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Mechanistic elucidation of irreversible
chemodosimetric sensing of hydrazine through
structural, computational, and bioimaging
analyses

Priyanka Avala,ab Malavika S Kumar,ab Avijit Kumar Das, *ab Ankan Sardar,c

Tilak Raj Maity,d Aveek Samantae and Malay Dolai *f

A fluorescent chemodosimeter, DBA, has been developed for the selective detection of hydrazine via an

irreversible reaction pathway that leads to fluorescence enhancement. The crystal structure of the ligand

has been successfully determined. The sensing mechanism involves the conversion of a hydrazide

derivative into a hydrazone derivative, as confirmed by both 1H NMR and mass spectrometry. Upon

interaction of DBA with hydrazine, the probe exhibits a significant decrease in absorbance at 366 nm

and 279 nm, along with a three fold enhancement in fluorescence intensity at 423 nm, achieving a

detection limit of 0.37 mM. The detection mechanism has also been supported by theoretical analysis

using density functional theory (DFT) calculations. For practical applications, DBA has been employed in

plant-based cell imaging to monitor hydrazine accumulation in Lathyrus sativus L. (grass pea). Overall,

DBA is a simple, effective, and promising fluorescent probe for hydrazine detection in diverse fields such

as environmental monitoring, food safety, and biological risk assessment.

1. Introduction

Fluorescent chemosensors are compounds that integrate a fluor-
escent unit (fluorophore), a specific binding site for the target
analyte, and a mechanism that involves the interaction between
these two components. The indicators are referred to as fluor-
escent chemodosimeters if the binding sites have irreversible
chemical processes.1–6 The concept of chemodosimeters was
first introduced by Chae and Czarnik in 1992.7–9 In chemodosi-
metric sensing, the presence of the target analyte triggers both
the breaking and forming of chemical bonds, resulting in
products structurally distinct from the original sensor. The
creation of chemodosimeters for both the identification and
quantification of various substances is a relatively recent

development in scientific research. Techniques based on colour
changes (colorimetric) and fluorescence (fluorometric) are widely
used because they are affordable, highly selective, sensitive, and
efficient and provide rapid results for detecting different
analytes.10–14 In particular, colorimetric and fluorescence-based
sensors that allow naked-eye detection have gained significant
attention for their simplicity, rapid operation, and capability for
real-time analysis. Chemosensors are now widely employed for
monitoring hazardous substances and environmental contami-
nants in a variety of samples, because of their outstanding
sensitivity, broad detection range, adaptable design, and strong
resistance to interference.15–18

Hydrazine (N2H4), a colourless, fuming liquid with strong
reducing properties, is a highly reactive compound crucial to
industrial and technological applications. It is a highly energetic
compound, a hexatomic molecule comprising two nitrogen
atoms and four highly reactive hydrogen atoms, which easily
reacts with oxygen and other elements during chemical combus-
tion or transformation. Globally, its production reached around
200 000 metric tons annually a decade ago, driven by its versatile
uses.19 Hydrazine and its derivatives remain key fuels in bipro-
pellant rocket engines due to their ability to release substantial
energy through exothermic reactions.20 It serves as an effective
fungicide and is also used in the synthesis of pesticides like
maleic hydrazide, manufacturing plastic foams, and controlling
grass growth in residential areas.21 Hydrazine derivatives treat
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conditions such as hypertension,22 urinary tract infections,23 and
tuberculosis.24 It acts as an oxygen scavenger in boiler feedwater
to prevent corrosion. Dual-injection of hydrogen and hydrazine
into reactor water is regarded as a novel approach to minimize
stress corrosion cracking (SCC) in boiling water reactors
(BWRs).25 This compound’s adaptability across aerospace, agri-
culture, medicine, and energy sectors underscores its industrial
significance despite handling challenges posed by its reactivity.
The U.S. Environmental Protection Agency has established a 10-
ppb threshold limit value (TLV) for hydrazine exposure, derived
from animal as well as human studies.26 Therefore, the lower
limit of detection of hydrazine is very much important. In this
respect, use of fluorescent sensors has emerged as a superior
method for detecting hydrazine compared to traditional analytical
techniques like liquid chromatography,27 mass spectrometry,28,29

potentiometry,30 and titrimetry.31 These conventional methods face
limitations such as complex buffer preparation, time-consuming
protocols, low sensitivity, and destructive sample processing unsui-
table for live biological systems.32 Fluorescent probes address these
challenges through enhanced features like straightforward opera-
tion, exceptional molecular selectivity, and ultra-low detection
limits, reaching submicromolar concentrations.33

