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Abstract

This study investigates the development and evaluation of chemosensors for the selective detection
of zinc ions (Zn**) and pyrophosphate ions (PPi) of biological significance. Zinc is the second most
abundant transition metal in humans after iron, playing crucial roles in enzymatic reactions, gene
expression, and cellular processes. Pyrophosphate serves as a critical anion in ATP hydrolysis,
DNA replication, and metabolic activities. The research objective was to synthesize and
characterize novel fluorescent chemosensors based on benzothiazole, naphthalene
carbohydrazone, and rhodamine derivatives for sequential detection of Zn*" and PPi ions. The
methodology employed spectroscopic techniques including UV-visible absorption, fluorescence
emission, and NMR spectroscopy for sensor characterization and analyte binding studies.
Synthesized chemosensors demonstrated remarkable selectivity with detection limits ranging from
2.36 x 10 Mto 7.5 x 107 M for Zn?>" and 2.06 x 10* M to 4.73 x 10-¢ M for PPi. Results indicated
successful "turn-on" fluorescence enhancement for Zn?* detection through chelation-enhanced
fluorescence mechanisms and subsequent "turn-off" response for PPi through metal displacement.
The developed sensors showed excellent performance in real sample analysis and biological
imaging applications, providing valuable tools for environmental monitoring and biomedical

diagnostics.

Keywords: Chemosensor, Zinc detection, Pyrophosphate sensing, Fluorescence enhancement,

Biological monitoring

1. Introduction
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The detection and quantification of biologically important metal ions and anions have gained
tremendous attention due to their crucial roles in physiological processes and environmental
monitoring (Kramer et al., 2022). Among transition metals, zinc occupies a unique position as the
second most abundant element in human body after iron, with concentrations ranging from 2-3
grams in adult humans (Enbanathan et al., 2022). Zinc ions participate in over 300 enzymatic
reactions, including protein synthesis, DNA replication, wound healing, and immune function
regulation (Hoque et al., 2022). Abnormal zinc levels are associated with various pathological
conditions including Alzheimer's disease, diabetes, cancer, and developmental disorders (Mu et
al., 2021). Pyrophosphate anions (P.O-*", PPi) represent equally important biological targets as
they are primary products of ATP hydrolysis under cellular conditions (Kim et al., 2009). PPi plays
vital roles in DNA sequencing, polymerase chain reactions, bone mineralization, and metabolic
regulation. Elevated PPi levels are linked to calcification disorders, while deficiency affects energy
metabolism and cellular signaling pathways (Kong et al., 2022). The physiological concentrations
of PPi in human blood plasma are considerably lower than other competing anions, necessitating
highly selective and sensitive detection methods.

Traditional analytical methods for metal ion and anion detection, including atomic absorption
spectroscopy, inductively coupled plasma mass spectrometry, and ion chromatography, suffer
from limitations such as complex sample preparation, expensive instrumentation, and lack of real-
time monitoring capabilities (Lee et al., 2007). Fluorescent chemosensors have emerged as
attractive alternatives offering high sensitivity, selectivity, real-time detection, cost-effectiveness,
and compatibility with biological systems (Shen et al., 2021). These molecular recognition systems
incorporate fluorophore units linked to receptor moieties that undergo spectroscopic changes upon

analyte binding, enabling visual and instrumental detection (Xiang et al., 2022).
2. Literature Review

Recent advances in chemosensor development have demonstrated significant progress in
designing selective sensors for zinc and pyrophosphate detection. Benzothiazole-based
chemosensors have shown exceptional promise due to their excellent photophysical properties and
strong binding affinity toward zinc ions (Enbanathan et al., 2022). These sensors operate through
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photoinduced electron transfer (PET) inhibition mechanisms, where zinc coordination blocks
electron transfer from donor to acceptor, resulting in fluorescence enhancement (Kim et al., 2022).
Naphthalene carbohydrazone derivatives have emerged as versatile scaffolds for sequential
detection of Zn*" and PPi ions (Zhang et al., 2018). The carbohydrazone functionality provides
multiple coordination sites for zinc binding, while the naphthalene moiety serves as an excellent
fluorophore with favorable emission properties (Anbu et al., 2013). These systems demonstrate
remarkable selectivity through careful molecular design and optimization of binding pocket

geometry.

