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A carboxylic acid-functionalized coumarin-hemicyanine near-infrared (NIR) dye 1 was exploited, which
possesses the good water solubility (more than 50 uM) and favorable photophysical properties, especially

=

the large stokes shift (around 90 nm), and has been proved to be a suitable imaging agent for targeting
mitochondria. With the dye platform, fluorescent probe 2, a thioester derivative of 1, was constructed for
biothiols. Probe 2 can react with cysteine (Cys) via the native-chemical-ligation (NCL) and cyclization
cascade reactions to lead to coumarin 2-Cys. However, the reaction of 2 with homocysteine (Hcy) or
glutathione (GSH) only stays at the stage of the initial transthioesterification reaction, producing
coumarin-hemicyanines 2-Hcy or 2-GSH, due to an electrostatic interaction in 2-Hcy and an unstable

o

macrocyclic transition state in 2-GSH, both inhibiting their subsequent S, N-acyl shift. Given the distinct
photophysical properties between 2-Cys and 2-Hcy (or 2-GSH), probe 2 could highly selectively
discriminate Cys from Hcy/GSH. Even in the presence of Hey or GSH, 2 still works well for Cys due to
the reversible transthioesterification and the irreversible S, N-acyl shift in NCL reaction. The cell imaging

20 assays revealed that probe 2 is cell permeable, and could selectively image Cys in living cells.
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disadvantageous for biological research. Moreover, it is more
Introduction serious when the near-infrared (NIR) fluorophores are used
because most of NIR fluorophore have relatively high-lying
HOMO energy, so that the Off—On switching of NIR fluorescence

s0 via PET is less efficient.

An attractive solution to this issue is employing the strategy of
the change in the m-conjugated system of a dye induced by
chemical reactions.>® The most typical examples are the
rhodamine (a carboxylic acid-functionalized xanthene dye)-based

ss fluorescent probes. The spirocyclic form of these probes is
nonfluorescent due to the less m-conjugation state; however, its
ring-open form is highly fluorescent as a result of the =-
conjugation recovery, thereby enabling the fluorescence Off-On
response with almost negligible background fluorescence. Thus,
since the first rhodamine-based fluorescent probe for Cu** was
reported by Czarnik in 1997,% rhodamine has been regarded as a
versatile platform for fluorescent probe development.®™° However,
the absorption and emission wavelengths of most rhodamine
derivatives are below 600 nm. In fact, it is well established that
os fluorescent dyes operating in the far-red to NIR region have many
advantages for biological applications, including low
phototoxicity, low autofluorescence, and good tissue penetration.’
As such, some excellent rhodamine-inspired long-wavelength
fluorescent dyes have been actively developed in recent years,®
70 such as Si-rhodamines (SiR)° as well as the carboxylic acid-
functionalized SiR,'® merocyaninedyes (CS NIR)'! and hybrids
of coumarin and rhodamine'? reported by Nagano, Wu, Lin, and