Recent progress in the development of fluorescent chemosen-
sors for selective hydrazine detection holds considerable impor-
tance due to their wide-ranging applications in medical and
environmental research.34–37 In recent years, the development
of small-molecule fluorescent probes has accelerated signifi-
cantly, employing a variety of molecular recognition approaches
such as protecting-group removal, nucleophilic substitution, and
chemodosimetric reactions that transform non-fluorescent
precursors into strongly emissive products. Several recent
reviews have comprehensively summarized these strategies and
their relevance to environmental and biological hydrazine
detection.38–40 Current trends in probe design focus on achieving
ratiometric and near-infrared (NIR) emission responses, which
enhance quantitative accuracy in complex systems and support
applications in deep-tissue imaging and on-site sensing.41

Despite these advances, many existing sensors continue to exhibit
drawbacks such as limited solubility in aqueous media, cross-
reactivity with other nucleophiles, and challenging synthetic
routes. Thus, there remains a strong demand for straightforward,
highly selective chemodosimeters capable of reliable hydrazine

detection in real samples—an objective that the present study
seeks to fulfil. Colorimetric and fluorimetric sensors for the
naked-eye detection have attracted considerable interest because
of their simple and fast implementation as well as their high
sensitivity. Herein, we have developed a chemodosimeter by
mixing 2,4-di-tert-butyl-5,6-catechol-1-aldehyde with aceto-
hydrazide in ethanol medium to produce target ligand DBA,
which has been characterized by 1H-NMR, 13C-NMR, mass
spectroscopy (Fig. S3–S5) and X-ray crystal analysis. Although
several reports are available on the selective detection of hydra-
zine, we have included a comparison table in the SI that sum-
marizes recent studies on related ligands (Table S1). The
comparison table indicates that although hydrazine is the com-
mon analyte across all reported systems, our probe (DBA)
achieves a substantially lower LOD than previously reported
complexes. A key strength of this study is the structural char-
acterization of the ligand through single-crystal X-ray diffraction,
which provided an accurate molecular model for DFT calcula-
tions and ensured excellent agreement between experimental and
theoretical results. Overall, the comparison highlights the super-
ior performance of DBA across multiple parameters, underscor-
ing its strong potential for diverse applications.

2. Results and discussion
2.1. Synthesis and characterization of DBA

The solution of 4,6-di-tert-butyl-2,3-dihydroxybenzaldehyde
(226 mg, 1 mmol) in methanol and the solution of aceto-
hydrazide (74 mg, 1 mmol) in methanol was mixed together
(Scheme 1). Then the mixture was stirred for another 1 hour. A
bright yellowish colored solution appeared. It was stirred for
2 hours more to complete the reaction by TLC monitoring. The
yellow precipitate of (E)-N0-(4,6-di-tert-butyl-2,3-dihydroxybenzyl-
idene) acetohydrazide (DBA) was separated out by filtration and
the residue was washed with cold methanol and dried. The block
type yellow crystals were obtained after 4 days by slow evapora-
tion of methanol solvent. Mp: 110–120 1C, yield: 200 mg, 72%.
1H NMR (DMSO-d6, 400 MHz): 12.77 (s, 1H, –OH), 10.67 (s, 1H,
–OH), 8.75 (s, 1H), 6.82 (s, 1H), 1.44 (s, 9H), 1.36 (s, 12H). 13C
NMR (DMSO-d6, 100 MHz): 197.4, 152.6, 142.4, 142.3, 141.7,
116.1, 114.7, 35.4, 35.3, 33.3, 28.8. Mass (m/z, %): M+ calculated

Scheme 1 Synthetic procedure of DBA.
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for chemical formula: C17H26N2O3 is 306.4060; found: 307.5123
(M+H)+.

