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ABSTRACT

Copper is an essential trace element, but dysregulation of copper homeostasis is associated with significant biological and

environmental consequences, necessitating sensitive and selective detection strategies for Cu?". In this study, we report the design

and synthesis of a pyrroloquinoxaline (PQ)-based fluorescent probe for rapid detection of Cu?" ions in aqueous and biological

media. PQ exhibits pronounced fluorescence quenching upon coordination with Cu?", enabling sensitive detection with a low

limit of detection suitable for trace-level analysis. Spectroscopic studies confirm a 1:1 binding stoichiometry and provide insight into

the coordination-induced quenching. The probe displays a preferential response to Cu?* over competing metal ions and performs

reliably in real water samples. Confocal fluorescence imaging further confirms the biocompatibility of PQ and its ability to monitor

intracellular Cu?* levels in living cells. These results highlight pyrroloquinoxaline-based scaffolds as promising platforms for Cu**

sensing in biological and environmental systems.

1 | Introduction

Copper is an essential trace element that plays a critical role
in numerous biological processes, primarily by functioning as
a cofactor in various enzymes involved in redox catalysis, con-
nective tissue formation, and mitochondrial respiration [1]. In
adult humans, the total body copper content is approximately
80 mg, with reported values ranging from 50 to 120 mg [2, 3].
Disruptions in copper homeostasis are linked to several patholog-
ical conditions, including Wilson’s disease, hepatic cirrhosis, and
neurodegenerative disorders such as Alzheimer’s and Parkinson’s
disease [4, 5]. In its ionic form (Cu*"), copper exhibits versatile
reactivity and catalytic properties, making it widely applicable
across industrial, agricultural, and chemical sectors. Despite its
utility, excessive copper accumulation poses significant risks to

biological systems. Elevated Cu?®* levels can be toxic to animals,
plants, and microorganisms [6, 7]. In humans, abnormal copper
levels contribute to disease [8], while in the environment, copper
contamination, particularly in aquatic ecosystems, represents a
persistent challenge [9].

Copper enters freshwater systems through various anthropogenic
sources, including mining discharge, industrial effluents, and
corrosion of domestic plumbing. Regulatory bodies such as the
World Health Organisation (WHO) have established a guideline
value of no more than 31.4 pM for Cu®** in drinking water
to mitigate health risks [10]. Excessive copper accumulation
has been shown to disrupt ecological stability and pose seri-
ous risks to food safety [11-13]. Given its dual role as both
a vital nutrient and a potential contaminant, the ability to
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sensitively and selectively detect Cu?* in environmental and
biological systems is of considerable biomedical and ecological
importance.

Current analytical techniques for copper detection, such as
atomic absorption spectroscopy (AAS), inductively coupled
plasma mass spectrometry (ICP-MS), atomic emission spec-
troscopy (AES), and voltammetry, offer high accuracy and sen-
sitivity [14-16]. However, their reliance on sophisticated instru-
mentation, labor-intensive sample preparation, and centralized
laboratory infrastructure limits their applicability for real-time
analysis [6]. In contrast, fluorescent chemosensors present an
evolving alternative due to their operational simplicity, low cost,
high sensitivity, specificity, and nondestructive analysis [17-24].

In recent years, considerable progress has been made in Cu**
detection technologies, with a range of electrochemical sensors
reported based on nanostructured materials, conductive poly-
mers, and hybrid interfaces [25-27]. These systems offer high
sensitivity and are attractive for portable and field-deployable
monitoring. However, electrochemical approaches often require
electrode modification, frequent calibration, and may suffer
from surface fouling or limited applicability in complex biolog-
ical matrices. By comparison, fluorescence-based probes enable
real-time, nondestructive detection with high spatial resolution,
making them especially suitable for intracellular imaging and
environmental analysis. Despite these advantages, the develop-
ment of fluorescent sensors that combine high selectivity, low
detection limits, and applicability across both environmental and
biological systems remains an ongoing challenge.

