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Highly sensitive benzothiazole-based
chemosensors for detection and bioimaging of

peroxynitrite in living cellst
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It is well accepted that peroxynitrite (ONOO™) plays a crucial role in various physiological and pathological
processes. Thus, the detection and imaging of ONOO™ in vitro and in vivo with high selectivity and
sensitivity is of great significance. Here we report two simple benzothiazole-based fluorescent

chemosensors, BS1 and BS2. Under physiological pH, both probes could quickly sense ONOO™ with
a remarkable “turn-on” fluorescence signal at 430 nm. The limit of detection (LOD) of BS1 and BS2
toward ONOO™ was 12.8 nM and 25.2 nM, respectively, much lower than the reported values.
Experimental results indicated that BS1 with a diphenyl phosphonate unit presented higher selectivity for
ONOO™ than BS2. Furthermore, based on the advantages of lower cytotoxicity and pH-stabilities of BS1,

probe BS1 was successfully employed to detect and image ONOO™ in HepG2 cells. More importantly,
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we used BS1 to successfully showcase drug-induced hepatotoxicity via imaging ONOO™ upregulated by

acetaminophen (APAP), and also evaluated the remediation effect of GSH. All the results illustrated that
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rsc.li/rsc-advances

1. Introduction

The liver is a very important organ in the human body, which
has the function of regulating metabolism and drug detoxifi-
cation." Drug-induced liver injury (DILI) has always been
common in clinical patients and could cause acute liver failure,
which generally endangers human health and even life.”
According to statistics, the annual incidence of DILI is
approximately one in 10 000 people.** Consequently, the
development of an accurate and reliable method for early
diagnosis of drug-induced hepatotoxicity is necessary and
beneficial. However, due to the complexity of the pathophysi-
ological mechanisms, the early diagnosis of DILI by the Rous-
sel Uclaf causality assessment method (RUCAM) involved some
drawbacks, such as relatively cumbersome operations and
delayed diagnosis, and has rarely obtained satisfactory pre-
dicted results.® Generally, some reports revealed that drug
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the fluorescent probe BS1 has great potential for the detection of ONOO™ and to further uncover the
roles of ONOO™ during the drug-induced liver injury (DILI) process.

metabolism could cause liver injury with the generation of
reactive species including reactive oxygen species (ROS) and
reactive nitrogen species (RNS).*” Therefore, ROS and RNS
could be used as biomarkers for the early diagnosis of drug-
related hepatotoxicity.*®

Peroxynitrite (ONOO™), a highly reactive oxygen and nitrogen
species (RONS), originates from the chemical transformation
between nitric oxide ("NO) and superoxide anions (O, )."*** It
has been universally known that ONOO™ is not only a kind of
biological endogenous oxidant but an efficient nitration agent,
which could easily nitrify or oxidize amino acids like tyrosine
and consume biothiols, and consequently do irreversible
damage to proteins, nucleic acid and lipids."*™*® Therefore, the
level change of ONOO™ in the organism could been considered
as an important pathogenic indicator for early diagnosis of
DILI."7?%* Despite of the general recognition in the formation
of ONOO™ and its importance in physiological and pathological
processes, it has still many difficulties in tracking and moni-
toring directly in situ. The reasons lie in dynamic changes of
ONOO™ concentration and short half-life time (~10 ms) in vivo
and in vitro as well as mutual competition and inter-conversion
among endogenous biomolecules, which make selective detec-
tion of ONOO™ in intricate physiological environment more
challenging.'***” Thus, given the significant role and specialty
of ONOO™, it is in urgent need of a reliable and effective
analytical method in detecting and visualizing ONOO™ in
practical biological systems.
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Fortunately, owing to the real-time visualization, instanta-
neous response, nature,
fluorescence-based techniques makes accurate and efficient
determination and imaging of ONOO™ possible.?®>* Recently,
much efforts have been devoted to exploiting and designing
novel fluorescent ONOO™ probes with excellent selectivity and
sensitivity. From the recent reviews of fluorescent chemo-
sensors for ONOO™ detection, it could be concluded that these
fluorescent ONOO™ probes were developed based on the strong
oxidation, nitration, and nucleophilicity of ONOO™, which
usually incorporate some particular reactive moieties into

convenience and noninvasive

different chromophores, such as alkene,**?* N-amino-
phenol,**?¢ active ketone,*** arylboronic esters,**** organo-
selenium/organotellurium** and diphenyl phosphonate

unit.’**” Taking advantage of these reactive sites, the probes
would release their masked fluorescence upon attacked by
ONOO", which makes them promising biosensors for ONOO™
detection and imaging. However, there are also many disad-
vantages of sensors reported already, like poor biocompatibility,
photobleaching, low sensitivity, obvious interference from
other RONS, making them unsuitable for the determination of
ONOO™ in real bio-samples. Herein, in face of the arduous
problems, it is still of great significance to exploit exquisite
fluorescent ONOO™ probes and uncover the biofunctions of
ONOO in living systems.

