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Hypochlorite (C1O ™) could be used as a diagnostic marker for inflammation and related diseases. Although there
have been many reports on probes for CIO~ imaging, there was still a lack of specificity and anti-interference
ability. Herein, carbazole (NEC) and tetraphenylethylene (TPE) equipped with thiobarbituric acid (TBA), NEC-
TBA and TPE-TBA, were synthesized and used as a fluorescence biosensor for monitoring CIO~ with aggrega-
tion-induced emission (AIE) effect. we identified that TPE-TBA, with formed nanoparticles in the mean grain size

at 76 nm (5 pM), was a superior probe to target ClIO™ over other analytes with fluorescence “turn off” strategy.
Subsequently, to explore the bioimaging application, TPE-TBA was able to sense exogenous ClO ™ in living HeLa
cells through fluorescence imaging. In zebrafish model, TPE-TBA effectively captured exogenous ClO~ in the
entire organization of zebrafish. Overall, these AIE-based probes merit further development as organism tar-

geting CIO ™ sensors.

1. Introduction

Redox homeostasis of intra-cellular was of great importance in the
field of physiology and pathology [1]. The destruction of redox
homeostasis was closely related to some human diseases, such as
cancer, neurological diseases, cardiovascular diseases, diabetes and
gastrointestinal diseases [2-6]. Thus, cells have a fine regulatory system
to maintain their redox balance, and can buffer changes in abnormal
redox states by redox active molecules such as reactive oxygen, reactive
nitrogen, activated carbon, and active sulfur [7-9]. These molecules
undergo interaction and mutual transformation to promote a home-
ostasis of intracellular redox states. However, the most important oxi-
dant in ROS was hypochlorous acid (HCIO), which was a reactive
oxygen molecule. The hypochlorous acid in the organism mainly pro-
duced by the catalytic action of peroxidase contains hydrogen peroxide
(H50-) and chloride ion (C17) [10]. It plays an important role in the
immune system, such as resistance to pathogenic microorganisms[11],
resistance to viruses [12], and so on. When the concentration in the
organism is unstable, it causes a series of diseases such as Parkinson's
disease, Alzheimer's disease, cerebral ischemia and cancer [13-16].

Therefore, qualitative and quantitative detection of intracellular H,S
and HCIO were of great significance. A series of detection methods have
been developed in recent decades, such as colorimetry, electrochemical
analysis, chromatographic analysis [17-19]. However, these methods
are often cumbersome, and meanwhile, some work must be done in
organic or organic/aqueous media to limit its application [20]. Com-
pared with the above methods, the fluorescence detection method is
widely used in biology because of its lower cost, higher selectivity and
sensitivity, wider detection range, faster response time, and no damage
to samples during the detection process [21,22]. At the same time, the
detection process does little damage to the cells, and the combination of
fluorescence detection and microscope can provide in vivo with real
time response. Therefore, the detection of CIO~ by fluorescence has
received widespread attention and significant development.

At present, many fluorescent probes for detecting hypochlorous acid
have been reported, including BODIPY-based ClIO~ fluorescent probe
[23,24], rhodamine-based ClO~ fluorescent probe [25,26], fluorescein-
based CIO™ fluorescent probe [27,28], and cyanine dye-based ClO™
Fluorescent probes [29,30], p-methoxyphenol-based ClIO~ fluorescent
probes [31,32], coumarin-based ClIO~ fluorescent probes [33,34], and
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metal complex-based ClIO~ fluorescent probes [35-37]. These probes
have their own advantages and disadvantages. Based on the above
characteristics, a fluorescent probe based on aggregation induced lu-
minescence (AIE) has been developed. This kind of organic small mo-
lecule fluorescent probe inherits the traditional organic molecular
fluorescent probe. Advantages (such as high sensitivity, good se-
lectivity, simple operation, real-time analysis, etc.) while overcoming
its biggest drawbacks (aggregation-induced quenching, ACQ), which
also gives good fluorescence at high concentrations or aggregates
[32,38-40]. This makes it a significant advantage in the detection,
imaging, etc. of various target ions or active small molecules in biolo-
gical systems. Therefore, the synthesis of AIE-based organic small mo-
lecule fluorescent probes and their application in detection and imaging
have become a research hotspot.

