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Cysteine (Cys) can serve as a biomarker to indicate diseases or disorders, and its chiral sensing has attracted
increasing attention. Herein, we established an ultrasound-facilitated chiral sensing method for Cys using 4-
chloro-7-nitro-1,2,3-benzoxadiazole (NBD-Cl) and electronic circular dichroism (ECD) spectroscopy. The for-
mation of chiral disulfide bonds induced degenerate exciton coupling between two NBD chromophores, resulting
in intense Cotton effects (CEs) of the sensing product. The anisotropy factor (g) was linearly correlated with the

enantiomeric excess of Cys across the visible region (400-500 nm), and other natural amino acids or biothiols did
not interfere with the detection. This ultrasound-promoted efficient and specific chiral sensing method of Cys has
potential for application in the diagnosis of related diseases.

1. Introduction

The dysregulation of L-cysteine (L-Cys) in the brain is related to some
neurodegenerative diseases, such as Parkinson’s disease and Alz-
heimer’s disease [1-3], whereas D-Cys exerts neuroprotective and
therapeutic effects via hydrogen sulfide production from the D-Cys-
dependent pathway, which prevents oxidative stress in the brain [4-6].
In recent years, various probes, including molecular sensors [7,8],
nanoparticle sensors [9,10], and quantum dot sensors [11], have been
developed to recognize Cys enantiomers based on electronic circular
dichroism (ECD) or fluorescent response signals.

Ultrasonic waves, which are highly localized and short-lived in liquid
medium, can provide abundant energy to generate acoustic cavitation
[12-14]. Acoustic cavitation includes the formation, growth, and break-
up of bubbles in solution, providing the driving force for manufacturing
applications and promoting chemical reactions [15,16]. Benefiting from
their environmental-friendliness and sustainability, many ultrasound-
assisted methods have been developed for organic synthesis [17-20],
especially in the synthesis of various heterocyclic scaffolds [21-23].
Meanwhile, the power and frequency of ultrasound both exert consid-
erable effects on the extent and efficiency of chemical reactions,

suggesting that the reaction threshold can be controlled by adjusting the
parameters of the apparatus [24,25]. Our previous work showed that
ultrasound could decrease the reaction time for chiral sensing [7].

The thiol group endows cysteine with high nucleophilicity and redox
susceptibility, thereby facilitating nucleophilic and redox catalysis,
allosteric regulation, metal binding, and structural stabilization via the
formation or cleavage of disulfide bonds [3,26-31]. Cystine, one of the
oxidative products of Cys [32], is hardly soluble in water and is prone to
form stones in the kidney [33]. In addition to the chiral carbon centre,
disulfide bonds are another intrinsic chiral factor, generating ECD sig-
nals at approximately 250 nm [34,35]. The correlations between the
chirality of the disulfide bond and the sign of CEs have been studied
[36,37]. Sensing Cys by inducing the formation of disulfide bonds may
be an efficient method but has seldom been reported.

The construction of products with active ECD signals via molecular
probes is an effective and convenient method [7,38,39]. The 7-nitro-
1,2,3-benzoxadiazole (NBD) group is electron-deficient and can emit
strong fluorescence in typical push—pull systems via photo-induced
electron transfer or intramolecular charge transfer pathways [40,41].
Among diverse NBD-based fluorophores, 4-chloro-7-nitro-1,2,3-benzox-
adiazole (NBD-Cl, 1) is frequently used as a fluorescent derivatization
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reagent for amino acids, especially for Cys, with high molar extinction
coefficients and strong absorption above 300 nm. Due to the higher
nucleophilicity of the thiol group than the amino group, derivatization
can be achieved more easily. Smiles rearrangement of the NBD group
from the thiol group to an amino group subsequently occurs and leaves
the thiol free, which means the free thiol group can react again. NBD-Cl
(1) can distinguish Cys from other amino acids or biothiols in which less
active amino group is the only reaction site [42-47]. It is deduced that
an efficient exciton coupling will be generated between the NBD groups
in the final products and the exciton chirality method (ECM) can be
applied [39]. In this study, NBD-Cl was tested for the first time in the
chiral sensing of Cys. It was hypothesized that the sensing products
could produce UV absorption and ECD responses in the visible region,
thus avoiding the interference of other substances. Compared with the
N,S-disubstituted product, the product with disulfide bonds was ex-
pected to yield more intense CEs due to the degenerate exciton coupling
circular dichroism (ECCD) between two NBD chromophores.

