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pended thiophene derivative:
a trilateral approach to copper ion detection in
living cells and aqueous samples†

Mohan Ilakiyalakshmi and Ayyakannu Arumugam Napoleon *

This research paper unveils a fluorescent probe (PTZ-SCN) engineered for the specific detection of Cu2+,

featuring a 10-ethyl-10H-phenothiazine-3-carbaldehyde and 2-(thiophen-2-yl) acetonitrile moiety. The

fluorescence sensing behavior of PTZ-SCN towards various metal cations was scrutinized in CH3CN :

HEPES (9 : 1) buffer aqueous solution. The UV absorbance of PTZ-SCN displayed a distinct red shift in the

presence of Cu2+ cations, whereas other metal cations did not cause any interference. Similarly, the

fluorescence emission of the probe was also only quenched by Cu2+ cations. The limit of detection (LOD)

was calculated as 1.0461 × 10−8 M. PTZ-SCN showed the ability to identify Cu2+ using the colorimetric

method, the fluorometric method and even through visual observation in a trilateral detection. We studied

the recognition mechanism of PTZ-SCN for Cu2+ using 1H-NMR, HRMS analysis, and time-dependent

density functional theory (TDDFT) calculations. Furthermore, our study encompassed the investigation of

PTZ-SCN's practical applicability, bridging the gap from research to real-world implementation. This was

achieved by employing test strips and water samples for the detection of Cu2+. Additionally, the PTZ-SCN

probe's low cytotoxicity and effective imaging properties for Cu2+ in living cells were confirmed, indicating

that PTZ-SCN shows the potential to serve as a promising probe for detecting Cu2+ in vivo.
1 Introduction

The transition metal copper (Cu2+) ion is the third most abun-
dant element in the human body and is vital for a wide array of
biochemical and physiological functions. It plays vital roles in
the human body, including iron metabolism, neurotransmitter
synthesis, connective tissue formation, melanin production,
antioxidant defense, enzymatic reactions, bone and cardiovas-
cular functions,1 and thyroid regulation. Cu2+ is an essential
cofactor for various enzymes involved in biochemical reactions
such as cytochrome c oxidase, tyrosinase, and Cu superoxide
dismutase. Additionally, recent ndings have indicated its role
in regulating cancer cell growth by triggering oncogenic BRAF
mutations. The importance of copper for humankind is unde-
niable, but an overabundance or imbalance can result in
serious effects, such as Alzheimer's,2 Parkinson's,3 Menkes,4

Huntington,5 Prion,6 and Wilson diseases,7 as well as having
harmful effects on the kidneys and liver. Copper serves
a multitude of industrial purposes such as building construc-
tion, renewable energy sources, electrical equipment, catalysts
for alcohol oxidation, and beyond. Uncontrolled utilization of
copper ion in various activities and its inadequate disposal can
d Sciences, Vellore Institute of Technology,

aanapoleon@vit.ac.in

tion (ESI) available. See DOI:

the Royal Society of Chemistry
have direct ecological impacts and can pose risks to human
health.8,9 With a focus on sustainability and human well-being,
theWorld Health Organization has set a safe copper range of 1.3
to 2 ppm for drinking water. The toxicity of copper affecting
animals,10 humans, and the environment is a matter of great
concern among scientists. Therefore, the priority is to develop
an effective technique using budget-friendly materials that can
detect even trace amounts of Cu2+ in real-time samples.

Colorimetric and uorometric sensing methods as optical
detection techniques have become the leading approach for
detecting metal ions due to their remarkable advantages
including high selectivity, ease of use, visual clarity, instant
response time, and on-eld portability. Sensors with uorogenic
responses have been extensively studied because of their
distinctive and facile identication of signal responses. Several
metal ions are recognized as uorescence quenching (turn-off)
owing to their paramagnetic nature (e.g., Cu2+).11–13 Over the
past few decades, a signicant number of research publications
have focused on uorescent chemosensors capable of detecting
Cu2+ with a turn-off response.14 These chemosensors encompass
rhodamine,15 quinoline,16 curcumins,17 and calixarenes.18 These
compounds have chemosensors that need specialized synthetic
methods. The remarkable optical properties of phenothiazine
derivatives have led to extensive research into their applications
in diverse biological activities and metal ion detection.19