4-Substituted pyrroloquinoxaline derivatives have emerged as
versatile fluorescent probes with applications in environmental
sensing, ion detection, and biomedical diagnostics. Their rigid,
conjugated structures and tuneable donor-acceptor properties
enable strong fluorescence and selective analyte recognition.
Karpe et al. reported that pyrroloquinoxaline-based fluorophores
exhibit static fluorescence quenching upon interaction with
nitroaromatics, achieving micromolar detection limits [28, 29].
Hydrazone derivatives of pyrroloquinoxalines have been shown
to selectively bind amyloid fibrils and prion aggregates, demon-
strating dual functionality as diagnostic and therapeutic agents
in prion disease models [30, 31]. Additionally, thiophene-derived
pyrroloquinoxalines have shown nanomolar sensitivity and high
selectivity for sodium ions [32]. These studies collectively high-
light the potential of pyrroloquinoxaline scaffolds as modular
platforms for the development of targeted, high-performance
fluorescent sensors tailored to diverse chemical and biological
analytes.

Given the significant health and environmental implications of
copper, there remains a need for simple yet highly selective fluo-
rescent probes that operate effectively across both environmental
and biological systems while providing mechanistic insight into
metal-ligand interactions. To address the need for accessible
and reliable copper detection, we have developed 2-(pyrrolo[1,2-
a]quinoxalin-4-yl) pyridine (PQ), a fluorescence-based probe
capable of rapid, selective, and sensitive recognition of Cu?** ions.
The probe exhibits a low limit of detection (LOD), making it
suitable for monitoring trace levels of Cu?*. The coordination
process was characterized using Job’s plot, Benesi-Hildebrand

analysis, and 'H-NMR spectroscopy, providing insight into the
binding mechanism.

Unlike many existing Cu®* sensors that are restricted to either
environmental or biological applications, PQ demonstrates reli-
able performance in real-world water samples as well as in
living cells. Importantly, PQ demonstrated practical applicability
in real-world water samples, where fluorescence-based detec-
tion offers distinct advantages such as operational simplicity,
minimal sample preparation, and potential for on-site analysis.
In addition, cellular imaging experiments confirmed that PQ
can detect Cu?* in living cells, underscoring its potential as a
tool for investigating copper-associated biological processes and
contributing to a deeper understanding of its roles in health and
disease.

By integrating selective Cu?* recognition, mechanistic under-
standing, and dual environmental-biological applicability within
a single molecular scaffold, this work highlights pyrroloquinox-
aline derivatives as a promising and underexplored platform for
next-generation fluorescent metal ion sensors.

2 | Materials and Methods

2.1 | Synthesis of 2-(Pyrrolo[1,2-a]quinoxalin-4-yl)
Pyridine (PQ)

Pyridine-2-carboxaldehyde (0.11 mL, 1.2 mmol) and 1-(2-
aminophenyl) pyrrole (158 mg, 1.0 mmol) were added to a solution
of p-toluene sulfonic acid monohydrate (20 mg, 0.1 mmol) in
ethanol (2 mL) and stirred at 25°C for 15 min. The reaction
was monitored by TLC until complete consumption of starting
materials was observed. The mixture was treated with KMnO,
(158 mg, 1.0 mmol) and stirred for an additional 20 mins at 25°C.
The reaction mixture was concentrated under reduced pressure.
The residue was treated with saturated aqueous NaHCO,
solution (5 mL) and extracted with ethyl acetate (3 x 5 mL). The
organic layers were combined, washed with water (3 x 50 mL),
dried over anhydrous sodium sulfate and concentrated under
reduced pressure. The crude reaction mixture was purified by
column chromatography (9:1 Hex:EtOAc) to afford PQ (104 mg,
66%) as a yellow solid. m.p. 105°C-107°C; v,,,/cm™ (neat) 3058,
2934, 1574, and 1536; 8, (500 MHz, CDCl,) 8.79-8.84 (1H, m,
ArH), 8.43 (1H, dt, J 7.88, 1.10, ArH), 7.99 (1H, dd, J 2.52, 1.26,
ArH), 7.84-7.90 (2H, m, 2 x ArH), 7.77 (1H, dd, J 4.10, 1.26, ArH),
7.48-7.53 (1H, m, ArH), 7.38-7.47 (2H, m, 2 x ArH), 6.95 (1H,
dd, J 4.10, 2.52, ArH); 6, (500 MHz, CD,CN) 8.76-8.81 (1H, m,
ArH), 8.50 (1H, dt, J 7.96, 1.06, ArH), 8.20 (1H, dd, J 2.68, 1.42,
ArH), 8.09 (1H, dd, J 8.35, 1.10, ArH), 7.94-8.01 (2H, m, 2 X ArH),
7.88 (1H, dd, J 4.10, 1.26, ArH), 7.61 (1H, ddd, J 8.35, 7.09, 1.58,
ArH), 7.48-7.54 (2H, m, ArH), 6.98 (1H, dd, J 3.94, 2.68, ArH);
8. (125 MHz, CDCL,) 156.4 (C), 151.1 (C), 148.8 (CH), 136.6 (CH),
135.6 (C), 130.3 (CH), 127.9 (HC), 127.5 (C), 125.0 (CH), 124.6 (C),
124.2 (CH), 123.3 (CH), 114.4 (CH), 114.2 (CH), 113.6 (CH), 110.5
(CH); m/z (NSI) 246.1024 [M+H]*, C,H,,N; requires 246.1026.

