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HIGHLIGHTS

The probe showed rapid response (within
seconds) to HOCI with high selectivity.
The probe could quantitatively detect
HOCI with high sensitivity, and the limit
of detection was 17 nM.

The probe could be used to detect HOCl in
actual water samples.

The probe could realize the precision dis-
crimination between normal cells and
cancer cells.
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ABSTRACT

The outbreak and spread of Corona Virus Disease 2019 (COVID-19) has led to a significant increase in the consumption
of sodium hypochlorite (NaOCl) disinfectants. NaOCl hydrolyzes to produce hypochlorous acid (HOCI) to kill viruses,
which is a relatively efficient chlorine-based disinfectant commonly used in public disinfection. While people enjoy the
convenience of NaOCI disinfection, excessive and indiscriminate use of it will affect the water environment and
threaten human health. Importantly, HOCl is an indispensable reactive oxygen species (ROS) in human body. Whether
its concentration is normal or not is closely related to human health. Excessive production of HOCI in the body contrib-
utes to some inflammatory diseases and even cancer. Also, we noticed that the concentration of ROS in cancer cells is
about 10 times higher than that in normal cells. Herein, we developed a HOCl-activatable biotinylated dual-function
fluorescent probe BTH. For this probe, we introduced biotin on the naphthalimide fluorophore, which increased the
water solubility and enabled the probe to aggregate in cancer cells by targeting specific receptor overexpressed on
the surface of cancer cell membrane. After reacting to HOCI, the p-aminophenylether moiety of this probe was oxida-
tively removed and the fluorescence of the probe was recovered. As expected, in the PBS solution with pH of 7.4, BTH
could give full play to the performance of detecting HOCI, and it has made achievements in detecting the concentration
of HOCl in actual water samples. Besides that, BTH had effectively distinguished between cancer cells and normal cells
through a dual-function discrimination strategy, which used biotin to enrich the probe in cancer cells and reacted with
overexpressed HOCI in cancer cells. Importantly, this dual-function discrimination strategy could obtain the precision
detection of cancer cells, thereby offering assistance for improving the accuracy of early cancer diagnosis.
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1. Introduction

Since the outbreak of Corona Virus Disease 2019 (COVID-19) began,
there have been serious consequences (Chen et al., 2021; WHO, 2021).
Countries attach great importance to disinfection and sterilization in public
places because of the seriousness of the epidemic (Lewis, 2021; Service,
2020). Sodium hypochlorite (NaOCl) solution is a chlorine-based disinfec-
tant whose active ingredient is sodium hypochlorite, which can be hydro-
lyzed into hypochlorous acid (HOCI) and then produce disinfection and
sterilization effect. NaOCl is also listed by the U.S. Environmental Protec-
tion Agency as one of the most used disinfection active ingredients to con-
tain COVID-19 (EPA, 2021). On the bright side, the use of NaOCl
disinfectant has contributed to limiting the spread of the outbreak. How-
ever, incorrect and indiscriminate use of disinfectants containing NaOCl
will increase the potential risk of ecological and environmental damage
(Chenetal., 2021; Nabi et al., 2020; Thakur et al., 2021). Recent reports in-
dicate that the residues of NaOCl disinfectant entering water will pollute it,
posing a threat to aquatic life, causing ecological damage, and then affect-
ing human health (Chu et al., 2020; Rafiee et al., 2022; Zhang et al.,
2020). Therefore, it is a significant topic to detect whether there is excessive
HOCI in water environment.

On the other hand, HOCl is a vital small molecule in organisms, belong-
ing to one of the reactive oxygen species (ROS), produced by the action of
myeloperoxidase (MPO) on chloride ions (Cl ) and hydrogen peroxide
(H0,), and plays a pivotal role in cell signaling and immune defense sys-
tem (He et al., 2020; B. Wang et al., 2021; Xu et al., 2013; Rayner et al.,
2018; Bauer, 2018). As a “double-edged sword”, HOCI has an evil side. It
has been reported that some inflammatory diseases and even cancer are re-
lated to excessive HOCI concentration (Duan et al., 2019; Hou et al., 2022;
Zhuetal.,, 2018; Pan et al., 2012). Significantly, the concentration of ROS in
cancer cells is about 10 times higher than that in normal cells (Antunes and
Cadenas, 2001; L. Wang et al., 2021; Ye et al., 2017), which may assist in
distinguishing between cancer cells and normal cells. Thus, tracing HOCI
in biosystems is also of extraordinary significance.

