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Exploring novel electrochemiluminescence (ECL) molecules with high efficiency and good stability in
aqueous solutions is crucial for achieving highly sensitive detection of analytes. However, developing
chiral luminophores with efficient ECL performance is still a challenge. Herein, we first uncover that
artemisinin (ART), a well-known chiral antimalarial drug, features a strong ECL emission at 726 nm with
the assistance of a co-reactant potassium persulfate (K;S;Og), and an ECL efficiency of 195.3%,
compared to that of standard Ru(bpy)sClo/K»S,0g. Mechanistic studies indicate that the strong ECL signal
of ART is generated when the excited state formed by the reduction of ART peroxide bonds and
combination with persulfate returns to the ground state. Significantly, we found that the ECL sensor
based on chiral ART could efficiently identify and detect chiral cysteine (Cys) through ECL signals, with
a lower limit of detection of 3.7 nM for L-Cys. Density functional theory calculations and scanning
electrochemical microscopy technology further confirm that the disparity in the ECL signals is attributed

Received 13th January 2024 . . . L
Accepted 5th March 2024 to the different affinity between chiral ART and p/t-Cys, resulting in distinct electron transfer rates. The
study demonstrates a new role of ART in ECL investigation and for the first time, achieves the

DOI: 10.1035/d4sc00277¢ development of ART for the enantioselective recognition and sensitive detection of chiral substances.
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1 Introduction

Electrochemiluminescence (ECL) represents a special lumines-
cent phenomenon generated in the vicinity of a working elec-
trode by electrochemical excitation."™ Owing to the intrinsic
advantages of high specificity, excellent sensitivity, easy control-
lability, and low background, ECL exhibits unique superiority
over other spectroscopy-based detection systems.>® In general,
luminophores play a vital role in developing ultrasensitive ECL
systems. Therefore, exploring novel and efficient luminophores
has always been important in ECL research. Among them, some
organic ECL luminophores are in great demand due to their
structural diversity, thermal/photochemical stability, adjustable
wavelength, convenient functionalization and excellent
biocompatibility.”™® Generally, a prerequisite for producing ECL
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This will be of vital significance for ECL and chirality research.

from these organic luminophores is that they possess an easily
fractured chemical structure, such as a peroxy bond or a hydra-
zine bond."™* The chiral luminophores for ECL, however, are
currently quite limited, which restricts their applications in the
detection and measurement of chiral analytes.

Artemisinin (ART), a unique endoperoxide-containing
sesquiterpene isolated from an ancient Chinese herb Arte-
misia annua, is being widely used as an effective anti-malarial
drug.*>'® Early structural activity studies have revealed that
the endoperoxide fraction has been proven to be critical for its
antimalarial activity. A large number of studies have shown that
ART also possesses peculiar anticancer activity against mela-
noma, breast, ovarian, prostate, and central nervous system
cancer via the decomposition of the endoperoxide in a reducing
environment (Fe®", or GSH) and splitting of its endoperoxide
bridge to produce reactive oxygen species.”’° Similarly, due to
ART containing endoperoxide O-O bonds, which are easily
broken, it can generate ECL under an electrochemical excita-
tion. However, the ECL of ART remains unexplored to the best
of our knowledge. More importantly, as a chiral molecule,
studying the ECL of ART will have more significant implications
for the detection of chiral substances.**?
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Chiral recognition plays an important role in chemical
synthesis, pharmaceutical chemistry and environmental
chemistry.”** Amino acids are the most important chiral
compounds in nature and are the basic components of proteins.
Specifically, L-cysteine (1-Cys) is a natural protein-derived amino
acid that plays a key role in protein synthesis, cytotoxic detoxi-
fication, and various metabolic processes.* If the human body
lacks 1-Cys, there will be psoriasis, leukopenia, and decreased
hematopoietic function, while excessive p-cysteine may be
closely related to neurological diseases, such as Parkinson's
disease and Alzheimer's disease.”®*” Therefore, the develop-
ment of a new method for Cys chirality recognition with high
sensitivity, selectivity, accuracy and speed is considered to be
very promising in the diagnosis and treatment of diseases.