Since the fluorescent indicators for calcium ion were reported by
Tsien in the early 1980s,' fluorescent probes have been
recognized as the efficient molecular tools that can help monitor
and visualize trace amounts of samples in live cells or tissues
because of its high sensitivity and high spatiotemporal
resolution.? In particular, the exploitation of reaction-based
fluorescent probes have attracted the increasing attention in
recent years® and become an active research field due to their
high selectivity with the large spectroscopic changes than those
based on the non-covalent interactions in most cases. Usually, the
construction of a reaction-based fluorescent probe involves two
integrated components: one is the signaling fluorophore and the
other is the receptor that possesses a reaction-based binding
capability. When a guest species is bound to the receptor, the
photophysical characteristics of the fluorophore will change via
different mechanisms. Photoinduced electron transfer (PET) is a
widely used fluorescence-modulated mechanism to achieve the
goal, through which the fluorescence of a fluorophore is
quenched by the electron transfer from the donor to the acceptor
upon excitation, and could be recovered via the inhibition of this
process by guest binding. However, in practical terms, it is still
difficult to accurately predicate the analytical performance of a
PET-based fluorescent probe, and in many cases, the undesired
4s background fluorescence still remains, which is especially
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Wang, respectively. These dyes not only enrich the family of NIR
dyes for various biological applications, but also provide the
important platforms for development of various fluorescent
probes based on the
s switching mechanism. However, one of the main drawbacks of
these dyes is their relatively small Stokes shifts. The small Stokes
shift is often detrimental to practical applications due to either the
reduced emission intensity by self-absorption and inner filter
effect or the fluorescence detection errors because of excitation
10 backscattering effects. Therefore, there is a strong interest in the
development of the novel NIR dyes aimed at improving the
spectral  parameter while retaining the rhodamine-like
fluorescence switching mechanism for fluorescent probe design.
In this paper, we presented a carboxylic acid-functionalized
1s coumarin-hemicyanine fluorescent dye 1 (Scheme 1B) by
combining the advantages of the large Stokes shift of coumarin
dye, NIR emission of cyanine dye, and carboxylic acid functional
group of rhodamine dye (Scheme 1A). Besides the high molar
extinction coefficient, good fluorescence quantum yield, and
20 sufficient photostability, several striking advantages of the dye
also include: (1) the fluorescence of the dye falls into the red
region, thus being preferable for in vivo bioimaging; (2) the
Stokes shift of the dye is obviously larger than those classical
dyes, such as rhodamine, fluorescein, Bodipy, and Cyanine; (3)
25 the carboxylic acid group not only increases the hydrophilicity of
the dye, but also is amenable to modification to construct various
fluorescent probes; (4) due to its a positive charge delocalized
through resonance just like the mitochondria-selective probes
rhodamine 123 and tetramethylrosamine,' the dye was found to
30 be a suitable imaging agent for targeting mitochondria.

spirocyclization-induced fluorescence

(A)
EGN” : o o )\/\/\/L = N/‘: ‘NE(
Coumarin Cyanine Rhodamine
(Large Stokes shift) (NIR emission) (Carboxylic acid functional group)

(B)

Dye 1 (This work)

Probe 2 (This work)

Scheme 1.(A) Chemical structures of coumarin, cyanine, and rhodamine
dyes. (B) Carboxylic acid-functionalized coumarin-hemicyanine dye 1. (C)
Probe 2 based on dye 1 platform.

35 Further, with dye 1 platform, we synthesized a fluorescent
probe 2 (a thioester of 1) (Scheme 1C) for cysteine (Cys) inspired
by the widely used native chemical ligation (NCL) reaction in
peptide  synthesis,’ ie. the Cys residue-induced
transthioesterification and the subsequent intramolecular S, N-

40 acyl shift (Scheme 2A). As shown in Scheme 2B, probe 2 can
undergo a NCL-cyclization cascade reaction with Cys to lead to
coumarin 2-Cys; however, homocysteine (Hcy) and glutathione
(GSH) only trigger a transthioesterification reaction to produce
coumarin-hemicyamine 2-Hcy and 2-GSH, respectively, due to a

4s strong electrostatic interaction in 2-Hcy and an unstable
macrocyclic transition state in 2-GSH, both inhibiting their
subsequent S, N-acyl shift. In view of the distinct emission
between 2-Cys and 2-Hcy (or 2-GSH), probe 2 could highly

selectively discriminate Cys from Hcy/GSH. Notably, even in the

so presence of Hey and GSH, probe 2 still works well for Cys due to
the reversible transthioesterification reaction and the irreversible
S, N-acyl shift.'"* Assisted by laser scanning confocal microscope,
we further demonstrated the potential of 2 to selectively monitor
Cys in living cells. Given that Cys plays the crucial roles in many

ss physiological processes,”” and is closely related to many
diseases,'® the results reported herein are encouraging and maybe
provide an opportunity for studying the Cys-related physiological
processes and diseases in biological systems.
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60 Scheme 2. (A) The principle of NCL reaction. (B) Selectively sensing of
Cys by 2 based on the NCL-cyclization reaction in the absence or
presence of Hey and GSH.

