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ARTICLE INFO ABSTRACT

Keywords: The development and synthesis of notably targeted and colorimetric sensor based on an azo-

M“m.f“n?tional methine compound for the distinct recognition of Cu?>* and CN™~ ion individually in an aqueous

gya‘“de_ lon dimethyl formamide solution is performed. In the presence of CN~ and Cu?*, the sensor BTZ
opper ion

showed impressive colorimetric changes, going from pale yellow to orange and pale yellow to
Azomethine dark yellow, respectively. In the meantime, FL spectrum (Cu®") and UV-vis spectroscopy (CN™/
Sensing tool Cu®*) were used to assess the sensing features. The plausible binding mechanisms of CN~ and
DFT cu®* ions with sensor BTZ have been studied using the 'H NMR titration, Job’s plot and DFT
technique. The bathochromic shift produced by the intramolecular charge transfer (ICT) transi-
tion may have been the source of the phenomenon. Furthermore, CN™ ion in the commercial
substance is quickly identified and measured with the naked eye by using sensor BTZ. It was
found that the BTZ’s LOD for CN~ and Cu®>' was 0.280 x 1077 M and 1.153 x 10~/ M,
respectively. Moreover, 1:1 binding ratio for the reaction of CN~ and Cu®" ions with sensor BTZ
were demonstrated by Job’s plot, which was dependent on analytical data. The findings show that
BTZ is an easy-to-use and practical probe for concurrently sensing cyanide and copper ions in
environmental samples and living cells that have less cytotoxicity.

Colorimetric

1. Introduction

Anions are prevalent in landscape and play roles in industrial, agricultural, and biological processes as well as causes pollution [1].
Detecting anions, especially cyanide, which is a potent poison due to its interference with electron transport through binding to cy-
tochrome c oxidase, has gained significant attention. Concurrently, cyanide is necessary for chemical industrial operations like
metallurgy, manufacture, polymers, and electroplating [2]. Cyanide’s toxicity is well-established, and despite its danger. It is also
widely used in various industries, releasing it as a contaminant into the environment. Efficient sensing systems are needed to monitor
cyanide concentrations in contamination sources [3,4]. Anions like fluoride, nitrate, and cyanide are recognized pollutants, with
cyanide originating from industries like petrochemicals, plating, mining, metal electroplating, and others [5]. It’s known for its toxic
effects on the body, affecting the central nervous system, blood vessels, and eyes [6-8].
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Due to their important functions and possible toxicity to humans and the environment, heavy and transition metal ions have
attracted a lot of research when it comes to chemosensor identification [9,10]. Copper ions are crucial for physiological processes, gene
expression, and the human nervous system. Maintaining copper homeostasis is essential for good health, but unregulated Cu(II) intake
can lead to neurodegenerative disorders like Alzheimer’s, Parkinson’s, Menke’s, Wilson’s, and prion diseases. Conversely, copper
deficiency is linked to myelopathy. Moreover, copper is a significant environmental pollutant due to its widespread use in various
fields. Even submicromolar concentrations of copper ions can harm microorganisms [11-13]. Consequently, there remains a signif-
icant demand for the development of highly sensitive and selective chemosensors for copper. Monitoring various cations in different
environments is a challenge for researcher. Copper plays both role, essential for human health and implicated in toxicological issues,
holds a prominent place in industrial and biological system [14-16].

Various methods such as Atomic Absorption Spectrometry (AAS) [17], Inductive Coupled Mass Atomic Emission Spectrometry
(ICP-AES) [18], and Resonance Rayleigh Scattering (RRS) [19] spectroscopy are commonly used for ion detection. However, these
approaches are often complex, expensive, and susceptible to interference from other metal ions. Hence it is necessity to develop a fast,
highly sensitive, and selective analytical method. In recent research, chemosensors for both cations and anions have gained attention
for their affordability, real-time monitoring, and excellent sensitivity and selectivity [20]. In the case of detecting cyanide and copper
ions, the focus has turned towards novel colorimetric sensors that enable easy visual detection of color changes without the need of any
costly equipment [21]. Colorimetric materials have several benefits, including excellent selectivity, simplicity, quick response, and low
cost [22-25].

Benzothiazoles and quinoline are prominent heterocyclic compounds that are celebrated for their diverse pharmacological ac-
tivities. They also exhibit outstanding photophysical properties, including high quantum yields, elevated molar extinction coefficients,
large Stokes shifts, and excellent photostability. These features have driven researchers to develop fluorescent probes and chemo-
sensors using these compounds. Typically, these sensors combine a benzothiazole or quinoline moiety with a small organic recognition
unit attached to the benzothiazole ring. The presence of nitrogen and sulfur atoms within the ring system enhances their coordination
ability, making them effective for various sensing applications.

