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zebrafish.

By pairing two fluorophores according to their optical properties such as absorption spectral overlap and
absorptivity, fluorescent quantum yield and emission spectral separation, a bifunctional fluorescent
probe, TQBF-NBD, was rationally designed and synthesized to discriminatively sense Hcy/Cys and GSH
with good selectivity and sensitivity. It is noted that this probe could work under a single-wavelength
excitation and displayed a mega-large Stokes shift. TQBF-NBD reacted with Hcy/Cys to give a mixed
green-red fluorescence and displayed a red fluorescence upon the treatment with GSH. Distinguishable
imaging of intracellular Hcy/Cys from GSH with the help of TQBF-NBD was realized in living cells and
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In the past decades, fluorescent sensing has become an efficient
and powerful tool for biological applications because of its high
sensitivity, good selectivity, high temporal-spatial resolution and
simple technique operation [1-4]. The studies showed that
homocysteine (Hcy), cysteine (Cys) and glutathione (GSH) are
crucial in many physiological processes and their concentration
variations can cause many diseases [5-8], such as Alzheimer’s
disease, renal diseases, heart diseases, cancer and slow growth in
children. Particularly, they have close relationships between their
metabolisms and biological functions. In order to understand the
biologically interplaying roles of Hcy, Cys and GSH, it is of
enormous importance to construct single-molecular fluorescent
sensors that can distinguish them in vitro and in vivo.

Nitrobenzoxadiazole (NBD) group has been demonstrated as a
perfect sensing group to distinguish Hcy/Cys from GSH in the
construction of fluorescent probes [9-15]. In these NBD-based
fluorescent probes, the NBD group and a fluorophore were coupled
through an ether bond to form the probes and NBD group serves as
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a sensing group to quench the fluorophores’ fluorescence as well as
a precursor of a green fluorescent dye. To date, most of these
reported NBD-based probes need two excitation wavelengthes
(Tables S1 and S2 in Supporting information). Since NBD-based
fluorescent probes are bifunctional to differentiate Hcy/Cys and
GSH, there should be two sets of emission signals needed: one from
the original fluorophore and the other from the produced green-
emitting intermediate NBD-N-Hcy/Cys. Ideally, bifunctional fluo-
rescent probes should have: 1) a single-wavelength excitation,
which can avoid the need of double or multiple excitation sources
and simplify the sensing process, and thereby remarkably
improving the data accuracy for quantitative analysis [16-18];
2) two well-separated and equally intensified fluorescence signals
to avoid the interference. Since the green-emitting NBD-N-Hcy/Cys
is certain, the performance of NBD-based fluorescent probes
mainly relies on the optical properties of the paired fluorophores. It
is preferred that the paired fluorophores for the design of NBD-
based fluorescent probe should have the following optical
properties: 1) an absorption possessing large spectral overlap
with and similar molar absorptivity to those of NBD-N-Hcy/Cys
(420-520 nm) to realize a single-wavelength excitation [19-21];
2) a distinct emission spectrum from NBD-N-Hcy/Cys to obtain
well-separated signals; 3) a similar fluorescent quantum yield to
NBD-N-Hcy/Cys to obtain two emissions with comparable
strengths; 4) red/NIR emission to deeply penetrate tissue, reduce
photodamage to tissues and minimize autofluorescence; and 5) a
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Scheme 1. Synthesis of TQBF-NBD.

large Stokes shift to avoid self-absorption and interference of the
incident light [22,23].

Very recently, we used tetrahydroquinoxaline (TQ) group to
replace the diethylamino group in blue-emitting boron fluoride
complexes to obtain a series of new fluorophores, TQBFs, which
emit in the red spectral region (617—684 nm), possess really large
Stokes shifts (up to 209 nm) and especially unexpected high
fluorescence efficiencies (up to 0.68 in dichloromethane) [24]. In
particular, the absorption maxima of TQBFs dyes are around
450—-470 nm, which largely overlapped with the absorption of the
green fluorescent intermediates, NBD-N-Hcy/Cys, of NBD-based
fluorescent probes (absorption maxima is around 460—480 nm,
Table S1) [21]. Inspired by the merits of the optical properties of
TQBFs dyes, we are motivated to use them as the fluorophore to
construct NBD-based fluorescent probes.

Herein, we first prepared a new boron fluoride fluorescent dye,
TQBF—OH (Scheme 1). Next, we masked the OH group in dye
TQBF-OH to offer a fluorescent probe, TQBF-NBD, which was
sensitive and selective to distinguish Hcy/Cys from GSH with
desired optical properties: single-wavelength excitation, red
fluorescence and large Stokes shift.