HOOC

4-MePh
Oy S

Results and Discussion

Synthesis and spectra properties of dye 1 and its application
es to specifically target mitochondria

Dye 1 was synthesized by a simple four-step procedure (Scheme
3). The starting materials S4 was prepared according to the
reported procedure.'” Condensation of compound S4 with diethyl
malonate in acidic conditions afforded the intermediate S3, which
70 was then hydrolyzed in the mixture of concentrated HCI and
glacial acetic acid to give the intermediate S2.The intermediate
S1 was synthesized via Duff reaction of S2. Condensation of S1
with 2,3-dimethylbenzothiazolium iodid in refluxing ethanol to
provide the desired product 1 as a dark green solid. The chemical
75 structure of 1 was confirmed by '"H NMR, *C NMR, and HRMS

spectra (ESIT).
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Scheme 3. Synthesis of dye 1.
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The photophysical properties of dye 1 were subsequently
determined with EtOH as a representative solvent. In EtOH, 1
displayed the high extinction coefficient (g = 2.64x10* M™' cm™)
with absorption maximum at 550 nm, good fluorescence quantum
yield [@ = 0.195 with cresyl violet (& = 0.54) as reference], red
emission at 644 nm, and significant Stokes shift up to 94 nm (Fig.
1A). Such a big Stokes shift can avoid not only the self-
quenchingby self-absorption and inner filter effect but also
fluorescence detection errors due to excitation backscattering
effects, and thus is very advantageous for practical application. In
this sense, dye 1 appears to be preferable to those classical dyes,
such as rhodamine, fluorescein, Bodipy, and Cyanine (generally
less than 30 nm). In addition, the photostability of 1 in EtOH was
also evaluated by continuous irradiation of the dye using a 150 W
Xe lamp as the light source at a 10 nm slit width at the maximal
absorption wavelength of 1. After 60 min continuous irradiation,

about 98.5% of the initial fluorescence intensity was retained (Fig.

1B), indicating that the dye has sufficient photostability for
biological applications.
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Fig. 1 (A) Normalized absorption and emission spectra of 1 in EtOH. (B)
Photostability of 1 in EtOH. The sample was continuously irradiated by a
xenon lamp (150 W) at 10 nm slit width at the maximal absorption
wavelength of 1.

Mitochondria ~ are  the important energy-producing
compartment in cells, and play crucial roles in numerous vital
cellular processes. Mitochondria are also involved in various
pathologies, such as Alzheimer’s disease, cancer, and diabetes.'®
Thus, mitochondria-staining reagents are important in biomedical
research and diagnostic applications.'” Although various
mitochondrial-targeting fluorescence dyes are commercially
available, only a few are in the long-wavelength range. Moreover,
these dyes commonly suffer from some practical limitations, such
as small Stokes shift and poor photostability. Noteworthily, dye 1
possesses a positive charge delocalized through resonance as the
mitochondria-selective probes rhodamine 123 and
tetramethylrosamine,'> and thus was highly expected to be a
suitable imaging agent for targeting mitochondria by electrostatic
interactions due to the highly negative mitochondrial membrane
potentials (about —180 mV).*® Given these, we performed
confocal fluorescence microscopy observations after co-staining
the cells with a mitochondria-specific fluorescent marker
MitoTracker Green FM. B16 cells or HeLa cells were seeded to a
glass bottomed dish in a static overnight culture. Adhered cells
were stained with dye 1 (4 uM) and MitoTracker green (0.15
pM) for both 20 min. After washing, cells were successively
observed with confocal fluorescence microscopy. As shown in
Fig. 2, the fine merged image in the co-staining experiments
clearly confirmed that the dye could efficiently penetrate the cell
so membrane and specifically label mitochondria, revealing its
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potential for imaging and therapeutic applications. The minimal
cytotoxicity of 1 was also demonstrated by MTT assay (Fig. S1,
ESIf).

Green channel  Red channel Overlap image Bright field

-
.