2.2 | Optical Studies

A standard solution of PQ (6.30 mM) in acetonitrile (ACN) and
various metal ions (6.30 mM) in water were prepared separately.
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SCHEME 1 | Synthesis of fluorescent probe PQ.

For each titration, PQ (3 mL) was transferred to a cuvette, and
prepared metal ions were added and mixed well. The optical
properties (UV-vis and fluorescence) were studied at room
temperature. A number of fluorescence investigations were con-
ducted, including pH, selectivity, sensitivity, time, temperature,
reversibility, and stability. For the pH studies, PBS solutions with
pH values ranging from 1 to 11 were prepared and added to the
PQ probe. The resulting fluorescence spectra were observed at
an excitation wavelength of 320 nm. In order to find out the
detectable range, sensitivity studies were done by varying the
amount of Cu?*.

3 | Results and Discussion
3.1 | Synthesis of PQ

2-(Pyrrolo[1,2-a]quinoxalin-4-yl) pyridine was synthesized
using a  three-step procedure from commercially
available 2-fluoronitrobenzene, with the key intermediate
1-(2-aminophenyl)pyrrole prepared according to previously
reported procedures [33]. A modified Pictet-Spengler
reaction between the amino-pyrrole intermediate and 2-
pyridinecarboxaldehyde, catalyzed by p-TSA, followed by
oxidative aromatization with KMnO, afforded PQ in 66%
yield (Scheme 1). The structure of PQ was confirmed by NMR
spectroscopy and mass spectrometry (see Section 2).

3.2 | UV-vis Study and Fluorescence
Measurements

The optical properties of PQ were investigated using ACN. The
UV-vis absorption spectrum indicates maximum absorption (1)
is observed across 230-290 nm and 320-450 nm (Figure 1a),
corresponding to the p-p* transition and intramolecular charge
transfer between the aromatic rings [34]. Upon excitation at
380 nm, PQ exhibits a strong fluorescence emission with a
maximum (l,,,) at 485 nm. A bathochromic shift in the absorption
peaks is observed on addition of copper analyte (Figure 1b), which
is ascribed to the ground-state complex formation by charge
transfer from the sensor ligand to the analyte [32]. A pronounced
quenching of the emission signal at 450 nm is observed upon
copper analyte addition (Figure 1c), suggesting a quick and
strong interaction between the PQ sensor and copper ions. Time-

resolved fluorescence measurements were carried out to better
understand the photophysical behavior of the PQ probe. The
fluorescence decay profile of PQ (Figure S4), was analyzed with
an exponential fit. The data were well described by a single-
exponential decay model, showing a fluorescence lifetime (7) of
13 ns and a y* value of 1.1, indicating a good fit and a single
emissive species.