Inspired by the previous works, two simple benzothiazole-
based fluorescent probes, BS1 and BS2, for the detection and
imaging of ONOO™ in vitro and vivo were designed for that
benzothiazole probes share the merits of high quantum yield
and large Stokes shift.*® And the two probes were easily obtained
based on the condensation reaction of 2-aminothiophenol and
aromatic aldehydes in the presence of catalytic amount of lan-
thanum(m) nitrate hexahydrate in a considerable yield under
mild conditions.* The difference of the probes in structure is
that BS1 possesses a reactive electron withdrawing diphenyl
phosphonate unit while BS2 bears a pinacol boronic ester group
for monitoring ONOO™. Both probes showed excellent
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sensitivity and rapid response toward ONOO™ in comparison
with the previously reported ONOO™ probes (Table Sift).
However, it's worth noting that the probe BS1 with diphenyl
phosphonate unit showed better selectivity than BS2 bearing
a pinacol boronic ester group. Thus, BS1 was then employed to
monitor the fluctuation of ONOO™ level regulated by antipyretic
acetaminophen (APAP) drug via fluorescence imaging. Encour-
agingly, with the help of probe BS1, the experiments demon-
strated that APAP-induced hepatotoxicity was accompanied
with the up-regulation of ONOO™. Moreover, the use of GSH
(ONOO™ scavenger) could alleviate drug-induced damage,
which might open the door for the nontoxic metabolism of
APAP. This study would provide a potential approach for the
early diagnosis and therapy of DILI.

2. Experimental

Materials and instruments, synthesis and characterization of
BS1 and BS2, general procedure for spectroscopic studies, cell
culture and fluorescent imaging studies were listed in the ESL.¥

3. Results and discussions
3.1 Synthesis of probes BS1 and BS2

The reasonable route for preparing sensors BS1 and BS2 were
presented in Scheme 1. Structurally, the two simple probes BS1
and BS2 share same benzothiazole moiety and were prepared in
a similar approach where La(NO;);-6H,0 served as an efficient
catalyst. The concrete synthesis information was outlined in
ESL.f The structures of probes BS1, BS2 and intermediates
involved were exactly characterized through NMR and HR-MS
spectroscopy (Fig. S1-S71).

3.2 The optical response of BS1 and BS2 toward ONOO ™~

The response of BS1 and BS2 toward ONOO™~ were evaluated in
the DMSO/PBS solution (10 pM, 25% DMSO in PBS, pH = 7.4).

O:P
La(NO3)5+6H,0 @@
BS1
>?<o
|
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Scheme 1 Synthetic route of benzothiazole-based probe BS1 and BS2.
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(a) Absorption and fluorescence spectra of BS1 before and after reacting with ONOO™. Inset: photographs of reaction mixture in the

absence (left) and presence (right) of ONOO™ under 365 nm lamp. (b) Changes in fluorescence intensity of BS1 (10 uM) upon addition of different
amounts of ONOO™ (0-10 uM). (c) Fluorescence response of BS1 (10 uM) at 430 nm with various bioanalytes: (1) blank; (2) Na* (1.0 mM); (3) K*
(1.0 mM); (4) Fe** (1.0 mM); (5) Zn?* (1.0 mM); (6) Cu®* (1.0 mM); (7) Ca®* (1.0 mM); (8) A** (1.0 mM); (9) Mg?* (1.0 mM); (10) SOz~ (1.0 mM); (11)
S042~ (1.0 mM); (12) COs%~ (1.0 mM); (13) HCOs™ (1.0 mM); (14) NO,™ (1.0 mM); (15) NOs™ (1.0 mM); (16) PO,>~ (1.0 mM); (17) CL™ (1.0 mM); (18)
H5S (1.0 mM); (19) GSH (1.0 mM); (20) Cys (1.0 mM); (21) Vitamin C (1.0 mM); (22) AcOK (1.0 mM); (23) *OH (1.0 mM); (24) H,O, (1.0 mM); (25) 1O,
(1.0 mM); (26) NaClO (1.0 mM); (27) NO (1.0 mM); (28) TBHP (1.0 mM); (29) HNO (1.0 mM); (30) O, (1.0 mM); (31) ONOO™ (0.01 mM). All data

were recorded in 10 mM PBS buffer (pH = 7.4) containing with 25% DMSO. Aey: 365 nm.