Herein, a strong and stable cathodic ECL emission of chiral
ART as a new ECL luminophore using potassium persulfate
(K»S,0g) as a co-reactant is observed in aqueous media for the
first time. With ART as the ECL luminophore, ECL is generated
at 726 nm in the near-infrared (NIR) region, which is envisaged
to be more useful than visible light emission due to lower
background interference. Moreover, the sensor based on the
ART/K,S,0g ECL system showed excellent enantiomeric
discrimination for chiral cysteine; therefore, we constructed
a highly sensitive ECL sensor for efficiently identifying and
detecting p-Cys and 1-Cys through the ECL signals, with a limit
of detection of 3.7 nM for 1-Cys. Density functional theory
calculations and scanning electrochemical microscopy tech-
nology further revealed the recognition mechanism of artemi-
sinin on chiral Cys through the ECL signals. To our knowledge,
this is the first report on the ECL of chiral ART in aqueous
solution, thus bringing great potential for ECL in the field of
chirality.

2 Results and discussion
2.1 Structure and characterization of ART

Fig. 1A exhibits a schematic diagram of the chemical structure
of ART, which contains 7 chiral centers in its molecules. Fig. 1B
verifies the chiral optical properties of ART through the CD
spectrum. As shown in Fig. 1C, ART in an ethanol solution
shows absorption peak maxima at 206 nm. Moreover, ART does
not contain chromophores, so no photoluminescence was
observed. Next, the annihilation ECL was systematically inves-
tigated under following experimental conditions: 1.0 mM ART
at a wide potential window of —2 to 2 V and a scanning rate of
0.2 V s~'. Specifically, commonly used organic solvents for
detecting annihilation-type ECL include dichloroethane,
acetonitrile, and a 1:1 benzene/acetonitrile solution.
Compared with dichloroethane and acetonitrile as solvents,
ART has better solubility and better detection results when
using a 1:1 benzene/acetonitrile solution (Fig. S11). Further,
1.0 mM of ART solution was dissolved in a mixture of acetoni-
trile and benzene solution (1 : 1), with 0.1 M TBPF, as the sup-
porting electrolyte. As shown in Fig. 1D, a significant reduction
peak can be observed around —0.8 V, but the corresponding
annihilation ECL signal is weak. To obtain a highly stable ECL

5582 | Chem. Sci, 2024, 15, 5581-5588

View Article Online

Edge Article
A B
15 — ART
10
)
2 5
g
=0
°c |\/
-5
10
250 300 350 400
W
C D » avelength (nm)

o8 206nm 0.5 20
306 ~ 00 360 3
& £ 05 300 3
8 04 peg 240 2
2 £ -1.0 240 2
s S &
= E.s 180 £
g 02 = =
2 © a0 1203
2 Q

0.0 25 60 =

3.0 0
200 250 300 350 400 450 B 1 0 1 2
Wavelength (nm) Potential (V)

Fig.1 (A) Schematic chemical structure of ART. (B) CD spectra of ART.
(C) UV-vis spectra of ART in ethanol solution. (D) CV curves and
annihilation ECL-voltage curves of 1.0 mM ART in a 1:1 benzene/
acetonitrile solution, with 0.1 M TBAPFg as the supporting electrolyte.
Scanning potential ranged from —2 to +2 V. Scanning rate was set at
02Vs™

signal, in our subsequent research, we introduced co-reactants
to enhance the ECL signal of ART.*®