3.3 | Selectivity and Concentration Study

The interference and selectivity of the sensor were evaluated
using 20 different metal ion solutions through a series of
fluorescence measurements. The addition of various metal ions
caused partial decreases in the fluorescence intensity of PQ, as
represented by the yellow bars in Figure 2a. The photographs
of the probe solution and the probe-metal ion mixtures can
be observed in Figure 2b,c. Images were recorded under both
normal daylight conditions and UV illumination to demonstrate
the visual changes accompanying the fluorescence response.
However, the introduction of copper ions resulted in a markedly
stronger fluorescence quenching response, as illustrated by
the red bars in Figure 2a. While some response is observed for
other metal species, the extent of quenching induced by Cu?* is
significantly greater, indicating a preferential sensing response
toward Cu?* ions. To ensure a valid comparison, all metal ions,
including Cu**, were examined at the same concentration.
Additional competitive experiments were conducted in which
Cu?* was introduced together with other common metal ions
at identical concentrations, which is standard practice for
fluorescence-based selectivity studies. To further verify that this
behavior persists in mixed-ion environments, additional compet-
itive experiments were performed in which Cu?* was introduced
together with other common metal ions. These measurements
showed that coexisting ions did not significantly diminish the
Cu?*-induced fluorescence quenching, demonstrating that PQ
maintains a high degree of selectivity even under competitive
conditions. The observed selectivity is attributed to the electronic
configuration and coordination behaviors of Cu?* compared
to other metal species [32]. The Cu?* ion’s [3d°] configuration
allows it to readily bind with nitrogen-rich species like PQ.
Additionally, the m-electrons of PQ’s quinoxaline ring provide
nitrogen lone pairs that can efficiently coordinate with Cu**,
forming a stable complex with either a square planar or distorted
octahedral geometry. Cu?* ions are known to cause distortions
in the typically octahedral geometry, resulting in a tetragonally
elongated structure with two longer bonds along one axis and four
shorter bonds in the plane, a phenomenon known as the Jahn-
Teller effect [35, 36]. The donor environment and geometrical
flexibility of PQ are well-suited to accommodate this distortion,
resulting in stronger coordination interactions and enhanced
fluorescence quenching. To further evaluate the selectivity of
PQ toward different oxidation states of copper, fluorescence
responses were measured in the presence of both Cu* and Cu®*
salts. Copper(I) chloride (CuCl) and copper(I) bromide (CuBr)
produced negligible changes in fluorescence intensity, whereas
copper (II) chloride (CuCl,) and copper (II) sulfate (CuSO,)
induced pronounced fluorescence quenching (Figure S5). These
observations demonstrate a strong preference for Cu?* over Cu*,
attributable to the higher coordination number and stronger
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FIGURE 1 | (a)Normalized fluorescence emission and UV-vis absorption spectrum of PQ sensor. (b) UV-vis absorption of PQ (6.3 mM) and PQ
with copper (20 mM), and (c) fluorescence emission of PQ and PQ with copper.
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FIGURE 2 | (a)Fluorescence emission intensity of PQ (blue), PQ + metal ion (yellow), and PQ + metal ion with the addition of 10 mM of copper
(red). (b) Digital photographs of PQ and PQ + Cu?* solutions recorded under daylight conditions. (c) Digital photographs of PQ and PQ + Cu?* solutions
recorded under UV light.
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FIGURE 3 | (a)Concentration study, (b) Stern-Volmer quenching plot, and (c) second-order polynomial fitted plot.

Lewis acidity of Cu?*, which promote more effective interactions
with the donor sites of the pyrroloquinoxaline framework.

The fluorescence quenching behavior of PQ was studied using
varying concentrations of copper ions. A gradual decrease in
fluorescence intensity was observed at lower metal ion concen-
trations (Figure 3a), indicating a steady quenching trend. The
intensity declines significantly once the concentration exceeds
400 nM, indicating the onset of more pronounced quench-
ing behavior. Notably, beyond 1000 nM, the signal intensity
plateaus, displaying minimal change with further increases in
metal concentration. This suggests the saturation of the quench-
ing mechanism or the formation of stable complexes that no
longer contribute to additional quenching. To further investigate
the quenching dynamics, a Stern-Volmer plot was constructed
(Figure 3b). The relationship is described by the equation:

F,
Fo =1+Kg [Q] €))

where, F: initial fluorescence (no metal), F: fluorescence at a
given metal concentration, [Q]: metal ion concentration, and Ky :
Stern-Volmer quenching constant.

The plot indicates a complex quenching behavior. Initially, at
concentrations up to 400 nM, a relatively linear relationship is
observed (inset of Figure 3b), with a Stern-Volmer quenching
constant estimated to be 0.0028 nM~'. However, deviations from
linearity become apparent at higher concentrations, suggesting

a more complex quenching mechanism involving both static
and dynamic quenching processes. To better represent this
complexity, the data were fitted using a second-order polynomial
equation:

F 2

7 = KoK[QI" + [Kp + K] [Q] +1 @
where, F: initial fluorescence (no metal), F: fluorescence at a
given metal concentration, [Q]: metal ion concentration, Ky: static
quenching constant, and Kp: dynamic quenching constant.