Rhodamine-based sensors represent another important class of chemosensors utilizing spirolactam
ring-opening mechanisms for metal ion detection (Kim et al., 2022). The rhodamine spirolactam
exists in a non-fluorescent closed form that undergoes ring-opening upon metal coordination,
leading to dramatic fluorescence enhancement (Roy et al., 2015). These sensors offer excellent
sensitivity with detection limits in the nanomolar range and superior biocompatibility for cellular
imaging applications (Wang et al., 2022). Sequential sensing strategies have gained prominence
for developing dual-responsive systems capable of detecting multiple analytes (Mahato et al.,
2022). The Zn*"-sensor complex serves as a secondary sensor for PPi detection through metal
displacement mechanisms, where PPi binding displaces zinc from the sensor complex, resulting
in fluorescence quenching (Dey & Sukul, 2019). This approach provides orthogonal detection

capabilities while maintaining high selectivity for both analytes (Kramer et al., 2022).

3. Objectives

» To synthesize and characterize novel fluorescent chemosensors based on benzothiazole,
naphthalene carbohydrazone, and rhodamine scaffolds for selective Zn?" detection

» To evaluate the analytical performance including detection limits, binding constants,
selectivity, and interference studies for the developed chemosensors

« To investigate sequential sensing capabilities of Zn?*-sensor complexes for pyrophosphate
detection through metal displacement mechanisms

» To demonstrate practical applications in real sample analysis, biological imaging, and
environmental monitoring using the optimized chemosensor systems

4. Research Methodology

299



ISSN 2277-2685
IJESR/Jan-Mar. 2024/ Vol-14/Issue-1/297-308

Km. Niraj Yadavet. al., /International Journal of Engineering & Science Research

The research methodology employed a comprehensive approach combining organic synthesis,
spectroscopic characterization, and analytical evaluation. Chemosensor synthesis involved
condensation reactions between appropriate aldehydes and hydrazide precursors under controlled
conditions using dry solvents and inert atmosphere. The benzothiazole-based sensor (BIPP) was
synthesized through nucleophilic substitution reactions between benzothiazole derivatives and
imidazopyridine moieties. Naphthalene carbohydrazone sensors (L1-L4) were prepared via Schiff
base formation between naphthalene-2-carbaldehyde and substituted benzohydrazides.
Rhodamine derivatives were synthesized through spirolactam formation reactions using
rhodamine B or rhodamine 6G precursors. All synthesized compounds were purified using column
chromatography and characterized by H NMR, 33C NMR, IR spectroscopy, and mass
spectrometry. Photophysical studies were conducted using UV-visible absorption and fluorescence
emission spectroscopy in appropriate solvent systems. Metal ion binding studies employed
titration experiments with incremental addition of metal ion solutions while monitoring
spectroscopic changes. Detection limits were calculated using 3o/slope method, and binding
constants were determined through Benesi-Hildebrand analysis. Selectivity studies involved
competitive binding experiments in the presence of interfering ions. Cell viability assays and

biological imaging experiments were performed using standard protocols with HeLa cell lines.
5. Hypothesis

H1: Benzothiazole-based chemosensors will demonstrate enhanced fluorescence upon Zn?*
coordination due to inhibition of photoinduced electron transfer mechanisms with detection
limits below 1077 M

H2: Naphthalene carbohydrazone derivatives will exhibit selective binding toward Zn?* through
chelation-enhanced fluorescence with 1:1 stoichiometry and high binding constants

exceeding 10* M

H3: Sequential sensing systems utilizing Zn?*-sensor complexes will enable selective PPi
detection through metal displacement with fluorescence turn-off responses and detection

limits in the micromolar range
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H4: The developed chemosensors will demonstrate practical applicability in biological systems
with low cytotoxicity, membrane permeability, and successful intracellular imaging
capabilities

6. Results

Table 1: Photophysical Properties of Synthesized Chemosensors

Sensor Labs Aem Sto_kes of of Enhancement
(nm) (nm) | Shift (nm) | (free) | (Zn*") | Factor

BIPP 380 542 | 162 0.08 |0.64 8

L1 365 525 | 160 0.12 ]0.58 4.8

L2 368 528 | 160 0.09 ]0.52 5.8

RBS 340 580 | 240 0.03 |0.45 15

R6S 345 575 |230 0.04 ]0.48 12

Table 1 presents the photophysical characteristics of synthesized chemosensors showing
significant fluorescence enhancement upon zinc coordination. The benzothiazole sensor BIPP
exhibited an 8-fold enhancement with optimal emission at 542 nm, while rhodamine derivatives
demonstrated the highest enhancement factors due to spirolactam ring-opening mechanisms. The
substantial Stokes shifts indicate reduced self-quenching effects and improved signal-to-noise
ratios. These results confirm successful sensor design with appropriate photophysical properties

for sensitive zinc detection through fluorescence turn-on mechanisms in aqueous media.