Thus, in such a context, we successfully synthesized the
phenothiazine-thiophene acetonitrile compound PTZ-SCN
RSC Adv., 2024, 14, 8885–8895 | 8885
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through a simple Knoevenagel condensation reaction.20,21 The
newly synthesized PTZ-SCN demonstrated sensitivity and
selectivity towards Cu2+ in both simulated physiological
conditions (CH3CN : HEPES buffer) and within cells. PTZ-SCN
and PTZ-SCN-Cu2+ were examined by various techniques. The
photophysical properties of both the ligand and complex were
thoroughly characterized in the results and discussion section.
Noteworthily, the PTZ-SCN probe proved to have very low cyto-
toxicity, making it viable for in vivo applications.

2 Experimental techniques
2.1 Materials and instruments

Phenothiazine, ethyl bromide, potassium tertiary butoxide,
phosphorus oxychloride, dimethyl formamide, dimethyl form-
amide, chloroform, thiophene acetonitrile, piperidine, ethanol,
and metal salts were purchased from suppliers including
Sigma-Aldrich, TCI Chemicals, and SD-Fine Chem Ltd. Milli-Q
water was used throughout the analytical investigation. Using
a Bruker 400 MHz spectrometer, the 1H-NMR (400 MHz) and
13C-NMR (100 MHz) spectra of PTZ-SCN were captured with
deuterated dimethyl sulfoxide and standard tetramethyl silane
(TMS) as a reference to determine chemical shi (d) values in
parts per million units. The molecular mass of the PTZ-SCN and
PTZ-SCN-Cu2+ was veried by acquiring HRMS spectra through
the WATER-XEVO G2XS-QT instrument. The absorption and
emission spectra were captured under room temperature using
a 2 cm2 cuvette in CH3CN : HEPES buffer (9 : 1, v/v) medium on
an Agilent 8543 UV spectrophotometer and Edinburg FLS 980
spectrometer, respectively. Live HeLa cells were performed for
bioimaging using a uorescence microscope.

2.2 Synthesis of PTZ-SCN

The earlier reported procedures were performed for the
synthesis of Et-PTZ and Et-PTZ-1-CHO.22

Et-PTZ-1-CHO (0.1 g), thiophene acetonitrile (0.041 mL), and
piperidine were dissolved in 15 mL of ethanol and the mixture
was stirred overnight. Aer the crude sample was poured into
Scheme 1 Synthesis of the PTZ-SCN probe.

8886 | RSC Adv., 2024, 14, 8885–8895
ice, the reaction mixture was ltered using Whatman lter
paper. Water was used to rinse the lter paper several times to
thoroughly eliminate all remnants of the starting material.
Finally, the product was dried. The PTZ-SCN product exhibited
a vivid orange uorescence and achieved a substantial yield of
92% (Scheme 1).

Comprehensive characterization of the PTZ-SCN probe was
accomplished through the application of IR, NMR, and HRMS
techniques. FT-IR cm−1: CN stretching (2210) and C]C
stretching (1571) (Fig. S1†). 1H-NMR (400 MHz, DMSO)
d (ppm): 7.8 (d, J = 6.6 Hz, 1H), 7.6 (m, 3H), 7.3 (d, J = 4.4 Hz,
1H), 7.2 (m, 1H), 7.13 (m, 3H), 7.05 (d, J = 7.9 Hz), 6.9 (t, 1H),
3.9 (q, 3H) and 1.3 (t, 3H). The 13C NMR spectrum of PTZ-SCN
recorded at 400 MHz in DMSO-d6 reveals distinct peaks at
d (ppm) values of 146.58, 143.39, 139.27, 139.26, 129.63,
128.41, 127.84, 127.72, 127.63, 127.60, 126.49, 123.61, 123.11,
122.09, 117.86, 116.23, 115.76, 102.28, 41.94, 40.61, 40.40,
40.20, 39.99, 39.78, 39.57, 39.36, and 12.93 (Fig. S2 and S3†).
Furthermore, the High-Resolution Mass Spectrometer (HRMS)
was used to verify the consistency between the observed data
(360.075) and the calculated mass (360.075) of the PTZ-SCN
compound (Fig. S4†).
2.3 General procedures