As illustrated in Scheme 1, tetrahydroquinoxaline-derived
salicylaldehyde and p-hydroxyl-aniline were refluxed in ethanol
with p-toluenesulfonic acid as a catalyst to afford compound 1,
which reacted with BF5-OEt, to give the boron fluoride complex,
TQBF—OH. In addition, NBD-N-nBu was prepared as an analogue of
NBD-N-Hcy/Cys, the green-emitting intermediates in NBD-based
fluorescent probes (Scheme S1 in Supporting information).

To our delight, as shown in Fig. 1, dye TQBF—OH displayed an
intense absorption with \max">* =445 nm, a red fluorescence with
Amaxe™=620nm, a 175 nm Stokes shift and a desired fluorescent
quantum yield (& = 0.04 in PBS: 20% CH5CN, pH 7.4). First, there is a
large overlap between the absorptions of TQBF—OH and NBD-N-
nBu to allow a single-wavelength excitation, as well as the similar
molar absorptivity of TQBF—OH (¢=24000L mol 'cm™!) and
NBD-N-nBu (¢ = 22000L mol~'cm™') to guarantee matched

photon absorption (Fig. 1). Second, there is a 70 nm difference
between the maxima of the emissions of TQBF—OH (Apmax-™ =
620 nm) and NBD-N-nBu (A pmax-™ = 550 nm), which is large enough
to separate these two signals. Third, the fluorescent quantum
yields of TQBF—OH (& = 0.04) and NBD-N-nBu (& = 0.05) [25] are
very close, ensuring the green and red fluorescence signals have a
comparable intensity. Therefore, the photophysical properties of
TQBF—OH perfectly satisfied the requirements of optical properties
of ideal fluorophores for NBD-based fluorescent probes.

The advantageous optical properties of TQBF—OH encourage us
to prepare the fluorescent probe TQBF-NBD by refluxing TQBF—OH
with 4-chloro-7-nitro-2,1,3-benzoxadiazole (NBD-Cl) in acetoni-
trile using triethylamine as a base (Scheme S1).

The proposed sensing mechanism is shown in Scheme 2. We
expected that the fluorescence of TQBF-NBD would be strongly
quenched by NBD group via photo-induced electron transfer (PET).
In the presence of Hcy, Cys and GSH, the ether bond of probe would
be cleaved to release the red-emitting TQBF—OH and the non-
emissive intermediates NBD-S-Hcy/Cys/GSH. Subsequently, NBD-
S-Hcy/Cys can fast proceed an intermolecular Smiles rearrange-
ment to generate green-emitting compounds NBD-N-Hcy/Cys. It is
an exception for NBD-S-GSH that 10-membered cyclization
reaction would be kinetically inhibited. As a result, the probe is
expected to respond to Hcy/Cys to produce mixed red and green
signals, whereas only give red fluorescence in response to GSH.

As expected, TQBF-NBD was non-emissive in PBS (0.01 mol/L,
pH 7.4, 20% CH5CN) (Fig. 2). By contrast, the presence of Hcy/Cys
(10.0 equiv.) to TQBF-NBD triggered strong fluorescence with two
maxima at 550 nm and 620 nm, which should be from the green-
emitting NBD-N-Hcy/Cys and the red-emitting TQBF—OH. As for
GSH, only strong red fluorescence signals were seen with a a5 =
620 nm.

In order to inspect the selectivity of TQBF-NBD, other
biologically relevant amino acids (Ala, Glu, Gly, Arg, Iso, Leu,
Asp, His, Lys, Thr, Met, Phe, Ser, Trp, Val, Tyr, 10.0 equiv.) were used.
As seen in Fig. 2, these interfering species hardly caused any
fluorescence changes. Moreover, the coexistence of other amino
acids did not disturb the detection performance of probe for Hcy/
Cys and GSH. As shown in Fig. 3, the mixtures of TQBF-NBD with
other interfering species hardly produced fluorescence enhance-
ment at 620 nm. However, the additional addition of Hcy/Cys/GSH
to the above mixtures induced about 200-fold enhancements.

Thus, it could be concluded that TQBF-NBD could detect Hcy/
Cys and GSH with good selectivity and anti-interference.