In this work, we have designed and synthesized two fluorescent
probes carbazole-based (NEC-TBA) and tetraphenylethylene-based
(TPE-TBA) to detect CIO ™. Tetraphenylethene derivatives, which have
obviously AIE effect, and were used as the fluorophore, and carbazole
was no AIE effect. Both of sensors were recognition CIO~ with “turn
off” strategy, which the response mechanism of the probe toward CIO ™
were confirmed with TEM and 'H NMR. Furthermore, these two probes
were successfully used for bioimaging ClO ™ in living cells and zebra-
fish.

2. Experimental section
2.1. Materials and apparatus

Reagents were obtained from commercials and used as received
without further purification. Sodium hypochlorite was purchased from
Aladdin stored at 4 °C, and all of other chemicals were purchased from
Aladdin and Sigma-Aldrich. HeLa cells were provided by ATCC
(Manassas, VA) and zebrafish were got from the Animal Ethics
Committee of Wenzhou Medical University. Absorption spectrum and
emission spectrum were recorded on UV-2600 form SHIMADZU and
RF-45301 from SHIMADZU, respectively. NMR spectra were obtained
on a Bruker Ascend 400 spectrometer in DMSO-d6. Cells and zebrafish
fluorescent images were acquired on confocal microscopy with Nikon-
Al.

2.2. Synthesis and characterization of NEC-TBA

To a solution of 9-ethyl-9H-carbazole-3-carbaldehyde (250 mg,
1.12 mmol) in absolute ethanol (EtOH, 15 mL) was added 2-thiox-
odihydropyrimidine-4,6(1H,5H)-dione (241.9 mg, 1.68 mmol). After
the reaction mixture was stirred at reflux for 4 h, the reaction mixture
was filtered through a Buchner funnel, and filter cake was washed with
ethanol to afford 312.7 mg of NEC-TBA as a red solid. Yield: 80%; 'H
NMR (600 MHz, DMSO-dg) & in ppm: 12.37 (s, 1H), 12.28 (s, 1H), 9.35
(d, J = 1.6 Hz, 1H), 8.68 (dd, J = 9.0, 1.6 Hz, 1H), 8.54 (s, 1H), 8.19
(d,J = 7.8 Hz, 1H), 7.75 (d, J = 9.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H),
7.62-7.49 (m, 1H), 7.34-7.31 (m, 1H), 4.52 (q, J = 7.2 Hz, 2H), 1.35
(t, J = 7.2 Hz, 3H); *C NMR (151 MHz, DMSO-de) & in ppm: 178.78,
163.17, 160.82, 158.59, 143.71, 140.99, 134.40, 130.82, 127.52,
124.32, 123.15, 123.10, 121.32, 121.28, 114.75, 110.83, 109.90,
38.14, 14.43; HRMS (ESI) m/z [M+1]*: Caled for C;oH;6N30,S,
350.0958, found, 350.0960.

2.3. Synthesis and characterization of TPE-TBA

To a solution of 4-(1,2,2-triphenylvinyl) benzaldehyde (250 mg,
8.2 mmol) in absolute ethanol (EtOH, 15 mL) was added 2-thiox-
odihydropyrimidine-4,6(1H,5H)-dione (177 mg, 1.23 mmol). After the
reaction mixture was stirred at reflux for 4 h, the reaction mixture was
filtered through a Buchner funnel, and filter cake was washed with
ethanol to afford 297 mg of TPE-TBA as a yellow solid. Yield: 75%; 'H
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NMR (600 MHz, DMSO-dg) 8 in ppm: 12.47 (s, 1H), 12.35 (s, 1H), 8.21
(s, 1H), 8.09 (d, J = 8.5 Hz, 2H), 7.33-7.15 (m, 9H), 7.12 (d,
J = 8.5 Hz, 2H), 7.10-7.01 (m, 6H); 13C NMR (151 MHz, DMSO-dg) 8 in
ppm: 178.27, 161.63, 159.38, 154.76, 148.29, 142.62, 142.55, 142.39,
142.28, 139.63, 133.71, 130.58, 130.52, 130.49, 130.45, 130.39,
127.92, 127.88, 127.69, 126.94, 126.72, 118.24; HRMS (ESI) m/z [M
+117": Caled for C31H,3N505S, 487.1475, found, 487.1475.