Despite their potential, existing chemosensors based on benzothiazole and quinoline face significant challenges, such as solubility,
complex synthesis, interference, slow detection, and high costs, limiting their practical applications. To address these limitations, we
have developed a novel Benzothiazole-quinoline based colorimetric sensor (BTZ). This new sensor provides a straightforward and cost-
effective method for the selective and sensitive detection of Cu?* and CN ™ ions through distinct color and spectral responses. The BTZ
sensor improves upon previous methods by offering a faster response time, lower detection limits, simplified synthesis, and reduced
interference from other transition metal ions. Therefore, there’s a need for colorimetric sensors capable of identifying both CN™ and
Cu* in aqueous solutions. To address this need, a novel multifunctional chemosensor labelled as BTZ has been developed that can
identify CN~ and Cu?" based on distinctive color variations over other ions. As part of this effort, a novel asymmetric chemosensor,
referred to as BTZ, was designed and synthesized by combining quinoline aldehyde and hydrazine benzothiazole, followed by a
condensation reaction with a catalytic amount of sulfuric acid. The resulting sensor, BTZ, can discern CN~ through a visible color
variation from pale yellow to orange, with high selectivity in a DMF:Water (9:1) mixture. Furthermore, it responds to Cu?>* both
colorimetrically and fluorescence while unaffected to other metal ions.

A number of colorimetric and fluorometric sensors that use azomethine chromophore have surfaced in recent years to identify
harmful ions in a variety of methods [26-29]. In our recent works, cyanide ion was recognized using simple deprotonation mechanism
[30,31]. On the other hand, limited has been published regarding the creation of extremely specific sensors for concurrent identifi-
cation of anions and cations. This has led to the development of a colorimetric sensor based on the azomethine compound with
appropriate substituents, that allows for the focused and in tandem detection of Cu®*" and CN~ in an aqueous DMF solution. Notably, a
color shift from pale yellow to dark yellow for Cu?* and from pale yellow to orange for CN~ allows visual observation of these sensing
processes. The detection threshold of BTZ against CN~ and Cu?' was 0.280 x 10~ M and 1.153 x 1077 M, respectively. The
advancement of efficient sensors may be advanced by the design of chemosensors that respond to copper cations and cyanide anions in
two different ways through distinctive mechanisms.

2. Experimental section
2.1. Reagents and solvents

The initial components, including hydrazine benzothiazole and thiazole aldehyde, were procured from suppliers such as Sigma-
Aldrich and TCI. Metal salts, encompassing both cations and anions, were obtained from Sd-fine Ltd and employed in their as-
received state without additional purification. All solvents underwent a thorough drying and distillation process in accordance
with established protocols before their use.

2.2. General structural characterization

NMR spectra were acquired with a Bruker spectrometer operating at 400 MHz, and the chemical shifts were expressed in § (ppm).
KBr discs on a Shimadzu FT-IR spectrometer covering the range of 400-4000 cm ™! was used to generate FT-IR spectra. HRMS spectra
were captured using a WATER-XEVO G2-XS-QT instrument. Absorption spectra were recorded employing an Agilent 8453 UV-vis
spectrophotometer, while diffuse reflectance spectra were collected using a Jasco-v-670 spectrophotometer. Steady-state photo-
luminescence (PL) measurements were conducted with an Edinburg FLS 980 spectrometer. SEM and EDAX analysis are taken from
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2.3. Cell culture and cytotoxicity study

For the bio-imaging investigation, RAW264.7 macrophages cells were obtained from NCCS, Pune. These cells were cultured in
Dulbecco Modified Eagle’s Media supplemented with 10 % Fetal Bovine Serum, and maintained in a 5 % COs, 37 °C humidified
incubator [32]. In the cytotoxicity assessment, cells were grown until they reached 80 % confluency. Subsequently, the cells were
harvested and seeded in a 96-well plate at a density of 1 x 10* cells per well, followed by an overnight incubation. The following day,
the cells were subjected to various concentrations of BTZ, ranging from 10 pM to 100 pM, to assess the compound’s cytotoxic effects.
The cells were then placed in the incubator for 72 h. After the treatment period, 20 pl of MTT solution was added to the cells, which
were then incubated for an additional 3 h in the dark. 100 ul DMSO was added to dissolve the crystals and the optical density (OD) was
measured at 570 nm using a microplate reader from BioTek, USA, and the percentage of cell viability was calculated.