At first, we explored the electrochemical properties of ART by
studying its reaction on a glassy carbon electrode (GCE). As seen
from Fig. 2A, only one reduction peak appeared at around
—0.8V, indicating an irreversible process in ART reduction. The
reduction peak of ART gradually decreased or even disappeared
with an increasing number of scanning cycles, which may be
due to the adsorption of products generated by the reaction on
the electrode surface, thus hindering the reduction of ART to
a certain extent. Fig. 2B presents the changes in potential and
current of ART at different sweep speeds. With the increase in
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Fig. 2 (A) Multiple cyclic voltammetry of ART on a glassy carbon
electrode. (B) Cyclic voltammetry of artemisinin at different sweep
speeds. (C) Linear relationship between current and sweep velocity of
artemisinin. (D) Applied potential versus log(i/i, — i) at artemisinin at the
GCE. 0.1 mM ART was subjected to cyclic voltammetry in 0.1 M PBS
(pH = 7.4) at the cathode (Ag/AgCl) electrode as the reference
electrode.
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scanning speed, the peak potential gradually shifted to nega-
tive, and the peak current increased. Moreover, there was a good
linear relationship between the peak current and sweep rate in
the range of 50-300 mV s ' (Fig. 2C), indicating that the
reduction of ART on the glassy carbon electrode was an irre-
versible electrode reaction controlled by adsorption.* The
current was diffusion-controlled, according to the following

| RT i
E=E.— |
2 anF Og(ip—i>

where i, 7,, and « stand for the current at any potential, the peak
current, and the electron transfer coefficient, respectively.
Assuming « = 0.25, n = 2.05 = 2 was calculated according to
Fig. 2D. Hence, it can be inferred that two electrons were
transferred during the ART reduction.®*

formula:

2.2 Electrochemical luminescence properties of ART

The ECL of ART was studied in the aqueous phase. According to
some literature, co-reactants such as tripropylamine, hydrogen
peroxide and potassium persulfate can promote ECL via
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interaction with luminophores. As presented in Fig. 3A, the ECL
properties of ART were studied when K,S,0g, benzoyl peroxide,
hydrogen peroxide, tripropylamine and triethylamine acted as
related co-reactants.*® It was found that other co-reactants did
not have obvious promotions for the ECL signal, except for
K,S,05. After conducting several experiments, it was observed
that the ECL signal was obviously enhanced when using
potassium persulfate as the co-reactant [Fig. 3B; optimal
experimental conditions were as follows: potential window 0.0
— (~1.7) V (vs. Ag/AgCl), 0.1 M K,S,05, pH = 7.4, 0.2 V 5"
scanning rate]. The CV and ECL-potential curves of ART on
a GCE in the presence and absence of 0.1 M K,S,0g were
recorded by cyclic potentials between 0.0 Vand —1.7 V. In a PBS
containing 0.1 M K,S,0s, the bare GCE only featured a weak
ECL emission, and its CV showed a distinct cathode peak (—0.91
V), which was attributed to the reduction of $,05>~ (Fig. 3B, red
line). In a PBS without K,S,0g, ART demonstrated a slight ECL
emission (Fig. 3B, blue line). When the co-reactant K,S,05 was
added to the mixture, ART could exhibit a strong ECL signal
with a significant reduction peak at —1.3 V. The phenomenon
indicated that ART was reduced to the reduced state (Fig. 3B
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(A) ECL-potential obtained at the ART/GCE electrode with different co-reactants (100 mM K,S,0Og, 10 mM BPO, 10 mM H,0,, 10 mM TPA,

and 10 mM TEA). (B) CV curves and corresponding ECL-potential curves of bare GCE in 0.1 M PBS containing 0.1 M K5S,05 (red curve) and ART/
GC electrode in 0.1 M PBS in the absence (blue) and presence (black curve) of 0.1 M K,S,0g. (C) ECL intensity of ART time under optimal
conditions for continuous 20 cycles. (D) Collected ECL spectrum of the ART-based ECL system at 726 nm. (E) Spooling ECL spectra of ART-
modified GCE with 100 mM K,S,0Og in 0.1 M PBS (pH 7.4) solution during a potential scan cycle between —1.6 and 0 V. Each spectrum was

acquired for a time interval of 2 s or a 50 mV potential interval.
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black line), and co-reactant K,S,0z could significantly improve
the ECL performance of ART.***

The ECL conditions of the ART/K,S,0g system were opti-
mized after extensive experiments. We found that ART has an
optimal pH of 7.4 (Fig. S3AY). In addition, with the increase in
K,S,05 concentration, the ECL intensity of ART also increased
and reached the highest at 0.1 M (Fig. S3Bf), indicating that
K,S,05 could be used as an effective co-reactant to amplify the
ECL emission of ART. When the optimized scanning rate was
0.2 V s~ ' and potential window ranged from 0 ~ —1.7 V, the
strongest ECL signal was observed (Fig. S3C and D).

