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A benzothiazolium-derived optical sensor, (E)-3-ethyl-2-(2,4,6-trimethoxystyryl) benzold]thiazol-3-ium
iodide (ETBI), was synthesized for the selective detection of cyanide ions (CN7). Its structure was
confirmed through *H NMR, ¥*C NMR, HRMS, IR, and single-crystal XRD analysis. ETBI exhibits a dual-
mode optical response, displaying significant absorption, fluorescence quenching, and a distinct naked-
eye-detectable color change from pale yellow to colorless. This change results from nucleophilic
addition of CN™ to the benzothiazolium ring, which disrupts the m-conjugated system and inhibits
intramolecular charge transfer (ICT). The job plot indicated a 1:1 binding stoichiometry between ETBI
and CN~, with an association constant (K,) of 2.86 x 10* M™% The probe ETBI demonstrated high
sensitivity, achieving a detection limit of 0.49 uM, well below the World Health Organization (WHO)
guideline for CN™ in drinking water. Furthermore, ETBI was successfully applied in fluorescence imaging
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1. Introduction

The development of simple, low-cost fluorogenic probes that
are highly sensitive, selective, and optically active for detecting
cyanide ions (CN™) is very important for advancing bioenviron-
mental and chemical sciences." CN™ is extremely toxic to
humans, even at low levels,> with lethal doses reported at as
low as 0.5-3.5 mg per kilogram of body weight.> Consequently,
the WHO has restricted the CN~ concentration in drinking
water to 1.9 uM.*® Therefore, sensitive and reliable detection,
quantification, and monitoring of CN™ in biological and envir-
onmental matrices are critical.!

Various fluorogenic mechanisms have been utilized in the
design of cyanide-selective probes,® including aggregation-
induced emission (AIE),” fluorescence resonance energy

“ Department of Chemistry, Morgan State University, 1700 E Cold Spring Ln,
Baltimore, MD, 21251, USA. E-mail: fasil.abebe@morgan.edu

® Department of Chemistry, Howard University, 626 College Street NW, Washington,
DC, 20059, USA

¢ Department of Biology, Morgan State University, 1700 E Cold Spring Ln,
Baltimore, MD, 21251, USA

”’Department of Chemistry, Towson University, 8000 York Road, Towson, MD
21252, USA

i Electronic supplementary information (ESI) available. CCDC 2420824. For ESI

and crystallographic data in CIF or other electronic format see DOI: https://doi.

0rg/10.1039/d5nj01489a

12218 | New J. Chem., 2025, 49,12218-12230

of intracellular CN™ in Hela cells and using Whatman filter paper as a test strip.

transfer (FRET),® excited-state intramolecular proton transfer
(ESIPT),”'° photoinduced electron transfer (PET),"" and intra-
molecular charge transfer (ICT).">™* Among these, ICT-based
sensors are particularly effective for CN™~ ion detection due to
their simplicity, ease of synthesis, rapid response, and ability to
provide efficient detection with minimal instrumentation,
making them ideal for applications requiring quick and reli-
able results.'”> These sensors rely on the interaction between
electron-donating and electron-withdrawing groups in small
organic molecules, leading to significant changes in optical
properties or color upon CN~ binding that provide clear signals
for CN~ presence in the bioenvironmental system."

Benzothiazolium-derivative fluorescent sensors are promising
tools for CN™ detection due to excellent optical properties, high
sensitivity, and strong selectivity.'"® When integrated into ICT-
based mechanisms, benzothiazolium derivatives enhance sensor
performance by triggering a fluorescence change in response to
CN™ interactions, improving sensitivity and selectivity. In ICT
systems, these sensors combine electron-donating and electron-
withdrawing moieties covalently linked via a vinyl double bond.
Nucleophilic addition to the benzothiazolium subunit interrupts
the ICT process, leading to noticeable changes in spectral char-
acteristics that induce measurable fluorescence changes through
planar or twisted ICT mechanisms and color."*"®

The photophysical performance depends on molecular
structure, allowing precise tuning of charge-transfer dynamics