Herein, an ultrasound-assisted chiral sensing method for Cys via the
construction of disulfide bonds has been developed. The sensing product
with a disulfide bond formed quickly and steadily under the synergistic
promotion of ultrasound and HyO,, giving rise to a perfect bisignate
ECCD spectrum. The good linearity and accuracy regarding the enan-
tiomeric composition of Cys are indicated by the anisotropy factor (g
factor). Furthermore, other natural amino acids and biothiols were
studied for comparison, confirming the selectivity and specificity of this
sensing method.

2. Experimental section
2.1. Materials and methods

Reagents and solvents were purchased commercially, and ultrasonic
reactions were performed by using a DS-5510DTH ultrasonic cleaner.
ECD and UV spectra were recorded on a Jasco J-815 spectrometer
(Tokyo, Japan). 'H NMR and '3C NMR spectra were recorded in CD30D
with a Bruker Avance-600 NMR System. ESI-HRMS data were collected
on a Thermo Exactive Orbitrap mass spectrometer.

2.2. Synthesis of sensing products

2.2.1. Synthesis of N,N-bis(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)
cystine (3)

L-Cys (30.2 mg, 0.25 mmol) and K3CO3 (21.1 mg, 0.15 mmol) were
dissolved in 5.5 mL of PBS buffer (pH 7.4, 0.02 mol/L). Then, a solution
of compound 1 (49.7 mg, 0.25 mmol) in 1.5 mL of CH3CN was added.
After the addition of 500 pL of an aqueous H305 solution (0.7 mol/L),
the resulting mixture was reacted for 30 min in an ultrasound apparatus
(40 kHz, 450 W). The volatiles were removed by rotatory evaporation,
and a reddish-brown solid was obtained. The crude product was dis-
solved in CH3CN and purified by RP-HPLC to yield compound 3. 'H NMR
(600 MHz, CD30D): 6 8.41 (d, J = 8.6 Hz, 1H), 6.36 (d, J = 8.6 Hz, 1H),
3.51 (dd, J = 14.2, 4.9 Hz, 1H), 3.33 (s, 1H), 3.22 (dd, J = 14.1, 8.8 Hz,
1H). 13¢ NMR (150 MHz, CD30D): 6 170.91, 163.00, 144.27, 143.81,
136.21, 123.42, 99.89, 55.56, 39.27. HR-ESIMS: m/z [M + H]" calcd.
for C18H14N801052 567.0347, found 567.0326.

2.2.2. Synthesis of N,S-bis(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)cysteine
@

The same amounts of L-Cys (30.2 mg, 0.25 mmol) and K2COs3 (21.1
mg, 0.15 mmol) used in the synthesis of 3 were dissolved in PBS buffer
(pH 7.4, 0.02 mol/L) and mixed with a solution of compound 1 (79.4
mg, 0.4 mmol). After ultrasound-promoted reaction for 30 min, com-
pound 4 was prepared using RP-HPLC. 'H NMR (600 MHz, CD30D): &
8.47-8.39 (m, 2H), 7.57 (d, J = 7.8 Hz, 1H), 6.44 (d, J = 8.7 Hz, 1H),
4.24 (dd, J = 14.2, 4.1 Hz, 1H), 3.93 (dd, J = 14.2, 8.7 Hz, 1H), 3.33 (s,
1H). 3C NMR (150 MHz, CD30D): § 170.30, 149.52, 144.31, 143.88,
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142.63, 138.00, 136.14, 133.50, 130.82, 124.35, 123.87, 32.86, 29.31.
HR-ESIMS: m/z [M + H]" caled. for Ci5HgN;OgS 448.0306, found
448.0289.