To confirm whether TQBF-NBD is suitable for quantitative
analysis, the fluorescence intensities of TQBF-NBD with the
addition of varied amounts of Hcy, Cys and GSH (0-30.0 equiv.)
were determined individually. As seen in Fig. 4, the fluorescence
signals at both 550 nm and 620 nm of TQBF-NBD were progres-
sively intensified as the concentration of Cys or Hcy increased and
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Fig. 1. Comparison of photophysical properties of TQBF—OH and NBD-N-nBu in PBS (0.01 mol/L, pH 7.4, 20% CH5CN). (A) Normalized absorption spectra. (B) Normalized

emission spectra. (C) Fluorescent quantum yields.
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Fig. 2. Emission spectra of TQBF-NBD (10.0 p.mol/L) in PBS (0.01 mol/L, pH 7.4, 20%
CH5CN), upon the addition of related amino acids (Hcy, Cys, GSH, Ala, Glu, Asp, Gly,
His, Iso, Arg, Leu, Thr, Trp, Met, Lys, Phe, Ser, Val, Tyr). Incubation time: 20 min.
Excitation wavelength: 450 nm.

were saturated when the concentration was over 200.0 wmol/L
(20.0 equiv.). By observing the fluorescence at 620 nm, we obtained
similar results for GSH and the saturation concentration is
250.0 pumol/L (25.0 equiv.). We were pleased that TQBF-NBD could
quantitatively detect Hcy, Cys and GSH with good linearities in a
concentration range of 0-100 umol/L (0.0-10.0 equiv.). The
detection limits of TQBF-NBD were calculated to be 0.202, 0.359
and 0.228 pmol/L for Cys, Hcy and GSH, respectively, indicating
that TQBF-NBD was highly sensitive.

A,

Ala Arg Asp Glu Gly His Iso Leu Lys Met Phe Ser Thr Try Tyr Val

(1]
Ala Arg Asp Glu Gly His Iso Leu Lys Met Phe Ser The Try Tyr Val

In order to determine the optimal response times of TQBF-NBD
toward biothiols in PBS (0.01 mol/L, pH 7.4, 20% CH3CN), time-
dependence experiments were carried out (Fig. 5). It is indicated
that the reaction between TQBF-NBD (10.0 wmol/L) and
250.0 pmol/L (25.0 equiv.) of Cys was completed within 8 min.
And the response times for GSH and Hcy were found to be 8 min
and 15 min, respectively. Therefore, the fast responses of TQBF-
NBD toward Hcy, Cys and GSH suggested that it held a good
practicability in biological samples.

The fluorescence studies of TQBF-NBD well-matched our
hypothesis on the sensing mechanism illustrated in Scheme 2.
To provide decisive evidence, the mixtures of TQBF-NBD with these
three biothiols were analysed by high-resolution mass spectrom-
etry (Figs. S1-S3 in Supporting information). In the HRMS
chromatograms (Fig. S1), we observed all the expected peaks for
the corresponding reaction products: TQBF—OH (m/z for [M-H]:
calcd. 372.1770; found: 372.1761, 372.1745, 372.1735) (Figs. S1-S3),
NBD-N-Cys (m/z for [M-H]: calcd. 283.0215; found: 283.0194)
(Fig. S1), NBD-N-Hcy (m/z for [M-H]: calcd. 297.0369; found:
297.0338) (Fig. S2) and NBD-S-GSH (m/z for [M-H]: calcd.
469.0853; found: 469.0819) (Fig. S3), respectively. For example,
the HRMS chromatogram of TQBF-NBD with Cys displayed two
peaks at 372.1761 and at 283.0194, which were assigned for the
products of TQBF—OH (m/z for [M—H]: 372.1770) and NBD-N-Cys
(m/z for [M-H]: 283.0215). The HMRS analysis forcefully
confirmed the hypothesized reaction mechanism.

Ala Arg Asp Glu Gly His Iso Leu Lys Met Phe Ser Thr Try Tyr Val

Fig. 3. The relative fluorescence enhancement (620 nm) of the mixtures of TQBF-NBD with the co-existence of other respective amino acids in PBS (0.01 mol/L, pH 7.4, 20%
CH5CN) in the presence (red bars) and absence (green bars) of Cys (A), Hcy (B), GSH (C), respectively. Incubation time: 20 min. Excitation wavelength: 450 nm.