2.4. Cell bio-imaging study

The cells were grown in a complete medium until they reached confluency. Subsequently, cells were collected and then seeded in
six-well plates at a density of 1 x 10° cells in each well. They were left to incubate overnight in a humidified incubator. After 24 h, the
cells were subjected to the lowest concentration of BTZ for 1 h. This was followed by exposure to a 0.5 pM concentration of copper for
an additional 30 min to facilitate interaction. Once the incubation period was completed, the cells were thoroughly washed with cold
1X PBS three times to eliminate any residues. Finally, images were captured using a fluroscence microscope (EVOS M5000 Imaging
System).

2.5. General procedure for UV-vis and FL spectroscopy

2.5.1. Preparation of stock solution

A stock solution of BTZ (3.04 mg in 10 ml) with a concentration of 10~> M was prepared in DMF solvent. From this stock solution,
the required dilution was performed to achieve a final concentration of 10> M. It’s worth noting that the initial concentration of each
cation and anion stock solution in water was also set at 10~ M. These prepared solutions were subsequently utilized in UV-Visible
spectroscopic investigations.

2.5.2. Measurement of UV-vis and FL spectroscopy

A 2 ml quartz cuvette was loaded with a substantial volume of the BTZ solution and metal ion solutions in a 9:1 ratio. UV-Visible
spectroscopy was employed to measure the absorbance at the designated working wavelength both prior to and subsequent to the
addition of the metal ion solutions. Absorbance spectra for BTZ interacting with various ions were recorded in the wavelength range of
200-800 nm. The same procedure was repeated for fluorescence (FL) spectroscopy.

2.6. Synthesis of 2-(2-(quinolin-3-ylmethylene)hydrazineyl)benzo[d]thiazole, (BTZ)

A simple one step reaction was carried out to synthesis BTZ. Hydrazino benzothiazole (500 mg, 3 mmol) and quinoline-3-aldehyde
(476 mg, 3 mmol) were dissolved in 10 ml of ethanol. Further 3 drops of Conc. Sulfuric acid were added to the above mixture and
stirred over 3 h at room temperature (Scheme 1). The formed orange precipitate was filtered using Whatman TLC plate, washed thrice
with water, and dried. The reaction was monitored through TLC. The product obtained was orange powder. 'H NMR (400 MHz, DMSO-
de) 8(ppm): 11.57 (S, 1H), 9.32 (S, 1H), 8.63 (S, 1H), 7.12-8.36 (m, 9H). '3C NMR (100 MHz, DMSO-dg) 5(ppm): 160.93, 159.70,
158.75, 155.25, 130.84, 115.81, 114.50, 123.45, 118.26. FTIR (KBr em™1): 3270 (-NH frequency), 2934 (-CH frequency), 1660 (-C=N
frequency). HRMS m/z calculated for C17H;2N4S:304.08, found: 305.07.

2.7. Computational studies

Insights into the structural and functional attributes were gained through density functional theory (DFT) calculations. The se-
lection of the DFT functional and the combination of the basis set were crucial in understanding bonding patterns, electronic charge
distribution, and molecular orbital energy. Geometries for BTZ, BTZ-CN’, and BTZ-Cu®*" in both gaseous and liquid phases were
optimized using the Becke’s three-parameter and Lee-Yang-Parr functional (B3LYP) along with the Los Alamos National Laboratory 2-
double-z (LANL2DZ) basis set. Specifically, a 6-311G(d,p) basis set was applied for N, O, H, and C atoms, while LANL2DZ was used for

N
N N Conc.H,SO,, Ethanol Q-
b+ Q) mtsoermty, SN
S NH, CHO RT, 2Hrs H N
BTZ

Scheme 1. The synthesis process of BTZ.
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the metal complex [33]. Moreover, HOMO-LUMO energy band gap values were determined for BTZ, BTZ-CN’, and BTZ-Cu®*.
Time-dependent density functional theory was employed to analyze UV-Vis absorption spectra for these compounds [34]. The
computational investigations were conducted using the G16 package, and electronic geometries and frontier molecular orbital
structures were visualized using Gauss View [35].

3. Results and discussion
3.1. Synthesis and characterizations

To prepare the BTZ probe, we initiated the process with hydrazino benzathiazole, synthesized according to the previously reported
protocol [36] (Scheme 1). Utilizing a one-step reaction procedure, we synthesized the BTZ probe by combining hydrazino benzo-
thiazole and quinoline-3-aldehyde in a 10 ml ethanol solution with a catalytic amount of concentrated sulfuric acid, characterizing the
product through various analytical techniques (Scheme 1). BTZ, being equipped with an —-NH functional group, presents a significant
possibility of deprotonation when exposed to anions. In the 'H NMR spectrum of BTZ obtained in DMSO-d6, two singlet signals were
observed, corresponding to the -NH and -N = CH functional groups, situated at § 9.35 ppm and 8.63 ppm, respectively, confirming the
formation of an imine linkage in the BTZ probe. Additionally, the high-resolution mass spectrum (HRMS) of BTZ displayed the mo-
lecular ion peak of (BTZ + H™) at m/z = 305.0748 (calculated m/z = 304.0783), providing further confirmation of the BTZ probe’s
formation. Detailed characterization information is provided in the Supplementary Materials accompanying this manuscript
(Figs. S1-52). 3.2. Colorimetric Study.

