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Abstract A novel class of curcumin-derived fluorescent probes was designed. This kind of probe

introduces easy leaving groups methylsulfonyl and phenylsulfonyl respectively to achieve the detec-

tion effect through the nucleophilic attack of amino acids. At the same time, BF2 group is intro-

duced to increase the emission wavelength of the probe. Probes 4 and 5 can respond quickly

with amino acids, but can specifically recognize Cys. In UV detection, the maximum absorption

wavelength of the probes can be blue-shifted by 81 nm with the addition of Cys and still show a

strong fluorescence signal. The detection limits for compounds 4 and 5 were determined to be

0.40 lM and 0.87 lM, respectively, with a goodness-of-fit of 0.99. In addition, a rapid response

of the probe to Cys could be observed with the naked eye within 1 min. These results provide a

new method for rapid detection of Cys; And this kind of probe has the drug structure of curcumin,

which can provide ideas for the design of drug-probe.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cysteine (Cys) is an important conditional amino acid in human body

and biological thiol molecule, which plays an important role in various

physiological activities and is closely related to the integrity of many

key proteins (Wang and Qian, 2019; Chan et al., 2021; Tu et al.,

2022; Jiang et al., 2018; Yang et al., 2020). At present, many studies

have shown that Cys metabolic imbalance can induce a variety of dis-

eases, including weakened immunity, growth retardation, nervous
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system diseases, cardiovascular diseases, and metabolic abnormalities

and so on (Schleyer and Cui, 2021; Rehman et al., 2020). Therefore,

efficient and rapid detection of Cys can help in the early prediction

and prevention of diseases.

In the past decades, many methods for detecting Cys have been

reported, such as electrochemical methods, high performance liquid

chromatography, and fluorescent probes (Thota and Ganesh, 2016;

Dey et al., 2017; Deáková et al., 2015; Zhao et al., 2020; Zhang

et al., 2019; Wang et al., 2019; Zhang et al., 2020). And fluorescent

probes are of great interest to research scholars because of their sim-

plicity, convenience, ease of control, high sensitivity and good selectiv-

ity (Singh et al., 2021; Hao et al., 2021; Lian et al., 2021; Wang et al.,

2021; Xiao et al., 2020; Shao et al., 2022). Curcumin is a natural

polyphenol probe, which is cheap and easy to obtain (Ge et al.,

2021; Moniruzzaman and Min, 2020; Jiang et al., 2021). It has

attracted much attention because of its strong fluorescence and good

anti-oxidant stress, anti-inflammatory and anti-tumor effects

(Giordano and Tommonaro, 2019; Zoi et al., 2021; Vallée and

Lecarpentier, 2020; Xiang et al., 2020; Shi and Zhu, 2020; Liang

et al., 2018; Aliabbasi et al., 2021). It is reported that after complexa-

tion with boron difluoride, the emission spectrum changes under differ-

ent substituents, which can be used as electron / charge transfer

material for organic light emitting diodes (Selvam et al., 2019); Cur-

cumin boron complexes can also be used as a sensing indicator of

pH and anion in mineral water (Tsuchikawa et al., 2017). However,

so far, no curcumin-boron complex for selective detection of Cys has

been designed.

Sulfonyl groups are oxygen-rich groups with high reactivity and

anti-inflammatory and anti-tumor activities, so they are widely used

in the structural modification of compounds (Berredjem et al., 2022;

Vishwakarma et al., 2018; Shao et al., 2021). For example, the intro-

duction of sulfonyl groups in purines can improve the reactivity of

compounds (Zaķis et al., 2020); the introduction of polar groups sul-

fonyl groups on polysiloxanes to increase their dielectric constants

(Dünki et al., 2017); the introduction of it on the parent nucleus of

BODIPY can be used as a bio-thiol detection probe (Lv et al., 2020).

Based on the previous studies, this group was considered to be intro-

duced into curcumin to improve the recognition activity of Cys, and

the hydrophilic oxygen-rich groups are more suitable for the detection

of water-soluble amino acids.

In this work, methylsulfonyl and phenylsulfonyl groups were used

to replace the phenolic hydroxyl groups on curcumin to increase the

recognition of probes and amino acids. Then boron trifluoride was

used to increase the emission wavelength of the probe, and finally

novel curcumin-derived probes were obtained. Through the rapid reac-

tion with Cys, the maximum UV absorption and emission wavelength

are blue shifted to realize the detection of amino acids. In addition, the

selective recognition mechanism of cysteine was deeply discussed to

prove that these derivatives can be used for simple, rapid and efficient

identification and detection of cysteine.