1064 X. Ren et al./Chinese Chemical Letters 32 (2021) 1061-1065

3000 3000
| (A1) Cys e Fss50 nm (A2)
Z 2\ 00eqiv. |2 Fsgi Ry
gzuw- 1 5 2000 i R
‘m 1 . £ L = 118.1195 + 12.2614x
gﬁm‘ 0.0 equiv. E ] %, z: e LR
2 1000, 1000 = 1
g 1 E H 1000
i 500 £ s0{ 8 500
| - P .' 9% & i o 200
500 550 600 650 700 750 BOO 0 100 200 300 400 500
Wavelength {nm) [Cys] (umoliL)
2500 2500+
1(B1) Hey " | » Fas0nm s w82
2000 dOequv. | 20| p o . ) 2
§ ! £ | M .
£ 1500, £ 1500/ .
§ | 0.0 equiv. § | s sT0| 133846022
& 1o T
g | - o
3 so0{ Somay Y ri
i boowim 1002
0 - D-i!-...__. i o 3 40 & 00
500 550 650 700 750 80O 0 50 100 150 200 250 300 350 400
Wavelength {nm) [Hey] (pmelil)
(€1) GSH | a0l + Fogopm . )
22500 i =
b 30.0requ|v. E - "
o
£ 2000 = * oo ¥ 98.695 < 10.888x
8 g 1500 . } |
2 1500 § . 80| Ru0993
§ 1000 X oo "
g E | S w
& s00 £ s004 E, 0|,
" " 40 & =
0 0
500 550 600 650 700 750 800 100

200 300
Wavelength (nm) [GSH] (pmoliL)
Fig. 4. (A1, B1, C1) Emission spectra of TQBF-NBD (10.0 wmol/L) with different
concentration of thiols (A1: Cys; B1: Hcy; C1: GSH), respectively. (A2, B2, C2) Plots of
fluorescence intensity of TQBF-NBD at 620nm (10.0 wmol/L) against the
concentration of thiols (A2: Cys; B2: Hcy; C2: GSH); insets: the linear relationship
between the fluorescence intensity and the concentration of thiols. Excitation
wavelength: 450 nm.
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Fig. 5. Time-dependent fluorescence behaviors of TQBF-NBD (10.0 umol/L) with
250.0 wmol/L of Cys (A1, A2), Hcy (B1, B2) and GSH (C1, C2). (A1-C1) Emission
spectra. (A2-C2) Plots of fluorescence intensities versus time. Excitation wave-
length: 450 nm.

Bright field Red channel

Green channel

Fig. 6. Images of cells. NEM-treated cells grown with 5.0 mmol/L of respective
thiols for 0.5 h, respectively, and TQBF-NBD (10.0 mol/L) for another 0.5 h. A: Cys;
B: Hcy; C: GSH; D: blank.

We next explored the practical application of TQBF-NBD in
biological system. The cytotoxicity assays performed in living Hela
cells showed TQBF-NBD was non-toxic, as shown in Fig. S4
(Supporting information). Using TQBF-NBD as a tool, the visualiza-
tion of these three thiols was conducted in Hela cells (Fig. 6). Cells
were first treated with N-ethylmaleimide (NEM, 1.0 mmol/L), a thiol-
quenching agent, at 37 °C for 0.5 h. As expected, no fluorescence
signal was seen when NEM-treated cells were incubated with TQBF-
NBD for 0.5 h (Fig. 6D). When NEM-treated cells were cultured with
5.0 mmol/L Cys or Hcy for 0.5 h, then incubated with TQBF-NBD for
an additional 0.5 h, bright fluorescence from both red and green
channels were observed (Figs. 6A and B). And the successive
treatment of NEM-treated cells with GSH and TQBF-NBD produced
strong red fluorescence signals (Fig. 6C).

Moreover, the visualization of intra-organismal thiols in
zebrafish was performed. As seen in Fig. 7, the results are as we

Green channel  Red channel

Bright field Merged

Fig. 7. Images of zebrafish. Zebrafish fed with NEM (10.0 mmol/L) for 0.5 h, cultured
respectively with 5.0 mmol/L of Cys (A), Hcy (B), GSl—[ (C) and blank (D) for another
0.5 h at 28 °C, and finally stained with TQBF-NBD (10.0 pwmol/L) for additional 0.5 h.
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expected: Mixed green and red fluorescence for Hcy/Cys (Figs. 7A
and B) and red fluorescence for GSH (Fig. 7C).

In conclusion, a rapid fluorescent probe, TQBF-NBD, was
constructed to selectively and sensitively detect Hcy/Cys from
GSH under a single light source based on a new red-emissive boron
fluoride complex with a large Stokes shift. Also, this probe was
successfully applied to distinguish Hcy/Cys from GSH in cells and
zebrafish.
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