2.3.1 Preparation of the PTZ-SCN stock solution. UV
absorption and FL emission spectral studies were investigated
in an aqueous solution with CH3CN : HEPES buffer (9 : 1, v/v)
mixture, which contained the probe PTZ-SCN at a concentra-
tion of 1 × 10−6 M. Double distilled water was used to prepare
stock solutions of cations (Ag+, Ba2+, Co2+, Cd2+, Zn2+, Fe2+,
Hg2+, Li2+, Mg2+, Mn2+, Pb2+, Sr2+, Fe3+, Al3+, and Cu2+) at
a concentration of 1 × 10−6 M. To obtain a concentration of 1 ×

10−6 M for the sensor compound PTZ-SCN, a stock solution was
prepared by mixing acetonitrile and HEPES buffer in a 9 : 1
ratio. A preliminary investigation was carried out to assess the
selective reactivity of the PTZ-SCN probe towards various ana-
lytes, with a primary focus on observing color variations.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) UV absorption spectra of PTZ-SCN in an acetonitrile solvent. (B) PTZ-SCN displays a Stoke's shift of 188 nm in its emission spectrum.
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This research explored the effect of pH using a HEPES buffer
solution. A sequence of pH solutions covering the range from 2
to 12 was established by mixing 0.1 M H3PO4 and 0.1 M NaOH
while ensuring a consistent total ionic strength at 0.1 ± 0.01 M.

2.3.2 Computational studies. Density functional theory
(DFT) was applied to theoretically evaluate the structure and
functional groups of the synthesized compounds. The choice of
a basic set in DFT calculations enhances the accuracy in char-
acterizing the bonding nature of metal ions, charge distribu-
tions, and molecular orbitals. Using B3LYP calculations in both
gas and liquid phases, we theoretically examined the geome-
tries of PTZ-SCN, prior to and following their interaction with
the cupric ion. The 6-311G (d,p) basic sets were employed for
the atoms (nitrogen, sulfur, hydrogen, and carbon) in our
computational work. Furthermore, calculations were performed
to determine the energy band gap values of PTZ-SCN and their
states aer interacting with cupric ions. The G16 package was
employed in our study for theoretical investigations, while
electronic geometries and frontier molecular orbital data were
extracted using Gauss View 6.1.1.

2.3.3 MTT assay protocol.HeLa (human cervical cancer cell
line) cells were placed discretely in 96-well plates, with each well
containing 50 000 cells. The culture medium was supplemented
with 10% Fetal Bovine Serum (FBS), penicillin, and strepto-
mycin, and the cells were incubated in a humidied
Table 1 Complete photophyscial data of PTZ-SCN

S. no. Property Absorp

1 Optical characteristics UV acti
2 Analysis technique Ultravio
3 Solvent utilized Acetoni
4 Probe concentration (1 × 10
5 Wavelength (lmax) 416 nm
6 Cation detected Cu2+

7 Concentration of cation (1 × 10
8 Spectral shi Redshi
9 The stoichiometric ratio of PTZ-SCN : Cu2+ 1 : 1
10 Limit of detection (LOD) 7.8089
11 pH stability pH = 2

© 2024 The Author(s). Published by the Royal Society of Chemistry
atmosphere with 5% CO2 at 37 °C. Aer being washed with 200
mL of 1× PBS, the cells were subjected to a 24 hour incubation in
serum-free media, during which they were treated with different
concentrations of PTZ-SCN (10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 mgmL−1). In addition, we treated the cells with 0.5 mgmL−1

MTT dissolved in 1× PBS and incubated the mixture for three
hours. Subsequently, the MTT solution was aspirated and the
cells were rinsed with 100 mL of PBS and the formed crystals
were combined with 100 mL of DMSO solution.
3 Results and discussion
3.1 Absorption and uorescence studies

The UV absorption spectrum of the PTZ-SCN probe was meticu-
lously recorded within an acetonitrile solvent at a concentration
of 1 × 10−6 M, revealing a conspicuous peak at 416 nm, as
depicted in Fig. 1A. Fig. 1B unveils the uorescence emission
spectrum of the PTZ-SCN, where a distinct emission maximum is
at 604 nm. The luminescent nature of the PTZ-SCN probe nds
its determination through the Stoke's shi value, which can be
calculated from the difference between themaxima emission and
absorption values of the PTZ-SCN (eqn (1)). The probe presents
an appreciably elevated Stoke's shi value at 188 nm (Table 1).