2. Experimental section

2.1. Reagents and instrumentation

All reagents are commercially purchased with high commercial
quality and can be used without further purification. The sol-
vents dichloromethane (DCM), methanol, tetrahydrofuran

(THF) and dimethyl sulfoxide (DMSO) were analytically pure,
and the experimental water was ultrapure water. NMR were
recorded by Bruker avance II instrument in deuterated

dimethyl sulfoxide (DMSO d6, 400 MHz for 1H and
100 MHz for 13C). Chemical shifts are reported in units of
parts per million (ppm), versus internal tetramethylsilane
(TMS) as a standard. The mass spectrum were obtained at

the Thermo LXQ by liquid chromatgraphy-ion trap mass
spectrometry. The absorption spectra were recorded on UV-
2550 spectrophotometer using quartz cuvettes with a path
length of 1 cm. The fluorescence emission spectra were mea-

sured with 400 nm excitation wavelength on Shimadzu RF-
5301PCS spectrofluorophotometer.
2.2. Synthetic route

((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-methoxy-4,1-
phenylene) dimethanesulf-onate (2).

Curcumin (compound 1, 1.0 g, 2.7 mmol) was dissolved in
THF (15 mL), methanesulfonyl chloride (2.2 mL, 28.4 mmol)
and TEA (4.2 mL, 30.2 mmol) were added, and the reaction

was confirmed by TLC after stirring magnetically for 30 min
at room temperature. Evaporate THF under reduced pressure
and add ultrapure water to precipitate the solid. After stirring
the solid with methanol for 30 min, 1.3 g yellow powder 3

(93%) was obtained by suction filtration. 1H NMR
(400 MHz, DMSO d6): d (ppm) = 7.65 (d, J = 16.0 Hz,
2H), 7.57 (s, 2H), 7.02 (d, J = 16.0 Hz, 2H), 6.21 (s, 1H),

3.91 (s, 6H), 3.37 (s, 6H). 13C NMR (100 MHz, DMSO d6):
d (ppm) = 183.59, 152.24, 139.89, 139.54, 135.39, 125.90,
124.74, 121.78, 113.35, 102.40,56.68, 38.97. ITMS (ESI) calcd

for C23H24O10S2 [M + H]+ m/z 525.5629; found 525.2363.
((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-methoxy-4

,1-phenylene) dibenzenesulf-onate (3).
1(1.0 g, 2.7 mmol) was dissolved in THF (8 mL), and

benzenesulfonyl chloride (0.8 mL, 6.3 mmol) and triethy-
lamine (TEA, 0.9 mL, 6.8 mmol) were added. The reaction
was confirmed by thin layer chromatography (TLC) after

magnetic stirring at room temperature for 30 min. Evapo-
rate THF under reduced pressure and add ultrapure water
to precipitate solid. After stirring the solid with methanol

for 30 min, 1.7 g yellow powder 2 (97%) was obtained
by suction filtration.1H NMR (400 MHz, DMSO d6): d
(ppm) = 7.84–7.78 (m, 6H), 7.67–7.56 (m, 6H), 7.41 (d,

J = 1.6 Hz, 2H), 6.96 (d, J = 8.0 Hz, 2H), 3.53 (s,
7H). 13C NMR (100 MHz, DMSO d6): d
(ppm) = 152.05, 139.70, 139.13, 135.55, 135.53, 135.33,
129.92, 128.66, 126.02, 124.37, 121.62, 113.16, 102.45,

67.48, 56.25, 25.60. ITMS (ESI) calcd for C33H28O10S2
[M + H]+ m/z 649.7049; found 649.2880.

((1E,3Z,6E)-3-((difluoroboranyl)oxy)-5-oxohepta-1,3,6-tri

ene-1,7-diyl)bis(2-methoxy-4,1-phenylene) dimethanesulfonate
(4).