2.3. Optimal procedure for the sensing of L-Cys under ultrasonic
promotion

A stock solution of 1 (10 mg/mL) was prepared in CH3CN, and L-Cys
was dissolved in water (2 mg/mL) for parallel reactions. To compare the
influence of different molar ratios of 1 to L-Cys, gradient molar ratios
(0.5, 1, 1.5, 2, 2.5) were employed. The amount of L-Cys (151 pL, 2.5
umol) was constant, and the added volume of 1 varied from 25 to 125 pL
in PBS buffer (pH 7.4, 0.02 mol/L) with a total volume of 2 mL. In
addition, multiple reaction conditions were tested, including various
solvents, ultrasound powers, and oxidants.

Optimal reaction conditions: aliquots of stock solutions for 1 (50 pL,
2.5 pmol), L-Cys (151 pL, 2.5 pmol), and 0.1 mol/L Hy0, (35 pL, 3.5
umol) were mixed in PBS buffer (pH 7.4, 0.02 mol/L) to a total volume of
2 mL and then placed under ultrasonic conditions (30-45 °C, 450 W, 40
kHz) for 30 min. The reaction solution was used directly for the mea-
surement of UV and ECD.

The UV and ECD spectra of the reaction solutions were collected with
a standard sensitivity of 100 mdeg, a data pitch of 0.5 nm, and a
bandwidth of 1 nm; continuous scanning mode was used with a scanning
speed of 100 nm/min, a response time of 1 s, and a scanning wavelength
range of 350-600 nm using quartz cuvettes with a pathlength of 0.1 cm
or 1 cm. The data were baseline-corrected against the corresponding
solvent and smoothed using a means-movement equation.

2.4. Fracture and reformulation of disulfide bonds

Tris(2-carboxyethyl)phosphine (TCEP) was dissolved in water to a
concentration of 4 mg/mL (0.014 mol/L). A total of 400 pL of reaction
solution under the optimal conditions was pipetted in parallel (con-
taining 0.5 pmol of L-Cys) into 4 aliquots and mixed with TCEP at the
following molar ratios: (1) 400 pL of reaction solution, (2) 400 pL of
reaction solution and 18 pL of TCEP (0.25 pmol), (3) 400 pL of reaction
solution and 36 pL of TCEP (0.5 pmol), and (4) 400 pL of reaction so-
lution, 18 pL of TCEP, and 7 pL of 0.1 mol/L H50; solution (0.7 pmol).
Then, these test solutions were diluted to 1 mL with PBS buffer for
measurement. ECD and UV spectra were recorded at time points of 5
min, 30 min, 3 h and 24 h.

2.5. Specificity test for Cys against representative amino acids, thiols and
Cys derivatives

Solutions (2 mg/mL) of 19 natural L-amino acids, Cys derivatives (L-
cysteine ester, L-cystine) and biothiols (L-GSH, L-Hcy, L-NAC, L-Pen)
were prepared individually to test the specificity of this sensing method.
The same material ratio of the substrate (2.5 umol), 1 (2.5 pmol) and
H,0; (3.5 pmol) was maintained, and the materials were mixed in PBS
buffer (pH 7.4, 0.02 mol/L) to a final volume of 2 mL. The aforemen-
tioned mixture was reacted for 30 min with the aid of ultrasound from
30 to 45 °C. There was no ECD signal for other L-amino acids, and only
weak CEs were observed for biothiols and derivatives, which were
negligible compared with the strong intensity of the sensing products of
L-Cys.

2.6. Quantitative test of enantiomeric excess of Cys

According to the optimal reaction conditions described in Section
2.3, three parallel tests were performed with a concentration of 1250
pmol/L. Then, these solutions were diluted with PBS buffer to gradient
concentrations (100, 250, 500, 750, 1000, 1250 pmol/L) of Cys. The UV
absorbance at 460.5 nm of 3 parallel samples was recorded to obtain
average values using a 0.1-cm quartz cuvette. Next, the solutions were
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Fig. 1. ECD responses of reaction solutions with different molar ratios of 1 to
Cys at different time points (dashed line: instant ECD response; solid line: ECD
response after standing for 24 h).

diluted to concentrations of 10, 25, 50, 75, and 100 pmol/L, but the data
were recorded in a 1-cm quartz cuvette. Calibration curves were plotted
within the two concentration ranges.