The stability of ECL directly determines its further applica-
tion. It can be seen from Fig. 3C that the ECL intensity of ART
did not noticeably fluctuate after 20-cycle scanning under
optimal conditions. In addition, the relative standard deviation
(RSD) was certainly low at 0.13%, indicating excellent stability
and reliability. All above statements laid a good foundation for
its subsequent investigations.*® The collected ECL spectrum of
the ART-based ECL system was centered at 726 nm in Fig. 3D,
and the results show that ART exhibits strong electrochemical
luminescence at 726 nm. As a co-reactant, K,S,0; significantly
improves ECL activity, and thus, spooling ECL spectra can be
collected at different electric potentials (Fig. 3E). Spooling ECL
spectroscopy allows real-time monitoring of ECL intensity and
wavelength during potential dynamics. When the applied
potential increases towards a negative value, a significant
change in the ECL signal can be clearly observed. Furthermore,
the ECL begins to occur at —1.2 V, and at this potential, ART
begins to become (peak potential —1.2 V, Fig. 3B) its radical
anion (ARTgeq) ", as shown in (eqn (1)). K,S,0s is also reduced
to form strongly oxidizing species SO, (eqn (2)). The more
negative the potential applied by the scan, the more SO, " is
produced, which increases (ARTg.q)* and causes a change in the
ECL. Thus, the maximum ECL is observed at —1.6 V.

The collected ECL spectrum of ART was located in the
infrared region at 726 nm. Due to its advantages of low back-
ground interference, low cell damage, and strong penetration
ability, the ECL system would demonstrate great potential in the
field of biological imaging. Afterwards, we calculated the related
ECL efficiency (®gcr). The ECL value refers to the ECL efficiency
of Ru(bpy);Cl,/K,S,05 using the following formula:

<fECL intcnsitydt

PpoL = Jeurrent )X % 100%
JECL inlensilydl
fcurremdl Ru

where “ECL intensity” and “current” represent the integration
of ECL intensity and electrochemical current value from the
cumulative ECL spectrum, respectively, and “st” refers to the
standard Ru(bpy);Cl,/K,S,0s. Finally, the calculated ECL effi-
ciency of the ART system was 195.3%. In contrast to some re-
ported ECL systems, such ECL systems belonged to a category of
higher efficiency.’***
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The previous experimental results showed that ART was first
adsorbed on the electrode, followed by the formation of a tran-
sition state of artemisinin through the destruction of peroxo-
bonds and acquisition of two electrons. Finally, the transition
state of ART rapidly transformed into a reduced state of arte-
misinin (ARTgeq) by combining with two hydrogen protons
(eqn (1)). The above process was verified by the mass spectrum
(Fig. S4f). The formed ARTg.q is further reduced to corre-
sponding anionic radicals (ARTgeq)", which undergo electron
transfer with co-reactant radical ions (SO, ) to obtain the
excited state of (ARTgeq)*. Finally, (ARTgeq)™ emits light when
returning to the ground state.

