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ABSTRACT: Mercury (Hg) is considered as an extremely toxic heavy metal which is extremely harmful to both the human body
and environment. In addition, Hg?*-induced oxidative stress also exerts a crucial role to play in pathophysiological mechanisms of
mercury toxicity. Thus, the efficient and specific fluorescent probes for imaging Hg?'-oxidative stress are necessary. In the present
study, we rationally design a novel Hg?*-activated and ICT-based NIR emission fluorescent probe NIR-HO for sequentially
monitoring ONOO™ level with “dual-key-and-lock” strategy. The probe NIR-HO showed rapid response, excellent specificity and
sensitivity for the detection of Hg?* and ONOO" in vitro. Cells imaging demonstrated that Hg?*-induced oxidative stress was
involved in ONOO™ upregulation. Besides, GSH, NAC and EDTA were employed as excellent detoxifying drug against Hg?*-
induced toxicity. Moreover, the probe NIR-HO was successfully used for imaging Hg?* and ONOO" in vivo. In brief, NIR-HO
provides a simple and powerful approach which can be used to image Hg?*-induced oxidative stress in the pathological

environment.

Introduction

It is acknowledged that mercury (Hg) is a highly poisonous
heavy metal, which has been considered as the major threat to
human health.! Hg is usually transferred into the human body
through the food chain and deposited, and then cause chronic
poisoning which has been proven to lead to liver, kidneys, brain,
stomach and nerve damage.”* Nevertheless, the relevant
pathogenesis of Hg?" chronic poisoning has not been clear.
Recently, Hg?" was dementated to show a strong affinity for the
mercapto (SH)-containing complexes in human body, which can
cause the sulfhydryl groups of proteins, enzymes and lipids to
agglomerate.> ¢ Besides, the explosion of ROS caused by
oxidative stress may be closely associated with mercury-induced
toxicity.” ¥ Increasing intracellular Hg?* concentrations usually
leads to NO and O, bursting as well as deactivate the
antioxidants in the body by connecting with the mercapto (-SH)
group. O, reacts rapidly with NO to generate peroxynitrite
(ONOO").? In life system, as strong oxidant and nucleophile!0-19,
Hg?*-induced ONOO™ can directly interact with proteins, lipids,
DNA by oxidation, and can also be converted to other ROS
including hydroxyl radicals, carbonate radicals, and nitrogen
dioxide.'”"1° Actually, mis-regulation of ONOO~ levels often
causes various diseases including stroke, heart disease,
neurodegenerative disease, cardiovascular disease, inflammation
and cancer.?> However, abnormal changes of ONOO™ level
caused by Hg?"-induced oxidative stress still remain unclear due
to its short life, highly active, and low level.?® Moreover, the
precise mechanism of Hg?* and ONOO~ in the biological
environment is not completely known.?”> 28 Thus, the development
of efficient methods and technologies to monitor the Hg?"-
induced oxidative stress would be conductive to deeply
understanding the biological role of Hg?* -induced diseases.

Due to its low cost, low radioactivity, high sensitivity and
rapidly catch information of activated species in the biological
environment in combination with fluorescent imaging technology,

fluorescent probes have been extremely employed to reveal the
physiological activities of metal ions, anions, enzyme, ROS, RSS
and RNS.?>-36 In particular, near-infrared (NIR) emission at 650-
900 nm fluorescent probes have advantages associated with
maximizing tissue penetration, avoiding biological background
fluorescence and less damage, and consequently have attracted
extensive attention of chemist.’’* To detect ONOO™ or Hg?",
many of fluorescent probes have been reported.**5! However,
most of probes for Hg?" and ONOO™ are developed based on
“one-key-and-lock” strategy whose fluorescent signals are
switched on by one “key” Hg?* or ONOO™ (Scheme 1A).52-5°
Designing a probe, whose emission can only be switched on in the
presence of two  “keys” Hg?>* and ONOO", is better for
specifically studying the process of Hg?™-induced ONOO~
generation with “dual-key-and-lock™ strategy®0-%3. As a result,
developing a simple, NIR-emission and powerful molecular probe
for meeting the needs of monitoring Hg?* and ONOO~ is
necessary to study.