2 (0.2 g, 0.4 mmol) was dissolved in THF (15 mL) and

boron trifluoride diethyl etherate (0.5 mL, 4.0 mmol) was
added. The reaction was confirmed by TLC after stirring mag-
netically for 5 h at room temperature�THF solvent was evapo-
rated under reduced pressure, water was added to neutral pH,

filtered, and rinsed with a large amount of methanol. The solid
was added to DCM and stirred for 30 min, and then filtered to
obtain orange solid 4 (0.14 g, 62%). 1H NMR (400 MHz,

DMSO d6): d (ppm) = 8.06 (d, J = 15.6 Hz, 2H), 7.72 (s,
2H), 7.52 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H),
7.31 (d, J = 16.0 Hz, 2H), 6.66 (s, 1H), 3.92 (s, 6H), 3.40 (s,

6H). 13C NMR (100 MHz, DMSO d6): d (ppm) = 180.66,
152.36, 146.39, 140.70, 135.40, 134.66, 124.94, 124.74, 123.09,
122.98, 114.58, 113.31, 102.90, 56.77, 39.11. ITMS (ESI) calcd

for C23H23BF2O10S2 [M + Na]+ m/z 595.3436; found
595.6051.
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((1E,3Z,6E)-3-((difluoroboranyl)oxy)-5-oxohepta-1,3,6-tri
ene-1,7-diyl)bis(2-methoxy-4,1-phenylene) dibenzenesulfonate
(5).

3 (0.2 g, 0.3 mmol) was dissolved in THF (15 mL), added
with boron trifluoride diethyl etherate (0.4 mL, 3.2 mmol)
and reacted at room temperature for 5 h. Spin dry THF, add

water until pH is neutral, filter and rinse with excess methanol.
The solid was stirred with DCM for 30 min and then filtered to
give a ginger yellow solid 5 (0.13 g, 60%). 1H NMR (400 MHz,

DMSO d6): d (ppm) = 7.99 (d, J= 16.0 Hz, 2H), 7.85–7.79 (q,
J = 7.6 Hz, 6H), 7.65 (t, J = 7.6 Hz, 4H), 7.56 (d, J = 8.4 Hz,
2H), 7.28–7.13 (m, 4H), 6.60 (s, 1H), 3.54 (s, 6H). 13C NMR
(100 MHz, DMSO d6): d (ppm) = 180.64, 152.16, 146.22,

140.28, 135.47, 134.82, 129.97, 128.66, 126.02, 124.60, 123.11,
122.92, 121.62, 114.42, 113.15, 102.94, 56.35. ITMS (ESI)
calcd for C33H27BF2O10S2 [M + Na]+ m/z 737.5008; found

737.6677.

2.3. Selectivity of amino acids

Prepare 100 lM DMSO solutions of compounds 4 and 5; pre-
pare 30 mM and 100 lM solutions of Gly, Trp, Phe, His, Tyr,
Cys in 10% DMSO-H2O (DMSO: H2O = 9:1, v/v), respec-

tively. UV and fluorescence tests were performed by adding
Scheme 1 Reaction of bisulfonyl cur

Fig. 1 (A) Absorption spectra of 100 lM compounds 1–5 at 300–600

excitation wavelength of 400 nm.
the corresponding equivalents (eq) of amino acid solutions to
100 lM compounds 4 and 5, respectively. Unless otherwise
specified, the fluorescence spectra in this paper were measured

under the following conditions (kex = 400 nm, slit width:
10 nm/10 nm).

3. Results and discussion

A new drug-fluorescent probe with Cys recognition function
was designed by Scheme 1. Using curcumin as the raw mate-

rial, the disubstitution reaction with methanesulfonyl chloride
and benzenesulfonyl chloride was carried out at room temper-
ature, respectively, and the reaction rapidly produced com-

pounds 2 and 3 with yields higher than 90%. After that, the
substituted compounds were dissolved in THF and added with
boron trifluoride ether to react to obtain probes 4 and 5.

As shown in Fig. 1, the maximum absorption and emission
wavelengths of the raw materials, intermediates and products
were compared in DMSO solvent. 1–5 had maximum absorp-
tion wavelengths of 436, 404, 442 and 466 nm, respectively.