B16 cells

Hela cells

ss Fig. 2 Confocal fluorescence microscopy images of B16 cells (A1-D1)

and HeLa cells (A2-D2) co-stained by MitoTracker Green FM (0.15 uM,
20 min) and 1 (4 puM, 20 min). (A1,A2) Image from band path of 500-550
nm upon excitation of MitoTracker Green FM at 488 nm; (B1,B2) image
from band path of 590-750 nm upon excitation of 1 at 543 nm; (C1,C2)
the corresponding overlap images; (D1,D2) the corresponding brightfield
images. Scale bar: 10 um.

To probe the possible spirocyclizatioin mechanism, we
subsequently investigated the absorption spectra changes of 1 in
response to different pHs. Dye 1 was found to be considerably
water soluble (> 50 uM in PB buffer) (Fig. S2, ESIf), and
showed the main absorption around 543 nm (Fig. 3A), a typical
emission of coumarin-hemicyanine dye, in a wide pH range of
2-12, indicating that 1 mainly exists as the ring-open form in the
cases. Similarly, in MeOH, EtOH, CH3;CN, CH,Cl,, CHCl; and
PB buffer (pH 7.4, 20 mM), 1 also exists as the ring-open form in
term of the main absorptions in the range of 540-580 nm (Fig.
3B). Thus, unlike those reported carboxylic acid-functionalized
dyes,>'%'2 1 is difficult to undergo the spirocyclization reaction
presumably due to the poor reactivity of coumarin 4-position.
However, when the carboxylic acid group was replaced by a
more nucleophilic amide group, a cyclization reaction rather than
the spirocyclization reaction could be clearly observed (see
below), providing the possibility for designing fluorescent probes
based on the change of n-conjugated systems.
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Fig.3 (A) Absorption spectra of 1 (2 uM) in the different pH conditions.
(B) Absorption spectra of 1 (2 uM) in different solvents.

Ratiometric fluorescent probe 2 for Cys based on dye 1
platform

Given that biothiols, such as Cys, Hey, and GSH, play crucial
roles in many physiological processes, and are closely related to
many diseases, a large number of reaction-based fluorescent
probes have been developed in recent years to detect and sense
these important species.”’ However, most of these probes cannot

90 distinguish these biothiols from each other due to the similar

structure and reactivity of them. Because Cys, Hcy, and GSH
levels are related with different physiological processes and

This journal is © The Royal Society of Chemistry [year]
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diseases, the development of fluorescent probes that could
discriminate between them is highly valuable for better
understanding of their respective molecular mechanism of action.
Toward this end, besides some important progress on Hcy? or
GSH? fluorescent probes, unceasing efforts have been made
towards Cys as follows. Based on the cyclization of Cys/Hcy
with aldehydes®® or acrylates,”* pioneered by Strongin group,
the selective detection of Cys/Hcy over GSH has been realized.”
Further, some specific probes for Cys were developed based on
either the extended version of the two strategies®®*’ or Michael
addition combined with steric, electrostatic and hydrogen-
bonding interactions®™ or the Cys-induced SyAr substitution-
rearrangement reaction.” In fact, from a design point of view, it
appears to be relatively easy to preclude the interference of GSH
with these strategies. However, the discrimination between Cys
and Hcy still remains a hit-or-miss proposition, often a matter of
luck as these two amino acids differ only by one methylene unit
in their side chains.

Recently, inspired by the Cys-induced NCL reaction,
Strongin and Yang et al. exploited two new fluorescent probes for
biothiols based on the carboxylic acid-functionalized
benzothiazole-rhodol and coumarin-bezopyrylium dye platforms,
respectively.’! Since the sulfhydryl and the amino groups of
Cys/Hey are both involved in the NCL reaction, the two probes
show high selectivity toward Cys/Hcy over GSH as well as other
amino acids. However, they could not distinguish between Cys
and Hcy due to the same reaction mechanism. Herein, by
functionalizing the carboxylic acid group of dye 1, we designed
and synthesized fluorescent probe 2 (Scheme 4), a thioester
derivative of 1, with the expectation of improving the selectivity
toward biothiols based on the NCL reaction coupled with steric or
electrostatic interaction. The chemical structure of 2 was
confirmed by '"H NMR, '*C NMR, and HRMS spectra (ESI?).