2.3 Detection

Chiral molecules play an important role in living systems, and it
is currently a challenging task to distinguish chiral molecules.
Amino acids, the building blocks of life, are also chiral. The
human body is comprised of left-handed amino acids, which
cannot metabolize right-handed molecules well. Consequently,
the consumption of drugs containing right-handed molecules
will become a burden and even cause damage to the living body.
Therefore, the recognition of chiral amino acids is of great
significance. The main methods reported for the recognition of
chiral molecules include chromatography (high-performance
liquid chromatography, gas chromatography, supercritical
fluid chromatography, simulated moving bed chromatography
and capillary electrophoresis), spectroscopy (UV-visible spec-
trometry, fluorescence spectrometry, and circular dichroism),
chiral sensor recognition and electrochemical methods.***
Among them, the electrochemical method has been widely
concerned by researchers for its advantages of high sensitivity,
low cost, simple operation and real-time on-line detection.
Because of the inherent chiral structure of ART, we consid-
ered that the ART-based ECL system could detect and identify
chiral cysteine. Fig. 4A exhibits a schematic diagram of the
chemical structure of L/p-Cys. As can be seen from Fig. 4B, the
ECL signals decreased linearly with the increase in r-Cys
concentrations,*** indicating that t-Cys had a good quenching
effect on the artemisinin ECL system. Fig. 4C shows the rela-
tionship between 1-Cys concentration and ECL intensity in the
range of 0.01-0.60 pM. There was a strong linear relationship
between ECL intensity and 1-Cys concentration in the
artemisinin-potassium persulfate system in the range of 0.01-
0.30 uM. Linear equation: AECL = I, — I = 28998C + 4066, R* =
0.9905, where I, and I are ECL intensities without and with 1-Cys
in the system, respectively. The calculated limit of detection

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Structural formula for chiral cysteine. (B) ECL responses of the system at different L-Cys concentrations. (C) Calibration curve. (D) ECL

responses of the system at different p-Cys concentrations. (E) ECL intensity of ART for the discrimination of cysteine enantiomer with various ee
values. The error bars represent the standard deviations of three independent tests.

Table 1 Results of calculated and actual concentrations of b/L-Cys with different ee% values. Total concentration of the mixture (L-Cys and p-
Cys) is 0.4 uM. Sample 1, the mixture of 0.24 uM L-Cys and 0.16 uM p-Cys; sample 2, the mixture of 0.28 uM L-Cys and 0.12 uM p-Cys; and sample

3, the mixture of 0.32 pM -Cys and 0.08 uM p-Cys

No. ee% Enantiomer Actual concentration (uM) Measured ee% Calculated concentration (uM)
1 20 L 0.24 20.65 0.2413
D 0.16 0.1587
2 40 L 0.28 40.03 0.2801
D 0.12 0.1199
3 60 L 0.32 60.03 0.3201
D 0.08 0.0799

(LOD) is located at a very low value of 3.7 nM (S/N = 3).** In
contrast, the quenching effect of p-Cys on the artemisinin ECL
system was not significant in the range of 0.01-0.30 pM
(Fig. 4D). Therefore, the ART-based ECL system exhibited
excellent chiral selectivity for cysteine enantiomers. To test the
enantiomer selectivity of the system, we measured the ECL
strength of the artemisinin-potassium persulfate system when
adding 1-Cys + p-Cys mixtures with different enantiomer over-
pass values (ee%).*>*° The prepared ee value was obtained from
the concentration of the enantiomer using the formula (L] —
[oD/(L] + [p]) x 100%. Fig. 4E shows a linear relationship
between ECL intensity and enantiomer overdose (R> = 0.9936),
indicating that an ART-based ECL system could be used for
enantiomer overdose detection.

Then, the enantiomer composition of the 1-Cys and p-Cys
mixture at different concentrations (20%, 40%, and 60%) was
accurately determined by the significant difference of enantio-
mers and difference of ECL values (Fig. S51). Table 1 shows that
concentrations calculated by the linear equation are consistent
with actual concentrations. All these results revealed that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

ART-based ECL system could detect chiral cysteine and
demonstrate a promising application prospect in the detection

of chiral substances.***?

2.4 Mechanism analysis

To further explore the difference in the ECL signals generated
by the interaction of ART and 1/p-Cys, the electron transfer
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Fig. 5 (A) SECM probes with different modified electrodes
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Fig. 6 Calculation of binding energy and electron affinity between ART and chiral cysteine.

