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Abstract

The identification of thiols has become a research hotspot due to its role in biological systems. In this work, we simply
constructed a turn-on fluorescent probe named 3-(5-bromopyridin-3-yl)-1-(pyren-1-yl) prop-2-en-1-one, that a combination of
pyrene ring and substituted pyridine via the connection of «, 3-unsaturated ketone. Cys can destroy the space effect by Michael
addition reaction, which makes the fluorescence intensity changes. Furthermore, the probe featured excellent selectivity and high
sensitivity (the detection limit was 0.52 uM) by addition of Cys. Moreover, this probe suggested a potential for imaging in vivo
owing to the successful imaging of the probe in HepG2 cells, zebrafish, and Arabidopsis thaliana.
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Introduction

Thiol-based compounds are important signal molecules in the
action of biological enzymes and physiological activities, it
can regulate the normal redox state of cells, and have signif-
icant functions in the physiological activities of organisms
[1-4]. Intracellular bio-thiols, such as cysteine (Cys), homo-
cysteine (Hcy) and glutathione (GSH), play crucial roles in
maintaining high-level structures that control redox homeosta-
sis and proteins due to their similar structures [5—7]. For ex-
ample, Cys, a common amino acid in vivo, helps the metab-
olism and protein synthesis [§—10]. Abnormal level of
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aminothiols in biological fluids will cause a variety of dis-
eases, including Alzheimer’s disease, cardiovascular disease,
and hematopoiesis decrease [11-13]. Biochemical studies
suggest that thiols affect the function and structure of lysine,
causing the three major structural proteins of the arteries to
decay and affecting their growth. Therefore, it is essential to
evaluate Cys in vivo.

Fluorescent probes have the advantages of high sensitivity,
specificity, simple operation and the ability of real-time detec-
tion [14-18]. The discriminative detection of mercaptans has
become a hot spot of research because of their obvious roles in
biological systems [19, 20]. However, duo to Cys, Hcy and
GSH have similar thiol structure, designing and synthesizing
fluorescent probes for distinguishing three thiols is a chal-
lenge. [21, 22]. So far, several methods have been explored
to achieve probes with specific thiol molecular sensing capa-
bilities. For instance, Zhang et al. designed two new BODIPY-
based turn-on fluorescent probes for the discrimination of Cys
from Hey and GSH by different fluorescent emission and time
response [23]. Wu et al. reported a new quinoline-derived
fluorophore with high fluorescence quantum yield based on
conjugate addition-cyclization mechanism [24]. Wang’ group
developed a novel NIR fluorescent probe to differentiate be-
tween Cys/Hey and GSH by dual fluorescence signals [25]. In
our group, we always expect to synthesize a specific probe for
distinguishing among Cys, Hcy and GSH.

Through our efforts, in this report, we designed and syn-
thesized a turn-on fluorescent probe named 3-(5-
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bromopyridin-3-yl)-1-(pyren-1-yl) prop-2-en-1-one, that the
«, 3-unsaturated ketone was used as a bridge to connect
pyrene and bromopyridine. The structure of the probe was
changed by nucleophilic addition reaction of thiols group with
the probe so that the fluorescence could be generated from
scratch. The probe exhibited excellent sensitivity and selectiv-
ity for detecting Cys, and also suggested a potential for imag-
ing in organism (Scheme 1).

Experiment Section
Materials and Measurement

All reagents and solvents were purchased from Tianli
Chemical Reagent Tianjin Co., Ltd. They were all analytically
pure and used without further purification. Distilled water was
used for all experiments. 'H NMR were performed with
Bruker instrument with TMS (Tetramethylsilane) as the inter-
nal standard for 600 MHz spectrometer (AVANCE III HD).
Fluorescence spectra were measured by F-7000 fluorescence
spectrophotometer (Hitachi, Japan). Mass spectra were ob-
tained with a Thermo Scientific Q Exactive LC-MS/MS sys-
tem. The fluorescence images of probe were obtained using a
ZEISS LSM 880 confocal laser scanning microscope.

Synthesis of Probe

I-acetyl pyrene (0.35 g, 1.4 mmol), 5-bromopyridine-3-
carbaldehyde (1.4 mmol) was added into 1,4-dioxane
(15 mL). Then the mixture was poured into 10% aqueous
sodium hydroxide (2 mL) and stirred at 20 h. After monitored
by TLC, the reaction product was placed in ice water and
cooled for about 10 min. Vacuum filtration and repeated wash-
ing with ethanol. Then recrystallize with ethanol and dry in
vacuum for 12 h. Finally, a pale-yellow solid powder (0.41 g)
was obtained (yield 71%). "H NMR (600 MHz, DMSO-ds)
d/ppm: 9.00 (d, J=1.5 Hz, 1H), 8.77-8.70 (m, 3H), 8.59
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Fig. 1 Fluorescence spectra of probe upon addition of Cys (0-300 uM) in
PBS/CH;CN (v/v, 3/1, pH 7.4) system. (Aex =357 nm, slit: 2.5 nm/5 nm)