Compared with traditional methods, small molecule fluorescent probes
have attracted additional attention in virtue of their advantages including
non-invasiveness, simple operation and real-time imaging (S. Wang et al.,
2021; Shu et al., 2020; L. Wu et al., 2021; X. Wu et al., 2021; Rong et al.,
2021; Zhu et al., 2016). The currently reported HOCI fluorescent probes
have relatively simple functions, and have some disadvantages such as
low sensitivity, long response time and poor water solubility. (Gao et al.,
2021; Hou et al., 2020; Li et al., 2017; Zhu et al., 2021; Zhu et al., 2014).
With regards to this, we designed and synthesized a HOCl-activatable bio-
tinylated fluorescent probe BTH to improve the above shortcomings
(Scheme 1).

As a result of the introduction of the biotin functional group, the water
solubility of BTH is increased, which provides a favorable condition for the
detection of HOCI in aqueous solution. More importantly, biotin is a pivotal
cofactor of carboxylase activity, and it is more favored by rapidly proliferat-
ing cells especially cancer cells (Jang et al., 2017; Said, 1999; Yang et al.,
2009). It is reported that the sodium-dependent multivitamin transporter
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(SMVT) is overexpressed on the membrane surface of cancer cells to ensure
the uptake of biotin by cells (Btauz et al., 2021; Maiti et al., 2013; Vadlapudi
etal., 2012). Hence, BTH containing biotin is more likely to be enriched in
cancer cells, which is instrumental in avoiding the “false positive” results
when distinguishing between normal cells and cancer cells (She et al.,
2021; Wang and Chen, 2021). On the other side, we modified naphthimide
fluorophore with p-aminophenylether an excellent reaction group of HOCI.
BTH was non-fluorescent, which was ascribed to the photo-induced elec-
tron transfer (PET) effect produced by this reactive group (Jia et al.,
2019). As expected, in the PBS solution with pH of 7.4, the probe BTH
showed high sensitivity (LOD = 17 nM), rapid response and specific fluo-
rescence turn-on in the presence of HOCI, and BTH could be applied to
the detection of HOCI in actual water samples. It was worth mentioning
that BTH successfully discriminated between normal cells and cancer cells
by the way of this dual-function discrimination strategy that utilize the en-
richment effect of biotin and the excessive concentration of HOCI, and it
could become a useful tool for early cancer diagnosis.

2. Experimental section

The specific details of chemicals, instruments, and experimental opera-
tions can be found in the supporting information. The synthetic route of
BTH is shown in Scheme 1, and the synthesis of intermediate compounds
is also provided.

2.1. Synthesis of probe BTH

Compound 3 (347 mg, 1 mmol) was dissolved in anhydrous dichloro-
methane (DCM) (10 mL). A solution of D-Biotin (488 mg, 2 mmol) and
4-dimethylaminopyridine (DMAP) (244 mg, 2 mmol) in anhydrous N,N-
dimethylformamide (DMF) (10 mL) was then added. Subsequently,
dicyclohexylcarbodiimide (DCC) (412 mg, 2 mmol) was added in the
above mixed solution. The reaction was stirred at room temperature for
16 h. Then, the DCM from the solution was removed by vacuum concentra-
tion. After adding 150 mL of distilled water to the remaining solution, the
solid was separated out. The crude product was purified by column chroma-
tography over silica gel (dichloromethane: methanol = 30: 1, v/v, as elu-
ent) to afford probe BTH. 'H NMR (400 MHz, DMSO-dg) 8 (ppm): 8.685
(d, J = 7.2 Hz, 1H), 8.516 (d, J = 5.6 Hz, 1H), 8.345 (d, J = 7.2 Hz,
1H), 7.905-7.849 (m, 2H), 6.976 (d, J = 6.8 Hz, 2H), 6.848 (d,J = 7.6
Hz, 1H), 6.708 (d, J = 6.8 Hz, 2H), 6.412 (d, J = 20.0 Hz, 2H), 5.232 (s,
2H), 4.307-4.066 (m, 4H), 2.798 (d, J = 11.6 Hz, 1H), 2.570 (d, J =
12.4 Hz, 2H), 1.939 (s, 2H), 1.523-1.177 (m, 6H). '*C NMR (100 MHz,
DMSO-dg) 6 (ppm): 172.69, 164.20, 163.51, 163.16, 161.07, 147.32,
144.12,133.25,131.70, 129.48, 128.60, 127.16, 123.28, 122.66, 122.12,
115.71, 115.47, 109.67, 61.42, 59.65, 55.81, 36.83, 35.71, 28.54, 28.42,
25.60. HRMS (ESI): Caled for C30H3oNsOsS [M + H] ' 574.2119; Found,
574.2118.