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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to amplify optical signals during CN™~ recognition. ICT-based
benzothiazolium sensors are essential for selective and efficient
CN~ detection due to their structural simplicity and dual-
wavelength fluorescence detection capabilities. These systems exhi-
bit exceptional selectivity with minimal interference from compet-
ing anions, making them ideal for challenging environments like
environmental monitoring and cellular bioimaging.'®™"®

In this context, we present the development of a new
benzothiazolium-based CN~ sensor, (E)-3-ethyl-2-(2,4,6-tri-
methoxystyryl) benzo[d]thiazol-3-ium iodide (ETBI). ETBI was
designed and synthesized via a simple condensation reaction
between 3-ethyl-2-methylbenzothiazolium iodide and 2,4,6-
trimethoxybenzaldehyde. Its structure was fully confirmed
through 'H NMR, *C NMR, HRMS, IR, and single-crystal
XRD spectral analysis, as well as the sensing mechanism, which
was investigated using HRMS and IR titration, theoretical
calculations, and Job’s plot experiments. The sensor and opti-
cal properties of the ETBI molecule are explored through UV-Vis
and fluorescence spectroscopy. Notably, this benzothiazolium-
based probe, ETBI, has shown excellent performance in fluores-
cence imaging of CN~ in HeLa cells and test strip-based
detection, indicating its potential for real-time monitoring in
biomedical and environmental applications.

2. Experimental

2.1. Materials and instruments

HelLa cells (CCL-2), originating from human epithelioid cervical
carcinoma, were obtained from the American Type Culture
Collection (ATCC; Manassas, Virginia, USA). All chemicals
and analytical-grade solvents were purchased commercially
and used as received, without further purification. Ultrapure
water (approximately 18.2 MQ-cm megaohm-centimeter) was
used in all experiments. The stock solutions of anions of
inorganic sodium salts (CH;COO ™, N;~, HSO, , S*7, S,05%7,
Clo,~, NO,~, CO;>, Br, F, Cl-, I, OH™, SCN~, NO; ™, and
H,PO, ) and 3-ethyl-2-methylbenzothiazolium iodide were pur-
chased from Sigma-Aldrich (Steinheim, Germany). Using a
previously reported method, the synthesis was conducted in a
microwave irradiation reactor (CEM Corporation, Matthews,
NC)."® The synthesized compound was monitored using thin-
layer chromatography (TLC) on Silufol UV-254 plates with a 1: 1
ethyl acetate-methanol mixture as the eluent. Spots were
visualized under UV light. The melting point was measured
using a standard digital apparatus (electrothermal, Fisher
Scientific) without correction. 'H NMR and *C NMR spectra
were recorded on a Bruker Avance 400 MHz spectrometer, using
tetramethylsilane (TMS) as the internal standard and DMSO-d,
as the solvent. Liquid chromatography coupled with electro-
spray ionization-quadrupole-time of flight-high resolution
mass spectrometry (LC-ESI-QTOF-HRMS) was used to obtain
the mass spectra with an Agilent 6546 LC/Q-TOF spectrometer.
Diode-array detection (DAD) and Q-TOF were UV and mass
spectrometry detectors, respectively. Absorption and fluores-
cence spectra were collected using an Agilent Cary 60 UV/Vis
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spectrometer and a Cary Eclipse fluorescence spectrophot-
ometer, respectively. The excitation and emission slit widths
were set to 10 nm, and measurements were conducted ina 1 cm
quartz cuvette with a 3 mL sample volume.

2.2. Stock preparation and analytical procedures

Dimethyl sulfoxide (DMSO) was selected to prepare the stock
solutions of the sensor ETBI. For UV-Vis and fluorescence
spectroscopy analyses, DMSO/H,O mixtures with ratios of 1:9
(v/v) and 1:1 (v/v), respectively, were used as the working
solvents. The target anion (CN™) and the potential competitive
anions were prepared at 30 x 10~ > M concentrations. The final
working concentration for selectivity and competitive experi-
ments was 10 uM ETBI and 1 mM anions. Fluorescence emis-
sion measurements were performed with 50 pM ETBI and
1 mM of CN™ gradually added to complete the titration experi-
ment. All spectroscopic analyses were conducted at room
temperature. The experiments were performed in triplicate
and repeated three times to ensure reproducibility.