This polynomial fit (Figure 3c) provides a more accurate repre-
sentation of the observed quenching behavior.

y=6.19x10"°x2 +1.43 x 10 *x + 1.215 3)

The linear term (1.43 x 10~* nM) indicates that dynamic quench-
ing dominates at lower metal concentrations. In contrast, the
quadratic term (6.19 x 107°%) suggests that static quenching or
complex formation becomes more prominent at higher concen-
trations, possibly leading to a saturation effect [37, 38].

Furthermore, the sensitivity of the PQ probe toward Cu?**
detection was evaluated. The LOD was calculated using the
values from the Stern-Volmer fit (Figure 3b), giving a value
of 29 nM. This result confirms the high sensitivity of the PQ
probe and its capability to detect Cu?* at sub-micromolar levels.
The results reveal a dual quenching behavior by the PQ sensor.
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FIGURE 4 |
of PQ at different concentrations at three different temperatures.

Dynamic quenching is prevalent at lower concentrations, while
static quenching dominates as the metal concentration increases,
likely due to complex formation or aggregation effects. This
concentration-dependent shift in quenching mode, combined
with PQ’s nitrogen-rich binding sites and the influence of the
ACN medium, supports a mechanism involving initial dynamic
coordination followed by stable bidentate complex formation
with Cu?*.

3.4 | Influence on Sensor Dynamics: Effect of pH,
Temperature, and Time

The effect of pH on the fluorescence behavior of PQ was
investigated to identify optimal sensing conditions (Figure 4a).
Under acidic conditions, PQ exhibited weak fluorescence even in
the absence of Cu**, indicating protonation-induced quenching
that limits effective sensing at low pH. As the pH increased
to near-neutral conditions, the fluorescence intensity of PQ
increased substantially; however, upon the addition of Cu?*, a
pronounced quenching response was observed. This behavior
indicates effective coordination between PQ and Cu?* under
near-neutral conditions. At higher pH values, the fluorescence
responses of PQ in the presence and absence of Cu?** became
nearly indistinguishable, suggesting that Cu®* binding and the
associated quenching process are suppressed under alkaline
conditions. Based on these observations, pH 7 was selected as
the optimal condition for Cu** sensing, as it provides a stable
fluorescence baseline together with a clear and distinguishable
response to Cu?*. Similarly, the fluorescence intensity of both
PQ and the PQ-copper solution remained unchanged over 120

(a) Effect of pH, (b) time-dependent fluorescence emission of PQ and PQ with the addition of 10 mM copper, and (c) temperature study

min (Figure 4b). To assess the stability of the probe, varying
concentrations of PQ were subjected to different temperatures,
and the corresponding fluorescence intensities were measured
(Figure 4c). The fluorescence intensity increased with higher PQ
concentrations and remained stable across varying temperatures,
indicating that the probe retains its performance even at elevated
temperatures up to 50 °C.

3.5 | Influence on Sensor Dynamics: Effect of pH,
Temperature, and Time

The binding interaction between ligand and the metal was studied
using Job’s plot, which displays a 1:1 stoichiometric ratio in
between the metal and the PQ sensor (Figure 5a). This indicates
that each PQ molecule coordinates with each Cu** to form PQ-
Cu?* complex. The mass spectrum of [PQ+H]" initially showed
a signal peak at m/z = 246. After interaction with Cu**, a
new signal peak for [PQ + Cu?* + NO;~]* appeared at m/z =
370, demonstrating metal-ligand coordination (Figure S6). The
interaction of the metal with the ligand was further studied
using a series of fluorometric titrations (Figure 5b). The Benesi-
Hildebrand (B-H) equation (Equation 4) was used to calculate the
binding constant.

