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cysteine. The probe showed high selectivity and sensitivity towards cysteine over other amino acids

including the similarly structured homocysteine and glutathione with a detection limit of 0.18 uM (S/N =
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Biothiols, including cysteine (Cys), homocysteine (Hcy) and
glutathione (GSH), are biomolecules that play important roles
in a variety of biological processes, such as cellular growth,
redox homeostasis and immune system regulations.” Among
the three biothiols, Cys is the essential amino acid involved in
various physiological processes, in which it serves as
a biomarker for different dysfunctions and diseases.® The defi-
ciency of Cys can lead to adverse symptoms such as liver
damage, psoriasis and lethargy, while high levels of Cys can
cause a wide range of disorders such as Alzheimer's and
cardiovascular diseases.”® Therefore, it is of importance to
develop effective and selective approaches for Cys detection
under physiological conditions.

In the past decades, various techniques had been estab-
lished for the detection of Cys, such as high performance liquid
chromatography (HPLC),'"**> capillary zone electrophoresis
(CZE),"*** mass spectrometry (MS).***” However, these methods
require specialized equipment and sophisticated sample prep-
arations, which restrict their applications on routine detection.
In comparison, fluorescence spectroscopy is considered as
a powerful technique for detection of Cys due to its high
selectivity, operation simplicity, and non-invasiveness.'®>"
Nowadays, a variety of fluorescent probes have been developed
based on the characteristic redox properties and strong nucle-
ophilicity of the thiol group on Cys.”**® However, due to the
structural similarity of Cys, Hcy and GSH, selective fluorescent
detection of Cys in biological samples still remains a chal-
lenge.**** Therefore, development of fluorescent probes for
highly selective Cys detection is important.
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3). It was successfully applied to cysteine detection in living cells with low cytotoxicity and quantitative
analysis of spiked mouse serum samples with moderate to good recovery (96-109%).

Cys-triggered addition-cyclization-cleavage reaction with
acrylate, which was first reported by Yang and Strongin in
2011," is the most widely used response mechanism for the
design of Cys-selective fluorescent probes.>'*?%** Upon the
addition of Cys, nucleophilic attack of Cys on acrylic ester fol-
lowed by intramolecular cyclization releases the fluorophore's
hydroxyl and a seven-membered ring amide. The high selec-
tivity of this reaction towards Cys over Hcy and GSH is attrib-
uted to the kinetic difference of the intramolecular cyclization.

Various Cys-responsive fluorescent probes have been devel-
oped based on the incorporation of acrylate group on common
fluorephores, such as BODIPY, rhodamine, coumarin and
fluorescein.*”** However, the use of these dyes might suffer
from low water solubility, which results in decreased sensitivity
of detection and difficulty in biological applications.”” In
comparison, quinoliziniums are cationic aromatic heterocycles
with improved water solubility, which enable their applications
in cell imaging with good biocompatibility.**> Compared with
these common fluorescent scaffolds, studies on the applica-
bility of quinolizinium compounds as fluorescent chemo-
sensors remain largely elusive (Scheme 1).

In 2017, we have developed a new series of fluorescent qui-
nolizinium compounds with tunable emission properties in
visible light region (4., = 450 to 640 nm) and large Stokes shifts
(up to 6797 cm™').** The application of this class of fluorescent
quinoliziniums in live cell imaging was demonstrated by incu-
bation with HeLa cells, in which the subcellular localization of
the quinoliziniums could be switched by modifying the
substituents. Based on this work, we envision that the fluores-
cent quinoliziniums would be amenable for the design of
fluorescent probes for Cys detection in biological samples.

Herein we introduce a novel fluorescent quinolizinium-
based turn-off probe 1 for highly selective detection of Cys
over Hey, GSH and other amino acids. The acrylate group was
incorporated on the phenyl ring of the quinolizinium, which
served as the moiety for the reaction with Cys. Cys triggered the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Common fluorophores used for construction of thiol

detection probes. (b) Novel fluorescent quinolizinium-based probe for
cysteine detection.

change in fluorescence intensity of probe 1 due to the conju-
gated addition-cyclization reaction with the acrylate group. The
probe exhibited highly selective detection for Cys and good
biocompatibility, which could be successfully applied to
detection of Cys in living cells and quantitative analysis of Cys
concentrations in mouse serum samples.