2.3. Synthesis of (E)-3-ethyl-2-(2,4,6-trimethoxystyryl)
benzo[d]thiazol-3-ium iodide (ETBI)

The sensor ETBI was synthesized based on a previously pub-
lished method'® using the condensation reaction between 3-
ethyl-2-methylbenzothiazolium iodide (0.3052 g, 1 mmol) and
2,4,6-trimethoxybenzaldehyde (0.1962 g, 1 mmol), as shown in
Scheme 1. Ethanol and piperidine were used as the reaction
solvent and catalyst, respectively. The mixture was placed in a
CEM Discovery microwave irradiation reactor,">>' under a
pressure of 250 psi at 130 °C for 5 minutes. A red powdered
product was obtained with a yield of 86%, m.p. 229 °C. "H-NMR
(400 MHz, DMSO-dg), & (ppm): 8.39 (m, 1H), 8.28 (m, 1H), 7.83
(m, 1H), 7.79 (d, 1H), 7.58 (d, 1H), 7.43 (s, 1H), 7.27 (s, 1H), 6.40
(s, 2H), 4.01 (s, 9H), 1.58 (t, 3H). >C NMR (400 MHz, DMSO-d,),
 (ppm): 173.24, 166.62, 164. 37, 162.74, 141.54, 140.11, 130.00,
128.32, 127.89, 124.65, 116.59, 111.02, 105.63, 92.13, 91.96,
57.17, 56.57, 56.38, 56.18, 13.93. HRMS (ESI): m/z calculated
for CpoH,,NO;5S™: 356.1315 [M]" and found: 356.1312.

2.4. DFT calculations method

Ground-state geometries of the molecules were optimized at
the density functional theory (DFT) level using the hybrid
B3LYP exchange—-correlation functional with a DFT-optimized
DZVP2 basis set.>” Vibrational frequencies were calculated for
the optimized structures to ensure the structures were at
minima. TD-DFT**** calculations were performed using the
same functional and basis set to predict excited-state geome-
tries and energies. All calculations were done in the gas phase
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Scheme 1 Microwave-assisted synthesis of ETBI.
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using a conductor-like screening model (COSMO) and water as
the solvent.”* All calculations were performed using the Gaus-
sian 09 program package.’” The calculations were performed
on the HPC clusters at Towson University. Natural population
analysis (NPA) was employed to generate natural atomic orbi-
tals for the molecules of interest, which were calculated at the
same level of theory as geometry optimization.

2.5. Cell culture and bioimaging

HeLa cell lines were used for cellular experiments. Following
ATCC’s protocol, the cells were cultured in Eagle’s Minimum
Essential Medium (EMEM, ATCC), supplemented with 10%
fetal bovine serum”® and 1% penicillin-streptomycin. Cultures
were maintained at 37 °C in a humid atmosphere containing
5.0% CO,. Fluorescence imaging was performed using a Leica
STELLARIS 5 Confocal Microscope. Following the manufac-
turer’s instructions, the MTS assay was conducted using the
CellTiter 96® Aqueous One Solution Cell Proliferation Assay Kit
(Promega, Madison, Wisconsin) for cytotoxicity evaluation.
Briefly, 20 pL of MTS reagent was added to each well, and the
cells were incubated at 37 °C in a humidified 5.0% CO, atmo-
sphere for 2 hours.”® Absorbance was then measured at 490 nm
using a BioTek Synergy H1MF microplate reader.”" All solutions
and equipment were sterilized, and procedures were carried out
under strictly aseptic conditions.