3.1.1. Selectivity of BTZ towards CN~ and Cu?*

The selectivity of the BTZ probe towards various anions was investigated by introducing different anions, including Br~, CI”, CN ™,
C0%~, F, HSO;, HyPO;,17,NO3, NO3, OH-, PO}, and S*~ in DMF-water (9:1) solution (Fig. 1a). Notably, the sensor BTZ exhibited a
striking color shift, transitioning from light yellow to orange, specifically when CN™ ions was added, distinguishing it from the other
experienced ions. Moreover, the manufactured sensor showed remarkable sensitivity to CN™ ions, exhibiting a quick colorimetric
change in a matter of seconds. On addition of copper ion, the color change occur within 10s while cyanide ion is so faster which turns
orange color within 5s. Additionally, the introduction of CN™ ions caused a significant red shift from 359 nm to 461 nm (longer
wavelength) of 102 nm difference in the UV-Vis spectroscopy of the BTZ sensor, attributed to an enhanced intramolecular charge
transfer (ICT). This change in charge transfer formation arises from the robust relationship between CN™ ions and the hydrazine proton
of BTZ in aqueous DMF medium, whereas no significant signal changes were induced by other evaluated anions, as illustrated in
Fig. la.

Furthermore, the BTZ probe demonstrated an instant color shift, transitioning from pale yellow to dark yellow, when exposed to
copper ion in aqueous DMF medium at room temperature (Fig. 1b). In contrast, the adding of distinct metal ions, such as Cd2*, Co®",
cr®t, cu?t, Eu®t, Fe?t, Hg?t, Mg?t, Mn?*, Ni2*, and Pb?" in the DMF: H20 (9:1) mixture, did not produce significant changes
(Fig. 1b). This observed selective color change offers a valuable method for the colorimetric recognition of Cu?" ions. The BTZ probe
exhibits a distinct absorbance peak at approximately 359 nm. Upon introducing a copper solution, a sudden peak emerges at around
441 nm, providing conclusive evidence of BTZ’s remarkable selectivity for copper ions. The shift from the original peak at 359 nm to
the newly observed peak at 441 nm indicates a substantial difference of 82 nm (Fig. 2b). This observation underscores the specific and
sensitive response of the BTZ probe to the presence of copper ions.

Color alterations were readily noticeable to the naked eye, and fluorescence quenching was observed under UV light (Fig. S3). This
observable color transformation arises from the complexation of the ligand with metal ions [29,30].

3.1.2. Sensitivity of BTZ towards CN~ and Cu?*

Utilizing the absorption spectra, the sensing capabilities of the BTZ sensor were assessed by introducing a standard CN™ solution
into BTZ solution (90:10, v/v). After the CN- ions were added, the absorbance at 359 nm gradually decreased and a new absorption
band appeared at 461 nm. The absorption spectra titration of BTZ with cyanide ions is shown in Fig. 2c. The conspicuous and

BTZ Cd* Cu? Co* Cr** Eu** Fe** Hg? Mg* Mn* Ni** Pb?* Zn*

wdllleievesvew « -
s e ; &gt - 4 e |

Fig. 1. Naked eye changes of BTZ with a) different anions and b) different cations under normal light.
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significant absorption red shift of 102 nm in the UV-vis spectroscopy, along with the remarkable color alteration in comparison to BTZ,
provides strong evidence that the developed chemosensor BTZ is effective in the analysis of cyanide ions. Furthermore, a well-defined
isobestic point at 399 nm was detected, signifying the development of a stable composite among BTZ and cyanide ions.

The determination of the association constant between BTZ and Cu?" metal ions was carried out through a UV-Vis titration of
copper ions with the BTZ sensor (Fig. S3c). The consecutive addition of copper ions to the BTZ solution was exactly noted. As copper
metal ions were introduced to the BTZ solution, the peak at 442 nm progressively increased, while the peak at 359 nm decreased. This
overlapping of absorption peaks led to the appearance of an isosbestic point, signifying the development of a metal complex. Notably,
the isosbestic point was also observed at 434 nm in the presence of copper ions.

