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Coumarin-based composite material for the latent
fingerprint visualization and electrochemical
sensing of hydrogen peroxidey

Manjunatha B,? Yadav D. Bodke, {2 *3 Mounesh (2 and Sachin Ashok Bhat ¢

Owing to their unique advantages of sensitivity, selectivity, and so on, electrochemical sensing methods are
gaining importance in recent times. Given the limitations of single-component sensing systems, developing
composite materials with two or more distinct components in suitable proportions for sensing applications
is the need of the hour. There have been a plethora of attempts in this regard, wherein composite materials
are being used as working electrodes for electrochemical sensing applications. In this regard, herein, we
report a simple, hassle-free, and cost-effective synthesis of a redox-active organic molecule capable of
electrochemically sensing hydrogen peroxide in its aqueous solution state. The limit of detection (LOD)
was found to be as low as 5 nmol L™ in a linear range of 50-500 nmol L™ The compound was
spectroscopic both
electrochemically and optically active, exhibiting fluorescence properties. This fluorescence behavior

thoroughly characterized using different techniques. The molecule is
was employed in developing a latent fingerprint visualization technique. The redox activity of the
compound coupled with photoluminescence properties presents a great opportunity to exploit its usage

in electrochemical sensing applications.

We present a sustainable approach to synthesizing a redox-active organic molecule (CTH) for electrochemical hydrogen peroxide (H,0,) sensing and latent
fingerprint development. Our straightforward, cost-effective synthesis method aligns with sustainability goals. Its structural integrity was confirmed using

various techniques, and its solid-state fluorescence highlights its potential for eco-friendly fingerprint visualization. Additionally, redox properties enable
qualitative H,O, determination via electrochemical methods. We further enhanced its sensing capabilities by creating a composite material with MWNTs,

maintaining its performance even in the presence of interfering ions and organic compounds. CTH's multifunctional nature offers sustainable solutions in
diverse applications. Our work highlights/aligns with the following UN sustainability goals: Goal 9: industry, innovation, and infrastructure; Goal 3: good health

and well-being.

. Introduction

Hydrogen peroxide (H,0,) is a potent oxidizing agent widely

applications. Over the years, several detection methods have
been devised, including colorimetric, fluorometric, and elec-
trochemical approaches.** Among these, electrochemical

employed in diverse fields, such as medicine, food processing,
and cosmetics, owing to its strong oxidative capabilities.
However, the presence of high concentrations of H,O, poses
significant hazards and toxicity, which are potentially harmful
to both the environment and human health.'”® Consequently,
the development of efficient and sensitive H,0, sensors holds
paramount importance for industrial and environmental
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sensors have garnered immense popularity owing to their high
sensitivity, selectivity, cost-effectiveness, and real-time moni-
toring capabilities.

Electrochemical sensors operate on the principle of con-
verting a chemical signal into an electrical one. For H,0,
detection, this involves monitoring the electrochemical reduc-
tion or oxidation of H,O, at the electrode surface. Electro-
chemical sensors have emerged as a promising approach for
H,0, detection, offering high sensitivity, selectivity, and ease of
use, making them invaluable for a wide range of industrial and
environmental applications. Various types of working elec-
trodes have been employed in H,O, sensing, including carbon-
based, metal-based, and modified electrodes. Carbon-based
electrodes, such as glassy carbon (GC), graphite, carbon nano-
tubes (CNTs), and graphene, are the most commonly utilized
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owing to their affordability, exceptional sensitivity, and robust
stability.”**® Among these, CNTs have gained significant
attention in recent years owing to their unique characteristics,
including a large surface area, excellent electrical conductivity,
and biocompatibility, rendering them highly effective for H,O,
sensing."'* Metal-based electrodes, such as gold, platinum,
and silver, have also shown promise as working electrodes in
H,0, sensing owing to their favorable electrochemical
properties.”””™ While they offer high sensitivity and selectivity,
their cost and limited availability hinder their widespread
application. Recently, numerous redox-active compounds have
been synthesized and explored for H,0, sensing.”**® These
compounds possess unique redox properties, rendering them
suitable for electrochemical sensing applications. Organic
compounds such as 2,2-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) and 1,10-phenanthroline have been
investigated for H,0, sensing. To address the challenges asso-
ciated with single-component electrodes, a modified electrode
approach has emerged, involving the alteration of the electrode
surface with materials that enhance sensitivity and selectivity
towards H,0,. For example, a recent study by Zhang et al. re-
ported the use of a graphene oxide and polypyrrole composite-
modified glassy carbon electrode for H,O, sensing, exhibiting
high sensitivity (detection limit of 0.2 puM) and good stability.>*

Latent fingerprint visualization (LFP) is a crucial technique
used in forensic science to reveal hidden or “latent” fingerprints
on various surfaces. This method involves the enhancement of
faint or invisible fingerprint residues left behind by individuals
at crime scenes. Typically, this process includes the use of
powders, chemical reagents, or specialized lighting to make
latent prints more visible and suitable for analysis. The appli-
cations of latent fingerprint visualization are diverse, encom-
passing criminal investigations, forensic analysis, and law
enforcement efforts. By making previously unseen fingerprints
identifiable, this technique assists in linking suspects to crimes,
solving cases, and aiding in the pursuit of justice. It plays
a pivotal role in modern forensic science and continues to
advance through the development of new technologies and
methods.