S

HOOC O
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Dye 1

14,30

el

DCC, HOSU, CHyCly  grn

EtN

Probe 2

Scheme 4 Synthesis of probe 2.

With the probe in hand, we first examined its reactivity
towards Cys, Hcy, and GSH through time-dependent UV-vis
spectra in PB buffer (pH 7.4, 20 mM, containing 10% DMF) at
37 °C (Fig. 4). As a model compound of amino-free thiol, N-
acetylcysteine (NAC) was also tested. The free 2 showed a main
absorption at 550nm ascribed to the ring-open coumarin-
hemicyanine dye. Upon addition of 20 equiv of Cys, the initial
absorption peak gradually decreased along with the simultaneous
emergence of the new blue-shifted peaks at 405 nm (Fig. 4A).
Such a big blue shift in absorption wavelength indicated that the
reaction breaks the m-conjugation of the coumarin-hemicyanine
unit in 2. Surprisingly, addition of 20 equiv of Hcy only resulted
in a slight decrease of the absorption at 550 nm along with an
almost negligible increase at 405 nm (Fig. 4B). Similar case was
also observed when GSH or NAC was used (Figs. 4C,D). The
distinct absorption spectra changes of 2 treated with Cys and Hey
(or GSH or NAC) indicated that these reactions must go through
different routes.
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Fig.4 Time-dependent absorption spectra of 2 (4 uM) upon addition of 20
equiv of Cys (A), Hey (B), GSH (C), and NAC (D), respectively, in PB
buffer (pH 7.4, 20 mM, containing 10% DMF) at 37 °C.

Based on the above observations, we proposed the possible
reaction mechanisms. As shown in Scheme 5A, according to the
NCL reaction, the initial transthioesterification reaction between
2 and Cys would results in intermediate M1, and the subsequent
intramolecular S, N-acyl shift would produce intermediate M2.
Because 2, M1, and M2 all belong to coumarin-hemicyanine dye
with the absorption wavelength around 550 nm, the observed
absorption peak at 405 nm should be attributed to the seven-
membered cyclic 2—Cys, a typical coumarin dye, produced via
the intramolecular cyclization of M2. This speculation was
supported by a control compound S2, whose absorption
maximum was also found around 405 nm (Fig. S3, ESIY).
However, for Hcy, in terms of the almost unchanged absorption
spectra of 2, the transthioesterification reaction should dominate,
resulting in thioester 2-Hey (Scheme 5B). To explain why it is
difficult for 2-Hey to perform the subsequent S,N-acyl shift, we
proposed an electrostatic attraction interaction between the
negatively charged Hcy carboxylate anion and the positively
charged benzothiazolium N atom, which may prevent Hcy amino
group close to the thioester group, thereby inhibiting the
subsequent S,N-acyl shift. In fact, the electrostatic interaction is
sensitive to distance in space, and maybe it is more efficient for
Hcy than for Cys to direct its carboxylate anion close to the
positively charged benzothiazolium N atom. Similarly, in the case
of GSH, thioester 2-GSH produced the direct
transthioesterification reaction (Scheme 5C) should be the only
product based on the almost unchanged absorption spectra,
because the subsequent S, N-acyl shift must go through a ten-
membered macrocyclic transition state that is obviously
unstable.”>*! In fact, this speculation was also supported by the
almost unchanged absorption spectra of 2 upon treated with NAC
(Fig. 4D). Further, we also performed the HRMS assays, wherein
the molecular ion peaks corresponding to 2-Cys, 2-Hcey, and 2-
GSH were clearly observed (Fig. S4, ESIt).