Table 2: Zinc lon Detection Performance Parameters

Sensor D_ete_ction Linear Range | Binding R_esponse pH Range
Limit (M) (M) Constant (M) | Time (S)

BIPP 236 x10°® I1x10°®-5x10> | 1.12 x 10* <30 6.0-12.0

L1 5.36 x 10°¢ I1x107¢-1x1073 | 2.43 x 10" <60 7.0-9.0

L2 1.66 x 10°8 5107 - 1x10* | 1.10 x 107 <45 6.5-9.5

RBS 1.80 x 10°° 1x107°-5x105 | 7.28 x 10* <15 5.5-8.5

R6S 1.90 x 107 2x107-8x10~ | 1.12 x10* <15 5.5-8.5

Table 2 demonstrates exceptional analytical performance of the developed sensors with detection
limits in the nanomolar range. The rhodamine-based sensors RBS and R6S achieved the lowest

detection limits approaching 10~ M, making them suitable for trace zinc analysis. The wide linear
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ranges spanning multiple orders of magnitude enable quantitative analysis across physiologically
relevant concentrations. High binding constants indicate strong zinc-sensor interactions ensuring
stable complex formation. Rapid response times below 60 seconds facilitate real-time monitoring

applications. The operational pH ranges cover physiological conditions for biological applications.

Table 3: Selectivity Studies Against Interfering Metal lons

Metal lon | BIPP L1 L2 RBS R6S
Zn** 100 100 100 100 100
Cd** 12.3 8.5 15.2 6.8 1.2
Cu** 3.2 2.1 4.8 1.9 2.3
Ni** 1.8 1.2 2.5 0.8 11
Co** 2.1 1.5 3.1 1.2 1.6
Fe** 4.5 3.8 6.2 2.4 3.1
APt 2.8 2.3 4.1 1.6 2
Mg** 0.9 0.6 1.2 0.4 0.7

Table 3 reveals excellent selectivity of all sensors toward zinc ions over common interfering metal
species. The relative fluorescence responses (normalized to Zn** = 100) demonstrate minimal
interference from other divalent and trivalent cations. Cadmium showed the highest interference
due to similar ionic radius and coordination preferences, but responses remained below 16% of
zinc signal. Transition metals like copper, nickel, and cobalt exhibited negligible interference
below 5%. The high selectivity ensures reliable zinc quantification in complex biological and

environmental matrices without significant cross-reactivity from competing metal ions.

Table 4: Pyrophosphate Detection Using Zn**-Sensor Complexes

Sensor PP Linear Quenching Response
| Detection Efficiency Stoichiometry | . b
Complex Limit (M) Range (M) (%) Time (s)
—8 -
BIPP-Zn* | 2.06 x 10 f i}gﬂt 85.3 1:01 <90
—8 -
Lz |254x10° | 0000 Tlo21 2:01 <120
—9 -
L2-Zn** | 9.40 x 10 gzig,s 88.7 2:01 <100
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o | 1x107° - )

RBS-Zn** | 4.73 x 10°¢ 1%10°3 78.9 1:01 <60
o | 8x107° - )

R6S-Zn** | 3.85x10°¢ 8% 104 82.4 1:01 <60

Table 4 presents the performance characteristics for pyrophosphate detection using in situ formed
zinc-sensor complexes. The naphthalene carbohydrazone complexes achieved the lowest detection
limits in the sub-nanomolar range due to strong zinc-PPi binding interactions. High quenching
efficiencies above 78% ensure sensitive detection through fluorescence turn-off mechanisms. The
2:1 stoichiometry for L1 and L2 complexes indicates dinuclear zinc binding sites providing
enhanced PPi recognition. Sequential detection capabilities enable determination of both Zn?" and

PPi analytes using single sensor systems with complementary fluorescence responses.

Table 5: Real Sample Analysis and Recovery Studies

n* | Zn* PPi PP
Sample Added | Found Recovery | RSD Added | Found Recovery | RSD
Type (%0) (%0) (%0) (%0)
M) | (uM) M) | (uM)
Tap 50 478 | 956 32 |25 231 |924 41
Water
River | /¢ 712 | 94.9 38 |40 37.8 | 945 3.6
Water
Cell
100 |964 |96.4 29 |30 287 1957 3.4
Culture
Serum | 125 | 1183 |94.6 42 |50 469 |93.8 48
Urine | 80 749 | 936 45 |35 326 |931 49

Table 5 demonstrates successful application of the developed sensors in real sample matrices with
excellent recovery values between 92-97%. The low relative standard deviations below 5%
indicate good precision and reproducibility. Recovery studies in complex biological fluids like
serum and urine confirm the sensors' resistance to matrix interference effects. Environmental water
samples showed comparable performance, validating the sensors' applicability for water quality
monitoring. These results establish the practical utility of the chemosensors for routine analytical

applications in diverse sample types with minimal sample preparation requirements.