Intermediates 2 and 3 were blue-shifted in the UV due to the
influence of the electron-absorbing sulfonyl group. The conju-
gated systems of compounds 4 and 5 increased after BF2 coor-

dination, the energy difference between energy levels decreases,
cumin complexed with BF2 group.

nm. (B) Emission spectra of 100 lM compounds 1–5 at the same
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the electron transition energy decreases, the maximum absorp-
tion wavelength redshifts compared with the intermediate, and
the ultraviolet double peak appears. The maximum emission

wavelengths of 1–5 at the same excitation wavelength of
400 nm were 535, 475 and 510 nm, respectively. In addition,4
and 5 were analyzed with 400, 440 and 465 nm excitation

respectively (Fig.S1). Obviously, the maximum emission wave-
length of 4 and 5 is only changed by 8 nm under this condition,
so 400 nm is still used as the excitation wavelength for the sub-

sequent analysis.
The UV–vis spectra of 300 eq Gly, Trp, Phe, His, Tyr, Cys

solutions added to 100 lM compounds 4 and 5 (Fig. 2) showed
Fig. 2 The absorption spectra of compounds 4 and 5 (100 lM in D

acid solutions (30 mM in 10% DMSO-H2O solution). (A) Compound

Fig. 3 Emission spectra of 4 and 5 (100 lM in DMSO solution) wi

DMSO-H2O solution, ex = 400 nm), respectively. (A) compound 4; (B

365 nm UV lamps, respectively.
that the addition of different amino acids had a decreasing
effect on the UV of the compounds, but Cys had a significant
blue shift of the probe, the maximum absorption wavelength

blue-shifted from 466 nm to 385 nm. We speculate that the
probe will lose small molecules of methanesulfonic acid or ben-
zenesulfonic acid when the amino acids attack the readily

departing sulfonyl group upon addition of the amino acids
(Kato et al., 2010; Hartwig, 2008). The Cys containing sulfhy-
dryl groups will also undergo Michael addition reaction (Wang

et al., 2013) with the compound, which greatly reduces the con-
jugated structure of the probe and leads to a significant blue
shift in the UV spectrum. The addition of 3 eq Cys also blue-
MSO solution) were determined by adding 300 eq different amino

4; (B) Compound 5.

th the addition of different amino acid solutions (30 mM in 10%

) compound 5; Solid images of compounds 4 and 5 in sunlight and
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shifted the maximum absorption wavelength of the com-
pounds to 385 nm (Fig. S2). It indicates that curcumin-
derived probes have selective recognition of Cys.

The fluorescence spectra of both 4 and 5with the addition of
different amino acids were blue-shifted and the fluorescence
intensity decreased (Fig. 3). The solid of 4 is orange yellow

and red fluorescence; 5 solid ginger yellow, fluorescence is yel-
low.The probe interacts with the amino acid, causing a blue shift
in its fluorescence. Here, speculate on the recognition mecha-

nismas inFig. 4. The amino groupon the amino acid attacks sul-
Fig. 4 Mechanism of recognition of six am

Fig. 5 Mass spectral analysis of probes 4 a
fonyl group and loses the small molecule methanesulfonic acid
or benzenesulfonic acid. In contrast, the sulfhydryl group of
Cys contains lone pair of electrons and can nucleophilically

attack this type of probe and undergo an addition reaction.
To verify this mechanism,mass spectra were performed on solu-
tions 4 and 5with 300 eq Cys added, and on a randomly selected

solution 4 containing 300 eq Tyr, respectively (Fig. 5). 4+Cys:
ITMS (ESI) calcd for C30H36BF2N3O10S3 [M + 6H]6+ m/z
749.2092; found 749.1025; 5 + Cys: ITMS (ESI) calcd for C30-

H36BF2N3O10S3 [M + 2H + K]3+ m/z 784.2763; found
ino acids by curcumin-derived probes.

nd 5 after incorporation of amino acids.
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784.1183. 4 + Tyr: ITMS (ESI) calcd for C39H37BF2N2O10

[M + 4H + H2O]4+ m/z 764.2973; found 764.1643. The mass
spectrometry analysis is consistent with mechanism diagram,

which corroborates our proposed mechanism.
In the naked eye recognition (Fig. 6), after the addition of

Cys to 4 and 5, respectively, the solutions both changed from

yellow to colorless and the fluorescence decreased significantly
under 365 nm UV light. Whereas, when the other five amino
acids were added, the solutions did not show significant

changes under daylight and the fluorescence was weakened
under ultraviolet lamp.