To realize the visual imaging of Hg?™-induced ONOO~
generation, we designed and synthesized a novel Hg?*-activated
and near-infrared emission fluorescent probe NIR-HO based on
ICT for detecting Hg?>" and ONOO~ with “dual-key-and-lock”
strategy and “AND” logic gate (Scheme 1B, C). The
diphenylphosphinothioyl moiety was introduced into NIR
emission fluorophore to achieve high efficiency, sensitivity and
selectivity detection of Hg?* and ONOO™. At first, the P=S of
thiophosphinate was oxidized by Hg?" to P=0; Then ONOO~
would promote cleavage of the phosphinate ester P-O bond in
NIR-Hg to produce NIR-ONOO.> ¢4-% When the P-O bond was
broken by ONOO™, the NIR emission enhanced. In addition, the
probe was proved to be highly selective for monitoring Hg?" and
ONOO™ in the biological system. More importantly, we found that
Hg?* can cause oxidative stress and generate peroxynitrite
(ONOO") from cell imaging for the first time. These results might
provide a guiding significance to deeply study the pathological
mechanisms of Hg-induced diseases and death.
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Scheme 1. A) Design strategy of previous probes; B) The truth table of NIR-HO; C) Response mechanism of probe NIR-HO.

A Previous work: one-lock strategy for fluorescent probes

.

(C) This work: sequence-activated by Hg?* and ONOO -

ICT OFF ICT OFF

NIR-HO

NIR-Hg

Experimental

Synthesis. Intermediates compounds 1 and 2 were synthesized
based on published procedures®’: 68,

Preparation of NIR-HO: Compound 2 (290.4 mg, 1 mmol) was
dissolved in THF (10 ml) with triethylamine (152.0 mg, 1.5
mmol), and then compound 1 (379.0 mg, 1.5mmol) was added at
0 °C, and stirred 12 hours at room temperature. Then removing
THF by evaporation, the remaining solid was purified by silica
column chromatography and recrystallization to provide a yellow
solid 435.7 mg NIR-HO with 86% yield. '"H NMR (CDCl;, 400
MHz): 6= 8.01 (m, 4H), 7.55 (m, 6H), 7.41 (d, J = 8.6 Hz, 2H),
7.10 (m, 2H), 7.00 (d, J = 16.1 Hz, 1H), 6.88 (d, /= 16.1 Hz, 1H),
6.82 (s, 1H), 2.61 (s, 2H), 2.45 (s, 2H), 1.09 (s, 6H) ppm; 13C
NMR (CDCl;, 100 MHz): 6 =169.3, 153.7, 151.7 (J = 8.8 Hz),
136.0, 134.0 (/= 110.2 Hz), 132.4 (/= 4.6 Hz), 131.4 (J=11.6
Hz), 128.9, 128.7, 128.6 (J = 13.6 Hz), 123.5, 122.4 (/= 5.1 Hz),
113.1 (J = 78.2 Hz), 78.7, 43.0, 39.2, 32.0, 28.0 ppm; 3'P NMR
(162 MHz, CDCl3): 6= 82.8 ppm; Mp: 201-202 °C; HR-MS: m/z
calcd for [C53,H,7N,OPS]* =507.1654, Found: 507.1654.

Cytotoxicity assays. Cytotoxicity assays were performed by
using Cell Counting Kit-8 (CCK-8) in accordance with our
previously reported. The cells were treated with probe NIR-HO
(0-20 uM) for 24 hours, and the cell cytotoxicity was determined
by CCK-8 analysis.

Cell Culture and Imaging. MCF-7 cells were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum, at 37.0
°C, in 5% CO,. Cells were plated on culture dish and allowed to
adhere for 24 hour. Before carrying out the experiments, the
media was removed and the cells were washed three times with
PBS buffer (pH 7.4). Cells were imaged with the application of

Single response
Q False positive signal

Nonspecific activation

50

(B) Sequence-activated “AND” logic probe

Input Output
£ Hg* ONOO~ Fluorescence at
o 680nm
Eﬂ 0 0 0
2 1 0 0
z 0 1 0
1 1 1
ICT ON
Dual key & lock
Near-infrared emission
Rapid response
oNao! Selective
Sensitive
NIR-ONOO

Leica TCS SP8 confocal microscope. (excitation: 552 nm
emission: 640-720 nm)

Mice imaging. Before imaging, the Kunming mice were fasted
for 12 hours to avoid possible food fluorescence interference to
the dye fluorescence. The mice were classified into two groups.
The first group was given an injection of NIR-HO (10 uM, 100
uL) for 0.5 hour and then given an injection of PBS (100 pL) and
was imaged after 0.5 hour. Followed by subcutaneously injection
with Hg?" and ONOO™ (100 pL, 10 uM), the second group was
given an injection of NIR-HO (10 uM, 100 pL) for 0.5 hour, and
was imaged after 0.5 hour. Before imaging, the mice were
anesthetized with 4% chloral hydrate (15 mL/kg) by

intraperitoneal injection. Then, whole body images of the mice
were acquired using an IVIS Lumina III system with channel
(560-nm excitation and 670-nm emission).