(d, J=8.0 Hz, 1H), 8.47-8.40 (m, 3H), 8.37 (d, J=8.8 Hz,
2H), 8.33-8.29 (m, 1H), 8.18 (t, /= 7.6 Hz, 1H), 8.08 (d, J=
16.0 Hz, 1H), 7.73 (d, J=16.0 Hz, 1H).(Fig.S1) '*C NMR
(151 MHz, DMSO-dg) &/ppm: 194.08, 151.91, 149.38,
140.13, 137.75, 133.76, 133.00, 132.89, 131.14, 130.52,
130.40, 130.02, 129.88, 129.42, 127.85, 127.74, 127.33,
127.06, 126.69, 124.90, 124.85, 124.50, 123.97, 121.20.
(Fig.S2) HRMS [M + H] *: m/z: calculated 412.02588, found
412.03328.(Fig.S3).

Optical Studies

The stock solution of probe (1 mM) was prepared in DMSO.
The fluorescence spectra experiments were measured in PBS/
CH;CN (v/v, 3/1, pH 7.4) system. Fluorescence intensity was
detected separately at excitation of 357 nm with slit 2.5/5 nm.
All amino acid solutions Phe, Asp, Tyr, Ala, Val, Gly, Glu,
Pro, His, Leu, Ile, GSH, Met, Lys, Ser, Hcy, Cys and ionic
solutions Zn**, Cu®*, Co**, Mg**, Ca®*, HSO; ", %, SO5*,
S,05% were prepared in redistilled water.

10% aqueous NaOH

h.

=
N

Scheme 1 The synthetic route of probe by one-step reaction
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Fig. 2 The linear correlation between fluorescence intensity and Cys
concentrations at 450 nm (0—170 uM). (Aex = 357 nm, slit: 2.5 nm/5 nm)

=

Zebrafish Culture and Imaging

The zebrafish were kept at 28 °C and cultured in E3 embryo
media (15 mM NaCl, 0.5 mM KCI, I mM MgSO,, | mM
CaCl,, 0.15 mM KH,PO,, 0.05 mM Na,HPO,, 0.7 mM

NaHCOs3, 5-10% methylene blue; pH 7.5). For imaging ex-
periment, 5-day-old zebrafish were placed in E3 embryo me-
dia containing 10 pM of probe and fed for 30 min. In the
control experiment, 1| mM NEM (N-ethyl maleimide,
sulthydryl scavenger) was treated with zebrafish for 30 min,
then incubated with Cys (100 uM) for 30 min.

Results and Discussion
Characteristic Spectrum

The spectroscopic properties of probe 1 (10 M) towards Cys
were determined in PBS/CH;CN (v/v, 3/1, pH 7.4) system.
Under this condition, the probe itself had small fluorescence
intensity at 450 nm when the excitation was at 357 nm by
according to Fig. 1. With the addition of Cys (0-300 uM),
the fluorescence intensity gradually increased by nearly 15-
fold fluorescence. Furthermore, a good linear correlation
(R*>=0.9897) was obtained between the fluorescence intensi-
ty (450 nm) and concentration (0—170 uM). The regression
equation was F=5.6154 x [Cys]+220.1848 (Fig. 2). The
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Fig. 3 The "H NMR of probe in DMSO-d before and after Cys addition
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Scheme 2 Reaction process of probe for Cys

detection limit was calculated to be 0.52 uM given the 3o0/k
(by the IUPAC).

Proposed Response Mechanism

We hypothesized that the reaction occurred by the fact that the
double bond of the probe was attacked after the addition of
Cys, resulting in a change in fluorescence intensity. Due to the
attack of the thiol on the carbon-carbon double bond of «, 3-
unsaturated ketone, the 7-conjugation between pyrene ring
and the pyridine system of the probe was destroyed. To further
verify the proposed reaction mechanism, '"H NMR spectros-
copy of probe in the presence of Cys was investigated (Fig. 3).
The double bond peak of probe disappeared at 6 8.08 ppm

(

O

NH,
HO

\

Br

(H,) and 7.73 (H,) ppm, and a series of new peaks appeared
near the & 4.09 ppm (H,), 3.04 ppm (H;), 2.88 ppm (H;-)
which is attributed to the paraffin peaks of Cys. All the above
results further support the proposed sensing mechanism what
we proposed in Scheme 2.