To elucidate the binding stoichiometry between BTZ and cyanide ions as well as copper ions, Job’s plot was employed in this
experiment. The results clearly demonstrate that the sensor BTZ forms a 1:1 binding stoichiometry with both cyanide ions and copper
ions (refer to Figs. 3c and S3). Furthermore, to evaluate the sensitivity of the BTZ sensor, absorbance responses were plotted against the
concentrations of cyanide ions and Cu®", revealing a linear relationship in two distinct ranges (refer to Fig. 3a and b). The detection
limit for BTZ in detecting CN~ and Cu?* was calculated using Equation (1).

LOD = 306/m (€9)]
where.

o - standard deviation
m - slope of the calibration line

Eq. (1), the LOD for sensor BTZ towards CN™~ and Cu®" was found to be 28 nM and 1.153 x 10~/ M. Table S1 [37-42] and Table S2
[31,43-47] provide a comparison of recent research studies on chemo-sensors designed for sequential detection of Cu?*" and CN~
through complexation and displacement mechanisms. Our system offers several advantages over others, notably a lower limit of
detection (LOD)." The binding constant of BTZ- CN™ and BTZ- Ccu®* from B-H plot was found to be 1.647 x 10° M~! and 2.995 x 108
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3.1.3. Reversibility and interference study

Optical reversibility and reusability are characteristics observed in only a limited number of reported chemosensors. Many well-
known cyanide detectors employ irreversible methods, limiting their applicability in various analytical scenarios. To test the reus-
ability of the BTZ sensor, systematic UV repeated titration tests were conducted with BTZ-CN" by adding increasing amounts of tri-
fluoroacetic acid (TFA), as illustrated in Fig. 4b. The absorption spectrum at 359 nm gradually diminished after the addition of
approximately 2.0 equiv. of TFA to the complex solution. The sensor’s ability to provide a reusable response was demonstrated through
consecutive titration cycles, with TFA added after each cycle. Notably, the bare eye color transition from pale yellow to orange and
back to pale yellow reoccurred at approximately 60-s intervals.

To unveil the dynamic response of the BTZ-Cu* interaction, experiments testing the binding reversibility were carried out. The
introduction of EDTA into the solution containing the BTZ-Cu?* complex retained the color, shifting from yellow to the pale-yellow
characteristic of the BTZ compound. Following this, the addition of a Cu?" ion solution to the same mixture led to the restoration of
both color and intensity, thereby confirming the chemical reversibility of the BTZ-Cu?" binding (refer to Fig. 4a). This reversible ability
was confirmed through up to three cycles [38], demonstrating the ecological recyclability and reusability of the BTZ compound.

Additionally, we conducted interference study using solutions comprising CN~ and various different ions. As illustrated in Fig. 5a,
there was no notable alteration in the detection of CN™ even in the occurrence of various different anions. Likewise, a similar outcome
was detected for the bare eye recognition of Cu?>" amidst the presence of various cations and anions that interfere, as depicted in
Fig. 5a. Upon the addition of a cyanide ion solution to a solution containing BTZ and copper, a noticeable transformation occurs as the
dark yellow hue shifts to a vibrant orange color. This observed color change serves as a visual indicator of the interference and
complexation of CN ions in the chemical reaction. The shift in color is indicative of the formation of a distinct molecular complex
involving BTZ, Cu®*, and CN~ ions. In the examination of the two-step UV-vis study involving the interaction of CN~ ion solution with
a BTZ-Cu?* solution, the initial stage is characterized as the "complexation approach.” This denotes that in the first step, a complex is
formed between the BTZ-Cu®" complex and cyanide ions. The subsequent phase is identified as the "displacement approach," indi-
cating that in this step, a displacement reaction occurs, leading to the production of [Cu(CN),]"~ (shown in Fig. 5). The observed color
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I, 22) NO3, 23) NO3, 24) PO3", and 25) $%". b) Expected mechanism of BTZ towards Cu®>*, CN~, and interference effect (reaction) of CN~ ion

towards BTZ + Cu®" solution.

change from dark yellow to orange provides visual evidence of these sequential processes, supporting the conclusion that complexation
and displacement approaches are integral to the studied reaction. These distinct spectral and colorimetric changes affirm the capability
of the BTZ sensor for effective naked-eye detection of CN~ and Cu®" ions, demonstrating remarkable selectivity in aqueous DMF
solutions.