2.4. Spectrum measurements

The stock solution of NEC-TBA and TPE-TBA were prepared in
DMSO with the concentration of 10 mM, which prepared working so-
lution with H>O (0.1% DMSO) system in 20 pM and 10 pM for ab-
sorption spectrum and emission spectrum tests, respectively. The de-
tecting ions (ClO™) and other various interferential analytes stock
solutions [GSH, Cys, NaHS, NaClO, Na,SO3, NaHSO3; and H,0-] were
prepared at 200 pM in deionized water. The work system solution
contained NEC-TBA or TPE-TBA, H,0 (0.1% DMSO) and 5.0 equiv. of
each analytes.

2.5. Cytotoxicity assays

The toxicological evaluation of NEC-TBA and TPE-TBA to Hela
cells were employed by traditional methods MTT assays [41]. HeLa
cells were cultured and seeded in 96-well plates with 2 x 10* cells/mL,
and after treatment by various concentrations of NEC-TBA and TPE-
TBA from 0 uM to 100 uM at 37 °C for 24 h and 72 h. After that 10 uL
MTT (5 mg/mL) was added to each well, and incubated with 4 h under
the same condition, and was added 150 puL DMSO to dissolve pre-
cipitation after the supernatants were aspirated. To record the absor-
bance at 570 nm by microplate reader. The cell viability (%) = (ODs-
ODb)/(ODc-ODb) X 100%, there s-sample, b-blank and c-control. All
samples were repeated three times in parallel and averaged (n = 3).

2.6. Cell culture and imaging

Dulbecco's Modified Eagle Medium (DMEM, Hyclone) used for
MRC-5 cells cultured, and 10% fetal calf serum (FBS, Sijiging), peni-
cillin (100 U/ml, Hyclone) and streptomycin sulfate (100 U/ml,
Hyclone) were added in above medium, and cultured at 37 °C of 5%
CO, and 95% air atmosphere condition [42]. HeLa cells were seeded in
confocal dish processing for the night prior to imaging experiments.
After that the cells were pretreated with 10 pM free NEC-TBA or TPE-
TBA for 20 min, and then incubated with 50 uM of analytes including
Cys, GSH, NaHS and NacClO for 20 min. Cellular imaging was performed
after washing the cells thrice with PBS. Fluorescent imaging was taken
in red channel on confocal microscopy with Nikon-Al.

2.7. Fluorescence imaging in zebrafish

The 5-day old zebrafish were cultured and transferred to 24-well
plate, and 10 uM of free NEC-TBA or TPE-TBA was added for 20 min
and washed with PBS, and then 50 pM of analytes including Cys, GSH,
NaHS and NaClO were added respectively, which were incubated with
20 min further [43]. The zebrafish were washed and transferred to a
new confocal dish for narcosis (3-Aminobenzoic acid ethyl ester me-
thanesulfonate, MS222) and imaging.

3. Results and discussion
3.1. Design and synthesis of sensors

In this contribution, an AIE-based sensor could be used for detection
with advantages of high tissue penetration, low cells damage and low

fluorescence interference of biological tissues with better applications
for biological detection and imaging. Based on this principle, the
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Scheme 1. Synthetic route of sensors NEC-TBA and TPE-TBA.

carbazole-based (NEC-TBA) (As a non-AlE structure, NEC-TBA was
supplemented as a control) and tetraphenylethylene-based (TPE-TBA)
biosensors were designed and synthesized from the reaction of thio-
barbituric acid with carbazole-based aldehyde and tetra-
phenylethylene-based aldehyde, respectively (Scheme 1). The
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molecular structure was confirmed by NMR (*H and '3C) and mass
spectrum as shown in Figs. S1-S3. The absorption spectra of NEC-TBA
and TPE-TBA in DMSO and H,O solution system were presented in
Fig. 1. Both of them have optimum excitation wavelength peaks (Ex) at
488 nm and 435 nm in DMSO solution system, which were contributed
to the electron n—t* transition on moiety. Meanwhile, both of them
have optimum excitation wavelength peaks (Ex) at 480 nm and 455 nm
in H,0 solution system with a blue shift compared to DMSO system.