D-Cys was dissolved in water at the same concentration as L-Cys (2
mg/mL) and mixed with L-Cys to prepare solutions with different
enantiomeric excesses (100%, 80%, 60%, 40%, 20%, 0%, —20%, —40%,
—60%, —80%, —100%) with a constant total concentration of 1250
pmol/L. After ultrasonic promotion for 30 min, these reaction solutions
were directly used for ECD analysis. The g-factors (g = 6/(32980 x A), 6:
ECD data, A: UV absorbance) at 498 and 448 nm were plotted against
the enantiomeric excess of Cys to generate calibration curves. The
spectroscopic measurements were carried out at least three times, and
average values were used.

2.7. Application of a calibration curve to calculate enantiomeric excess

Ten aliquots of solution with different enantiomeric excesses (70%,
50%, 25%, 10%, 5%, —5%, —25%, —50%, —70%) were reacted ac-
cording the procedure described above. These samples were diluted to
different concentrations, and the g-factors of CE at 498 and 448 nm were
utilized to calculate the enantiomeric excess according to the calibration
curves established above.

cl o s COOH
N Ne X NH;
Q _ + HS OH— | g
N NH, N=
NO
) 2 Cys NO,
Smiles
Rearrangement
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2.8. Computation details

Quantum-chemical calculation procedures for compounds 3 and 4
were established as follows: First, molecular dynamics analysis was
performed via XTB software [48], and 2000 conformations were
generated for each compound in 100 ps. Then, the Molclus package [49]
was utilized to sort these conformations into clusters. The results were
submitted to XTB, and initial optimizations in gas and water were per-
formed. After ranking those conformations, 10, 12, and 12 conformers
populated more than 0.1% for compound 3 with P-disulfide bond ((P)-
3), 3 with M-disulfide bond (M)-3, and 4, respectively, were chosen for
density-functional theory (DFT) and its time-dependent variant
(TDDFT) calculations using Gaussian1l6 Rev B.01 [50]. B3LYP with
dispersion correction (B3LYP-D3) and the 6-311G(d,p) basis set were
used, and the lowest 100 electronic transitions were set. A solvation
model based on density (SMD) was adopted to simulate the solvent ef-
fects. Finally, based on the Gibbs free energies calculated under condi-
tions of 298.15 K and 1 atm pressure, the most populated conformers
were identified. The Boltzmann-averaged ECD spectra were obtained
with o as 0.25 eV by SpecDis1.71 software [51].

3. Results and discussion
3.1. Optimization of the sensing process

3.1.1. Influence of the molar ratio of 1 to Cys

For N-arylation derivatization of common amino acids, excess NBD
analogues and harsh conditions, such as prolonged stirring with heating,
are needed to achieve a high yield [52-55]. However, for Cys, the thiol
group is more nucleophilic than amino group. After reacting with the
chlorine atom of 1, Smiles rearrangement occurs [42-47] to transfer the
NBD group from thiol group to amino group. Thus, the energy barrier for
N-arylation is greatly decreased, and the free thiol group can be oxidized
[56,571].

Here, experiments with different molar ratios of 1 (0.5, 1, 1.5, 2, 2.5)
to L-Cys were carried out with ultrasound (360 W, 40 kHz) for 30 min in
PBS buffer (pH 7.4, 0.02 mol/L), and molar ratios of 0.5, 1, and 2 were
selected for further discussion. The instant response at a molar ratio of 1
was much stronger than the responses at molar ratios of 0.5 and 2
(Fig. 1). After 24 h, the CE intensity of the samples with molar ratios of 1
and 0.5 increased substantially, but that of the sample with a molar ratio
of 2 remained unchanged (Fig. 1).

The interconversions of sensing products took place, as determined
by HPLC (Fig. S1), confirming the rearrangement of NBD from a thiol

1:Cys =0.5:1 NH
e —_—
0] N
O _
N
2 (unstable) 3 NO,
ECD silent Intense ECD active
1:Cys = 1:1
3
N’O\N
4{5\ O
N A‘)k
toys=21 0NN\ /S OoH
Ididie NH
N
q _
N
4 NO,

Moderate ECD active

Scheme 1. Reactions between NBD-Cl (1) and Cys at different molar ratios.



