. Chem. Res. 2019, 52, 2158—2168.

(24) Kang, J.; Huo, F.; Yue, Y.; Wen, Y.; Chao, J.; Zhang, Y.; Yin, C.
A solvent depend on ratiometric fluorescent probe for hypochlorous
acid and its application in living cells. Dyes Pigm. 2017, 136, 852—858.

(25) Fan, J; Mu, H.; Zhu, H; Dy, J; Jiang, N.; Wang, J.; Peng, X.
Recognition of HCIO in Live Cells with Separate Signals Using a
Ratiometric Fluorescent Sensor with Fast Response. Ind. Eng. Chem.
Res. 2015, 54, 8842—8846.

(26) Zhang, W.; Guo, C.; Liu, L.; Qin, J.; Yang, C. Naked-eye visible
and fluorometric dual-signaling chemodosimeter for hypochlorous
acid based on water-soluble p-methoxyphenol derivative. Org. Biomol.
Chem. 2011, 9, 5560—5563.

(27) Liy, S.; Yang, D.; Liu, Y,; Pan, H,; Chen, H,; Qu, X;; Li, H. A
dual-channel and fast-response fluorescent probe for selective
detection of HCIO and its applications in live cells. Sens Actuators
B Chem. 2019, 299, 126937—126944.

(28) Pan, H.; Liu, Y.; Liu, S.;; Ou, Z; Chen, H; Li, H. A dual-
function colorimetric probe based on Carbazole-Cyanine dyad for
highly sensitive recognition of cyanide and hypochlorous acid in
aqueous media. Talanta 2019, 202, 329—338.

(29) Zhu, B; Li, P.; Shu, W.; Wang, X,; Liu, C.; Wang, Y.; Wang, Z.;
Wang, Y,; Tang, B. Highly Specific and Ultrasensitive Two-Photon

https://doi.org/10.1021/acsomega.1c01102
ACS Omega 2021, 6, 12287—-12292


https://pubs.acs.org/doi/10.1021/acsomega.1c01102?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01102/suppl_file/ao1c01102_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pan+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2593-1023
http://orcid.org/0000-0003-2593-1023
mailto:lp19940626@163.com
mailto:lp19940626@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuejun+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01102?ref=pdf
https://doi.org/10.1039/C6CS00192K
https://doi.org/10.1039/C6CS00192K
https://doi.org/10.1039/C6CS00192K
https://doi.org/10.1038/nature10632
https://doi.org/10.1038/nature10632
https://doi.org/10.1021/ja0481530
https://doi.org/10.1021/ja0481530
https://doi.org/10.1021/ja0481530
https://doi.org/10.1021/ja0481530
https://doi.org/10.1038/ng1448
https://doi.org/10.1038/ng1448
https://doi.org/10.1021/tx0155451
https://doi.org/10.1021/tx0155451
https://doi.org/10.1021/tx0155451
https://doi.org/10.1016/j.snb.2017.12.204
https://doi.org/10.1016/j.snb.2017.12.204
https://doi.org/10.1016/S0009-2797(02)00003-0
https://doi.org/10.1016/S0009-2797(02)00003-0
https://doi.org/10.1016/S0009-2797(02)00003-0
https://doi.org/10.1128/IAI.06337-11
https://doi.org/10.1128/IAI.06337-11
https://doi.org/10.1128/IAI.06337-11
https://doi.org/10.4049/jimmunol.0902606
https://doi.org/10.4049/jimmunol.0902606
https://doi.org/10.4049/jimmunol.0902606
https://doi.org/10.1016/j.aca.2018.10.014
https://doi.org/10.1016/j.aca.2018.10.014
https://doi.org/10.1016/j.aca.2018.10.014
https://doi.org/10.1016/j.biomaterials.2014.10.066
https://doi.org/10.1016/j.biomaterials.2014.10.066
https://doi.org/10.1038/nrrheum.2011.78
https://doi.org/10.1038/nrrheum.2011.78
https://doi.org/10.1016/j.aca.2019.07.040
https://doi.org/10.1016/j.aca.2019.07.040
https://doi.org/10.1016/j.aca.2019.07.040
https://doi.org/10.1016/j.saa.2020.119326
https://doi.org/10.1016/j.saa.2020.119326
https://doi.org/10.1016/j.saa.2020.119326
https://doi.org/10.1002/advs.201800397
https://doi.org/10.1002/advs.201800397
https://doi.org/10.1002/advs.201800397
https://doi.org/10.1111/j.1471-4159.2006.03996.x
https://doi.org/10.1111/j.1471-4159.2006.03996.x
https://doi.org/10.1111/j.1471-4159.2006.03996.x
https://doi.org/10.1016/j.talanta.2020.120901
https://doi.org/10.1016/j.talanta.2020.120901
https://doi.org/10.1016/j.talanta.2020.120901
https://doi.org/10.1021/cr900263j
https://doi.org/10.1021/cr900263j
https://doi.org/10.1039/C5SC01675D
https://doi.org/10.1039/C5SC01675D
https://doi.org/10.1016/j.saa.2020.118405
https://doi.org/10.1016/j.saa.2020.118405
https://doi.org/10.1016/j.saa.2020.118405
https://doi.org/10.1039/C5CS00224A
https://doi.org/10.1039/C5CS00224A
https://doi.org/10.1021/ja404649m
https://doi.org/10.1021/ja404649m
https://doi.org/10.1021/ja404649m
https://doi.org/10.1021/acs.accounts.9b00307
https://doi.org/10.1021/acs.accounts.9b00307
https://doi.org/10.1021/acs.accounts.9b00307
https://doi.org/10.1016/j.dyepig.2016.09.048
https://doi.org/10.1016/j.dyepig.2016.09.048
https://doi.org/10.1021/acs.iecr.5b01904
https://doi.org/10.1021/acs.iecr.5b01904
https://doi.org/10.1039/c1ob05550j
https://doi.org/10.1039/c1ob05550j
https://doi.org/10.1039/c1ob05550j
https://doi.org/10.1016/j.snb.2019.126937
https://doi.org/10.1016/j.snb.2019.126937
https://doi.org/10.1016/j.snb.2019.126937
https://doi.org/10.1016/j.talanta.2019.05.009
https://doi.org/10.1016/j.talanta.2019.05.009
https://doi.org/10.1016/j.talanta.2019.05.009
https://doi.org/10.1016/j.talanta.2019.05.009
https://doi.org/10.1021/acs.analchem.6b04392
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01102?rel=cite-as&ref=PDF&jav=VoR