3.2. Proposed sensing mechanism

To confirm the sensing mechanism of NEC-TBA and TPE-TBA for
detecting ClO ", the reaction product of TPE-TBA with ClIO~ was were
characterized by 'H NMR and MS. The probe TPE-TBA structure has a
very good conjugated system and exhibits strong red fluorescence. With
addition of sodium hypochlorite, the original conjugated system of the
probe was destroyed due to the oxidation of hypochlorite, which was
caused probe fluorescence to quench. In order to verify the above
conjecture, mass spectrometry was performed on the probe TPE-TBA
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Fig. 1. The normalized absorption and fluorescence spectra of sensors NEC-TBA in DMSO (a) and H,O (b), and TPE-TBA in DMSO (c) and H,O (d) solution system.
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Fig. 2. '"H NMR spectra titration of TPE-TBA after treatment with different
concentrations of NaClO in D,O (400 MHz).

solution to which sodium hypochlorite solution was added. Mass
spectrometry showed that the signal peak of m/z = 361.15 and 145.00
appeared in the reaction solution, which were tetrastyrene aldehyde
(m/z = 360.15) and thiobarbituric acid (m/z = 144.00) fragments
respectively, and the mass spectrum signal peak of the probe TPE-TBA
was [M+H] = 487.15 (Fig. S3). This indicates that the probe TPE-TBA
was oxidized in the action of hypochlorous acid with the C=C bond
was broken, and the original product were formed. The above results
indicate that the probe TPE-TBA was oxidized under the action of hy-
pochlorous acid to form tetrastyrene aldehyde and thiobarbituric acid,
and the original conjugated system was destroyed, thereby generating a
change in the fluorescent signal. To gain some insights of the binding
mode of TPE-TBA with CIO ~, we studied the oxidation products by 'H
NMR spectrum titration (Fig. 2).When 0, 5, 10 uM ClO ™~ was separately
added to TPE-TBA, one of the two —-NH signal at 12.47 and 12.35 was
shifted to 11.54 and 11.5 ppm and the other at 9.96 ppm appeared
gradually, the HC=C signal at § 8.21 and 8.09 ppm disappeared
completely with the same time, which support the notion that the C=C
group of TPE-TBA between the tetrastyrene aldehyde and thiobarbi-
turic acid was fractured with oxidation of C1O ™. Moreover, we studied
the nanoaggregates using transmission electron microscope (TEM) and
dynamic light scattering (DLS). The formation of spherical nanoag-
gregates with a diameter in the range 60-90 nm has been observed by
TEM as shown in Fig. 3, this size was smaller than that (~100 nm)
determined by the DLS (Fig. S4). As previously reported[44,45], TPE-
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TBA has an AIE structure, which can aggregate to form nanoparticles in
aqueous systems, whereas the NEC-TBA structure does not have the AIE
effect, and it is in the form of a solution .

3.3. Absorption and emission spectrum titration

The absorption titration of fluorescence probe was initially in-
vestigated with various amounts of ClIO ™. As shown in Fig. S5, the NEC-
TBA in H,O solution displayed two absorption bands at 338 nm and
480 nm respectively, which might be ascribed to the corresponding
thiobarbituric acid moiety and carbazole moiety. The absorbance of
signals at 338 nm and 480 nm decreased step by step with the increase
of ClO™ respectively, presenting that the conjugated system of the
molecule structure was changed due to reaction between NEC-TBA and
ClO™. The absorption profile was changed when 5.0 equivalents of
ClO~ was introduced. TPE-TBA exhibits evident bands around 435 nm.
Upon addition of CIO~ (5.0 equivalent), the absorption intensity of
signals was faded, which further confirms the reaction between TPE-
TBA and ClO . The fluorescence spectra of NEC-TBA in the presence of
various concentrations of CIO~ in H,O solution were shown to Fig. 4.
With excited at 480 nm, free NEC-TBA presented strong fluorescence
peaked at 648 nm. With increase concentrations of ClIO~ led to a pro-
minent fluorescence faded away, and fluorescence quenched with 5.0
equivalents of ClIO~ added. Moreover, upon excitated at 455 nm, the
free TPE-TBA exhibited obvious emission spectra at 678 nm. The
fluorescent intensity at 678 nm decreased step by step with addition of
ClO™, and the fluorescence quenched and remained stable upon the
addition of 5.0 equivalents of CIO~ (Fig. 4).