2.2. X-ray crystal analysis of DBA

Several spectroscopic methods are employed to determine the
structure and chemical formula of the probe DBA. The crystal
structure of DBA is determined by the single crystal X-ray
diffraction (SCXRD) technique (CCDC no. 2472615). The crystal
X-ray study indicates that the sensor DBA crystallizes in a
monoclinic system with the space group P21/c. The structure
in Fig. 1a shows that the aldehyde and carbohydrazide parts are
connected through an imine bond (–C3QN1) with a bond
length of 1.276 Å, which is comparable to that of previously
reported Schiff base ligands. DBA gains stability through the

formation of intermolecular H-bonding interactions (O3� � �H5 =
2.033 Å) between adjacent units, allowing them to form a H-
bonded 1D tape along the crystallographic b axis (Fig. 1b).

2.3. Interference study

The selectivity of DBA for N2H4 over other interfering analytes
like Cl�, Br�, I�, F�, NO2

�, AsO2
3�, HSO4

2�, C2O4
�, H2O2,

NO3
�, H2S, triethylamine (TEA), NH3, ethylenediamine (EDA),

piperidine (Bpy), hypochlorous acid (HClO), and OH� was
evaluated in CH3CN/HEPES buffer solution (9 : 1, v/v, pH 7.4).
Upon addition of N2H4, DBA exhibited a distinct increase in
emission intensity at 423 nm. In contrast, no significant
spectral changes were observed with other anions, confirming
the high selectivity of DBA towards N2H4 (Fig. 2a). In the bar
diagram, the brown bar with the highest intensity indicates the
fluorescence response of DBA toward N2H4, while the green
bars represent the negligible interference of DBA with other
analytes (Fig. 2b).

2.4. Spectroscopic response of DBA toward N2H4

The interaction between DBA and N2H4 was examined via
spectrophotometric titration in CH3CN/HEPES buffer solution
(9 : 1, v/v, pH 7.4). The ligand DBA initially exhibited strong
absorption signals at wavelengths 366 nm and 279 nm, which
were progressively decreased upon incremental addition of
N2H4 (Fig. 3a).

Similarly, the fluorescence sensing property of DBA towards
N2H4 was systematically investigated using a fluorescence
spectrophotometer in CH3CN/HEPES buffer (9 : 1, v/v, pH 7.4)
solution at an excitation wavelength of 315 nm. The fluores-
cence intensity of DBA remains stable even at high proportions
of water (Fig. S11); however, hydrazine sensing in water-rich
media such as CH3CN/HEPES buffer (5 : 5, v/v) is challenging.
This difficulty arises from the small size, high polarity, and
strong hydration of hydrazine, which hinder effective interac-
tions with sensing probes like DBA. Moreover, extensive solva-
tion and hydrogen bonding around N2H4 further reduce its
binding availability, resulting in lower sensitivity and selectivity

Fig. 1 (a) The ORTEP view (30% ellipsoid probability) of DBA; (b) the
intermolecular hydrogen bonded (green dashed line) 1D tape along the
crystallographic b axis; color code: sea green, H; light pink, C; blue, N; and
red, O.

Fig. 2 (a) Comparison fluorescence spectra of DBA (c = 5.0 � 10�5 M) upon addition of different guest anions (15 equiv.) in CH3CN/HEPES buffer
solution (9 : 1, v/v, pH 7.4) (lex = 315 nm). (b) A comparative fluorescence response of DBA by bar representation in the presence of different anions.
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(Fig. S12). Fluorescence studies across pH 2–14 reveal that DBA
exhibits minimal emission at extreme pH values under both
strong acidic and basic conditions but strong hydrazine-
induced fluorescence near physiological pH, demonstrating
optimal sensing performance under biologically relevant con-
ditions (Fig. S9). Initially, DBA exhibited two emission signals
centered at 350 nm with lower intensity and at 423 nm with
high intensity, having a fluorescence quantum yield of F =
0.0735. Upon incremental addition of N2H4, three fold
enhancement in fluorescence intensity was observed with a
high fluorescence quantum yield (F = 0.21), accompanied by a
hypsochromic shift (Dl = 5 nm) of the emission signal at
418 nm up to a saturation level (Fig. 4a).