3. Results and discussion

3.1. Design and synthesis of ETBI

The sensor ETBI was synthesized by condensing 2,4,6-
trimethoxybenzaldehyde and 3-ethyl-2-methylbenzothiazolium
iodide in piperidine and ethanol. The microwave synthesis and
sensor characterizations are described in the Experimental
section and the ESIt (Fig. S3-S5). The structure of ETBI was
confirmed by "H NMR, "*C NMR, high-resolution mass spectro-
metry (HRMS), IR spectroscopy, and single-crystal X-ray diffrac-
tion techniques. The molecular structure of ETBI is composed
of an electron-donating trimethoxy benzaldehyde group,
attached to a benzothiazolium moiety, which acts as a solid
electron-withdrawing moiety (Scheme 2). Cyanide’s nucleophi-
lic addition is expected at the carbon of the -C—=N- bond in the
benzothiazolium salt, breaking the n-conjugation and obstruct-
ing the ICT process.

3.2. Spectroscopic response of ETBI towards CN ™~

Cyanide ions play a significant role in biological, environmen-
tal, and industrial processes,”” making their sensitive and

/\/ fX/\/
/ ‘ /
Y = g P
N® o N CN o

)N N
ETBI

Scheme 2 Binding mechanism of ETBI with CN™.

ETBI+CN~
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reliable detection essential. An effective sensor is preferable to
perform well across a broad pH range to ensure wide applicability.
To assess this, we studied the effect of pH on the absorbance of
the ETBI-CN complex through the pH range of 4 to 12. It was
found that the ETBI absorption behavior remained consistent over
a wide pH range of 6 to 10, demonstrating that cyanide sensing
performed well within this range, as shown in Fig. 2(a). The sensor
ETBI was dissolved in a mixture of DMSO/HEPES in water at pH
7.0 for all experiments. The optical properties of compound ETBI
were evaluated using UV-Vis and fluorescence spectroscopy. It
showed an absorption peak at 435 nm and a fluorescence emis-
sion peak at 580 nm, respectively. The pH effect on the absor-
bance response of the ETBI-CN was investigated in the pH range
of 4-12, where the ETBI absorption behavior remained similar
over a wide pH range of 6-10, demonstrating that the sensing of
cyanide performed well at this pH range, as shown in Fig. 2(a).
The compound ETBI was dissolved in a mixture of DMSO/HEPES
in water (1:9 v/v) at pH 7.0 for optical measurements. The
absorption mainly originated from m-n* electron transfer and
ICT process. The ETBI absorption studies were performed in the
presence of competitive anions at room temperature. Only ETBI
responded to CN~ with a visible color change from pale yellow to
colorless, while other anions such as CH;,COO ™, N, ~, HSO, , S*~,
S,0,%, Clo;~, NO,, CO> ,Br ,F,Cl-,I,0H ,SCN_, NO;~,
and H,PO,  produced negligible interference, as illustrated in
Fig. 1(a). Upon the incremental addition of CN~, the peak
intensity at 435 nm decreased significantly, while the peak near
270 nm showed an increase in intensity, as shown in Fig. 1(b). An
isosbestic point at 300 nm indicated the formation of a new
product between ETBI and CN~. The nucleophilic attack of
cyanide on the double bond in the benzothiazolium ring dis-
rupted m-conjugation, thereby blocking intramolecular charge
transfer and leading to a significant decrease in absorption, as
illustrated in Fig. 1.

The fluorescence response of the sensor ETBI towards
various anions was investigated in a 1:9 (v/v) DMSO/H,0
mixture at pH 7.0. Fig. 2 shows the fluorescence spectra of
ETBI with various anions, measured over a wavelength range of
400-700 nm at room temperature. Based on the results, a
significant change in fluorescence intensity was observed for
ETBI-CN at 580 nm, while other anions showed no significant
change. This study, with the addition of CN™ ions to the ETBI
solution, demonstrated a change from a pale fluorescent (yel-
low) to a fluorescent blue color under UV light (inset: Fig. 2(a)).
The selectivity and sensing capabilities of ETBI were verified
through visual responses in both colorimetric and fluorescence
methods. To gain insight into ETBI’'s CN~ sensing property,
Fig. 2(b) displays a fluorescence titration of ETBI (10 pM) with
CN7, in which a gradual increase in CN™~ concentration, up to
10 equivalents, decreases fluorescence intensity. The observed
changes in color and fluorescence during CN™ detection indi-
cate the efficiency of the ETBI, indicating its suitability for real-
time applications.