As shown in Fig. 1a and S14a,7 the free BS1 and BS2 solutions
showed their maximum absorption peaks centered approxi-
mately at 305 nm and 300 nm, respectively, which could be
assigned to the characteristic absorption of benzothiazole
unit.** However, the absorption spectra exhibited apparent
bathochromic shift (356 nm) when the above solutions were
treated with ONOO™. Furthermore, in the absence of ONOO™,
both of the solutions almost had no emission at 430 nm while
significant fluorescence enhancement with remarkable color
changing from colorless to bright blue were observed after the
addition of ONOO™ (insets of Fig. 1a and S14at), which were
due to the ONOO -promoted deprotection of diphenyl phos-
phonate group and hydrolysis of benzeneboronic ester.***
Meanwhile, relative fluorescent quantum yield(®;) of BS1 and
BS2 varied from 0.05% to 48.9% and from 0.03% to 42.7%,
respectively, where the ethanolic solution of anthracene (& =
27%) was used as a ref. 51. The detailed photophysical prop-
erties of BS1 and BS2 were listed in the Table S2.}

The concentration-dependent fluorescence titrations of BS1
and BS2 toward ONOO™ were also investigated in the DMSO/
PBS solution at ambient temperature. As seen from Fig. 1b
and S14b,T upon the excitation at 365 nm, both of emission

© 2022 The Author(s). Published by the Royal Society of Chemistry

intensities gradually rose with the increasing concentration of
ONOO™. After addition of 6 uM ONOO™ into the solution of BS1,
the emission signaling achieved a plateau with a nearly 850-fold
fluorescent enhancement (Fig. S13at). The similar enhance-
ment was observed for BS2 when the concentration of ONOO™
reached 10 uM (Fig. S15at). What is noteworthy is that there
were excellent linear relationships (R2351 = 0.9989, R’gs, =
0.9980) between ONOO™ concentration and emission intensi-
ties of probes (Fig. S13b and S15b7). And the limit of detection
(LOD) were calculated to be 12.8 nM and 25.2 nM, respectively.
Additionally, time-dependent fluorescence changes of BS1 and
BS2 were carried out as well. The probes had a rapid response
toward ONOO™ and reached their equilibrium states within
300 s (Fig. S18%). And according to the formula Ln[(Fyax — Ft)/
Fioax] = —k't,”*% their pseudo-first-order rate constants were
determined as 1.49 x 10~ % s~ (Fig. S19af) and 1.23 x 10 > s
(Fig. S19b¥), respectively. Altogether, the above performances
illustrated that the probes presented highly sensitive and rapid
response to ONOO .

With regard to practical applications of a good chemosensor,
its characteristic pH-dependent feature must be taken carefully
account. The fluorescence response of BS1 and BS2 with and

RSC Adv, 2022, 12, 27933-27939 | 27935
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without ONOO™ under different pH conditions were investi-
gated and the results were presented in Fig. S21.1 Both solu-
tions of free BS1 and BS2 kept stable and displayed nearly no
emission signaling at a wide pH values varying from 2-10.
However, under the same conditions, the fluorescence intensi-
ties of the solutions enhanced immediately and remarkably
upon addition of ONOO™, illustrating the two probes were
sufficiently feasible to sense ONOO™ under normal physiolog-
ical environment.

3.3 Specificity of BS1 and BS2 toward ONOO ™

As is widely acknowledged that high selectivity is of great
significance for an excellent chemosensor.**** Herein, the
specific recognition of BS1 and BS2 toward ONOO™ were exactly
examined in the presence of various bio-species, including
cations, reactive oxygen and nitrogen species (RONS) and
reactive sulfur species (RSS), etc., which may influence the
response efficiency of the probes for ONOO™. As shown in the
Fig. 1c, it could be markedly observed that the probe BS1 pre-
sented superior response for ONOO™ with notable fluorescence
enhancement over other representative analytes, suggesting
ONOO triggered the cleavage of diphenyl phosphonate group
of BS1.>%* Moreover, BS2 exhibited a similar pattern as BS1
toward ONOO™ (Fig. S14ct). But, it was worth noting that H,0,
and NaClO could also turn on the fluorescence of BS2 to some
extent owing to hydrolysis of benzeneboronic ester induced by
the two species.>®* Thus, it could be concluded that selectivity
of probe BS1 toward ONOO™ with diphenyl phosphonate unit
was superior to BS2 bearing a pinacol boronic ester group.
Afterwards, to ensure that BS1 or BS2 is suitable to sense
ONOO™~ without any anti-interference of other biological
substrates, the competition tests were implemented. As clearly
seen from the Figs. S16 and 17,f upon introduction of ONOO™
into the solutions of two probes which pretreated with corre-
sponding competing species, the fluorescence signaling rose
dramatically, indicating both probes could resist the interfer-
ence of other biologically relevant species.