The detection limit of DBA toward N2H4 was evaluated at
0.37 mM through fluorometric analysis utilizing the established
relationship DL = K � Sb1/S, where K = 3, Sb1 represents the
standard deviation of blank measurements, and S denotes the
calibration curve slope (Fig. S1). Based on the variations in DBA
fluorescence intensity upon the addition of N2H4 at different

time intervals, the rate constant was calculated as 2.705 s�1,
using a first-order rate equation, indicating the rapid response
of DBA toward N2H4 (Fig. S2).

2.5. Competition experiment

The competitive sensing ability of DBA toward N2H4 was
evaluated in the presence of various interfering anions in a
CH3CN/HEPES buffer solution (9 : 1, v/v, pH 7.4). The fluores-
cence enhancement observed upon N2H4 binding remained
unaffected by the presence of other competing analytes,
demonstrating the high sensitivity and selectivity of DBA for
N2H4 even in complex analyte environments (Fig. 5).

2.6. Probable N2H4 sensing mechanism in the presence of DBA

The probable sensing mechanism behind the improved fluores-
cence emission of the ligand DBA in the presence of N2H4

involves the transformation of the hydrazide derivative (DBA)
into a hydrazone derivative (DBH) (Scheme 2 and Scheme S1).42

Although DBA contains electron-donating hydroxyl groups at

Fig. 3 (a) UV-vis titration spectra of DBA (c = 5.0 � 10�5 M) in the presence of N2H4 (c = 1 � 10�5 M) in CH3CN/HEPES buffer solution (9 : 1, v/v, pH 7.4).
(b) Absorbance changes of DBA vs. N2H4 concentration with error bars ranging 1% (Y error bars for both [�] deviation).

Fig. 4 (a) Fluorescence titration spectra of DBA (c = 5.0 � 10�5 M) in the presence of N2H4 (c = 1.0 � 10�5 M) in CH3CN/HEPES buffer solution (9 : 1, v/v,
pH 7.4) (lex = 315 nm). (b) Changes in emission intensity as a function of N2H4 concentration with error bars ranging 2% (Y error bars for both [�]
deviation).
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the ortho positions, which promote intramolecular charge
transfer (ICT) by increasing electron density across the aro-
matic system, the presence of the hydrazide group hinders
efficient ICT, thereby reducing fluorescence. Moreover, in the
solvatochromic analysis, DBA exhibited negligible fluorescence
enhancement/shifting in most of the tested solvents, namely
CH3CN, CH3OH, acetone, DMSO, H2O, toluene, and THF.
Notably, weak fluorescence was detected in toluene, with
comparatively lower intensities in DMSO and THF, showing
two distinct emission bands at 350 nm and 423 nm (Fig. S10).
Upon reaction with hydrazine, the ligand DBA has been con-
verted to a hydrazone derivative DBH featuring an extended
conjugated system comprising the aromatic ring, the hydra-
zone linkage (–CQN–NH2), and two electron-donating hydroxyl
groups. This transformation significantly improves ICT within
the aromatic ring, which results in an increase in fluorescence
upon reacting with N2H4.43 Moreover, the bulky tert-butyl
groups at the 4 and 6 positions additionally suppress non-
radiative decay pathways by restricting rotational and vibra-
tional motions, stabilizing the excited state and resulting in
enhanced fluorescence.

Moreover, the conversion of DBA to DBH was also confirmed
through 1H-NMR and mass spectra (Fig. S6 and S7). Upon
transformation of the hydrazide group in DBA to a hydrazone
group in DBH, significant shifts in the proton signals were
observed, particularly for the two hydroxyl protons attached to
the benzene ring and the imine proton. In DBA, the hydroxyl
proton signals appeared at 12.78 ppm (Ha) and 10.68 ppm (Hb),
attributed to strong deshielding effects from the adjacent
hydrazide group. In DBH, these signals shifted downfield to
12.63 ppm (Ha) and 9.49 ppm (Hb), consistent with the
replacement of the hydrazide group by a hydrazone moiety.
Additionally, the imine and aromatic protons also showed
slight shifts: from 8.77 ppm (Hc) and 6.83 ppm (Hd) in DBA
to 8.46 ppm (Hc) and 6.85 ppm (Hd) in DBH (Fig. S6). The
transformation of DBA into DBH was additionally confirmed by
the emergence of a distinctive molecular ion peak at m/z. =
265.4202 (M + H)+, which is close to the theoretical mass peak
for C15H24N2O2 at 264.3690 for DBH (Fig. S7).