via
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Scheme S The proposed reaction mechanisms of 2 with Cys (A), Hey (B),
s and GSH (C).
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In order to get insight into the above mentioned electrostatic
interaction that inhibits 2-Hcey to undergo the subsequent S,N-
acyl shift, DFT calculations with the B3LYP exchange functional
employing 6-31G* basis sets using a suite of Gaussian 09
programs were conducted. As a comparison, the intermediate M1
resulted from the Michael addition of Cys with 2 was also
optimized. The optimized structures of 2-Hcy and M1 were
shown in Fig. 5. As can be seen, in both structures, the
carboxylate anion is close to the positively charged
benzothiazolium N atom, supporting our proposed electrostatic
interaction. Notably, in the case of 2-Hey (Fig. 5A), the distance
between the carboxylate anion and benzothiazolium N atom is
shorter than that in M1 (Fig. 5B), suggesting that its carboxylate
anion could bind more tightly to benzothiazolium N atom,
20 thereby inhibiting the subsequent intramolecular S,N-acyl shift.

However, in the case of M1, besides the relatively longer distance

between the carboxylate anion and benzothiazolium N atom, the

coumarin-hemicyanine unit also showed a considerably twisted

conformation, obviously different from the almost planar one
»s found in 2-Hey, revealing the poor electrostatic interaction as

well as the unstable molecular conformation. Maybe, in solution

the electrostatic interaction in M1 would become weaker or

disappear due to the strong solvation as well as the tendency of

restoring the planar and 7-conjugated coumarin-hemicyanine
30 conformation. Thus, it should be easier for M1 than for 2-Hcey to
undergo the subsequent S,N-acyl shift. Although it is difficult for
us to obtain some experimental evidences to support the proposed
electrostatic interaction in 2-Hey, the theoretical calculations
perfectly rationalize our proposed reaction mechanisms. In fact,
in some reports, the electrostatic interaction has been indicated to
play a role in selectivity.?**

In addition, it has been indicated that both Cys and Hcy can
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participate in NCL reaction. but Cys appears to be slightly more
efficient than Hcy.*' This can be attributed to the more stable

40 five-membered cyclic transition state for Cys than the six-

membered one for Hey during S,N-acyl shift in NCL reaction.
Maybe, this is an additional contributing factor for the selectivity
of probe 2 toward Cys over Hcy. However, efforts to identify 2-
Cys adduct was unsuccessful due to the difficult separation.

4s However, the UV-vis spectra changes of 2 treated with Cys (Fig.

4A), combined with the absorption spectrum of a control
compound S2 (Fig. S3, ESIY) and the HRMS result of 2-Cys
(Fig. S4, ESIY), strongly indicates the cyclic structure of 2-Cys
proposed in Scheme 5A.
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Fig.5 DFT optimized structures of 2-Hey (A) and M1 (B) indicate the
electrostatic interaction between the negatively charged carboxylate anion
and the positively charged benzothiazolium N atom. In the ball-and-stick
representation, carbon, nitrogen, and oxygen atoms are colored in gray,
blue, and red, respectively. H atoms were omitted for clarity.

Encouraged by the above results, we examined emission
behaviour of 2 upon addition of Cys, Hey, GSH, and NAC,
respectively, by use of two different excitations at 405 nm and
545 nm, equal to and near the absorption maximum of 2-Cys and
2, respectively. As shown in Fig. 6, the free probe displayed a
poor emission at 494 nm (L., = 405 nm) (Fig. 6A1) and a strong
emission at 644 nm (A, = 545 nm) (Fig. 6A2), suggesting the
probe exists as a ring-open form; upon addition of 20 equiv of
Cys, the emission intensity at 494 nm gradually increased with
the simultaneous decrease of the emission at 644 nm. After 30
min, the reaction reached equilibrium, and in this case, an
approximate 96-fold enhancement of the ratiometric value
(1494/1544) Was observed. However, the addition of Hey (or GSH)
only induced a slight change of the ratiometric value [1.6 and
0.78-fold for Hcy (Figs. 6B1,B2) and GSH (Figs. 6C1,C2),
respectively]. These results are in good agreement with the
aforementioned absorption spectra changes, not only supporting
our proposed reaction mechanisms, but also confirming the high
selectivity of 2 for Cys over Hecy and GSH.