Furthermore, we explored the impact of the instantaneous addition of CN~ and Cu®" ions on the UV-Vis spectrum of BTZ (refer to
Fig. 3). Upon the simultaneous introduction of Cu?* (1.0 equiv) and CN~ (1.0 equiv), the BTZ solution underwent a noticeable color
shift from light yellow to orange. This suggests that, under these conditions, the developed sensor predominantly detected CN™ ions.
Intriguingly, even during the titration of BTZ-CN" with Cu?*, the orange color of the solution remained nearly unchanged, indicating

stability in color up to 3 equiv. of Cu®* ions.
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3.1.4. Effect of pH for detection of Cu”" and CN~

The impact of pH on the sensing characteristics of BTZ, BTZ-Cu?", and BTZ-CN" was investigated within the pH range of 3-11. As
depicted in Fig. S4, both the yellow color and absorbance intensity of BTZ, in the presence of Cu?", remained consistent across a broad
pH spectrum from 3 to 9, with particular stability observed in acidic solutions. Conversely, in the absence of Cu2+, BTZ exhibited no
discernible alterations in color or absorption spectra within the pH range of 3-9. Therefore, BTZ demonstrates high selectivity and
sensitivity as a colorimetric chemosensor for Cu?* and CN™~ within the pH range of 3-9. This makes it well-suited for the recognition of
copper ions in diverse ecological and physiological conditions. Hence, the chemosensor BTZ is effective for the detection of Cu?* and
CN™ over an extensive pH range, particularly in neutral aqueous solutions.

3.1.5. Binding mechanism of BTZ - Cu®>* and BTZ - CN~

The stoichiometry ratio of BTZ and cyanide ions, as well as copper ions, was determined using Job’s plot, revealing a 1:1 ratio for
both interactions. Initial absorbance titration experiments confirmed a 1:1 coordination ratio between BTZ and Cu*, with noticeable
spectral shifts indicating coordination of the benzothiazole nitrogen atom with Cu?*. Subsequent 'H NMR titration in DMSO-dg further
elucidated the binding sites, showing significant weakening of the -NH proton peak at § 9.3 ppm and slight downward shifts in aryl
proton signals upon addition of Cu?*, affirming the coordination bonds formed as shown in Fig. 6.

Further understanding of the binding mechanisms was gained through theoretical studies employing density functional theory
(DFT). The optimized structures and HOMO-LUMO energy levels revealed electron transfer upon complex formation, with a narrower
energy gap observed in the BTZ-Cu?* complex compared to free BTZ. This theoretical validation supported the experimental findings,
explaining the red-shift in the absorption spectrum upon addition of Cu?>* and indicating the increased stability of the BTZ-Cu®*
complex.

Moreover, NMR titration experiments were pivotal in elucidating the binding mechanism and detection strategies of BTZ with
cyanide ions. Unlike with Cu?", no discernible alterations in the chemical shift of aromatic protons were observed upon addition of
cyanide ions. However, the complete disappearance of the -NH peak at § 9.3 ppm signified deprotonation, suggesting a chemo-
dosimetric interaction between BTZ and cyanide ions (Fig. 7). This interaction, along with subsequent intra-ligand charge transfer,
triggered a shift in color from pale yellow to orange, providing insights into the mechanism of cyanide ion sensing. Additionally,
stoichiometric analysis, both experimentally and theoretically, confirmed a 1:1 ratio of BTZ-Cu?>t and BTZ-CN’, highlighting the
specificity of the interactions and providing valuable insight into the complexation behavior. Additionally, Fig. S5 illustrates that upon
titration of the BTZ solution with Cu (II) and CN ions, the resulting BTZ-Cu?* and BTZ-CN complexes displayed molecular ion peaks at
m/z 304.0710 and 367.0083. These peaks correspond to [1BTZ + 1 M + H'], providing clear evidence for the anticipated 1:1 stoi-
chiometric ratio between BTZ and the respective metal ions.

The surface morphology of BTZ, BTZ-CN’, and BTZ-Cu*" complexes was analyzed through SEM imaging, as illustrated in Fig. 8. The
BTZ sample exhibited a crystalline and smooth surface with a morphology characterized by cylindrical crystal-like structures. In
contrast, both BTZ-CN” and BTZ-Cu?" samples displayed a more clustered, crystal-like morphology. Additionally, energy dispersive X-
ray analysis (EDX) was employed to identify the elements present in these samples. The EDX results revealed that BTZ contained
carbon, nitrogen, and sulfur, while BTZ-Cu?* contained carbon, nitrogen, sulfur, and copper, indicating the successful formation of a
copper complex with the BTZ probe. These findings confirm the complex formation involving the BTZ probe.

/ H
BTZ+1eq. g ...............

of Cu?*

BTZ+0.5eq.
of Cu?*

BTZ+0.25eqf,
of Cu?*

G~
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Fig. 6. ! H NMR spectral titration of BTZ with Cu®*" ions in DMSO-ds.
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Fig. 7. '"H NMR spectral titration of BTZ with CN~ ions in DMSO-dg and Proposed response mechanism for the BTZ sensor involving coordina-
tion bonds.
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Fig. 8. SEM (a-c) and EDX (d-f) images of BTZ, BTZ-CN", and BTZ-Cu®*.