2.7 Theoretical calculation

To elucidate the sensing mechanism of DBA toward N2H4

through the formation of DBH, structural optimizations were
carried out using density functional theory (DFT) at the B3LYP
level (Fig. 6a). Additionally, we examined the spatial electron
cloud distribution and calculated the frontier molecular orbital
energies—specifically the highest occupied molecular orbital

Fig. 5 Fluorescence intensity variation (green bars) of DBA + 15 equiv. of
various interfering analytes (An�); (maroon bars) fluorescence intensity of
DBA + 15 equiv. An�, followed by 10 equiv. of N2H4 in CH3CN/HEPES
buffer solution (9 : 1, v/v, pH 7.4) (lex = 315 nm).

Scheme 2 Plausible reaction mechanism between DBA and N2H4.

Fig. 6 (a) Geometry optimized molecular structure of (i) DBA and (ii) DBH
(DBA + N2H4). (b) Frontier molecular orbital with the energy difference of
(i) DBA and (ii) DBH (DBA + N2H4).
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(HOMO) and the lowest unoccupied molecular orbital
(LUMO)—for both DBA and DBH. For DBA, the energy gap
between the HOMO (�8.34 eV) and LUMO (�0.45 eV) is 7.89 eV.
In contrast, DBH exhibits a slightly larger HOMO–LUMO energy
gap of 8.18 eV, with HOMO and LUMO energies of �8.39 eV
and �0.206 eV, respectively (Fig. 6b). Notably, the stabilization
of the HOMO level in DBH and the observed increase in the
HOMO–LUMO energy gap from 7.89 eV (DBA) to 8.18 eV (DBH)
suggest the thermodynamic feasibility of the conversion from
DBA to DBH. The production of DBH is indicated by one
absorption band at 366 nm in methanolic solution at 25 1C,
and the theoretically calculated absorbance is 370 nm, which is
well supported by experimental results. This spectrum is
caused by the S0 - S8 transitions that occur during DBH
formation.

2.8. Root imaging study

In this study, we have demonstrated the potential of a fluor-
escent probe, DBA, for detecting hydrazine accumulation using
a plant-based cell imaging approach. The legume Lathyrus
sativus L. (grass pea) was employed as a cost-effective, conve-
nient, and readily available model system for primary
screening.44,45 Transverse sections of treated roots displayed
clear fluorescence signals, indicating the successful accumula-
tion and interaction of DBA with N2H4 (Fig. 7IB and D). More-
over, root extracts subjected to centrifugation and observed
under UV light revealed strong blue fluorescence in the DBA
and hydrazine-treated samples. The higher fluorescent zone is
observed inside xylem upon treatment. This signifies that the
chemical DBA is absorbed by the root and transported with
water throughout the plant in contrast to the non-fluorescent
control (Fig. 7IA and C). These results validate the efficacy of
DBA as a reliable indicator of hydrazine presence in plant
tissues. We proposed DBA as an advanced fluorescent probe
in this study, which offers a promising, simple, and effective
approach for hydrazine detection across various domains,

including environmental monitoring, food safety assessment,
and biological risk evaluation.