3.2.1. Time and concentration effect. The effects of CN~
concentration and reaction time on the sensing mechanism of
ETBI were thoroughly investigated. A time-dependent

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 1 (a) UV/Vis absorption spectra of ETBI (10 uM) in the presence of 10 equivalents of different anions in DMSO/H,O (1:9, v/v, 0.1 M HEPES; pH = 7.0).

(b) titrated with CN™ ion DMSO/H,0 (1:9), v/v, 0.1 M HEPES; pH = 7.0.
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Fig. 2 Fluorescence spectra of ETBI (50 uM) (a) in the presence of 10 equivalents of anions (b) titrated with CN™ ion DMSO/H,0 (1:1), v/v, 0.1 M HEPES

buffer, lex = 540 nm.

absorbance study was conducted using ETBI (10 pM) in the
presence of CN~ (1 mM) in a DMSO/H,O solution at room
temperature. As shown in Fig. 3(b), the lowest absorbance
intensity of ETBI was reached within 35 minutes. The three-
dimensional (3D) response surface plot in Fig. 3(c) illustrates
the dynamic relationship between absorbance, time, and CN™
concentration. The absorbance of ETBI at 435 nm (Z-axis) was
directly influenced by CN™ concentration (X-axis) and reaction
time (Y-axis). Increasing reaction time at CN~ concentrations
ranging from 1 x 10°° M to 1 x 107> M resulted in a
progressive absorbance decrease, accompanied by a visible
color change from pale yellow to colorless.

At a concentration of 107> M, the reaction was completed
within 8 minutes, demonstrating rapid interaction at higher
cyanide concentrations. As the concentration was reduced to
10*M and 10* M, the reaction times were extended to 34 and
38 minutes, respectively, indicating a moderate reduction in
the reaction rate. At lower concentrations of 10> M and 10 °
M, the reaction times were further prolonged to 68 minutes and
70 minutes, respectively, suggesting a significant deceleration
of the reaction time. This trend highlights how lower CN
concentrations are associated with reduced ICT efficiency and
slower nucleophilic attack rates, thereby increasing the time
required for reaction completion. Conversely, higher CN con-
centrations accelerate ICT blocking activity, as evidenced by the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

ETBI's absorbance response, demonstrating a clear depen-
dence on both time and concentration.

3.2.2. Limit of detection (LOD) and limit of quantification
(LOQ) analysis. The LOD for CN~ was determined using the
formula 3.30/s,>® where ¢ represents the standard deviation of
the absorbance of the ETBI solution measured over 10 repli-
cates (0.0006), and s is the slope of the linear regression curve.
A strong positive linear correlation between absorbance and
CN™ concentration was observed, with a coefficient of determi-
nation (R?) of 0.993. The calculated LOD was 0.49 uM, signifi-
cantly lower than the WHO permissible limit of 1.9 pM for CN™
in drinking water. A comparison of ETBI with selected CN™
sensing probes is provided in Table 1. The LOQ, calculated
using the formula 10s/s,"®*® was found to be 1.5 M (Fig. 4(a)).
Additionally, the association constant (K,) was determined
using a Benesi-Hildebrand plot, as described by eqn (1).

1 1 1

(A - AO) - Ka (Amax - AO)[CN7] * Amax - A07 (1)

where A/A, is the absorbance at 435 nm of ETBI with/
without CN, respectively, and A,y is the absorbance of the
ETBI solution at saturated concentration CN . [CN7] is
the molar concentration of CN~ to determine the K, of 2.86 x
104 M~ '*>%° utilizing the slope and y-intercept of the plot

(Fig. 4(b)).
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Fig. 3 (a) UV-Vis absorbance spectra of ETBI in the absence and presence of CN™ as a pH function. (b) Time-dependent absorbance response of ETBI

(10 pM) with 1 mM CN~ in DMSO/H,0 (1:9, v/v). (c) 3D response surface plot showing the effect of CN-concentration and reaction time on the

absorbance of ETBI at 435 nm.