Table 2 Results of the determination of L-Cys in fetal bovine serum

Measured RSD

Sample Added (uM) (nM) Recovery (%) (%, n=3)
L-Cys 0.10 0.104 104.00 0.48
0.15 0.154 102.67 1.42
0.20 0.239 119.50 0.61

behavior of ART + chiral cysteine systems was studied by scan-
ning electrochemical microscopy (SECM). Herein, FTO glass
loaded with ART was used as the working electrode and
K;[Fe(CN)¢] as the probe molecule. As shown in Fig. 5, different
modified electrodes exhibit different asymptotic curves under
light and dark conditions. Under dark conditions, it exhibits
negative feedback behavior because when the probe approaches
the substrate, the reaction process is hindered, and the current
of the probe decreases with decreasing distance. Under illu-
mination conditions, as the SECM probe approaches the
substrate, the probe current shows an increasing trend, exhib-
iting a positive feedback behavior. The kinetic constant (Keg)
fitted based on the positive feedback indicates that the order of
electron transfer rates is as follows: ART (0.66 x 10 >cm s~ ') >
ART-D-Cys (0.60 x 107> cm s~ ') > ART-1-Cys (0.49 x 10> ¢cm
s~'). This indicates that ART-.-Cys is more difficult to transfer
electrons than ART-p-Cys. These results indicate that the
combination of ART and different enantiomers leads to differ-
ences in electron transfer rates at the interface, resulting in
changes in current intensity.

To explore the chiral recognition mechanism at the molec-
ular level, molecular interactions between ART and p/L-Cys were
calculated using the density functional (DFT) method (Fig. 6).
As shown in Fig. 6, the binding energies of the complexes of
ART-p-Cys and ART-i-Cys are calculated to be —8.87 and

5586 | Chem. Sci, 2024, 15, 5581-5588

—10.07 k] mol™", respectively, suggesting the interaction
between 1-Cys and ART was stronger than that of p-Cys. In
addition, the electronic affinities of ART and ART-p/L-Cys were
calculated. The electronic affinities indicated that the order of
electron acquisition is as follows: ART (—15.75 k] mol ') > ART-
p-Cys (—13.49 k] mol™') > ART-1-Cys (—13.29 k] mol "), sug-
gesting that ART-p-Cys is more likely to acquire electrons than
ART-1-Cys. Therefore, we propose the following possible chiral
recognition mechanisms. Due to the stronger interaction
between ART and 1-Cys than p-Cys, the electron transfer rate of
ART-1-Cys is slower than that of ART-p-Cys, resulting in different
ECL intensities for enantiomeric recognition.>***

2.5 Application in real sample analysis

To evaluate the feasibility of actual sample analysis, different
concentrations of 1-Cys were added to fetal bovine serum
samples, diluted 20 times. As shown in Fig. S7,t the presence of
0.05-0.3 pM 1-Cys in the fetal bovine serum samples can be
detected. The recoveries were calculated by the standard addi-
tion method, as shown in Table 2. The recoveries of L-Cys were
104-119.5%, RSD < 5%. The results showed that the ECL system
featured a good application prospect in the detection of .-Cys in
practical samples.>®

3 Conclusions

In conclusion, we report for the first time that chiral ART
exhibits good ECL performance in the NIR region, which indi-
cates that ART may be a new, efficient and promising chiral ECL
luminophore. Experimental and mechanistic studies demon-
strated that the strong ECL emission of ART was attributed to
the breaking of the peroxy bond during the reaction on the
electrode and excited state formed by the combination with
persulfate. In addition, ART contains seven chiral carbons. In
view of this, we successfully accomplished the highly sensitive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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detection of chiral cysteine using the artemisinin ECL system.
The results of SECM and DFT reveal that the obvious differences
in the ECL signals could be attributed to the higher affinity of
ART toward 1-Cys than p-Cys, resulting in a slower electron
transfer rate for ART-1-Cys than ART-p-Cys. This chiral ART is
a promising candidate as an efficient ECL for chiral substance
sensing applications, which prompts the development of ART in
various applications.
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