The antioxidant activity of DBA was assessed using the
DPPH radical scavenging assay. As shown in Fig. 7(I), the
control containing only the DPPH reagent retained a strong
purple coloration, suggestive of unreacted DPPH radicals. In
contrast, the DBA treated samples demonstrated a significant
reduction in the intensity of the purple color, signifying the
presence of active antioxidant compounds capable of neutraliz-
ing free radicals. 50% reduction was seen at 10 mM concen-
tration of DBA. The degree of decolorization visually suggested
a concentration-dependent effect, where higher sample con-
centrations of DBA led to more pronounced fading. At higher
concentrations (30–50 mM), the extent of fading appeared to be
similar across treatments, indicating that the scavenging activ-
ity reached a plateau. Based on the visual inspection of color
intensities, there is a significant difference between the control
and all DBA treated samples. However, no significant difference
is visually detectable among the 30 mM, 40 mM, and 50 mM
treatments, suggesting that DPPH radicals were maximally
scavenged at 30 mM and additional increases in concentration
did not further enhance activity. Overall, the data indicate that
DBA possesses strong antioxidant potential, with significant
activity evident from 10 mM onward (Fig. 7II). This color
transition from deep purple to lighter hues confirms the radical
scavenging ability of DBA, underscoring its potential as a
source of potential antioxidant compounds.46 Hydrazine
(N2H4) is a volatile and highly toxic compound known to cause
significant harm to water, soil, air, and living organisms.
Numerous earlier studies have reported its carcinogenic
potential following toxic or even subtoxic exposure.47,48 Given
its wide industrial use in pharmaceuticals, pesticides, and
textile dye production, hydrazine must be detected in real time
and monitored in the environment for an extended period of
time in order to preserve the environment and the health of
humanity. Once absorbed by plants, hydrazine can infiltrate

Fig. 7 (I) Estimation of hydrazine (N2H4) in grass pea roots. (A) Fluorescence of the root extract under UV light and seedlings treated with distilled water
(control). (B) Fluorescence of the root extract under UV light and seedlings treated with N2H4 followed by DBA. Transverse sections of roots imaged
under UV light: (C) control root, (D) treated root (N2H4 + DBA). Scale bar = 10 mm. (II) Antioxidant activity of DBA in the presence of DPPH. In accordance
with Duncan’s multiple range test, the data indicated by different lower-case letters are significantly distinct (p r 0.05), and the data are displayed as
mean � standard deviation (n = 10). The inset presents the degree of color fading (purple to yellow) proportional to antioxidant capacity, (i) only 0.1 mM
DPPH and (ii) 0.1 mM DPPH + 50 mM DBA.
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the food chain, exacerbate oxidative stress, induce lipid perox-
idation, stimulate reactive oxygen species (ROS) formation, and
ultimately damage essential biomolecules such as DNA, pro-
teins, and cellular structures.

2.9. Soil analysis

Chemicals used in warfare are most commonly found in the
soil of areas that once served as battlefields, where they have
been released into the environment.49 So, we have performed
real-time field soil analysis, to understand the selectivity for
hydrazine. 1 g of field soil was placed in separate vials along
with the ligand DBA (c = 5.0 � 10�5 M), in the presence of
hydrazine (c = 1.0 � 10�5 M). In the fluorescence study, as the
concentration of hydrazine increased, the corresponding emis-
sion intensity progressively increased. And from this titration,
the detection limit was calculated and found to be 0.029 mM
(Fig S8, SI). These findings confirm that the DBA probe is
suitable for real-time hydrazine detection in environmental
samples, especially soil.

3. Conclusion

In conclusion, the fluorescent chemodosimeter DBA offers a
highly efficient, selective, and sensitive platform for hydrazine
detection via an irreversible reaction pathway that produces a
pronounced enhancement in fluorescence intensity. The sen-
sing mechanism, based on the transformation of the hydrazide
group into its corresponding hydrazone form, is strongly sup-
ported by 1H NMR and mass spectrometric analyses and
theoretical studies, confirming both structural changes and
the mechanistic reliability of the system. DBA exhibits excellent
photostability, rapid response behavior, and an exceptionally
low detection limit, establishing it as a robust probe for diverse
analytical applications. Its high biocompatibility and low cyto-
toxicity further enable effective plant-based cellular imaging,
successfully visualizing hydrazine accumulation in Lathyrus
sativus L. (grass pea). Additionally, DBA was used to detect
hydrazine in environmental samples through soil analysis
experiments, i.e., real environmental analysis. These results
establish DBA as a promising candidate for biological, environ-
mental, and analytical sensing applications. Future improve-
ments in its molecular design could enhance solubility,
spectral properties, and sensing performance, broadening its
suitability for in vivo imaging. Coupling DBA-based probes with
portable devices, microfluidic platforms, or nanomaterial inter-
faces may further expand their use in environmental monitor-
ing, food quality analysis, and biomedical diagnostics. Overall,
DBA shows strong promise as a versatile fluorescent sensor for
advanced analytical and biosensing technologies.
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