Further, we speculated that the Cys-induced fluorescence
response should also be able to be observed even in the presence
of Hey and GSH because the transthioesterification reaction
between 2 and Hey (or GSH) is reversible, but the intramolecular

This journal is © The Royal Society of Chemistry [year]
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S, N-acyl shift reaction is irreversible (Scheme 2C).'* As shown
in Fig. S5 (ESIf), when the probe was treated with the mixture of
Cys/Hey (for each, 20 equiv), we observed the almost same
response as that only treated with Cys; similar case was also
observed when the mixture of Cys/GSH was used; moreover, 11 12 13 14 15 16 17 18 19 20
when probe 2 was pre-treated with 20 equiv of NAC for 30 min -

and then treated with 20 equiv of Cys, the obvious fluorescence
responses toward Cys could also be observed. Given that Cys,
Hey and GSH commonly coexist in biological systems, the Fig.7 A photograph showing the emission of 2 (4 pM) treated with 20

present results are considerably attractive. equiv of various amino acids in PB buffer (pH 7.4, 20 mM, containing 10%
DMEF) at 37 °C. (1) 2 only, (2) His, (3) Glu, (4) Asp, (5) Val, (6) Phe, (7)

o
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(A1) R 2+Cys; Ex: 405 nm (A2) 2+Cys; Ex: 545 nm 35 Tyr, (8) Ala, (9) Ser, (10) Leu, (11) Arg, (12) Pro, (13) Thr, (14) Gln, (15)
1600 A 600
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§1200 A gsoo-
§‘°°°- ;\//\ < 4001 The fluorescence titration experiments for Cys were performed
3 s00] \ £ 300 in the same condition. on treatment wi e increasin,
3 \ : th dit Upon treatment with th g
§ 600 /N\ o S200 concentrations of Cys, the fluorescence intensity of 2 at 494 nm
400 J \ o . . .
si0] A 100 40 gradually increased along with the simultaneously decrease of
0l — Py I _ that at 644 nm, and when the amount of Cys was more than 80
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800 . . .
Wavelength / nm o Wavelength / nm UM, the spectra saturation was reached. In this case, a linear
1800 (B1) 2+Hcy; Ex: 405 nm o (B2) 2+Hcy; Ex: 545 nm calibration graph of the ratiometric responses (l404/7544) to Cys
1600 4 1 . . .
E) S concentrations from 0 pM to 25 uM could be obtained (Fig. S7
B 14004 2 500 ’
£ 1200 ém 4s ESIY), and the detection limit was measured to be 0.06 uM based
E 1000 §m on S/N =3. Because the intracellular Cys concentrations are on
g Z: §m the range of 30-200 uM,** probe 2 is sensitive enough to image
S £ the biothiol in cells.
1 . K The effect of pH on the fluorescence response of probe 2 to
% ko sk o o 700 7i0 s00 450 500 550 sdo 0 700 730 800 59 Cys was also tested with the excitation wavelength of 405 nm and
avelength / nm 256 Wavelength / nm X X
:::: e (€2) 2+G3H; Simin 545 nm, respectlvely: It was found that 2 was stable over a V.Vlde
Zoue] 2% Bxs4Sam ] pH range of 2-8 (Fig. S8A, ESIY), and displayed the obvious
£ 1200] i 0 response for Cys in the region of 7-8 (Fig. S8B, ESIf). Thus,
= 1000 £ 49 probe 2 could function properly at physiological pH.
o @
S 800 2 300
§ oo S 00 ss Imaging Cys by 2 in living Cells
i 400 [
2001 1004 Encouraged by the above in vitro assays, we subsequently
R e e o e A st e ) o P e P Y evaluated the capability of probe 2 to image Cys in human kidney
Wayslength inm Wavelength/nm carcinoma cell line 786-O (Fig. 8). 786-O cells were found to
Fig. 6 Time dependent fluorescence spectra of probe 2 (4 uM) in the have almost no fluorescence in blue channel. However, when