DlStoke = lmax. emission − lmax. absorption (1)
tion spectra Fluorescence spectra

ve FL active
let-visible spectrophotometer Fluorescence spectrophotometer
trile Acetonitrile
−6 M) (1 × 10−6 M)

604 nm
Cu2+

−6 M) (1 × 10−6 M)
 Quenching nature

1 : 1
× 10−6 M 1.0461 × 10−8 M
to 12 pH = 2 to 12

RSC Adv., 2024, 14, 8885–8895 | 8887
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Fig. 2 A comparative examination of Tau's plot for the PTZ-SCN probe and PTZ-SCN-Cu2+ complex.
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hn = A(hn − Eg) (2)

The band gap of the PTZ-SCN and PTZ-SCN-Cu2+ probes was
determined by the energy gap that exists between the highest
occupied molecular orbital (HOMO) and the lowest occupied
molecular orbital (LUMO) (Fig. 2). By employing eqn (2), the
optical band gaps of the probes were determined. This plot
helps determine the band gap by identifying the point where the
absorption peak begins using straight-line interpolation. The
Fig. 3 (A) The effect of metal ions on absorbance responses in PTZ-SC
a variety of metal ions. (C) Visualization of PTZ-SCN following the introd
upon adding Cu2+ with other metal ions under UV light (short waveleng

8888 | RSC Adv., 2024, 14, 8885–8895
band gap of the PTZ-SCN-Cu2+ complex is 2.25 eV less than that
of the PTZ-SCN probe, which records a band gap of 2.89 eV.
3.2 UV-visible spectral response of PTZ-SCN to metal ions

The selectivity assessment of the PTZ-SCN probe involved
employing visual color changes, along with colorimetric UV-
visible and FL spectroscopy techniques. The various metal
ions including Ag+, Ba2+, Co2+, Cd2+, Zn2+, Fe2+, Hg2+, Li2+, Mg2+,
Mn2+, Pb2+, Sr2+, Fe3+, Al3+, and Cu2+ (15 metals) were tested
within an CH3CN : HEPES buffer (9 : 1, v/v) system.23,24 The
N. (B) The impact of Cu2+ on absorbance changes at 538 nm amidst
uction of different metal ions. (D) The absorbance image of PTZ-SCN
th = 254 nm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Investigation of the UV titration of PTZ-SCN with Cu2+ at various concentration levels. (B) Calibration plot of PTZ-SCN of UV titration.
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solution of the PTZ-SCN was a yellow color. Remarkably, when
Cu2+ (10 eq.) was added to the solution PTZ-SCN, a new notable
peak emerged at 538 nm (Fig. 3A), causing the solution to shi
from yellow to reddish-brown. In contrast, when the same
conditions were applied to the addition of the remaining 12
metal ions individually, negligible changes in absorbance
within the visible spectrum were observed, and the solution
retained the color of the blank control under UV light (Fig. 3C).
To examine PTZ-SCN's ability towards anti-interference, the
shi in absorbance of PTZ-SCN solution upon introducing Cu2+

(10 eq.), along with different metal ions was measured. Fig. 3B
displays that the introduction of diverse metal ions exhibited
minimal impact on the absorbance at 538 nm. Furthermore, the
Fig. 5 (A) The fluorescence spectral changes of PTZ-SCN induced by diff
among other cations. (C) Visible fluorescence change of PTZ-SCN upo
Interference image of PTZ-SCN-Cu2+ with other metal ions under UV li

© 2024 The Author(s). Published by the Royal Society of Chemistry
color transformation to reddish-brown was observed in the
solutions of other metal ions upon the addition of the Cu2+

(Fig. 3D). These ndings demonstrate that the presence of other
metal ions did not inuence the detection of Cu2+ by PTZ-SCN,
underscoring PTZ-SCN's remarkable anti-interference
properties.