3.1.6. Theoretical studies

The structural optimization of BTZ, BTZ-CN’, and BTZ-Cu?* complexes was conducted using density functional theory (DFT) with
the B3LYP functional and 6-31+G** basis set for C, H, N, and S atoms, while LANL2DZ basis set was employed for metal complexes. In
the pristine BTZ compound, the HOMO electron density was evenly distributed across the entire molecule, with the LUMO primarily
localized in the conjugated imine and aromatic quinoline ring. Upon complexation with Cu?*, a noticeable shift in electron density was
observed, with the HOMO centered on both the metal ion and the benzothiazole moiety, while the LUMO predominantly resided in the
conjugated quinoline and imine as shown in Fig. S6. While, BTZ binding with cyanide ion, the HOMO centered on benzothiazole and
partially with quinoline moiety, LUMO predominantly quinoline, N present in BTZ and imine.

The optimization of the BTZ-Cu®* complex revealed bond lengths of CH=N-Cu and C=N-Cu at 1.886 A and 1.853 A respectively,
indicating enhanced stability in metal-ligand coordination (See Fig. 9). Furthermore, the calculated HOMO-LUMO energy gap was



P.S. Umabharathi et al. Heliyon 10 (2024) 38593

determined to be 3.98 eV for BTZ, 3.07 eV for BTZ- Cu?>* and 1.44 eV for BTZ-CN’, signifying the extent of electronic transitions within
the molecule. Stoichiometric analysis, both theoretically and experimentally, confirmed a 1:1 ratio of BTZ-Cu?" and BTZ-CN,,
providing valuable insight into the complexation behavior (Fig. S6).

Time-dependent DFT (TD-DFT) calculations were then employed to investigate electronic transitions in the absorption spectra. The
formation of intraligand charge-transfer bands was observed at 341 nm (BTZ), 437 nm (BTZ + Cu2+), and 561 nm (BTZ + CN ), with
metal complexation inducing significant bathochromic shifts in absorption spectra (shown in Fig. S7). This phenomenon, supported by
DFT data, elucidated the colorimetric response to metal ions, showcasing the intricate interplay between electronic structure and
complexation dynamics.

3.1.7. Solid medium sensing of Cu”" and CN~

Solid phase visual detection of metal ion and anion offers convenience, time efficiency, and cost-effectiveness for on-site moni-
toring of toxic substances [48,49]. TLC plate were used to evaluate the chemosensor BTZ’s suitability for use on-site. First, 100 pM
solution of BTZ in DMF was applied on thin strips of TLC plate, which were then allowed to air dry before being sliced into tiny round
pieces. The TLC plate exhibited a slight yellow color under normal light in the solid phase. Subsequently, different anions and metal
ions (10 pL) in water were drop-cast onto the TLC plate pre-coated with BTZ, revealing a significant color change yellow for Cu?>* and
orange for CN™ in the solid-state. Moreover, the selectivity of BTZ towards Cu®>* was confirmed by the absence of color change upon
addition of aqueous solutions containing various metal ions and anions, ensuring the TLC plate exclusively detect Cu>™ and CN~
(Fig. 10). This direct detection capability of BTZ on a solid phase highlights its potential for on-site monitoring of Cu?" levels in
environmental samples, demonstrating superior sensitivity, detection limit, and synthetic ease.

The ability of BTZ to detect analytes directly on a solid phase coupled with its selectivity and sensitivity. This shows that the
chemosensor BTZ is a promising tool for various on-site monitoring applications. Through meticulous experimentation utilizing silica
gel-coated TLC plate, BTZ demonstrated robust performance in detecting Cu>™ and CN~ ions, showcasing its utility for environmental
sample analysis. The distinct color changes observed in the presence of target analytes underscore BTZ’s effectiveness and potential as
a cost-effective solution for rapid and reliable on-site detection needs, emphasizing its advantages over conventional methods.

4. Biological applications
4.1. Cell viability and toxicity

The suitability of the chemosensor BTZ for biological imaging was assessed by evaluating its cytotoxicity using trypan blue and
hemocytometer technique. Across a range of concentrations (10-100 pM), BTZ demonstrated negligible toxicity towards RAW
macrophage cell lines, as evidenced by the maintenance of cell viability above 90 % (Fig. S8). These results confirm the safety of BTZ
for cellular applications, indicating its potential for bioimaging studies. Notably, even at the highest tested concentration, BTZ did not
induce any adverse effects on cell viability, further underscoring its biocompatibility. Therefore, the decision was made to proceed
with the lowest concentrations of BTZ, supplemented with 0.5 pM of Cu?* ion. For subsequent bioimaging experiments, it is necessary
to ensure minimal impact on cell health while enabling effective metal ion sensing.