Scheme 2. Synthetic route of probe NIR-HO.
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Figure 1. A) The absorption spectra. B) Fluorescence emission spectra of NIR-HO (10 uM) toward Hg?" and ONOO™ (10 equiv.). C)
Time-dependent intensity at 680 nm of NIR-HO (10.0 uM) to Hg>" and ONOO™ (10 equiv.). D) Fluorescence titrations spectra of NIR-HO
(10.0 uM) toward ONOO™ in the presence of 10 equiv. Hg?'. (PBS/EtOH=4/6, v/v, 10 mM, pH 7.4, 25 °C, Ex = 550 nm)

Results and discussion

Design and Synthesis of NIR-HO. In order to achieve specific
detection of Hg?'-induced oxidative stress, it is urgently needed to
develop an efficient tool for Hg?* and ONOO~ combined
detection. We choose “dual-key-and-lock” strategy to apply for
probe designing. The thiophosphinate ester moiety can be used as
a “lock” with two “keys” Hg?" and ONOO™. Meanwhile, near-
infrared emission fluorophore serves as the reporting signal part.
Furthermore, probe NIR-HO can be easily synthesized in a few
steps as depicted in Scheme 2. The NMR and HR-MS
spectroscopy of probe NIR-HO were shown in supplementary
data (Figure S1-4).

Spectroscopic response of NIR-HO. When obtaining the
designed probe, we studied the sensing ability of NIR-HO (10
uM) towards Hg?* and ONOO™ in PBS buffer (H,O/EtOH=4/6,
v/v) at first. Probe NIR-HO (® = 0.01) presented weakly
fluorescence emission at 680 nm and absorption center at 410 nm
from fluorescence emission and absorption spectra (Figure 1A,
B). With only 10 equiv. of Hg?" added, the emission showed a
negligible change, and the absorption center shifted to 420 nm.
Moreover, there also existed no change of fluorescence responses
and absorption after only addition of 10 equiv. ONOO~. When
both Hg?" and ONOO~ were added, the fluorescence intensity
gradually increased to a quantum yield of ® = 0.16. At the same

time, two new absorptions at 440 and 550 nm appeared (Figure
1B). The time dependence of the emission profile of was
measured via recording changes in emission at 680 nm towards
Hg?" and ONOO™. Obviously, no obvious change of fluorescence
emission intensity could be found after the addition of Hg?" or
ONOO~ within 5 minutes (Figure 1C). However, the emission
showed significant enhancement and reached maximum plateau
value within 5 minutes after simultaneously adding Hg?" and
ONOO". As shown in Figure 1D, We further investigated the
fluorescent titration experiment. At first, we added 10 equiv. of
Hg?* to solution for activating NIR-HO, and the fluorescence
emission intensity was gradually enhanced and rose to platform
emission intensity with different concentration ONOO™~ 0-100
uM. According to Figure S5, the emission intensity (680 nm)
indicated a good linear relationship to ONOO™ concentration (R?
=0.9974). Afterwards, the limit of detecting for ONOO~ was 24.0
nM according to the 3o/slope. Clearly, the obtained results
demonstrated that probe NIR-HO performed excellent sensitivity,
effectiveness and potential applications for detection of Hg?*-
induced ONOO~ generation. To examine the practical
applicability NIR-HO in different pH PBS buffer, the
fluorescence response of NIR-HO toward Hg?" and ONOO™ at
different pH was explored (Figure S6). The probe NIR-HO
showed faint and stabile fluorescence emission with different pH,
even if mercury ions and ONOO™ were added separately. While
upon addition of both Hg?* and ONOO-, fluorescence emission
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Figure 2. A) The fluorescence emission spectra of NIR-HO (10 uM) responded to other analytes (10 equiv.) in the presence of 10 equiv.
Hg?*. B) The fluorescence emission spectra of probe NIR-HO (10 uM) responded to 10 equiv. ONOO" in the presence of 10 equiv. other

metal ions. (Ex = 550 nm)
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Figure 3. Fluorescence images of NIR-HO towards Hg?" and ONOO™ in MCF-7 cells. (al-3) treated with NIR-HO (10 uM, 0.5 hour).
(b1-3) pretreated with NIR-HO (10 uM, 0.5 hour) then incubated with Hg?* (10 uM, 0.5 hour). (c1-3) treated with NIR-HO (10 uM, 0.5
hour) then incubated with ONOO™ (100 uM, 0.5 hour). (d1-4) pretreated with NIR-HO (10 puM, 0.5 hour), then incubated with Hg" (100
uM) and ONOO™ (100 uM) for 0.5 hour. (e1-3) pretreated with (LPS) and IFN-y for 24 hour, then treated with NIR-HO (10 uM) for 0.5
hour. (a3-e3) Merged images of al-el and a2-e2. (Excitation: 552 nm, emission: 640-720 nm, Scale bar: 50 pm).

intensity was significantly increased across a range of pH from
6.0 to 12.0, suggesting that the probe NIR-HO can be applied to
physiological environment.