ACS Omega http://pubs.acs.org/journal/acsodf

Fluorescence Imaging of Native HOCI in Lysosomes and Tissues
Based on Thiocarbamate Derivatives. Anal. Chem. 2016, 88, 12532—
12538.

(30) Xing, P.; Zhang, Z.; Niu, Y;; Qj, Y.; Dong, L.; Wang, C. Water
solubility is essential for fluorescent probes to image hypochlorous
acid in live cells. Chem. Commun. 2018, 54, 9889—9892.

(31) Wu, L; Yang, Q; Liu, L.; Sedgwick, A. C.; Cresswell, A. J.; Bull,
S. D.; Huang, C.; James, T. D. ESIPT-based fluorescence probe for
the rapid detection of hypochlorite (HOCI/CIO(=)). Chem.
Commun. 2018, 54, 8522—8525.

(32) Shi, D; Chen, S.; Dong, B.; Zhang, Y.; Sheng, C.; James, T. D.;
Guo, Y. Evaluation of HOCI-generating anticancer agents by an
ultrasensitive dual-mode fluorescent probe. Chem. Sci. 2019, 10,
3715-3722.

(33) Zhang, Y.; Guan, L,; Yu, H,; Yan, Y,; Dy, L; Liu, Y,; Sun, M;
Huang, D.; Wang, S. Reversible Fluorescent Probe for Selective
Detection and Cell Imaging of Oxidative Stress Indicator Bisulfite.
Anal. Chem. 2016, 88, 4426—4431.

(34) Pak, Y. L,; Park, S. J.; Wu, D.; Cheon, B.; Kim, H. M.; Bouffard,
J; Yoon, J. N-Heterocyclic Carbene Boranes as Reactive Oxygen
Species-Responsive Materials: Application to the Two-Photon
Imaging of Hypochlorous Acid in Living Cells and Tissues. Angew.
Chem., Int. Ed. 2018, 57, 1567—1571.

(35) Wang, B,; Li, P.; Yu, F,; Song, P.; Sun, X,; Yang, S.; Lou, Z,;
Han, K. A reversible fluorescence probe based on Se-BODIPY for the
redox cycle between HCIO oxidative stress and H2S repair in living
cells. Chem. Commun. 2013, 49, 1014—1016.

12292 https://doi.org/10.1021/acsomega.1c01102
ACS Omega 2021, 6, 12287—-12292


https://doi.org/10.1021/acs.analchem.6b04392
https://doi.org/10.1021/acs.analchem.6b04392
https://doi.org/10.1039/C8CC04631J
https://doi.org/10.1039/C8CC04631J
https://doi.org/10.1039/C8CC04631J
https://doi.org/10.1039/C8CC03717E
https://doi.org/10.1039/C8CC03717E
https://doi.org/10.1039/C9SC00180H
https://doi.org/10.1039/C9SC00180H
https://doi.org/10.1021/acs.analchem.6b00061
https://doi.org/10.1021/acs.analchem.6b00061
https://doi.org/10.1002/anie.201711188
https://doi.org/10.1002/anie.201711188
https://doi.org/10.1002/anie.201711188
https://doi.org/10.1039/C2CC37803E
https://doi.org/10.1039/C2CC37803E
https://doi.org/10.1039/C2CC37803E
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01102?rel=cite-as&ref=PDF&jav=VoR