J.-Y. Zhang et al.

a) 60 -
301
)
&
"g 0 e —————— —
= —— ACN-TEA
&} —— EtOH-TEA
H,0-TEA
-301 ——IPA-TEA
MeOH-TEA
PBS
6 PBS-K,CO;4
350 400 450 500 550 600
Wavelength (nm)

b)

Ultrasonics Sonochemistry 86 (2022) 106007

704

W
wn
L

CD (mdeg)
=

— H,0,:Cys=0.5
-354 — H,0,:Cys=1
— H,0,:Cys=1.4
-70 T T T T 1
350 400 450 500 550 600

Wavelength (nm)

Fig. 2. ECD responses of reaction solutions in different media. a) Different solvents; b) the addition of H,O» (0.1 mol/L) at different molar ratios.

a)

CD (mdeg)

—=— Standing
—e— Stirring
——360W
—v+—450W
Stirring-H,0,
—+—450W-H,0,

240

0 . . : )
0 60 120 180 300
Time (min)

b) Time (min)
0 60 120 180 240 300
0 1 1 L 1 ]
—=— Standing
—e— Stirring
-201 ——360W
—+—450W
Stirring-H,0,
-40 ——450W-H,0,
PR D G —
L -
=]
E
8 -80-

Fig. 3. Correlation of the reaction over time under different conditions. a) Monitored CD responses at 498 nm; b) monitored CD responses at 448 nm.

group to an amino group (Scheme 1). The free thiol group of 2 is liable to
dimerize or react with another NBD-Cl molecule, accounting for its
instability. Thus, the instant products of 1 and Cys at a molar ratio of
0.5:1 or 1:1 were complex. Herein, as NBD-Cl was used up and com-
pound 2 remained, final product 3 with a disulfide bond was formed via
slow spontaneous oxidation. Moreover, when sensor 1 was in excess in
solution, the thiol group could substitute the chlorine atom on 1 without
oxidation. Thus, the sensing product at a molar ratio of 2:1 was com-
pound 4, which remained unchanged over time. This result indicated
that compound 3 with a disulfide bond could not be formed unless the
thiol group was free. Excess sensor 1 underwent N,S-diarylation and
prevented the formation of disulfide bonds. The structures of com-
pounds 3 and 4 were confirmed by NMR and HR-ESIMS (Figs. S2-S7).

3.1.2. Optimization of the sensing conditions

The sensing reaction was evaluated in six commonly used solvents:
methanol (MeOH), ethanol (EtOH), isopropanol (IPA), acetonitrile
(ACN), deionized water (H20) and PBS buffer (pH 7.4, 0.02 mol/L).
When reactions were conducted in neutral or acidic medium, there were
only negligible ECD signals for those solutions (Fig. S8). With different
optimizations, it was shown that the solvent and the base exerted great
effects on the reaction process. Intense bisignate ECCD appeared in PBS
buffer, and the addition of KoCO3 promoted the reaction more effec-
tively than triethylamine (TEA) (Fig. 2a).

Hydrogen peroxide (H2053) is an effective environmentally friendly
oxidant that can significantly promote the sensing process. The strongest

ECD signal appeared when the molar ratio of HpO3 (0.1 mol/L) to Cys
was greater than 1 (Fig. 2b). In contrast to harsh conditions for 1 to
derive amino acids other than Cys [52-55], the optimized reaction
conditions were mild.

3.1.3. Promotion by ultrasound

In the chemical structure of 1, the lone pair on the chlorine atom is
involved in resonance with the benzene ring to create a double bond and
it is tough for the thiol group to replace the chlorine atom without any
catalysis. Here, ultrasound exerted considerable effects on the extent
and efficiency of the sensing reaction. It can produce many cavitations in
solutions to facilitate reactants being well mixed and exposed to oxygen
in air more sufficiently. In addition, it provided abundant energy for the
reaction to overcome the energy barrier more easily. After 30 min of
reaction, the CE intensities at 498 nm and 448 nm of the reaction mix-
tures were plotted against time under various conditions. As shown in
Fig. 3, ultrasound promotion generated more intense CD signals than
stirring promotion and shortened the time to reach the equilibrium. The
CE intensity obtained with 450-W promotion was higher than that ob-
tained with the 360-W promotion, indicating that the ultrasound power
exerted great effects on the reaction equilibrium.