PTZ-SCN exhibits a colorimetric response to Cu2+ in
a CH3CN/HEPES buffer solution, and we subsequently investi-
gated its sensitivity for detecting Cu2+. In the titration process,
with the incremental addition of Cu2+ to PTZ-SCN, the 406 nm
band exhibited a gradual increase. Simultaneously, a new band
appeared at 538 nm, leading to a gradual decrease in the orig-
inal band and a transition from yellow to reddish-brown
erent metal ions. (B) Interference study of PTZ-SCN's response to Cu2+

n Cu2+ introduction under UV light (long wavelength = 365 nm). (D)
ght (long wavelength = 365 nm).

RSC Adv., 2024, 14, 8885–8895 | 8889
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(Fig. 4A). The development of a unique isosbestic point at
474 nm affirmed the formation of a single metal complex. As
a result, a linear increase in absorbance at 406 nm was observed
with the rising concentration of Cu2+ in the range of 0–110 mL.
Additionally, the absorbance ratio (A406/A538) demonstrated
a linear correlation in the calibration plot and the limit of
detection (LOD) was determined to be 7.8089 × 10−6 M
(Fig. 4B).25 Furthermore, the plot displayed excellent linearity
with an R2 value of 0.99984, indicating PTZ-SCN's capability to
monitor Cu2+, even at low concentrations (Fig. 8B).
3.3 Fluorescence spectral response of PTZ-SCN to metal ions

The PTZ-SCN was examined using a uorescence spectropho-
tometer at a concentration of 1 × 10−6 M in the CH3CN : HEPES
buffer (9 : 1, v/v) system. The uorescent spectrum analysis
reaffirmed PTZ-SCN selectivity for Cu2+.26 As depicted in Fig. 5A,
PTZ-SCN exhibited a signicant emission peak at 604 nm. The
color of the PTZ-SCN solution was distinctly orange. Notably,
the addition of 10 equivalents of Cu2+ to the PTZ-SCN solution
caused quenching, resulting in a shi from orange to reddish-
brown. On the other hand, the same conditions applied to the
remaining 12 metal ions individually resulted in minimal
alterations in emission, and the solution maintained the same
color as the blank control (Fig. 5C). To evaluate the anti-
interference properties of PTZ-SCN, we measured the change
in emission of its solution upon adding Cu2+ (10 eq.) along with
different metal ions (Fig. 5B).27,28 The interference test revealed
that the introduction of various metal ions had a negligible
effect on the emission at 600 nm. Additionally, the introduction
of Cu2+ led to a noticeable transformation in the color of the
solutions containing different other metal ions, turning them
a reddish-brown color (Fig. 5D). These ndings illustrate that
the presence of different metal ions did not affect the ability of
PTZ-SCN to detect Cu2+, emphasizing its outstanding anti-
interference properties.

Subsequently, the uorescence sensitivity of PTZ-SCN to
Cu2+ was examined within the CH3CN : HEPES buffer (9 : 1, v/v)
system. As depicted in Fig. 6A, the uorescence intensity at
Fig. 6 (A) FL spectral titration investigation of the PTZ-SCN with Cu2+ c

8890 | RSC Adv., 2024, 14, 8885–8895
604 nm exhibited a gradual decrease, leveling off once the Cu2+

concentration reached 90 mL. The emission intensity was found
to be linearly dependent on Cu2+ concentration within the 0–90
mL range, resulting in the linear regression value R2 = 0.9993
(Fig. S6†)29 with a calculated limit of detection of 1.0461 ×

10−8 M (Fig. 6B).
3.4 Kinetic analysis and pH effects on sensor PTZ-SCN

The response time of PTZ-SCN was determined through uo-
rescence measurements taken at distinct time intervals aer the
addition of Cu2+ at different concentrations. At the outset,
a rapid decrease in intensity was noticeable for all Cu2+

concentrations within the rst 20 seconds, with subsequent
stabilization of the uorescence signals lasting until the 90th

second (Fig. 7A). In comparison to other probes utilized for the
same Cu2+ analyte, PTZ-SCN displays a markedly shorter time
response.30 These ndings demonstrate the PTZ-SCN probe's
suitability for real-time monitoring of Cu2+.