In order to study the selectivity of NEC-TBA and TPE-TBA, we se-
lected a lot of analytes for fluorescence titration detection. It can be
seen from Fig. S6 that when other analytes were added to NEC-TBA,
and the fluorescent signal of NEC-TBA were decreased and disappeared
shown in Fig. S6. However, gradually adding the corresponding ana-
lytes to TPE-TBA did not produce a significant change in the fluores-
cence of TPE-TBA shown in Fig. S7. The results show that TPE-TBA has
good selectivity compared to TPE-TBA. The limit of detection (LOD) of
sensors for ClO- were calculated based on 38/K, 8 was the standard
deviation of the blank sample and K was the slope of the linear re-
gression equation. As shown in Fig. S8, the LOD of NEC-TBA and TPE-
TBA were calculated for 312 nM and 334 nM, respectively, which was
comparable to previously reported CIO~ proportional fluorescent
probes (Table S1). These results indicate that both of sensors could be
detected CIO~ with high sensitivity.

3.4. Cells imaging
With excellent properties, the potential biological application of

NEC-TBA and TPE-TBA for fluorescent imaging of CIO ™ in living HeLa
cells was studied. Cell bioimaging were executed in HeLa cell lines. The

Fig. 3. Transmission electron microscope images of the TPE-TBA (10 uM), and local amplification analysis.



H. Chen, et al.

(a) 2400

—
®
o
<

Intensity (a.u.)
X
3

560 640 720 800
Wavelength (nm)

Talanta 214 (2020) 120842

(b) 2500

= 20004}

a.u

- 1500+

1000+

Intensi

500+

0' T T
560 640 720 800
Wavelength (nm)

Fig. 4. Fluorescence spectra (10 pM) of NEC-TBA (a) and TPE-TBA (b) as well as the color change (insets) with addition of CIO~ (5.0 eq.) at in water solution system.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

cytotoxicity of NEC-TBA and TPE-TBA were evaluated by traditional
MTT assay, and the results exhibited that about 70% of cells still re-
mained alive even though 20 pM probes were normalized for 24 h and
72 h (Fig. S9), revealing NEC-TBA and TPE-TBA had low cytotoxicity
and could be further used for cell imaging experiments. Subsequently,
to demonstrate the capability of probe to sense exogenous ClO ™ in cells,
we performed imaging assay with negative and positive control as

NEC-TBA NaClO

Bright Field Red Channel

Merge

GSH Cys

powerful evidence. Cell lines were stained with probes (10 uM) at 37 °C
for 20 min after washed thrice with PBS. Under the above system, C10 ™
(50 uM) were added and incubated for 20 min at 37 °C further, re-
spectively. As shown in Fig. 5, when incubated only NEC-TBA in HeLa
cells, the luminous red fluorescence of NEC-TBA was found in the cy-
toplasm. Whereas, when the cell culture was incubated with a con-
centration of NaClO, GSH, Cys and NaHS (50 uM) respectively, and the

NaHS

Fig. 5. Confocal fluorescence images of HeLa cells. HeLa cells were incubated with NEC-TBA (10 uM) for 20 min, further incubated with 50 uM NaClO, GSH, Cys and

NaHS for 20 min, respectively.
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NaHS

Fig. 6. Confocal fluorescence images of HeLa cells. HeLa cells were incubated with TPE-TBA (10 pM) for 20 min, further incubated with 50 pM NaClO, GSH, Cys and

NaHS for 20 min, respectively.

cells start to show no fluorescence in the cytoplasm. However, the re-
markable fluorescence was found in the red channel when the cells
were pretreated with TPE-TBA, which was illustrated that this probe
has a good cell permeability as shown in Fig. 6. While, a disappeared of
fluorescence signal was observed with incubated with ClIO™ furtherly.
In comparison, the insusceptible fluorescence intensity in the red
channel were observed with addition of 50 uM other analytes including
GSH, Cys and NaHS, which was suggested that TPE-TBA could be
capable of sensing ClO~ for specificity. Thus, these results clearly in-
dicated that the TPE-TBA probe meet the requirements for monitoring
of exogenous CIO™ in living cells.