Selective Response of Probe

To value the effect of disturbing analytes including amino
acids and some related ions towards probe, the selectivity
and interference experiments were investigated. As shown in
Fig. 4, 500 uM Asp, Ile, Ala, Phe, Leu, Met, Ser, Lys, Val,
Gly, Try, Glu, Pro, His, GSH, Hcy, S*~, SO;*", HSO; ", S,057,
Zn**, Cu®*, Co”*, Mg?*, Ca** and 300 uM Cys were poured

Fig. 4 The selectivity (red) and
anti-interference ability (black) of
the probe (10 uM) after addition

2500 ~

I probe + other analytes + Cys
I probe + other analytes

of other analytes at 450 nm in
PBS/CH;CN (wv, 3/1, pH 7.4)
system. (0) probe, (1) Asp, (2) Ile,
(3) Ala, (4) Phe, (5) Leu, (6) Met,
(7) Ser, (8) Lys, (9) Val, (10) Gly,
(11) Try, (12) Glu, (13) Pro, (14)
His, (15) GSH, (16) Hey, (17) §*
~, (18) SO5%7, (19) HSO; , (20)
S,05%7, (21) Zn**, (22) Cu®*, (23)
Co?, (24) Mg**, (25) Ca**, (26)
Cys. (Aex =357 nm, slit: 2.5 nm/
5 nm)
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Fig.5 The fluorescence intensities of probe 1 (10 uM) in the presence of
100 uM Cys in PBS/CH;CN (v/v=3/1) at 450 nm. (Aex =357 nm, slit:
2.5 nm/5 nm)

into the solution of probe, respectively. We can observe that
probe has good selectivity for Cys in various analytes. At the
same time, we also tested the anti-interference ability of other
analytes to detect Cys in which other analytes had almost no
change in fluorescence intensity.

Bright

Fig. 6 Fluorescence images of
living HepG?2 cells. (A) cells in-
cubated with probe (10 uM) for
15 min; (B) cells incubated with
NEM (1 mM) for 40 min, and

treated with probe (10 uM) for )
15 min; (C) cells sequentially 3
treated with NEM (1 mM, =4
40 min), probe (10 uM, 15 min),
Cys (100 uM, 15 min). (Blue
channel: A, =410-550 nm,
Aex =405 nm)
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The Effect of pH

To ensure the optical stability of probe in the absence and
presence Cys at 450 nm in PBS/CH;CN (v/v, 3/1) system,
the pH effects were measured at different pH values (pH 2—
12). Figure 5 displayed that the probe itself exhibited almost
non-fluorescent in the range of pH. When Cys (100 uM) was
added, the fluorescence intensity of the probe increases sharp-
ly between 5 and 7 and decreases between 7 and 11 as the pH
increased. Therefore, this probe had good performance for
detecting Cys at physiological pH environment.

Cellular Imaging

To demonstrate the potential biological relevance, we had
done some experiments with HepG2 cells. As shown in
Fig. 6a2, the cells exhibited weak fluorescence when it
was incubated with the probe. In the control group,
NEM pre-incubated cells further cultured with the probe
showed non-fluorescence signals (Fig. 6b2). When cells
were incubated with Cys (100 uM) after cells co-
incubated with NEM and the probe, it could be observed
obvious blue fluorescence signals (Fig. 6¢2). These results

Blue channel

Merged
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Fig. 7 Fluorescence images of
zebrafish. a zebrafish fed with
probe (10 uM) for 30 min; b
zebrafish fed with with NEM

(1 mM) for 40 min, and treated
probe (10 uM) for 30 min; ¢
zebrafish sequentially treated with
NEM (1 mM, 40 min), probe
(10 uM, 30 min), Cys (100 puM,
30 min). (Blue channel: A, =
410-550 nm, A, =405 nm)

Fig. 8 Fluorescence images of
Arabidopsis root tip. a
Arabidopsis root tip treated with
probe (10 uM) for 30 min; b
Arabidopsis root tip treated with
probe (10 uM) for 30 min, the
treated with Cys (100 uM) for
30 min. (Blue channel: A, =
410-550 nm, A, =405 nm)
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implied that the probe has the potential to image endoge-
nous and exogenous Cys in living cells.

Imaging of Zebrafish and Arabidopsis Root Tip

To further verify cell permeability of probe, we further studied
probe in living zebrafish imaging. As exhibited in Fig. 7a2,
zebrafish showed weak fluorescence after incubation with the
probe. As a comparison, the NEM-pretreated zebrafish further
incubated with probe, the fluorescence signals disappeared
(Fig. 7b2). When Cys was added, the fluorescence intensity
changes drastically (Fig. 7¢2). Miraculously, Arabidopsis root
tip was co-incubated with probe and Cys emitted a violent
fluorescence emission (Fig. 8b2). Those results demonstrated
that the probe has excellent cell membrane permeability and
presents a good prospect for the detection of Cys in organisms.

In Conclusions

In summary, a turn-on fluorescent probe for detecting Cys was
designed and synthesized. Due to Michael addition reaction,
the 7t-conjugated system of the probe was destroyed by the
sulthydryl attack of the carbon-carbon double bond of «, 3-
unsaturated, which results in the change of fluorescence emis-
sion. Simultaneously, the probe has high selectivity, sensitiv-
ity and lower detection limit. Fluorescence imaging experi-
ment has illustrated that the probe presents a good prospect
for the detection of Cys in organisms.
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