To test the selectivity and specificity of probe NIR-HO in
complex biological system. The probe NIR-HO was firstly treated
with various potentially activated species (CIO-, K*, Ca?', Na*,
Mg?", AP, Fe¥*, Pb?', Cu?', Ag", Cd*", Fe?*, Zn?*, Ni*") and
ONOO". As illustrated in Figure 2A, there was no significantly
fluorescence emission changed at 680 nm. Similarly, upon treated
with Hg?" and other biologically relevant species (F~, CI-, Br-, I,
AcO™, COs;>, SOs*, GSH, Hcy, Cys, NO;~, NO,~, NO, HNO,
1027

H,0,, TBHP, -OH, O,~, CIO"), Figure 2B also presented no
obvious change of fluorescence emission intensity. With this just
the opposite is, probe NIR-HO only opened strong fluorescence
emission after the addition of both Hg?* and ONOO™. The
competitive binding assay revealed that the ONOO™ induced
fluorescence response was not affected by other interferences
(Figure S7). Additionally, the influence of biologically relevant
species on the UV performance of probe NIR-HO toward Hg>*
and ONOO™ was also discussed (Figure S8). It can be found that
biologically relevant species showed negligible interference for
the detection of Hg?* and ONOO"™. These preliminary results
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53 subsequently treated with NIR-HO (10 uM, 0.5 hour). (b1-b3) cells were pretreated with NAC (1.0 mM, 1 h), then exposed to Hg?* (200
54 uM), treatment with NIR-HO (10 uM, 0.5 hour); (c1-c3) pretreated with GSH (1.0 mM, 1 h), then exposed to Hg>* (200 uM), treatment
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(10 uM, 0.5 hour); (a3-d3) Merged images of al-d1 and a2-d2. (Excitation: 552 nm, emission: 640-720 nm, Scale bar: 50 um).
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indicated high specificity and selectivity of NIR-HO to detect
Hg?" and ONOO™ with “dual-key-and-lock™ strategy.

Sensing mechanism. The possible recognition process was
shown in Scheme 1, and the P=S of probe NIR-HO was firstly
oxidized to P=0 by Hg?" because of its strong oxidation. The
intermediate  product NIR-Hg (caled m/z 513.1702,
C;1H,7N;NaO,P*) was found in the HR-MS spectrum with a peak
at m/z 513.1714 (Figure S9). Subsequently, the P-O of NIR-Hg
was broken by ONOO™, which generated the obvious fluorescence
emission of NIR-ONOO. The founded peaks at m/z 289.1348
(C1gH7N,0") belonged to NIR-ONOO (caled m/z 289.1346)
(Figure S10). Generally, due to the series reaction of Hg?* and
ONOO~ with the probe NIR-HO, the ICT system was then
enhanced and released strong fluorescence signal, suggesting that
probe NIR-HO was designed in line with “dual-key-and-lock”
strategy.

Cell imaging. Inspired by the exceptional spectrum results of
probe (Figure S11-12), we continued to investigate the application
of NIR-HO toward Hg?>* and ONOO™ in the biological
environment. We first evaluated the cytotoxicity of NIR-HO
using MCF-7 cells. The cell cytotoxicity was calculated by CCK-
8 analysis through treating cells with NIR-HO (0-20 uM) for 24
hours. Those results indicated that cell viability had remained
90% after incubation of cells for 24 hours, as shown in Figure
S13, demonstrating that NIR-HO has low cytotoxicity for cell
imaging.

Subsequently, cells which were first incubated with NIR-HO
showed a negligible fluorescence signal (Figure 3a). Upon treated
with Hg?*, cells revealed a little fluorescence enhancement due to
Hg?*-induced ONOO™ generation (Figure 3b). When cells were
treated with ONOO™, negligible fluorescence signal was existed
(Figure 3c). In sharp contrast, when cells were incubated with
Hg?" and ONOO", a significant fluorescence increase could be
observed (Figure 3d), indicating that simultaneous stimulation of
Hg?* and ONOO™ on the probe can contribute to fluorescence
signal increase. After addition of LPS and IFN-y for 24 hours,
cells can endogenously generate ONOO™. Then, cultured with
NIR-HO for another 0.5 hour, cells showed a negligible change
of fluorescence (Figure 3¢). The results showed that NIR-HO can
respond to Hg?* and ONOO~ with excellent selectivity and
sensitivity in cells, and did not respond to other processes which
induced oxidative stress in cells.