Fmax_FO 1

= 1 4
F-F, K, x Conc. Cu?*+ * @)

In this equation, F,, F, and F,,, represent the fluorescence
emission intensities of PQ in the absence of Cu?*, at an inter-
mediate Cu** concentration, and at saturation concentration,
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FIGURE 5 | (a) Job’s plot, (b) Benesi-Hildebrand (B-H) plot, (c) '"H NMR titration spectra (stacked) of PQ in the presence of Cu®* at room
temperature in CD3;CN, and (d) signal reversibility study with addition of EDTA in PQ-Cu solution.

respectively. K, denotes the binding constant, and “[Cu®**]”
refers to the concentration of Cu?* ions. The slope of the plot
of (Fpax—Fo)/(F—F,) versus Cu?" concentration was used to
determine the binding constant (K;) which was estimated to be
2.5 x 10* M7, indicating a strong affinity between PQ and Cu?*.
This high K, value suggests that the PQ sensor is highly sensitive
to Cu* ions, making it ideal for detecting low concentrations.
To further probe the interaction between PQ and Cu?" ions, 'H-
NMR titration experiments were conducted (Figure 5¢). Upon the
addition of Cu?* (0.5 and 1 equivalent) to the PQ solution, certain
proton resonances exhibited slight downfield shifts. However, a
well-resolved '"H-NMR spectrum for the PQ-Cu?* complex could
not be obtained due to the paramagnetic nature of the Cu?* (d°)
system, which also contributed to the reduced spectral resolution
observed after Cu?* addition [39, 40].

The reusability and stability of PQ are essential for confirming
its effectiveness as a chemosensor. To evaluate this, EDTA was
introduced into the PQ-Cu?** complex, resulting in the restoration
of fluorescence to its original intensity (Figure 5d). This occurs
because EDTA chelates Cu®*, releasing PQ and enabling recovery
of its fluorescence properties, thereby demonstrating the sensor’s
reversible “on-off-on” behavior.

3.6 | Water Sample Analysis

Water samples collected from three distinct sources were
analyzed for copper content using PQ as a fluorescent
chemosensor, with the corresponding fluorescence emission
spectra shown for each sample (Figure 6a). To validate the
fluorescence-based quantification, copper concentrations
were independently determined via AES, with the resulting
calibration curve depicted in Figure 6b. Comparative analysis
revealed a discrepancy of approximately 5% between the
fluorescence-derived values and those obtained from AES, based
on the calibration data and measured fluorescence intensities
(Table S1).

3.7 | Cytotoxicity and Cell Imaging

The effect of the fluorescent sensor on Caco-2 cell viability
was evaluated using the MTT assay following 48 h exposure to
concentrations ranging from 5 to 50 uM (Figure 7a). Untreated
controls and vehicle controls (1% ACN) showed comparable
absorbance values (~1.00), confirming that the vehicle had no
measurable impact on cell viability. Cells treated with 5and 10 uM
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FIGURE 7 | Results of MTT assay following incubation of Caco-2 cells with PQ: (a) absorbance, (b) percent viability, and (c) linear regression

analysis of cytotoxicity.

of the sensor maintained similar absorbance values to controls
(0.99 + 0.02 and 0.97 + 0.03, respectively), indicating negligible
cytotoxicity at these concentrations. At 20 uM, a modest reduction
in absorbance was observed (0.91 + 0.02), corresponding to
approximately 89% viability relative to controls (Figure 7b). At the
highest tested concentration of 50 uM, cell viability was markedly
reduced (0.82 + 0.03), representing approximately a 25% decrease
compared to untreated cells.

Linear regression analysis of the concentration-response curve
estimated an ICs, value of 98.77 uM, suggesting that the com-
pound exhibits relatively low cytotoxicity in Caco-2 cells within

the tested range (Figure 7c). The MTT assay results indicate that
the fluorescent sensor is well tolerated at concentrations up to
10 pM, with minimal impact on cell viability after 48 h of treat-
ment. However, higher concentrations (>20 uM) induced a clear
concentration-dependent reduction in viability, culminating in
significantly decreased cell survival at 50 uM. These findings
suggest that for biological imaging or sensor-based assays in
Caco-2 cells, concentrations <10 uM are appropriate to minimize
unwanted cytotoxic effects.