YNH Y
NH, HN\@/\/\/‘LNH
) R
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Scheme 1. The synthetic route of BTH.
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3. Results and discussion
3.1. Rational design and recognition mechanism of BTH

BTH was constructed on the 4-hydroxy-1,8-naphthalimide fluorophore
reported firstly by our group (Zhu et al., 2011). This fluorophore had a con-
spicuous intramolecular charge transfer (ICT) structure, which had aroused
widespread concern (Park et al., 2020; Wen et al., 2017; Zhou et al., 2019).
Furthermore, the p-aminophenylether receptor had been reported to be a
good HOCI detection group and it could produce the PET effect to hinder
the luminescence of BTH (Jia et al., 2019). After BTH reacted with HOCI,
the fluorescence was turned on. Thus, we bonded 4-aminophenol to the flu-
orophore by a nucleophilic substitution reaction to form ether bond like
compound 3. The carboxylic acid moiety on biotin was connected to the
naphthalimide framework through an amide bond, which could increase
the water solubility of BTH and its ability to aggregate in cancer cells
(Jung et al., 2014). Then, we characterized the structure of BTH by 'H
NMR and 'C NMR, and the product of the reaction of BTH and HOCI
was confirmed by HRMS. The proposed reaction mechanism was that the
p-aminophenylether part of the probe was removed by HOCI oxidation
(Scheme 2).

3.2. Time-dependent experiment of BTH towards HOCL

After verifying the correct structure of BTH by means of characteriza-
tion, a series of sensing properties of BTH for responding HOCI were dis-
cussed, using the aqueous solution as test solution with the addition of
phosphate buffered saline (PBS) solution (pH = 7.4). To start with, the
time kinetics experiment of BTH response to HOCI was studied. As could
be seen from Fig. 1, adding HOCI (5 pM) to the probe (5 pM) solution
(10 mM PBS, pH = 7.4), the reaction could be completed within a few sec-
onds. The fluorescence intensity at 553 nm reached the maximum and re-
mained unchanged. This ability of BTH to react rapidly to HOCI,
benefiting from p-aminophenylether group, suggested that BTH could de-
tect HOCI quickly in aqueous solution and had the potential to capture
HOCI in biological systems.

3.3. Quantitative test of HOCI

Furthermore, we performed a fluorescence titration experiment with
HOCI from 0 to 30 uM in the PBS solution of BTH (5 pM). As shown in
Fig. 2A, BTH was barely provided with luminescent properties, which
was ascribed to the PET effect produced by the p-aminophenylether

Biotin functional group

BTH
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Fig. 1. Time kinetic spectra of probe BTH (5 pM) response to HOCI (5 pM) under the
PBS solution (10 mM, pH 7.4) at 25 °C. A, = 468 nm.

receptor. After adding HOCI with a concentration of 0 to 30 uM to the
PBS solution of BTH, a significant emission peak at 553 nm was observed
and the fluorescence intensity increased gradually. In the meanwhile,
when HOCI was in the low concentration range from O to 1 uM, there
existed a good linear correlation that the Y-axis represented the fluores-
cence intensity at 553 nm, and the X-axis represented the concentration
of HOCI (Fig. 2B). The linear regression equation was got asy = 102,923
X [HOCI] (uM) + 35,601 and the square of the correlation coefficient
was 0.9965. The limit of detection was calculated as low as 17 nM. This re-
sult indicated that BTH can be used to detect HOCI in aqueous solution and
will be a potential tool for detecting HOCI in actual water samples. It was
sufficiently sensitive to HOCI under simulated physiological conditions
and was conducive to tracing it in biosystems.