Normally, Hg belongs to one of the most toxic heavy metals,
which can cause kidney, liver and nervous system poisoning.
Although, lots of studies have been conducted on Hg-induced
toxicity, its mechanism has not been fully elucidated. Oxidative
stress may be closely related to Hg-induced toxicity. Therefore,
Hg?*-induced oxidative stress was real-time monitoring in cells by
using the NIR-HO for Hg?* and ONOO™ detection. As presented
in Figure 4a-d, cells incubated with NIR-HO, a weak
fluorescence signal could be observed. As our expectation, when
cells were exposed to increasing concentrations of Hg?*, displayed
significant fluorescent signal increasing. In order to study if NIR-
HO dynamically monitoring the production of ONOO™ by Hg?*-
induced oxidative stress, we recorded fluorescence signal changes
at different time points. Cells were first cultured with the NIR-
HO, then imaged. As the Figure S14 shows, fluorescence signal
of cells did not change significantly which were incubated with
PBS only. However, when Hg?* was used to stimulate cells, a
fluorescence intensity augmentation was observed in a short
period of time, indicating that ONOO™- related oxidative stress
showed up after Hg?" administration. Consequently, the results
demonstrated that NIR-HO can be appropriate for monitoring
Hg?*-induced oxidative stress in living cells.

The toxicity of mercury ions shows a major threat to human
health. Therefore, it is of great significance to find mercury
detoxification drugs. Accordingly, GSH and NAC may effectively
combined with Hg?" to reduce its concentration, and deplete ROS
and RNS levels in cells. EDTA is a good mercury ion chelator,
which may efficiently induce decrease of Hg?" level in cells.
Therefore, in order to protect the cells from Hg?" damage, we
attempt to use NAC, GSH and EDTA as mercury detoxification
drug based on the Hg?*-induced toxicity mechanism. As shown in
Figure 5a, NIR-HO loaded cells showed enhanced fluorescence
signal after stimulated with Hg*". However, upon stimulation of
these drugs NAC, GSH and EDTA, intracellular fluorescence
signal in cells gradually decreased (Figure 5b-d). As a result, the
results confirmed that NAC, GSH and EDTA can be potentially
employed as a detoxifying drugs for remedy Hg?'-induced
toxicity.

In vivo imaging. Finally, we further investigated the feasibility
of NIR-HO for visualizing Hg?" and ONOO™ in Kunming mice
motivated by its NIR fluorescence emission. Based on Figure 6,
the mice displayed faint fluorescence emission in NIR emission
channel which was subcutaneously injected with only NIR-HO.
In another group, obvious fluorescence emission enhancement
was observed after given a subcutaneous injection of NIR-HO,
then an injection of Hg?" and ONOO™ stock solution 0.5 hour
later. Therefore, this suggested that NIR-HO can be applied to
image Hg?" and ONOO" in vivo.

Probe

Hg?+ONOO-

WARNING

Epi-fluorescence

20

Radiart Efficiency
(plsecicm?fsry
fems

Color Scale
Min = 3,008
Ma = 2.099

Figure 6. Fluorescent images of NIR-HO in vivo. Left: Mice
were injected with NIR-HO (100 pL, 10 pM) for 0.5 hour,
subcutaneously injected PBS buffer (100 pL left), then imaged.
Right: mice were injected Hg>" and ONOO™ (100 pL, 10 uM) for
0.5 hour, then imaged. (550-nm excitation and 680-nm emission).

CONCLUSIONS

To conclude, we have reported a new type of Hg?"-activated and
NIR emission fluorescent probe NIR-HO for detecting ONOO™
with “dual-key-and-lock™ strategy. The probe NIR-HO showed
excellent specificity and sensitivity for detecting Hg?* and
ONOO™ in vitro and cells. In addition, it was proved that Hg?*
could damage the body's antioxidant defense system function,
causing the occurrence of ONOO™ level upregulation. Therefore,
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oxidative stress may be the main pathogenic mechanism in
mercury-induced toxicity. More importantly, it was found that
NAC, GSH, and EDTA were employed as an excellent
detoxifying drug against Hg?'-induced toxicity. The new probe
may provide an effective method for detecting Hg?'- oxidative
stress detection and studying the development of detoxifying
drugs.
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