15 presence of 20 equiv of Cys (Al, A2), Hey (B1, B2), and GSH (C1,C2) in . . .
PB buffer (pH 7.4, 20 mM. containing 10% DMF) at 37 °C. For A1CI., 786-0 cells are incubated with 2 (4 uM), they gave fluorescence

N = 405 M, Aoy = 494 nm. For A2—C2, A, = 545 nm, Ay = 644 nm. Slit: in the channel (Fig. 8Al), suggesting that 2 is responsive to
5/10 nm. Voltage: 600V. intracellular Cys. When 786-O cells were pre-treated with 0.5

mM Cys and then incubated with 4uM 2, an obvious emission
enhancement in blue emission was observed (Fig. 8B1). When
786-0O cells were pretreated with N-ethylmaleimide (NEM, 0.5
mM, a trapping reagent of thiol species) and then incubated with
2, a remarkable emission decrease in blue channel was observed
(Fig. 8C1). These results suggested that probe 2 was cell

6

=)

In addition, we also examined the fluorescence responses of 2

20 incubated with 20 equiv of various amino acids, including His,
Glu, Asp, Val, Phe, Tyr, Ala, Ser, Leu, Arg, Pro, Thr, Gln, Try,
Ile, Lys, Cys, Hecy, and GSH. As can be seen in Fig. S6 (ESIY),
Cys elicited the significant fluorescence intensity changes at both
494 nm and 644 nm, whereas other amino acids only caused very permeable, and could selectively image Cys in living cells. In

»s limited emission changes or none at all in the same conditions. addition, the minimal cytotoxicity of 2 was also demonstrated by
Thus, the selectivity of 2 toward Cys over Hcy, GSH, and other MTT assay (Fig. S9, ESI¥).

amino acids is considerably high. Moreover, when the solution of

2 was excited at 365 nm by UV lamp in the presence of 20 equiv

of various amino acids, only Cys caused a bright blue
30 fluorescence discernable by naked eyes (Fig.7).

6:
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Fig.8 Imaging Cys in human kidney carcinoma cell line 786-O using
probe 2. (Al) Incubated with 4 uM 2 only. (B1) Pre-treated with 0.5 mM
Cys, and then 4 pM 2. (C1) Pre-treated with 0.5 mM NEM, and then 4
uM 2. (A2—-C2) The corresponding brightfield images. Emission was
collected at 425-475 nm for blue channel (Ex: 405 nm). Scale bar: 50 um.

Conclusions

In this paper we presented a new carboxylic acid-functionalized
coumarin-hemicyanine dye 1. The dye possesses good water
solubility and attractive photophysical properties including red
emission, good fluorescence quantum yield, large stokes shift,
and good photostability, and has been proved to be a suitable
imaging agent for targeting mitochondria. With the dye platform,
we further developed a ratiometric fluorescent probe 2, a thioester
of 1, which can highly selectively detect Cys over Hcy and GSH
based on the Cys-induced NCL-cyclization cascade reaction.
Even in the presence of Hcy or GSH, 2 still works well with Cys
due to the reversible transthioesterification reaction and the
irreversible NCL reaction. The cell imaging experiment revealed
that 2 is cell permeable, and could selectively image Cys in living
cells. We expect that dye 1 or its counterparts will serve as useful
platform for the development of various fluorescent probes based
on the cyclization or ring-open fluorescence switching
mechanism. We also expect that the combination of the NCL-
cyclization reaction with electrostatic interaction could be
regarded as a useful design strategy to construct new fluorescent
probes for biothiols with the improved performance.
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Graphic Abstract

A Carboxylic acid-Functionalized Coumarin-Hemicyanine Fluorescent Dye and Its Application

to Construct a Fluorescent Probe for Selective Detection of Cysteine over Homocysteine and

Glutathione

Jing Liu, Yuan-Qiang Sun, Hongxing Zhang, Yingying Huo, Yawei Shi, Heping Shi, and Wei Guo*

We obtained a highly selective fluorescent probe 2 for Cys over Hcy and GSH based on a carboxylic

acid-functionalized coumarin-hemicyanine dye 1 platform that is inspired by coumarin, cyanine, and

rhodamine dyes.
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