3.5. Zebrafish imaging

With normal metabolic processes, organisms can spontaneously
produce various ROS (ClO ) through organs, and the body also reg-
ulates the redox homeostasis through ClIO™ in organism. Therefore,
monitoring the content of CIO™ in organisms by fluorescent probe
method has potential research value. Most of studies reported have
demonstrated that the possibility of fluorescence imaging was restricted
to cell level. However, biological imaging of ClIO~ by fluorescent
probes in normal organisms still faces the problem of sensitivity and
stability of the probe and its ability to pass various biological barriers.
To get insight into the feasibility of NEC-TBA and TPE-TBA respond to
ClO ™, five-days-old zebrafish, a popular vertebrate model, were chosen
as our research model system. As Fig. 7 shown that the zebrafish were
cultured in embryo medium, and incubated with NEC-TBA (10 uM) for
20 min to insured sensor to permeate into the whole tissues of zebra-
fish, which exhibited a visible red fluorescence in zebrafish, which were
showed that NEC-TBA could response to exogenous ClO ™ in zebrafish
with good biocompatibility. There was almost no fluorescence was
found in the red channel when the zebrafish were pretreated with CIO™
(50 uM), which fluorescence quenching by exogenous ClO~. In

addition, the zebrafish pretreated with NEC-TBA and washed thrice
with PBS, and further incubated with 50 uM GSH, Cys and NaHS re-
spectively, which were displayed the similar results as ClIO~ with
fluorescence quenching. Subsequently, probe TPE-TBA was addition in
zebrafish as shown in Fig. 8, which exhibited a prominent red fluor-
escence in whole of zebrafish. However, the zebrafish pretreated with
TPE-TBA, and further incubated with NaClO, GSH, Cys and NaHS
(50 uM) respectively, which displayed only ClO- group was on fluor-
escence signal, while GSH, Cys and NaHS group had no effect on TPE-
TBA imaging in zebrafish with the same results to cells imaging ex-
periment, which were might be due to the formation of nanoparticles
by TPE-TBA, and consistent with the results described in the previous
spectroscopy data. Collectively, all these results convincingly indicated
that TPE-TBA possessed the high tissue penetration capacity and could
be realized the visualization of ClIO~ in organism, which have a po-
tential application for living imaging to response ClO ™. The above re-
sults indicate that TPE-TBA has potential application for bioimaging in
living biosystem.

4. Conclusions

In summary, there was designed and synthesized a carbazole-based
and tetraphenylethylene-based fluorescent probe NEC-TBA and TPE-
TBA employing TBA group as the recognition receptor of ClIO~. TPE-
TBA exhibits excellent selectivity toward ClIO~ over other analytes,
including Cys, GSH, SO52~, HS™ and HSO;~, which might be con-
tributed to the oxidative cleavage of TPE-TBA moiety via the isolation
of TBA group to form aldehyde group. Meanwhile, TPE-TBA could be
formed nanoparticles to avoid the oxidization by other analytes except
for CIO™. Moreover, experiments on bioimaging applications demon-
strate TPE-TBA can specifically monitor the exogenous of cellular CIO ™
levels from HeLa cells with low cytotoxicity. Subsequently, to take
advantages of penetrability imaging in zebrafish, the results shown that
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Fig. 7. Confocal fluorescence images of zebrafish. 5-days-old zebrafish were incubated with NEC-TBA (10 pM) for 20 min and washed with PBS, further incubated
with 50 uM NacClO, GSH, Cys and NaHS for 20 min, respectively.

NEC-TBA NaClO NaHS
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Fig. 8. Confocal fluorescence images of zebrafish. 5-days-old zebrafish were incubated with TPE-TBA (10 uM) for 20 min and washed with PBS, further incubated
with 50 uM NacClO, GSH, Cys and NaHS for 20 min, respectively.
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TPE-TBA has been successfully monitored and imaged exogenous of
ClO™ in zebrafish.
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