As shown in Fig. 7, both UV and fluorescence of the probe
decreased rapidly within 1 min and gradually stabilized after

the addition of 0.1 eq Cys. In order to better explore the selec-
tivity of curcumin derived probe to Cys, compounds 4 and 5

(100 lM in DMSO) were added to PBS buffer solution

(10 mM) with pH = 5.5, 6.0, 6.5, 7.0, 7.4, 8.5, respectively,
and 300 eq Cys were added. The changes of photophysical
properties in the absence and presence of Cys were analyzed

under different pH conditions (Fig. 8). Under different pH
conditions, the maximum absorption wavelength of compound
4 blue-shifted to 380 nm, the fluorescence showed double

peaks, and the maximum emission was 660 nm. After adding
Fig. 6 Natural light pictures of compounds 4 and 5 (100 lM in D

solutions respectively with 365 nm UV lamp. (A) Compound 4; (B) C

Fig. 7 The time-varying absorption and emission spectra of compo

(300 lL 100 lM in 10% DMSO-H2O solution, ex = 400 nm).
300 eq Cys, the UV absorbance and fluorescence intensity
decreased significantly. The absorbance of compound 5

decreased under different pH conditions, especially after add-

ing Cys. The maximum emission of 5 was red-shifted to about
610 nm at different pH values, and blue-shifted to about
545 nm after adding Cys, but the fluorescence intensity was sig-

nificantly increased compared with that of blank control. This
phenomenon is that the oxygen atom on the compound is
easily protonated in the pH environment, thus preventing the

charge transfer from the phenyl group on curcumin to the sul-
fonyl group, resulting in enhanced fluorescence intensity and
red-shift of the maximum emission wavelength. After the addi-
tion of Cys, the interaction between the sulfhydryl group and

the probe leads to the reduction of conjugation, so the emis-
sion wavelength is blue-shifted. In addition, under the condi-
tion of weak acid (pH = 6.5, 7.0, 7.4), compound 5 showed

the strongest fluorescence intensity after adding Cys. This
shows that compound 5 still has good detection ability for
Cys under weak acid conditions.

A good linear relationship existed between the curves of Cys
concentration and absorption wavelength at 442 nm and fluo-
rescence intensity at 510 nm (Fig. 9). The absorbance of com-

pound 4 satisfied a linear relationship with Cys concentration
MSO solution) after addition of 300 eq of different amino acid

ompound 5.

unds 4 and 5 (3 mL 100 lM in DMSO solution) with 0.1 eq Cys



Fig. 8 Photophysical properties of compounds 4 and 5 (100 lM) at different pH values; Histogram: Changes of the maximum

absorbance and fluorescence intensity of the probe at different pH conditions.

Fig. 9 Cys titration was performed in compounds 4 and 5 (3 mL 100 lM in DMSO), respectively. Cys solution (300 lL 100 lM in 10%

DMSO-H2O solution, ex = 400 nm) was dropped each time. The linear relationship about UV and fluorescence was plotted.
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of y = 0.8975–0.01327x (R2 = 0.9956); the fluorescence satis-
fied y = 605.4950–14.6963x with a good fit of 0.9933. The
absorbance of compound 5 satisfied y = 0.6925–0.00812x

(R2 = 0.9952) and the fluorescence satisfied y = 542.7825–6.
8245x with goodness of fit 0.9932. According to the formula
of 3d / k (d: standard deviation of the probe after 11 tests, k:

slope of titration curve fitted by fluorescence intensity (Wang
and Qian, 2019); d 4 = 1.97, k4 = 14.6963; d5 = 1.98,
k5 = 6.8245), and the detection limits of probes 4 and 5 were

0.40 lM and 0.87 lM to Cys in the linear range of 1.0–
10.0 lM. These results indicate that the probes are more sensi-
tive to subtle changes in Cys.
4. Conclusions

In conclusion, we developed a new curcumin-derived fluorescent probe

for the detection of Cys. The probe has a rapid response and selectivity

for Cys compared to other amino acids. The introduced sulfonyl group

is easily departed upon addition of amino acids. And influenced by the

sulfhydryl group of Cys, the probe can undergo an addition reaction

with Cys, resulting in a significant blue shift in the UV maximum

absorption and emission wavelength of the probe and a color change

visible to the naked eye. This study provides a new method for the

rapid detection of Cys; and the compounds have the drug structure

of curcumin, which can provide a new idea for the design of drug-

fluorescence probe.
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