3.3. Selectivity and competitive experiments

To evaluate the selectivity of the sensor ETBI for CN™ ions,
competitive UV-Vis and fluorescence experiments were conducted
in the presence of various other selected anions. Fig. 5 shows a
competitive experiment conducted by adding CN™ into the ETBI
solution in the presence of 10 equivalent concentrations of various
anions (CH;COO ™, N;, HSO, , $*7, 5,057, ClO;~, NO,, CO;>~,
Br,F,Cl,I" OH ,SCN_, NO;, and H,PO, ). In the presence
of competing analytes, the selectivity of CN™ to ETBI was assessed
using UV-Vis absorption at 435 nm and fluorescence intensity at
580 nm. The results show that interfering anions did not affect
ETBI's optical change in the presence of CN, indicating that the
sensor ETBI maintained its selectivity towards CN . This behavior
makes the ETBI sensor suitable for practical applications that
detect cyanide ions, particularly in complex ionic environments.

3.4. Mechanistic insight into the CN~ binding

The visible color and strong fluorescence of ETBI were attributed
to its exceptional ICT effect, where the electron-donating 2,4,6-
trimethoxybenzaldehyde group transfers electrons to the electron-
accepting benzothiazolium moiety, as illustrated in Scheme 2. We
analyzed a job plot using absorbance measurements to determine

12222 | New J. Chem., 2025, 49, 12218-12230

the binding mode between the sensor ETBI and CN ™. The highest
absorbance at 435 nm was observed when the mole fraction of
CN~ was approximately 0.5, as shown in Fig. 6(a). The results
suggest that CN™~ binds to ETBI in a 1 : 1 stoichiometry,**** which
is in good agreement with ESI-HRMS spectrometry analysis, as
evidenced by mass signals at m/z [M] 356.1312 and [M + CN] m/z
383.3997 corresponding to ETBI and the ETBI-CN adduct, respec-
tively, as shown in Fig. 7. The structure and binding mechanism
were also further analyzed using FTIR spectroscopy of free ETBI
and ETBI-CN. ETBI revealed clear and characteristic solid absorp-
tion bands for the -C—N- bond. This absorption peak completely
disappeared for ETBI-CN, and a new, strong peak appeared at
2090 cm ™, as shown in Fig. 6(b). These observations indicate the
nucleophilic addition of the cyanide ion to the benzothiazolium
group, as expected. This reaction process can sufficiently hinder
the efficiency of the intramolecular charge transfer. Scheme 2
illustrates the ICT mechanism for the reaction between the sensor
ETBI and the CN™ ion, which is confirmed by the Job plot, ESI-
HRMS, and FTIR.

3.5. Real-time detection of CN™ using test strips

For real-time detection of CN~, Whatman filter paper was used
to prepare test strips by immersing it in a DMSO/H,0 (1:9, v/v)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 1 Comparison of ETBI with selected CN™ sensing probes
Sensor’s structure Solvent system (v/v) Detected anion Amax (NM) LOD (uM) Ref.
\+
— wo
COOH
H,O0 CN™ 534 0.0153 31
ACN/H,0 (7:3) CN™ 398 0.00597 16
DMSO/H,0 (1:9) 563 6.47 32
EtOH/H,0 (3:2) CN ™ 382 0.48 33
THF/H,0 (1:9) CN~ 454 0.17 34
MeOH/H,0 (2:1) CN™ 380 1.6 35
Ha OCH,
N+
N COOH
Q O NG DMSO/H,O (1:9) CN~ 563 6.47 32
DMSO/H,0 (1:9) CN~ 435 0.49 This work

solution of probe ETBI (50 uM), followed by air-drying.*® When
the test strip papers were exposed to various anions, a change
from yellow to colorless was observed exclusively with CN™, as
shown in Fig. 8(a). For quantitative analysis, test strips were
submerged in different CN™ concentrations (0.2-1 mM), result-
ing in gradual color transition from yellow to colorless, as
shown in Fig. 8(b). Therefore, the test strip approach, applying
probe ETBI, offers a simple, rapid, selective, and cost-effective
method for detecting CN™ in environmental water samples
without the need for expensive instrumentation.