3.4 Investigation of the sensing mechanism

As mentioned above, the mechanism of BS1 and BS2 sensing
ONOO™ were based on the cleavage of diphenyl phosphonate
group and hydrolysis of benzeneboronic ester, respectively. As
a result, both BS1 and BS2 transformed to the same phenolic
hydroxyl structure BS-OH. Herein, to verify our proposed reac-
tion mechanism, high resolution mass spectrometry analysis
was firstly carried out. From Figs. S6 and 7,7 BS1 and BS2
exhibited obvious peaks at m/z = 428.0898 and 444.1824, cor-
responding to [BS1 + H'] and [BS2 + H'], respectively. After
interacting with ONOO™, a new peak of BS1 at m/z = 228.0486
was found and assigned to the compound [BS-OH + H']
(Fig. S87). For BS2, the peak of [BS-OH + H'] at m/z = 228.0485
was also observed (Fig. $97). Besides, the "H NMR of the reac-
tion product for BS1 was recorded in Fig. S10.f It was obviously
found that the peak at 10.24 ppm appeared after reaction which
was assigned to the phenolic proton. And also, the reaction of
BS1 with ONOO™ was analyzed via HPLC. As shown in Fig. S11,}
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Scheme 2 Proposed recognition mechanism of BS1 and BS2 toward
ONOO™.

the probe BS1, BS1 with ONOO™ and BS-OH displayed a single
peak with the retention time at 2.50 min, 1.09 min and
1.06 min, respectively. The peak of the reaction of BS1 with
ONOO™ at 1.09 min in Fig. S11(b)f was in accordance with the
peak of BS-OH at 1.06 min. For BS2, the FTIR analysis of BS2
with ONOO™ was collected in Fig. S12.1 The FTIR spectrum of
the product was identical to the spectrum based on the previous
works***° All the results of spectral analysis were consistent with
the proposed sensing mechanism showed in Scheme 2. What's
more, according to the absorption spectra analysis (Fig. 1a and
S14aft), the obvious redshift of maximum peaks from 305 to
356 nm and fluorescence enhancement at 430 nm of BS1 or BS2
demonstrated that an intramolecular charge transfer (ICT)
process happened via intra-molecular p-7 conjugation from
hydroxyl to benzothiazole unit. To further elucidate the ICT
process, a density functional theory (DFT) calculation was
exploited based on the Gaussian 16 program with the B3LYP/6-
31G(d, p) method. From Fig. S20,} the frontier molecular orbital
energies of optimized structures of BS1, BS2 and BS-OH were
calculated. Taking BS1 as an example, in comparison with the
m-electrons distribution of BS1 and BS-OH, it could be clearly
found that the BS-OH was in form of phenolate, a latent donor,
which activated the ICT process from hydroxyl to benzothiazole
unit. Therefore, a new push-pull conjugated system formed.
And the orbital energy gaps of BS1, BS2 and BS-OH were
calculated to be 4.36 eV, 4.32 eV and 4.29 eV, respectively. Thus,
the above experimental and theoretical results rationalized the
sensing mechanism.

3.5 Visualizing exogenous ONOO™ in living cells

Encouraged by the predominant vitro sensing performances of
the probes, we further attempted to investigated the biosensing
and bioimaging of ONOO™ in living cells. Considering that
probe BS1 has much better selectivity and sensitivity, BS1 was
chosen to monitor ONOO™ level in biological systems. Prior to
fluorescence imaging, the cytotoxicity of BS1 was identified by
the CCK-8 assay in living HepG2 cells. From Fig. S22,7 it can be
seen that the cell viability was as high as 90% after incubation
with BS1 at a concentration of 100 uM for 24 h. Moreover, when
the cells continued to be incubated with BS1 for 48 h, an
increased cell proliferation was observed (Fig. S231). The above
results confirmed the low cytotoxicity of BS1 to HepG2 cells.
Subsequently, the ability of BS1 to monitor and image
exogenous ONOO™ was evaluated in living HepG2 cells. Herein,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Confocal fluorescence imaging of exogenous ONOO™ obtained by BS1 in HepG2 cells under different conditions. (a) Cells were incu-
bated with BS1 (10 uM) for 30 min at 37 °C; (b) Cells were pretreated with SIN-1 (200 uM) for 1 h, subsequently incubated with BS1 (10 uM) for
another 30 min at 37 °C. (c) Fluorescence intensity of (a) and (b). The images were obtained with 405 nm excitation and 420-490 nm collection.