pH is a vital parameter that has a substantial impact on
uorescence measurements. Fig. 7B and S8† display the
response of the PTZ-SCN sensor to varying levels of acidic and
alkaline conditions. PTZ-SCN's emission intensity remains
constant as the pH ranges from 2 to 12, revealing the stability of
PTZ-SCN across a broad pH range.31,32 The PTZ-SCN probe is
extensively utilized in biological systems due to its remarkable
stability in both acidic and alkaline conditions. Hence, the
results suggest that PTZ-SCN's wide pH detection range renders
it a reliable choice for application in biological contexts.
3.5 Binding mechanistic pathway PTZ-SCN probe

The stoichiometric binding ratio of PTZ-SCN with Cu2+ was
ascertained using a Job's plot, involving molar fractions ranging
from 0.1 to 0.9. From the mole fraction value of 0.5, we can
conclude that there is a 1 : 1 binding ratio between Cu2+ and the
PTZ-SCN probe33 (Fig. 8A and S7†). The binding constant,
determined to be 4.6071 × 104 M−1, was acquired through the
utilization of the Benesi–Hildebrand equation (Fig. 8B and S6†).
oncentration ranging from 0–90 mL. (B) Calibration plot of FL titration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Time response of the PTZ-SCN sensor to Cu2+. (B) pH effect of PTZ-SCN and PTZ-SCN-Cu2+ on the emission spectrum.

Fig. 8 (A) Job's plot. (B) B–H plot of PTZ-SCN in the incremental concentration of cupric ions.
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Additional validation was substantiated by employing Elec-
tron Spray Ionization Mass Spectroscopy, yielding a recorded
mass of 426.04, in remarkable congruence with the anticipated
mass of 424.04 mass/number of charged ions (Fig. S5†).

The emission intensity at 604 nm diminishes upon the
introduction of Cu2+ and this phenomenon is associated with
Fig. 9 Proposed sensing mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Cu2+ paramagnetic quenching effect. Being a paramagnetic ion
with an empty d-shell, Cu2+ is widely recognized for its powerful
ability to inhibit uorophore emission through a photoinduced
transfer of electrons or energy from the metal to the uo-
rophore34 (Fig. 9). In order to elucidate the binding mode
between PTZ-SCN and cupric (Cu2+) ions, we conducted 1H-
RSC Adv., 2024, 14, 8885–8895 | 8891
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Fig. 10 (A) Reusability of PTZ-SCN with an EDTA. (B) Tracking the number of repetitive cycles triggered by Cu2+ in PTZ-SCN.
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NMR titration experiments in DMSO-d6, as shown in Fig. S9.†
We tracked the changes in chemical shis caused by cations,
which were quantied as the mole ratio (Cu2+/PTZ-SCN) from
0 to 1 equivalent. The aromatic hydrogens (ArH) demonstrated
a minor downeld displacement in chemical shis when Cu2+

was introduced. The H-signal attributed to thiophene became
broader and weaker. These results suggest a connection
between the sulfur atoms in thiophene and phenothiazine
when binding with Cu2+.

3.6 Reusability of the PTZ-SCN probe

The PTZ-SCN-Cu2+ complex probe's reusability is attained by
incorporating EDTA (ethylenediamine tetra acetic acid). EDTA
addition had no discernible inuence on the emission spectra
of the PTZ-SCN solution, but it induced a marked change in
uorescence in the PTZ-SCN-Cu2+ solution. Emission spectros-
copy was employed to investigate the reversible sensing char-
acteristics of PTZ-SCN throughout four distinct sequences,
initiated by the Cu2+ addition and subsequently followed by
EDTA. When EDTA was introduced to the PTZ-SCN-Cu2+

complex, the emission peak was quenched at 604 nm, signifying
the release of free PTZ-SCN. Interaction between free PTZ-SCN
and Cu2+ resulted in the development of the PTZ-SCN-Cu2+

complex, which displayed quenching uorescence at 604 nm
(Fig. 10A). Sequentially introducing the cupric ion and EDTA
Fig. 11 Structural optimization of PTZ-SCN and binding with Cu2+.