3.4. Selectivity of BTH for HOCI

Subsequently, we evaluated the responsiveness of BTH to various
analytes including ions, biological mercaptans and other reactive oxygen
species (Fig. 3). The fluorescence of BTH at 553 nm did not change signifi-
cantly when other higher concentrations of analytes were added. On the
contrary, low concentrations of HOCI could cause strong fluorescence en-
hancement. In other words, BTH showed satisfactory selectivity to HOCI.
Overall, it was implied that BTH was feasible in the discrimination of
HOCI in aqueous solution.

NH
HN

HOCI1
—

PBS, pH=7.4

Scheme 2. The proposed response mechanism of BTH.
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Fig. 2. (A) Fluorescence spectra changes of probe BTH (5 pM) before and after adding HOCI (0-30 pM) under the PBS solution (10 mM, pH 7.4) at 25 °C. (B) The relationship
between the fluorescence intensity at 553 nm of BTH (5 pM) and the concentration of added HOCI (0-1 pM). Ay = 468 nm.

3.5. Analytical applications of BTH in water samples

Since high concentrations of HOCI in water can cause water pollution
and the death of aquatic organisms, it is of great significance to detect
hypochlorous acid in the water environment. Considering the above rea-
sons, as well as the results of the spectral test, we were motivated to
apply BTH to the detection of HOCI in practical water samples (Table 1).
Three water samples were collected in this work. First, the large impurities
in the water sample were filtered out, and then the treated water sample
was analyzed with BTH. The results show that no HOCI at a higher concen-
tration than 17 nM could be detected in the three water samples. Next, 0.5
pM and 1 pM HOCI were added to the treated water samples and recovered.
The three water samples in the experiment have good recoveries with
93.13%-107.83%. It indicated that BTH could be applied to detecting
HOCI in actual water samples.

3.6. Fluorescence imaging applications of BTH in live cells

The cytotoxicity of BTH was first evaluated before the ability to apply it
in living cells. As shown in Fig. S1, the results of cell counting kit (CCK-8)
analysis showed that BTH had low toxicity to HeLa cells. After that, we
studied the ability of BTH to trace endogenous and exogenous HOCI in
HeLa cells by confocal microscopy (Fig. 4). The cells (Fig. 4b) incubated
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Fig. 3. The fluorescence intensity at 553 nm of probe BTH (5 pM) to analytes
(except for the marked concentration, the others are 100 pM) under the PBS
solution (10 mM, pH 7.4) at 25 °C. Aex = 468 nm.

with only BTH showed stronger green fluorescence than the control cells
(Fig. 4a). Then, HOCI (10 pM) was added to the group b and the green fluo-
rescence was more obvious (Fig. 4c). Equally, the cells that were stimulated
with LPS (Lipopolysaccharide, an inflammatory stimulant) and then treated
with BTH displayed intense fluorescence (Fig. 4d). On the contrary, the
fluorescence of the cells which were pretreated with NAC (Nacetyl-L-cyste-
ine, a hypochlorite scavenger) and then incubated with BTH was feeble
(Fig. 4e). Fig. 4f had compared the fluorescence intensity of cells in each
group. These imaging data demonstrated that BTH could be used to trace
intracellular HOCL

3.7. Application of BTH in distinguishing normal cells and cancer cells

Considering the design idea of BTH, in order to verify the ability of it to
distinguish between normal cells and cancer cells, we selected two types of
normal cells (RAW 264.7 and HUVEC cells) and four types of cancer cells
(MGC-803, HeLa, HepG2 and SH-SY5Y cells) for the experiment. The
above six kinds of cells were incubated with BTH for 25 min. As expected,
the RAW 264.7 and HUVEC cells showed weak fluorescence (Fig. 5a). In
contrast, the green fluorescence of the MGC-803, HeLa, HepG2 and SH-
SY5Y cells was especially strong (Fig. 5b). The histogram also showed a
big difference in the fluorescence intensity between normal cells and cancer
cells (Fig. 5¢). It could be said that BTH had potential application in differ-
entiating between normal cells and cancer cells.