To investigate the interaction between copper ions (Cu?") and PQ,
fluorescence microscopy was employed on Caco-2 cells treated
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FIGURE 8 | Fluorescentimages of PQ (5 mM) treated Caco-2 cells and incubated with Cu?* of (a) 0, (b) 50, (c) 100, (d) 200, (€) 250, and (f) 300 nM,

respectively.

with the probe in the presence of increasing concentrations of
Cu?* (0, 50, 100, 200, 250, and 300 nM). PQ exhibits fluores-
cence under standard conditions, but its emission intensity is
known to be quenched upon coordination with copper. Fluo-
rescence imaging was performed on PQ-labelled epithelial cells,
and Figure 8 displays several regions corresponding to differ-
ent copper concentrations. Visual inspection reveals a marked
decrease in fluorescence intensity in regions exposed to higher
concentrations of Cu**, confirming the concentration-dependent
quenching behavior of PQ. At 50 nM Cu?*, fluorescence intensity
is still prominent, suggesting minimal binding and quenching.
While at 100-250 nM Cu?*, progressive quenching becomes
evident, with reduced signal intensity across the cytoplasm.
The unprocessed images of the cells can be seen in Figures
S7 and S8. When the Cu** concentration reaches 300 nM, the
fluorescence is significantly diminished, indicative of nearly
complete quenching and efficient coordination of Cu** with
PQ. This observed quenching trend is consistent with known
photophysical interactions between metal ions and fluorophores,
where metal coordination alters the electronic structure of the
fluorophore, reducing its ability to fluoresce. The quenching
behavior observed is likely attributable to static quenching,
where a ground-state complex forms between PQ and Cu?*. The
efficiency of quenching, particularly at higher copper concen-
trations, suggests a strong binding interaction, supporting the
hypothesis that PQ can act as a selective chemosensor for Cu®*
in biological systems. These results validate the functional utility
of PQ as a fluorescence “turn-off” probe for copper ions in live-cell
environments.

The fluorescence sensing behavior of PQ toward copper ions
can be rationalized by considering its structural, electronic, and
solvent-mediated interactions with Cu®* in an ACN medium.
PQ features nitrogen-donor atoms embedded in a rigid, planar

quinoxaline framework, which inherently supports a bidentate
coordination mode. Upon introduction of Cu?*, a pronounced
quenching of fluorescence is observed, attributed to the formation
of a stable ground-state [Cu(PQ)]*" complex (Figure 9). Unlike
the higher denticity coordination often observed for Cu**, the
bidentate binding in this system is stabilized by the polar aprotic
solvent ACN, which acts as a weak ligand. In solution, Cu**
likely exists as a partially solvated species, [Cu(ACN),(H,0), |**
(x + y ~ 6), where the ACN molecules occupy additional
coordination sites [41, 42]. This solvation environment facilitates
ligand exchange with PQ while sterically and kinetically restrict-
ing higher coordination numbers. At low Cu®** concentrations
(<400 nM), the Stern-Volmer plot exhibits a predominantly
linear relationship, indicating dynamic quenching through col-
lisional interactions between excited state PQ molecules and
solvated Cu?" ions. In this regime, no stable ground-state complex
dominates, and fluorescence quenching arises from transient,
non-radiative decay events. As the Cu?* concentration increases
beyond 400 nM, deviations from linearity emerge, signalling
the increasing contribution of static quenching via stable PQ-
Cu?* complex formation. The [Ar] 3d° configuration of Cu?*
predisposes the metal ion to Jahn-Teller distortion, producing
either distorted square planar or elongated octahedral geometries.
These geometries are compatible with PQ’s donor atom posi-
tions, enhancing selective and strong binding. At elevated Cu?*
concentrations (>1000 nM), the fluorescence signal plateaus,
suggesting complete complexation of PQ with Cu?", beyond
which additional Cu** does not further quench the emission.
The on-off-on reversibility of the system is confirmed by EDTA
experiments, where EDTA effectively chelates Cu®** from the
PQ-Cu?* complex, restoring the probe’s fluorescence. This sup-
ports a nondestructive quenching mechanism dominated by
coordination interactions rather than irreversible photophysical
degradation.
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FIGURE 9 | Schematic illustration of copper sensing by PQ.

4 | Conclusion

These findings demonstrate that the PQ-based sensor operates
through a robust and reversible metal-ligand interaction mech-
anism. Its selective response to Cu**, combined with strong
binding affinity, fluorescence reversibility, and compatibility with
aqueous and biological media, positions this PQ-based chemical
sensor as a promising tool for environmental monitoring and
analytical applications involving Cu?** detection.
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