8892 | RSC Adv., 2024, 14, 8885–8895
over four cycles resulted in emission shis, encompassing both
enhanced and quenched transitions. During those four cycles,
it was evident that the transition in uorescence emission had
reversed, leading to a change in the color of uorescence35

(Fig. 10B). From the analysis previously mentioned, it was
apparent that the PTZ-SCN probe could undergo recycling and
be reused effectively.

3.7 Density functional theory

We conducted a comprehensive density functional theory (DFT)
study, optimizing the mechanistic structures of both PTZ-SCN
and PTZ-SCN-Cu2+ in the gas and liquid phases using Becke's
three-parameter Lee–Yang–Parr (B3LYP)/6-31 + G** basic set.36

The 6-31 + G** basic set was selectively employed for atomic
species like C, H, S, and N.37,38 Theoretical investigations
through DFT studies (Fig. 11) were conducted to explore the 3D-
computed structures and energy levels of both the PTZ-SCN and
PTZ-SCN-Cu2+ compounds. The dihedral angle of S–Cu–S
measures 69.315°, indicating the structural arrangement of the
complex. The PTZ-SCN-Cu2+ complex displayed a calculated
interaction energy of −3347.521213 Hartree, affirming the
stability conferred by the coordination bond.

Free PTZ-SCN exhibited the highest occupied molecular
orbital (HOMO) with electron density uniformly distributed
throughout the molecules, while the lowest unoccupied
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Frontier molecular orbital and band energies of PTZ-SCN and PTZ-SCN-Cu2+.
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molecular orbital (LUMO) showcased electron density focused
primarily in the thiophene acetonitrile region. Consequently, it
provides a compelling depiction of intramolecular charge
transfer (ICT) dynamics, specically involving electron transfer
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO).39,40 Within the
PTZ-SCN-Cu2+ complex, it is evident that the HOMO's electron
density is localized around the metal ion, while the LUMO's
electron density predominantly resides within the thiophene
moiety, potentially mitigating any intramolecular charge
transfer between thiophene acetonitrile and phenothiazine
(Fig. 12). This study provides clear evidence of copper-mediated
intramolecular charge transfer in the PTZ-SCN-Cu2+ complex, as
supported by the diminished band gap of 2.378 eV, notably
lower than that of PTZ-SCN at 2.862 eV.

PTZ-SCN was subjected to TD-DFT calculations in the
acetonitrile solvent phase, employing B3LYP with a 6–31 + G**
level of theory. Fig. S10† provides a theoretical UV-visible
spectra, whereas Fig. 3a displays the experimental spectra of
PTZ-SCN. The shi from n–p* to intramolecular charge transfer
transitions was conrmed experimentally, with the observed
wavelength at 416 nmmatching the theoretical value of 498 nm.
In contrast to experimental ndings, the solvent demonstrates
a red shi due to its comparatively lesser inuence on theo-
retical investigations. PTZ-SCN exhibits a major distribution of
electronic energy in higher energy states, specically through
transitions H−2 / L (64.5%) and H / L (93.7%) (Table S1†).
3.8 Practical applications

3.8.1 Paper test strips: a resourceful tool in practice. A
practical demonstration of an immediate sensing response was
carried out with paper-based test strips. The test strip analysis
was initiated by cutting Whatman lter papers into equally
© 2024 The Author(s). Published by the Royal Society of Chemistry
sized portions and immersing them in an acetonitrile solution
containing PTZ-SCN (10 mM) for approximately 3 minutes, fol-
lowed by air drying.41 A color change was observed upon the
addition of a precise amount of 5 mM of the corresponding
cation solution to the strip. Our meticulous observation has
been documented and is visually represented in Fig. S11.†
These images clearly illustrate that paper test strips containing
the PTZ-SCN can effectively detect Cu2+, even at concentrations
as low as #10 mM, in aqueous solutions, resulting in an
immediate color transition from yellow to reddish-brown.