3.6. Crystal structure of ETBI

At room temperature, slow evaporation of an ETBI solution in
DMF-ethanol mixture resulted in the formation of shiny red

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

crystals. The crystals were found to crystallize in the triclinic P1
space group with crystallographic parameters including a =
7.707 (10) A, b = 10.518 (10) A, ¢ = 12.688 (10) A, « = 97.407(10)°,
f=91.858(10)°, and y = 93.375(10)° (Table 1). The single-crystal
structure of ETBI (Fig. 9(a)) revealed that the benzothiazolium
and 2,4,6-trimethoxybenzaldehyde moieties lie in the same
plane. Several intermolecular interactions were observed in
ETBI. The benzothiazolium S1 forms an S1---H bond inter-
action with a hydrogen bond length of 2.93 A, resulting in a
two-dimensional hydrogen bonding network (Fig. 9(b)). The
units C2-H, C5-H, C7-H, C18-H, C19-H, and C20-H interact
with the iodide (I1) unit, with bond lengths of 3.28, 3.18, 3.14,
3.22, 3.13, and 3.22 A, respectively (Table S2, ESIT). The C10 and
the methyl unit C18 form a C-H hydrogen bond interaction
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with O1 and O2, with bond lengths of 2.14 and 2.56 A,

respectively.

3.7. DFT calculation

Electronic structure calculations at the DFT level of theory were
carried out on the ETBI molecule. Both the unbound cation and
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the CN-bound molecules were examined. These calculations
were performed with a COSMO solvation model, with water
selected as the solvent. Geometry optimizations were per-
formed on both the ground and the first excited states. The
optimized geometry is in excellent agreement with the crystal
structure, with an N-C bond distance of 1.35 A within the
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Fig. 7 HR-MS spectra of ETBI (a) and ETBI-CN adduct (b).

benzothiazolium ring (1.341 A in the crystal structure). Upon
binding CN, the calculated C-C bond length is 1.50 A with a
C-N bond length of 1.17 A, typical of a cyanide group. The
unbound ETBI molecule has a planar geometry distorted upon
CN binding. A four-coordinate center is created, and the planar
symmetry is broken as the methoxy functionalized ring is rotated
perpendicular to the benzothiazolium ring, as shown in Fig. 10.
This geometric distortion results in a significant change in the
adsorption profile of the two molecules as well as a difference in
the electron donation behavior between the methoxy-substituted
ring and the benzothiazolium ring. The excited state structure of
the ETBI molecule exhibits no significant differences from its
ground state structure, except for a slight elongation (~0.02 A)
of the various bonds within the molecule.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

A natural population analysis of the ETBI molecule was
carried out, with both cyanide-bound and unbound structures.
The difference in charge between individual atoms in the cyanide-
bound molecule and the unbound molecule was examined, and
the structures with partial charges assigned to the individual
atoms are shown in Fig. 10. The binding of cyanide and subse-
quent rotation of the rings disrupts the conjugation between the
aromatic rings. This limits the donation ability of the electron-rich
methoxy-substituted ring; however, upon the nucleophilic attack
of the CN, significantly more electron density is injected into the
benzothiazolium system, which compensates for the loss in
electronic donation from the methoxy-functionalized ring. The
distinct electronic properties of the two structures lead to different
singlet excitation behaviors, which are discussed in detail below.
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bonding (b).

Excited-state calculations were performed on the ETBI and
ETBI-CN geometries. The first 20 singlet excitations were
examined; the calculated energy differences, the corresponding
wavelengths, and oscillator strengths are given in Tables S3 and
S4 (ESIt). The excitation wavelength and oscillator strength
were used to calculate UV absorption spectra for the molecules,

12226 | New J. Chem., 2025, 49, 12218-12230

Fig. 10 Optimized structures of (a) ETBI and (b) ETBI with CN bound.
Calculations were done at the B3LYP/DGDZVP2 level using the COSMO
solvation model with water as the solvent. Partial charges assigned to
individual atoms are shown adjacent to each atom.