Subsequently, another experiment demonstrated that the biotin portion
of BTH could enable BTH to be enriched in cancer cells. We selected HeLa
cells for biotin inhibition experiment. Cells incubated with biotin followed
by BTH (Fig. 6¢) showed weaker fluorescence intensity than cells incubated
with BTH only (Fig. 6b). The histogram was more intuitive (Fig. 6d). This
result could be ascribed to the early incubation of biotin occupying the re-
ceptor channel on the cell surface and thus blocking the uptake of BTH
(Chai et al., 2021).

On the other hand, we performed the same discrimination experiment
using probe BAH, a probe not modified with biotin (Jia et al., 2019).

Table 1

Performance of BTH in three actual water samples (Sample A: Tap Water, University
of Jinan; Sample B: Jia Zi Lake, University of Jinan; Sample C: Wohushan reservoir
in Jinan, China).

Water samples ~ Found HOCl ~ Added/pM  Found/pM (n = 3)  Recovery/%
Sample A ND 0.5 0.49 £ 0.13 97.21
1 1.06 = 0.07 105.61
Sample B ND 0.5 0.47 + 0.15 93.13
1 0.98 + 0.14 97.69
Sample C ND 0.5 0.54 = 0.03 107.83
1 1.05 = 0.04 105.42
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Fig. 4. Fluorescence imaging of probe BTH in HeLa cells. a) Control cells; b) Cells treated with BTH; c) Cells in group b treated with HOCI (10 pM); d) Cells pretreated with LPS
(Lipopolysaccharide, an inflammatory stimulant, 1.0 pg mL™1) for 12 h and then incubated with BTH (10 uM); e) Cells pretreated with NAC (Nacetyl-L-cysteine, a
hypochlorite scavenger, 500 uM) for 2 h and then treated with BTH (10 pM); f) Fluorescence intensity statistics graph of each group of cells. The time of treating cells
with BTH (10 pM) and HOCI (10 uM) is both 25 min. All cells were treated at 37 °C. Aex = 472 nm, Ae,, = 485-585 nm.
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Fig. 5. The application of probe BTH to distinguish between normal cells and cancer cells. (a) Normal cells incubated with BTH (10 pM) for 25 min at 37 °C, (I-i) RAW 264.7
cells, (II-ii) HUVEC; (b) Cancer cells incubated with BTH (10 pM), for 25 min at 37 °C, (Ill-iii) MGC-803, (IV-iv) HeLa, (V-v) HepG2, (VI-vi) SH-SY5Y; (c) Fluorescence
intensity statistics graph of six kinds of cells. The cells were treated with BTH (10 pM) for 25 min at 37 °C. Aex = 472 nm, Aey, = 485-585 nm.
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Fig. 6. Fluorescence imaging of biotin inhibition experiment. a) Control cells; b) Cells incubated with probe BTH (10 pM); c) Cells pretreated with biotin (50 pM) and then
treated with probe BTH (10 pM); d) Fluorescence intensity statistics graph of each group of cells. The cells were treated with probe BTH (10 pM) for 25 min or biotin (50 pM)
for 30 min at 37 °C. Adey = 472 nm, Ay, = 485-585 nm.
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BAH, without the assistance of biotin, did not tend to accumulate in cancer
cells. The fluorescence of the six kinds of cells was closely after incubation
with BAH (Fig. S9), so the control probe was going to confuse cancer cells
with normal cells. These above results might provide forceful evidence
that BTH could be a useful tool for tumor imaging.

4. Conclusions

In this work, we designed and synthesized a biotin-functionalized fluo-
rescent probe BTH. When there existed HOCI, BTH with good water solubil-
ity and high sensitivity could selectively turn on fluorescence as well as had
the ability of rapid respond, which could be used for the detection of HOCI
in aqueous solution. Moreover, the biotin part of BTH could enrich it in can-
cer cells, and with the help of the difference in the basal HOCI concentra-
tion between normal cells and cancer cells, that could avoid “false
positive” results and achieved the purpose of effectively distinguishing nor-
mal cells and cancer cells. Hence, we do hope that BTH might be a useful
tool for detecting excessive HOCI in water environment and the early
diagnosis of cancer.
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