With the addition of Hy05, the instantaneous CD values increased
when the reaction was ended. Ultrasound (450 W, 40 kHz) with the
addition of dilute HyO; solution (0.1 mol/L) led to a complete reaction.
The CE intensity reached a maximum value after the 30-min reaction
and remained nearly unchanged for the next 5 h (Fig. 3 and Fig. S9). This
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different solvents; b) experimental ECD curves of 4 in different solvents; ¢) comparison of experimental and corrected calculated (40-nm redshift) ECD curves of 3
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calculated (15-nm redshift) ECD curves of 4 (B3LYP/6-311G(d,p), SMD/THF), inset: experimental and corrected calculated UV curves of 4 at 400-600 nm; e)
transition dipole moment of NBD group; f) helicity of transition dipole moments for 3 (B3LYP-D3/6-311G(d,p), SMD/water); g) helicity of transition dipole moments

for 4 (B3LYP-D3/6-311G(d,p), SMD/THF).

fact demonstrated that the change in ECD signals was related to the
oxidation process, as both ultrasound and H,05 facilitated the formation
of disulfide bonds, which thus greatly promoted sensing.

3.2. ECD spectra of sensing products 3 and 4

Bisignate CEs exist at approximately 400 to 500 nm for 3 and 4
(Fig. 4a-4b). The spectra of 3 can be divided into two characteristic
regions, 200-300 nm and 300-600 nm, especially in PBS buffer, which
were attributed to the contribution of disulfide bonds and electronic
transitions from NBD chromophores, respectively. For 4, only the tran-
sition dipole moments of two NBD groups mattered.

3.2.1. Helicity of disulfide bond

The disulfide bond is an inherently asymmetrical chromophore, and
the sign of its first CE was correlated with the dihedral angle of C-S-S-C
[36,37] (Fig. S10). The normal disulfide dihedral angle was deduced to
be near 90° [57,58]. In the presence of extra chiral centres, preferences
for M (left-handed) or P (right-handed) helicity might both exist. For
compound 3, a positive CE appeared at 250 nm in PBS and methanol
(Fig. 4a). According to the quadrant rule for the inherent optical activity
of disulfides, the dihedral angle was supposed to be in the region of
0°~90° (P) or —180°~—90° (M) (Fig. S10).

To test this assumption, geometry optimization and electronic tran-
sition calculations were carried out for (P)-3 and (M)-3, with the
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disulfide bonds being P and M configurations, respectively. In agreement
with the estimation, the calculated ECD spectra both displayed a positive
CE in absorption region of disulfide bond. Furthermore, the Gibbs free
energy of the lowest-energy conformer of (P)-3 was much lower (AG =
—426.4 kJ/mol) than that of (M)-3. Thus, the disulfide bond with P
helicity was adopted for subsequent ECD interpretation.

3.2.2. ECM between NBD groups

The experimental ECD spectra of 3 and 4 differed tremendously in
terms of the shape and intensity at 400-500 nm (Fig. 4a-4b), which was
ascribed to different interactions between the NBD chromophores.

An intense bisignate exciton couplet appeared at 400-500 nm in the
experimental ECD spectra of 3 (Fig. 4c), which was ascribed to degen-
erate exciton coupling (DEC) between two identical NBD-NH-R groups.
The CE intensity varied with the polarity of the solvent, and less polar
solvents (DCM and THF) yielded the weakest CE signals. However, for
compound 4, the intensity of the positive CE at approximately 500 nm
was much weaker than that of the negative CE at 448 nm (Fig. 4d). This
could be attributed to the nondegenerate exciton coupling (NDEC) be-
tween the NBD-NH-R and NBD-S-R groups (Fig. 4e). As three pre-
requisites for the application of ECM were satisfied, the helicity of
transition dipole moments between NBD-R groups resulted in an ECCD
spectrum with two bisignate CEs (Fig. 4e-4g) [39,59,60]. According to
the positive CE at longer wavelengths (498 nm), a clockwise screw of
two transition dipole moments was deduced (Fig. 4f-4g).