Scale bar: 50 um.

3-morpholinosydnon imine hydrochloride (SIN-1) was utilized
as ONOO™ donor. The results were displayed in Fig. 2. In the
control group, negligible fluorescence signal was detected after
the HepG2 cells were incubated with BS1. Contrastingly, the
cells which were pretreated with SIN-1 and then treated with
BS1 emitted a remarkable enhancement of intracellular fluo-
rescence intensity in the blue channel. Furthermore, the intact
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cells in the bright field images implied the good viability of the
HepG2 cells during the entire process of the experiment.
Consequently, the data convinced that BS1 possesses the ability
of cell membrane permeability and ONOO™ detection, which is
promising to be a bioimaging agent for exploring ONOO™
fluctuation in the physiological conditions.
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Fig. 3 Dose-dependent fluorescence imaging of APAP-induced hepatotoxicity in HepG2 cells. The cells were pretreated with (a) O, (b) 100, (c)
250, (d) 500 uM APAP for 8 h, followed by incubated with BS1 (10 uM) for 30 min. (e) Fluorescence intensity of (a)-(d) images. The images were
obtained with 405 nm excitation and 420-490 nm collection. Scale bar: 50 um.
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3.6 APAP-induced hepatotoxicity and remediation effect of
GSH

It is well-known that APAP was a common medicine to treat pain
and fever. However, overdose of APAP could cause hepatotox-
icity relating to excessive oxidative stress, which might be
possible to induce a burst of ROS and RNS including ONOO™ in
the organism. Therefore, we built the dose-dependent APAP-
induce injury model to confirm whether BS1 could visualize
DILI in HepG2 cells. As presented in Fig. 3, an apparent fluo-
rescence signal in HepG2 cells was progressively enhanced by
increasing the concentration of APAP (0, 100, 250, 500 uM). The
obtained results not only proved that APAP-induce liver injury
had a definite dose-dependent relationship, but also verified
that BS1 could be a favorable tool to reveal the upregulated
ONOO™ by excessive oxidative stress under APAP administra-
tion. Furthermore, as a common hepatoprotective medicine,
glutathione (GSH) is an antioxidant which serves as an ONOO ™
scavenger in the organism. In order to validate whether GSH
could alleviate the liver damage caused by APAP, the remedia-
tion experiment of GSH was performed. As shown in Fig. S24,F
the group of cells treated with APAP and BS1 exhibited an
obvious blue fluorescence intensity. Meanwhile, the other
group of cells were pretreated with GSH, followed by APAP, and
then incubated with BS1. As expected, the blue fluorescence
signal significantly attenuated, which could be attributed to the
cell injury remediation effect via GSH depleting the major of
endogenous ONOO™. The results indicated that GSH might be
an effective alternative antidote for APAP-induced liver damage.
In total, BS1 possesses the ability to be a suitable tool to visu-
alize the diagnosis of diseases and evaluate the remediation
effect of hepatoprotective drugs for DILI.

4. Conclusion

In summary, two benzothiazole-based fluorescent probes (BS1
and BS2) were designed and constructed for detecting ONOO .
At a physiological pH, both probes could quickly and sensitively
detect ONOO™ with remarkable “turn-on” fluorescence signal
based on the cleavage of diphenyl phosphonate and hydrolysis
of boronic pinacol ester. And nearly 850-fold signal enhance-
ment was also found after BS1 reacting with ONOO™, and its
LOD value was calculated to be as low as 12.8 nM with an
excellent linear relationship. For BS2, the values were 695-fold
and 25.2 nM, respectively. Compared with BS2, BS1 bearing
diphenyl phosphonate unit exhibited better selectivity and was
successfully employ to detect and image ONOO™ in HepG2 cells.
Significantly, experiments also proved that BS1 could monitor
upregulated ONOO™ levels after APAP-induced hepatotoxicity,
and a remediation effect of GSH was also evaluated. These
results suggested that the fluorescent probe BS1 could be a new
promising biomarker to reveal the roles of ONOO™ during the
DILI process.
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