To verify the feasibility of probe 1 for Cys detection, the
spectral properties of probe 1 towards Cys were firstly investi-
gated in CH;CN/H,O0 solution (1 : 1, v/v, 50 mM pH 7.4 PBS). As
shown in Fig. 1, the free probe 1 showed absorption bands at
360 nm and 420 nm. Upon excitation at 420 nm, strong fluo-
rescent signal was observed at 495 nm. After the addition of Cys
(20 equiv.), the absorption at 360 nm increased with the
decreased absorption band at 420 nm, while the fluorescence
intensity of probe 1 significantly reduced. These results indi-
cated that probe 1 displayed fluorescence signal response
towards Cys.

To examine the sensitivity of the probe, fluorescence titra-
tion of probe 1 (20 M) was carried out in the presence of Cys in
CH;CN/H,0 solution (1 : 1, v/v, 50 mM pH 7.4 PBS) at 25 °C. The
fluorescence quantum yield was evaluated to be 0.43 using
coumarin 153 as a reference. Addition of 0.5 equiv. of Cys
resulted in a decrease in fluorescence emission at 495 nm. The
emission intensity was almost completely quenched upon
addition of 20 equiv. of Cys, which showed a decrease in
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Fig. 1 (a) UV-Vis absorption and (b) fluorescence spectra of 1 (20 uM)

with and without the addition of Cys (20 equiv.) in CHsCN/H,O
solution (1: 1, v/v, 50 mM pH 7.4 PBS) after 100 min.
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approximately 8-fold as compared with that of free probe 1.
Furthermore, probe 1 exhibited a good linear relationship
between the emission intensities at 495 nm and the concen-
tration of Cys ranging from 0 to 100 uM with a R” value of 0.9904
(Fig. 2b). The detection limit was evaluated to be 0.18 pM based
on the equation LOD (Cys) = 3g/m, where ¢ is the standard
deviation of blank measurements and m is the slope obtained
from the calibration curve of probe 1 against Cys, indicating
that probe 1 was highly sensitive to Cys.

We next investigated the selectivity of probe 1 for Cys. Under
the same reaction conditions, other amino acids including Ala,
Arg, Asn, Asp, Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser,
Thr, Trp, Tyr and Val caused almost no fluorescence intensity
changes, which demonstrated the high selectivity of 1 to Cys
over other amino acids even at high concentration (20 equiv.,
400 pM). As shown in Fig. 3a, a distinct fluorescence ratio (Fy/F)
induced by Cys could be observed in contrast to other amino
acids, while Hcy and GSH showed only little effect to the fluo-
rescence intensity changes. Besides, other potential biologically
relevant cations and anions were investigated, including Na',
K, Cu, Zn**, Cu**, Ni**, Mg>*, Ca>*, Fe*", C17, Br, 1", NO;
s0,%>~, HPO,”, H,PO,” and no significant fluorescence
responses was observed (Fig. 3b).

To study the effect of pH to the fluorescence of probe 1, the
change in fluorescence emission intensity of probe 1 with and
without Cys was investigated in a range of pH from 1 to 14,
respectively. The fluorescence emission intensity of probe 1 at
495 nm was stable in the pH range of 6-9 (Fig. 4). Decrease in
the fluorescence intensity was observed under basic conditions
(pH > 9), which could be attributed to the hydrolysis of acrylate.
The results suggested that probe 1 was capable of detecting Cys
under physiological conditions.

The response time was examined based on the change in
fluorescence emission intensity of probe 1 upon reaction with
20 equiv. of Cys, Hey, and GSH, respectively. As shown in Fig. 5,
Cys caused a rapid fluorescence quenching than Hey and GSH,
and the fluorescence intensity remained stable after 100 min.
However, the reaction rates of Hey and GSH with probe 1 were
significantly lower than that of Cys. This result indicated that
probe 1 could selectively distinguish Cys from Hcy and GSH.