The ECD spectra of 3 and 4 were further investigated using DFT and
TDDFT calculations. Based on the B3LYP-D3/6-311G(d,p) geometries,
various hybrid functionals together with 6-311G(d,p) or TZVP basis set
were used to reproduce the experimental ECD spectra for compound 3 in
H20, including B3LYP, Cam-B3LYP, PBE1PBE, M06-2X and ®B97XD. All
the calculations offered a bisignate CE at the long wavelength with

different deviations from the experimental counterpart (Fig. S11).
Therein, the calculated ECD spectrum for (P)-3 using the B3LYP/6-311G
(d,p) approach was the most consistent with the experimental spectrum
after a 40-nm redshift. For the ECD spectrum of compound 4 in THF, the
shape of the bisignate CE at 400-500 nm was greatly different from that
in PBS, and thus it was selected for further analysis. Calculation results
after a 15-nm redshift indicated that the observed couplet of 4 was
actually two isolated ECD bands. The two CE bands corresponded to the
UV maximum for the NBD-S-R and NBD-NH-R groups, which was the
characteristic of NDEC. These two UV peaks were merged to form a
broad peak in the experimental spectra.

Herein, natural transition orbitals (NTOs) were applied to analyse
the transitions of electronic states. In this way, only one or few orbital
pairs can play dominant roles in electron excitation, which eliminates
the interferences from other molecular orbitals (MOs) [61,62]. For
compound 3, the excitations at 436 and 418 nm contributed to the
positive and negative CE bands in the theoretical ECD spectrum, which
corresponded to the couplet at 498 and 448 nm. Two occupied (HOMO-
1 and HOMO) and two unoccupied MOs (LUMO and LUMO + 1)
constitute NTO pairs with the highest eigenvalues in this degenerate
exciton coupling and yield the split ECD (Fig. 5a). In contrast, for 4 in
THF, the electronic transition from the occupied MO (HOMO) to the
unoccupied MO (LUMO) contributes mostly to CEs in the visible region
(Fig. 5b). Moreover, the first positive CE became weaker with the
decrease in solvent polarity, which might be ascribed to the small angle
between the transition dipole moments of the NBD-S-R and NBD-NH-R
groups.

The UV-Vis spectra can be converted to Tauc plots whose X-axis
intercept of the tangent line can be used to predict the energy gap (Eg)
[63,64]. Here, it was supposed that 3 and 4 had a direct band gap to
check whether (ahv)? showed any linear part against energy (E = hv)
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Fig. 6. ECD responses of 30-min reaction solutions with different molar ratios
of TCEP to disulfide bond versus time (h) at 498 nm.

[63]. Otherwise, equations for indirect band gap need be used. In the
region of 2-3 eV, there were perfect linear parts in the Tauc plots of 3
and 4, and the E; was extrapolated as 2.45 eV and 2.41 eV, respectively
(Fig. S12). In TDDFT analysis, the energy gaps between the HOMO and
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LUMO were 3.16 eV and 3.03 eV, respectively. The difference between
the theoretical and experimental energy gaps was related to the ab-
sorption wavelength and confirmed the necessity of redshift for the
calculated spectra.

3.3. Verification of the disulfide bonds by ECD spectroscopy

TCEP is widely used as a quantitative reducing agent of disulfide
bonds in protein chemistry and proteomics [65]. The reduction of di-
sulfide bonds by TCEP can be completed in less than 5 min at room
temperature.

The reaction solution under optimal conditions was diluted to 500
umol/L for 4 aliquots. The first one was used as a blank solution, while
the second and the third aliquots were used to test the influence of
different ratios of TCEP relative to the disulfide bond. For the last
aliquot, TCEP was added, and then H,O5 was added. Five minutes, 30
min, 3 h, and 24 h were set as sampling points to record CD signals at
498 nm after the 30-min sensing reaction. It was demonstrated that the
addition of TCEP decreased the ECD signals and that excess TCEP
exerted more effects. Furthermore, HyO5 will destroy the reducibility of
TCEP as a high similarity between the blank and the solution with both
H30, and TCEP was observed (Fig. S13). Later, the disrupted disulfide
bond can be partially formed in autoxidation, but it cannot recover to
the original intensity (Fig. 6). It also confirmed that the intense intensity
was related to the existence of disulfide bonds and that disulfide bonds
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Fig. 7. The 498-nm ECD responses of 30-min reaction solutions for different substrates. a) 498-nm ECD responses for amino acids; b) 498-nm ECD responses for

biothiols and cysteine derivatives.
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Table 1
Chiral sensing results for Cys by 1.