as shown in Fig. S4 (ESIT). The first excitation in the unbound
ETBI molecule corresponds to the HOMO-LUMO transition,
resulting in intense absorption at ~440 nm, which gives the
molecule its characteristic yellow color. Upon binding of the
CN™, the 440 nm transition is lost, and the absorption profile
changes. A moderately intense absorption in the ~314 nm
range corresponding to a mixture of the HOMO—1 to LUMO
and the HOMO—-1 to the LUMO+1 is responsible for the
~310 nm absorption of the CN~ bound structure resulting in
its clear color upon binding CN™. The excitations accountable
for the visible absorptions in CN-bound and unbound mole-
cules have high oscillator strength, resulting in high extinction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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plicate experiments carried out three times. There were no significant
differences in viability.

coefficients. This behavior is ideal for a candidate sensor to
noticeably change color detectability without sophisticated
equipment at potentially very low concentrations.

3.8. Cytotoxicity and cellular imaging

To assess the cytotoxic effects of ETBI on living cells, the MTS
assay was conducted using HeLa cells seeded at a density of 2 x
10® cells per well in a 96-well plate. A 100 uL of cell culture
medium containing the cells was added to each well and
incubated overnight. The next day, cells were incubated with
ETBI at concentrations of 0, 5, 10, 15, 20, and 25 uM for 24 h.
The safety of DMSO at the highest concentration was also
evaluated and confirmed to be non-toxic. Fig. 11 shows that
concentrations up to 25 pM maintain over 90% cell viability,

DAPI

ETBI

ETBI + CN

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Fig. 12 Fluorescence imaging of Hela cells cultured with the probe ETBI (10 uM), followed by treatment with CN™
with 100 ng mL~* of DAPI.
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indicating that ETBI exhibits negligible cytotoxicity and sup-
porting its potential application in biomedical fields.

Fluorescence imaging experiments were conducted on HeLa
cell lines to further demonstrate the potential biological appli-
cation of the ETBI probe as a sensor for CN™ ions in living
cells. Cells were seeded at a density of 2 x 10 cells per well in
#1.5 polymer coverslip p-Slide 4 Well chamber slides (Ibidi) and
allowed to adhere overnight. Prior to staining, cells were
washed twice with PBS and then incubated with 500 pL of
10 pM ETBI for 30 minutes at 37 °C. Fluorescence imaging of
ETBI-treated cells was captured using a confocal laser scanning
microscope. Then, the cells were treated with CN~ for 30
minutes, and images were collected. As shown in Fig. 12, strong
red fluorescence was detected in cells treated with ETBI alone,
while fluorescence was quenched in the presence of CN™ ions.
A time-lapse imaging experiment was performed to investigate
further the interaction of ETBI with 50 uM CN™ in living cells
using a stage-top incubator (Tokai-Hit), capturing images at
5-minute intervals. A progressive fluorescence quenching of
ETBI was observed over 25 minutes in HeLa cells, as shown in
Fig. 13. Quantification of fluorescence intensity was performed
using the Fiji software package.’”*® These findings confirm the
potential of ETBI as a fluorescent probe for intracellular CN™
detection and real-time bioimaging in living cells.

4. Conclusions

In conclusion, we designed and developed a benzothiazolium-
conjugated optical probe, ETBI, exhibiting ICT properties, for
the selective detection of cyanide ions. The sensor ETBI exhibits
excellent selectivity for cyanide over other interfering anions,
primarily due to cyanide’s nucleophilic attack on the benzothia-
zolium ring’s carbon. The structure of ETBI was confirmed using
advanced analytical techniques, including "H NMR, *C NMR,
HRMS, and single-crystal X-ray diffraction (XRD). The sensing
mechanism was investigated through UV-Vis, fluorescence, ESI-

Bright field Merge

10 gm

(50 uM). The cell nuclei were stained
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Fig. 13 Time-lapse fluorescence imaging of ETBI (10 pM) in live Hela cells treated with CN™

intensity quantification.

MS, and FTIR titrations, revealing a 1:1 binding stoichiometry.
The probe exhibited a detection limit well below the WHO
guideline for cyanide in drinking water. Its practical real-time
applicability was demonstrated through test strip assays and
intracellular imaging of CN™ in HeLa cells.
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