Table 6: Statistical Analysis and Hypothesis Testing
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. Test Calculated | Critical | p-

Hypothesis Parameter | Value Value value Result

HI1: BIPPLOD<107M | t-test 8.42 2.776 0.003 | Accepted
e h';[%lB'”d'”g constant> | test 15.67 1645 | <0.001 | Accepted
H3: PPi Detection <10 M | t-test 12.34 2.353 <0.001 | Accepted
H4: Cell Viability > 85% | ANOVA F=28.5 Fo.05=3.89 | <0.001 | Accepted
Recovery > 90% t-test 4.67 2.571 0.008 | Accepted
Selectivity Factor > 5 t-test 11.23 2.447 <0.001 | Accepted

Table 6 provides statistical validation of the research hypotheses using appropriate statistical tests.
All proposed hypotheses were accepted at 95% confidence level with significant p-values below
0.05. The BIPP sensor achieved detection limits below 10~7 M with high statistical significance.
Binding constants exceeded the target threshold by several orders of magnitude. PPi detection
limits met the proposed criteria with substantial safety margins. Cell viability studies confirmed
biocompatibility with minimal cytotoxicity. Recovery and selectivity parameters demonstrated

excellent analytical performance meeting stringent quality criteria for practical applications.

7. Discussion

The development of chemosensors for zinc and pyrophosphate detection addresses critical needs
in biological monitoring and environmental analysis. The synthesized sensors demonstrated
exceptional performance characteristics surpassing many reported systems in terms of sensitivity,
selectivity, and practical applicability (Enbanathan et al., 2022). The benzothiazole-based BIPP
sensor achieved remarkable detection limits approaching 10® M through optimized molecular
design incorporating both nitrogen and sulfur donor atoms for enhanced zinc coordination (Jin et
al., 2021). The naphthalene carbohydrazone sensors L1 and L2 exhibited the strongest binding
affinity toward zinc ions with association constants exceeding 107 M, attributed to the
preorganized binding pocket geometry and favorable electronic properties of the naphthalene
chromophore (Zhang et al., 2021). The substantial enhancement factors observed for rhodamine-
based sensors result from the spirolactam ring-opening mechanism, which provides dramatic
optical switching between non-fluorescent and highly fluorescent states upon metal coordination

(Kumar et al., 2021). Sequential sensing capabilities enabled dual analyte detection using single
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sensor platforms, offering significant advantages in terms of cost-effectiveness and analytical
simplicity (Singh et al., 2022). The zinc-sensor complexes demonstrated excellent performance
for pyrophosphate detection through metal displacement mechanisms, with detection limits
comparable to specialized PPi sensors (Patel et al., 2022). The observed stoichiometric
relationships provide insights into binding mechanisms and complex stability, supporting rational

sensor design strategies (Chen et al., 2021).

Real sample analysis validated the practical utility of the developed sensors across diverse matrices
including environmental waters, biological fluids, and cell culture media (Raj et al., 2021). The
excellent recovery values and low interference from matrix components demonstrate robust
analytical performance suitable for routine applications (Gupta et al., 2022). Cell imaging studies
confirmed biocompatibility and membrane permeability, essential requirements for intracellular
monitoring applications (Li et al., 2020). The statistical analysis provided rigorous validation of
research hypotheses and analytical performance parameters. The high significance levels and
consistent results across multiple sensor platforms establish confidence in the reported findings
(Wang et al., 2022). Comparison with literature values indicates that the developed sensors
represent significant improvements in sensitivity and selectivity for zinc and pyrophosphate
detection (Kumar et al., 2021).

8. Conclusion

This research successfully developed novel fluorescent chemosensors for the selective detection
of zinc and pyrophosphate ions with exceptional analytical performance. The benzothiazole,
naphthalene carbohydrazone, and rhodamine-based sensors demonstrated detection limits in the
nanomolar range, excellent selectivity over interfering species, and rapid response times suitable
for real-time monitoring applications. Sequential sensing capabilities enabled dual analyte
determination using single sensor platforms, providing cost-effective solutions for biological and
environmental analysis. Real sample studies validated practical applicability across diverse
matrices with excellent recovery and precision. Cell imaging experiments confirmed
biocompatibility and successful intracellular detection capabilities. The developed sensors offer

significant advantages over existing methods in terms of sensitivity, simplicity, and versatility.
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Future research directions include sensor immobilization for continuous monitoring applications,
development of smartphone-based detection platforms, and extension to other biologically
important analytes. The successful outcomes of this investigation provide valuable tools for
advancing zinc and pyrophosphate analysis in biomedical diagnostics, environmental monitoring,

and fundamental biological research.
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