Sample Sensing results of Cys solutions
composition
ee (%) ee (498 nm, ee (448 nm, Average Error
%) %) %) (%)
70 72.26 68.88 70.57 0.43
50 49.77 48.71 49.24 -0.76
25 25.62 23.48 24.55 —0.45
10 10.24 9.40 9.82 —0.18
5 4.79 5.39 5.09 0.09
-5 —4.92 —5.28 -5.10 —0.10
-10 -9.21 —10.49 —9.85 0.39
-25 —25.35 —25.89 —25.62 —0.62
-50 —48.74 —50.29 —49.52 0.48
-70 —70.96 —70.99 —70.98 —0.98

can form spontaneously in the presence of naked thiol groups.
3.4. Specificity against other amino acids, thiols and Cys derivatives

Natural L-amino acids and common biothiols or cysteine derivatives
were investigated to evaluate the specificity of the method. This method
showed a high specificity for Cys due to the formation of disulfide bonds.
Under the optimal reaction conditions, no obvious ECD signals were
observed for the other 18 amino acids immediately or after 24 h
(Fig. 7a).

Regarding biothiols and cysteine derivatives, only weak CEs were
observed in the ECD spectra of L-Pen, Hcy and cystine (Cys-Cys). No
increase in the signal intensity was observed after 24 h of incubation in
the solutions (Fig. 7b). Although the sensing product of cystine was
deduced to possess the same skeleton as 3, its weak ECD signals indi-
cated the low reactivity of the amino group with sensor 1. This fact also
suggested that Smiles rearrangement from thiol arylation to amino
arylation greatly facilitated the sensing of Cys.

3.5. Quantitative sensing for enantiomeric excess of Cys

Quantitative sensing of Cys in terms of enantiomeric excess was
analysed by ECD and UV spectroscopy. The UV absorbance at 460.5 nm
increased linearly within two concentration ranges (10-100 pmol/L,
100-1250 pmol/L) of L-Cys when using cuvettes with different path-
lengths (1 cm/0.1 cm) (Fig. S14). The sensitivity of most Cys chiral
sensing methods is at the micromolar level [7-11]. In addition, it has
been reported that the concentration of Cys in healthy bodies ranges
from 15 to 30 pm and elevated levels may indicate disorders in the brain
or kidney [1-3]. Thus, the quantitation limit of 10 pmol/L is sufficient
for biosensing of chiral Cys.

The anisotropy factor (g factor) was used to assess the enantiomeric
excess (ee), avoiding the influence of concentration fluctuation. Good
linear correlations were obtained between g-factors at 498 and 448 nm
against ee from —100% to 100% of Cys at a concentration of 1250 pmol/
L (Fig. 8).

To test the accuracy of the two regression equations, ten samples of
chiral Cys were prepared with different enantiomeric excesses at various
concentrations. The average detection errors at two wavelengths were
no more than 1.0% (Table 1), implying the potential for high-
throughput screening applications [66].

4. Conclusions

In this work, an ultrasound-promoted chiral sensing approach for Cys
was developed by increasing the ECD signal through the formation of
disulfide bonds. This method displayed intense enantioselective ECD
signals over 350 nm without interference from reagents. The g factors at
498 nm and 448 nm were used to accurately determine the enantiomeric
excess of Cys. Due to the nucleophilicity of the thiol group and Smiles

Ultrasonics Sonochemistry 86 (2022) 106007

rearrangement of the NBD group, high sensitivity and selectivity to-
wards Cys against other natural amino acids and biothiols were
observed. The maximum measurement error was approximately 1%,
which is reliable for high-throughput screening, proving the potential of
ultrasound to promote the formation of disulfide bonds for Cys and the
employment of disulfide bonds in the sensing field.
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