The evaluation of BTZ’s cytotoxicity highlights its promise as a viable option for biological imaging applications. By demonstrating
negligible toxicity towards RAW macrophage cell lines across a range of concentrations, BTZ emerges as a safe and reliable tool for
studying cellular processes. The ability to maintain high cell viability, even at the highest concentration tested, underscores the
biocompatibility of BTZ and its potential for use in sensitive cellular assays. Moreover, the inclusion of 0.5 pM of Cu®* ion alongside the
lowest concentrations of BTZ further enhances its utility for metal ion sensing in bioimaging studies, offering researchers a versatile
and non-toxic approach for visualizing biological processes at the cellular level.

4.2. Bio-imaging study

In fluorescence imaging study, RAW macrophages cell lines were treated with the lowest concentration of BTZ (10 uM) along with
Cu®" ion concentrations of 0.5 pM, followed by a 0.5-h incubation period. The fluorescence imaging investigation revealed detectable
peaks in the green channel upon treatment with the receptor compounds. However, upon addition of Cu®" ion, there was a significant
decrease in fluorescence intensity observed in Fig. 11, suggesting an interaction between the BTZ probe and copper within the cellular
environment, resulting in a decrease at the subcellular level. The fluroscence images of BTZ probes demonstrated predominant

Optimized Structures
9 <2 5 a P
J“‘J ,‘. ; J‘,J‘ , “"
9
9 ,a‘a: ,”oaa“‘:a J“,J. :JJ‘
J
il | s s %00 % e °
9
BTZ BTZ+ Cu?* BTZ+CN-~

Fig. 9. Optimized structures (BTZ, BTZ + Cu®*, BTZ + CN~) with B3LYP/LanL2DZ level of theory via the Gaussian 09 package and their energy gap
Contour plots.
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Fig. 10. Solid state naked eye detection of copper and cyanide against different metal ions and anions by chemosensor BTZ. (pale yellow color- BTZ
+ different metal ions/anions, yellow color- BTZ + cu®*, orange color- BTZ + CN"). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

fluorescence distribution within the cytoplasm, indicating intracellular accumulation.

In Fig. 11, cells exhibited fluorescence signal in the green channel post-incubation with the chemosensor BTZ (10 uM), indicating
effective entry of the chemosensor BTZ into the live RAW macrophages cell lines. Subsequently, the fluorescence signal in the green
channel weakened upon addition of copper ions in RAW macrophages cell lines treated with BTZ. These imaging results collectively
demonstrate the ability of the chemosensor BTZ to detect copper ions in RAW macrophages cell lines.

4.3. Water sample application

The chemosensor BTZ was used to detect Cu?*" and CN~ ions in water samples from places around Vellore, Tamilnadu. Different
types of water like tap water, river water, and ground water were tested. BTZ was tested with varying concentrations of spiked cyanide
water solution, and the changes were observed using UV-Vis spectroscopy. The results showed that BTZ could detect Cu?>" and CN~
ions with a high recovery rate (95-98 %) and low variation between measurements (RSD values). This demonstrates that BTZ is
effective in sensing these ions in different water samples. (Table S3). The statistical data were confirmed and quantified using water
samples through ICP-MS. The results indicated that the proposed BTZ sensor material shows promise for real-time environmental
sensing applications, offering a cost-effective solution without sacrificing ion-sensing performance.

5. Conclusion

In conclusion, the BTZ sensor exhibits remarkable selectivity and sensitivity for CN~ and Cu®" ions in aqueous DMF solutions. The
distinct colorimetric responses shifting from light yellow to orange with CN~ and from pale yellow to yellow with Cu?* ion. It also
showed a significant red shift in the UV-Vis spectra, highlight its robust detection capabilities. The fluorescence sensing of Cu®* ion
demonstrates intra-ligand charge transfer, and 1:1 binding stoichiometry coupled with low detection limits confirms its high sensitivity
and precision. The sensor’s optical reversibility, resistance to interference, and stability across a wide pH range add to its practical
utility. Insights from NMR titrations and theoretical studies elucidate the coordination bonds between BTZ and metal ions, supporting
its effectiveness in qualitative copper ion assessment. Its low cytotoxicity and potential for cellular uptake make it a promising
candidate for biological sensing applications. Future work should focus on exploring the sensor’s interactions with a broader range of
metal ions, assessing its performance in real-world contexts, and investigating opportunities for functionalization to enhance its
applicability across various sensing scenarios.
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Fig. 11. Intercellular imaging of BTZ with Cu®" ion visualized under confocal laser scanning microscope.
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