Align with literature reports,*>® we proposed the reaction
mechanism of probe 1 with Cys was based on the nucleophilic
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Fig. 2 (a) Fluorescence titration of 1 (20 uM) upon the addition of Cys
(0,10, 20, 30, 40, 60, 80, 100, 120, 140, 160, 180, 200, 400, 600, 1000
uM). (b) Linear correlation between emission intensities at 495 nm and
concentrations of Cys (0—-100 pM).
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Fig. 3 Fluorescence changes Fo/F (Aem = 495 nm) of 1 (20 uM) upon
the addition of various (a) amino acids (20 equiv.) and (b) potential
biologically-relevant ions in CHzCN/H,O solution (1 : 1, v/v, 50 mM pH
7.4 PBS) after 100 min.
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Fig. 4 Fluorescence intensity of 1 (20 pM) with and without the
addition of Cys (20 equiv.) at different pH values.

addition reaction of Cys with C=C bond of acrylate, followed by
the cyclization-cleavage reaction and resulting in the formation
of 2 with a hydroxyl group (Scheme 2). HRMS analysis of the
crude reaction mixture showed the presence of peak with m/z
394.16, which revealed the formation of 2 after the reaction
(Fig. S271). The high selectivity of probe 1 towards Cys over Hcy
and GSH could be attributed to the difference in reaction rates
of the intramolecular cyclization reaction. The intramolecular
cyclization reaction for the formation of the seven-membered
amide promoted by Cys was more kinetically favored than the
formation of a strained eight or twelve-membered ring in the
case of Hecy or GSH, respectively. As shown in the MS spectra
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Fig. 5 Time-dependent fluorescence changes of 1 (20 pM) upon the
addition of Cys, Hcy, and GSH (20 equiv.).
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Scheme 2 Proposed reaction mechanism of 1 with Cys.

(Fig. S3 and S47), the presence of peaks corresponding to the
reaction intermediates, m/z 583.21 for Hey and m/z 755.26 for
GSH, respectively, was observed. These results indicated that
Hcy and GSH exhibited slower reaction rates with probe 1.

NMR analysis of the crude reaction mixture of probe 1 with
Cys (3 equiv.) was performed to provide further evidence on this
reaction mechanism. As shown in Fig. 6, the hydrogen atoms on
the acrylate group were located at 6.12 ppm (1H), 6.40 ppm (1H)
and 6.60 ppm (1H). After reaction with Cys, the peaks corre-
sponding to the hydrogen atoms on the acrylate group dis-
appeared, while the shift of two peaks at 7.28 ppm (2H) and
7.51 ppm (2H) to 6.90 ppm (2H) and 7.27 ppm (2H), respectively,
which corresponding to the hydrogen atoms on the phenyl ring,
was observed. By comparing the NMR spectrum of isolated 2
with that of the crude reaction mixture, the result indicated that
Cys reacted with the acrylate group on probe 1, resulting in the
formation of 2 with the hydroxyl group.

The fluorescence was proposed to be quenched by the
presence of hydroxyl substituent on the phenyl ring (i.e. phenol
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Fig. 6 Study of reaction mechanism using *H NMR analysis. (a) *H
NMR spectrum of isolated 1; (b) *H NMR spectrum of isolated 2; (c) *H
NMR spectrum of crude reaction mixture of 1 with Cys.
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Fig. 7 Confocal fluorescence microscopic images of Hela cells. (a)
Subcellular localization of 1. (b) Subcellular localization of
MitoTracker™ Red FM. (c) Merged images of (a) and (b). (d) Control
experiment of 1-treated cells; (e) 1-treated cells incubated with Cys
(100 puM). (f) Relative fluorescence of cells measured by Imaged.
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moiety) of the quinolizinium via intramolecular photo-induced
electron transfer (PET). According to our previous study on the
structure-photophysical property relationship (SPPR) studies of
the quinolizinium compounds, the HOMO is composed of a
orbital of the quinolizinium and phenyl ring while the LUMO is
composed of a w* orbital of the quinolizinium ring. The O atom
of the phenol moiety served as an electron-donating group that
donated an electron from its HOMO to the half-filled HOMO of
the quinolizinium upon excitation by light, resulting in the
quenching of fluorescence.