3.8.2 Real water samples. The PTZ-SCN probe's real-world
utility was demonstrated through its ability to capture Cu2+ in
diverse real water samples. Water samples were collected from
different areas of the Ranipet district, Tamil Nadu, which had
been spiked with differing amounts of Cu2+. Under standard-
ized sensing procedures, we introduced Cu2+ at various known
concentrations into these samples.42–44 The observable data
provides strong evidence that the PTZ-SCN probe was more
procient at detecting Cu2+ in the diverse water samples
collected. The experiment was meticulously repeated thrice to
affirm the results, which are comprehensively detailed in Table
S2.† The results provide evidence of the PTZ-SCN probe's
practical utility in continuous real-time monitoring analysis of
various environmentally polluted water samples.
3.9 Cell viability analysis and emerging bioimaging
techniques

The biocompatibility of the PTZ-SCN probe is a fundamental
factor in the realm of practical biological applications. To assess
the impact of the PTZ-SCN probe, a cytotoxicity test was con-
ducted on HeLa cells using the MTT method.

The viability of cervical cells remained intact in over 92% of
cases aer exposure to PTZ-SCN at concentrations from 0 to 100
RSC Adv., 2024, 14, 8885–8895 | 8893
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Fig. 13 Fluorescent imaging of cervical cancer cells post-incubation with PTZ-SCN and PTZ-SCN-Cu2+.
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mM for 24 hours, indicating the compound's remarkable non-
toxic nature and favorable cell viability.45 In vitro analysis
demonstrated the excellent bio-imaging potential of PTZ-SCN-
Cu2+ by revealing its exceptionally low cytotoxicity (Fig. S12†).

A biological application was carried out to monitor the
presence of cupric ions and the PTZ-SCN within HeLa cells,
capitalizing on the exceptional selectivity of the PTZ-SCN probe
for detecting Cu2+. Images of the cells were captured using
uorescence microscopy with an excitation wavelength of
416 nm. Fluorescence became apparent when PTZ-SCN was
added to cells, even without external cupric ions, owing to its
emission characteristics that enabled easy visualization
through uorescence microscopy. The existence of orange
uorescence in the uorescent images conrmed that the cells
had absorbed the PTZ-SCN over the incubation time. In
contrast, the presence of 100 mM cupric ions in the preloaded
cells led to a remarkable quenching of uorescence when PTZ-
SCN was introduced (Fig. 13). Thus, the bioimaging investiga-
tion substantiates the remarkable capability of the PTZ-SCN to
detect cupric ions within biological environments without any
adverse consequences.46,47
3.10 Comparison analysis

In order to emphasize the superior Cu2+ detection performance
of the current PTZ-SCN probe, we evaluated its sensing prop-
erties in comparison to those of probes previously discussed in
the literature (Table S3†). The PTZ-SCN compound stands out
8894 | RSC Adv., 2024, 14, 8885–8895
among known probes by offering trilateral detection methods
for detection of Cu2+ naked-eye observation, colorimetry, and
uorometry. An all-encompassing table detailing various
probes and their corresponding parameters clearly underscores
the exceptional qualities of the PTZ-SCN probe. These attributes
encompass specic selectivity, relative sensitivity, rapid
response, and the lowest limit of detection (LOD).
4 Conclusion

In a nutshell, the synthesis of the PTZ-SCN probe, a highly
efficient and easily accessible colorimetric and uorometric
chemosensor, was accomplished through the Knoevenagel
condensation of phenothiazine and thiophene acetonitrile. The
interaction between PTZ-SCN and cations was investigated via
UV-visible and uorescence techniques. The PTZ-SCN probe
showed great sensitivity and a distinct response to Cu2+,
achieving a low limit of detection (LOD) of 1.0461 × 10−8 M in
a linear range between 0–90 mL. The binding ratio of PTZ-SCN :
Cu2+ (1 : 1) was conrmed with multiple techniques including
Job's plot, B–H plot, 1H NMR titration, TD-DFT, and HRMS
spectroscopy. Moreover, our study was expanded to encompass
an examination of PTZ-SCN's practical feasibility through test
strips, real water samples, and living cells.
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