To demonstrate the practical applicability of probe 1 in
biological systems, cytotoxicity test and cell imaging experi-
ments were carried out. HeLa cell lines (American Type Culture
Collection) were cultured with Dulbecco’'s Modified Eagle's
Medium (DMEM) (Gibco) supplemented with 44 mM sodium
bicarbonate (Sigma-Aldrich), 10% v/v fetal bovine serum
(Gibco), and 100 U mL™" penicillin (Gibco), 100 pg mL ™"
streptomycin (Gibco) at 37 °C with 5% CO,. The cells had over
50% cell viability for concentrations of probe 1 up to 20.51 uM,
revealing that probe 1 is of low toxicity and good biocompati-
bility. The colocalization images of HeLa cells were observed
after treating with probe 1 and MitoTracker™ Red FM. As
shown in Fig. 7c, the green fluorescence from probe 1 overlaid
well with the red fluorescence from MitoTracker™ Red FM,
indicating that probe 1 could specifically localized in the
mitochondria.

For Cys detection in living cells, HeLa cells were first treated
with 100 uM of r-cysteine for 30 min, followed by incubation
with probe 1 for 2 h. t-Cysteine was replaced by PBS as the
control experiment. The fluorescence imaging was conducted
with a confocal microscope Leica TCS SP8 MP (Fig. 7d and e).
Green fluorescence emission was observed for the control
experiment, which possibly revealed that the interfering effects
of other intracellular thiol-containing molecules, including
Hcy, GSH and H,S, should be negligible. The fluorescence
emission was quenched by the presence of Cys in cells. These

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Determination of Cys in mouse serum samples

Cys concentration (uM)

Recovery RSD (%)
Sample Spiked Found (%) (n=4)
Mouse serum 0 57.92 — 4.8
20 76.70 108.9 2.9
30 86.74 96.0 6.7
40 101.68 109.4 1.4

results demonstrated that probe 1 could detect Cys in living
cells with mitochondrial targeting capability.

We further explored the application of probe 1 in quantita-
tive analysis of biological samples. Probe 1 was applied to the
detection of Cys in mouse serum samples with literature refer-
ences.’”® The serum samples were obtained from C57BL/6
mouse (source from The Chinese University of Hong Kong).
Whole blood collected was allowed to clot by leaving it undis-
turbed for an hour at room temperature. The clotted blood was
centrifuged at 1000 g for 10 min to remove the clot. Sera were
separated and stored at —80 °C prior to the assay. The standard
addition method was used to detect Cys in mouse serum. Mouse
serum samples were diluted 1000-fold with PBS and Cys at
different concentrations were added to the samples, respec-
tively. After the reaction was incubated with probe 1 at 25 °C for
100 min, the fluorescence signals of samples were measured.
The Cys concentration of each spiked sample was calculated
from the linear calibration curve (Fig. S87). As shown in Table 1,
moderate to good recovery percentage was obtained in the range
from 96% to 109%. These results indicated the possibility of
probe 1 for the application in quantitative Cys determination in
biological samples.

Conclusions

In summary, we have developed a novel fluorescent
quinolizinium-based turn-off probe for highly selective detec-
tion of Cys. The acrylate group was incorporated on the phenyl
ring of the quinolizinium, which served as the reaction site for
conjugated addition-cyclization reaction with Cys, resulting in
the formation of phenol moiety with fluorescence quenching
via PET. Probe 1 exhibited high selectivity and sensitivity
towards Cys over Hcy, GSH and other amino acids with a low
detection limit of 0.18 uM. It was successfully applied to the
detection of Cys in living cells with low cytotoxicity and good
biocompatibility, as well as the quantitative analysis of spiked
mouse serum samples with moderate to good recovery (96-
109%).
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