In this work, we report the synthesis of a redox-active
compound capable of sensing H,0, at extremely low concen-
trations such as at nM scales. A composite consisting of the
compound and CNTs was prepared and was used as the active
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material for sensing by coating it onto a glassy carbon electrode.
The sensing remained unaffected even in the presence of
interfering ions as well as organic compounds, making this
electrochemically active multifunctional molecule a promising
candidate for various applications. Apart from the electro-
chemical sensing, the LFP technique has also been developed
using this redox-active compound. The method employs the
intense fluorescence behavior of the compound and visualizes
the latent fingerprint application effectively. This application
can have vast forensic significance in visualizing the finger-
prints effectively.

Il. Materials methods

ILA. General procedure for the synthesis of coumarin
derivative, CTH, and structural characterization

The proposed coumarin derivative compound (CTH) was
synthesized using the reaction steps depicted in Scheme 1. In
a 100 mL round-bottom flask, thiophene-2-carbohydrazide (C)
(2 mmol), 3-acetyl-2H-1-benzopyran-2-onev (T) (2 mmol) were
taken in 10 mL of EtOH with 2-3 drops of acetic acid. Then, the
reaction mixture was refluxed at 70-80 °C using a magnetic
stirrer for about 8-10 hours. After the completion of the reac-
tion, the obtained precipitate was filtered washed with EtOH,
and dried. Spectroscopic analyses such as FTIR, NMR, and
HRMS were performed to characterize the molecular structures
of the target compounds and their intermediates. The repre-
sentative spectra of the target compound CTH are given in the
ESI (Fig. S1-S47).

ILB. Computational studies

The Gaussian 09 software along with the B3LYP function with
the 6-31G(d,p) basis set was used to perform all the computa-
tional calculations. Gauss view 05 was used to visualize the
Gaussian software's output files. Multiwfn 3.7 was used to
calculate RDGs, and Visual Molecular Dynamics (VMD) software
was used to visualize them.

IL.C. Visualization of LFPs using CPC

In the beginning, subject's hands were washed thoroughly with
soap water. Various non-porous surface materials were
collected from the laboratory. The thumb was imprinted on

EtOH

CTH

Scheme 1 Schematic depicting the synthesis procedure followed to obtain the target compound CTH.
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collected surfaces. Then, the CPC was stained on the LFPs
through the powder dusting method. The developed LFPs were
visualized under 365 nm UV light and images were captured
using a mobile phone.

ILD. Electrodeposition of CTH/MWCNTs/GC

The GCE surface was cleaned by polishing it with 0.05 pm
alumina slurry using a Buehler polishing kit. Approximately, 8
uL of the dispersion of MWCNTS (0.5 mg mL ™) was dropped on
the pre-cleaned GCE and dried at ambient conditions. Then,
MWCNT (5 ng MWCNTs loading) was transferred to a 10 mL
sample vial containing 1 mM CTH in 5 mL DMSO, and one drop
was coated on GCE, which was called CTH/MWCNTSs/GCE. The
electrodeposition was carried out using cyclic voltammetry at
a potential range between —0.6 to 0.4 V, while the scan rate was
50 mv s .51

[1l. Results and discussion
III.A. Theoretical studies

Theoretical studies were undertaken to understand not only the
prediction of the energy levels of the molecule but also to
determine the electron density distribution. Using the DFT
studies, the HOMO and LUMO energy levels of the molecule
CTH were determined and the molecular orbital picture for the
same is shown in Fig. 1. The theoretical matrices, such as
HOMO and LUMO energy levels, band gap, and ionization
energy are tabulated in Table S1.f As can be seen from Fig. 1
and Table S1,T the band was found to be 3.451 eV, which was
found to be reasonably close to the experimentally calculated
one using the UV data as will be discussed in further sections.
Along with the band gap the molecular electrostatic potential
was determined and the image is shown in Fig. 2. As expected
electron-deficient regions represented by an orange hue are
seen around the keto groups at the center of the molecule.

LU
MO

HO
MO

Fig. 1 FMO orbitals and HOMO-LUMO energy gap of synthesized
compound CTH.
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Fig. 2 Molecular electrostatic potential surface of synthesized
compound CTH.

IIL.LB. Absorption and emission studies and latent
fingerprints visualization

Given the fact that the molecule has electron donor and
acceptor groups linked together, the compound must exhibit
a photoluminescence phenomenon. The effect of the solvent on
the absorption and emission was examined by recording UV-Vis
and fluorescence spectra of the known concentrations of the
compound in different solvents. The concentration was kept
constant in all the solvents to understand the solvent effect on
intensity as well. The results obtained are plotted in Fig. 3. Also,
emission and absorption values as a function of the solvent are
tabulated in Table S2.1 As can be seen from the figure, the
intensities of the same concentrations of the sample in different
solvents vary drastically. Upon closer examination, a correlation
between the polarity of the solvent and emission intensity could
be established. As can be seen from the plot (Fig. 3a) the
emission intensity reduces steadily with decreasing polarity.
The higher polar solvents, such as ethanol and methanol, show
a higher intensity value while the solvents that lie in the middle
of the polarity scale such as acetonitrile and DMSO showed
comparatively lower emission values. However, the correlation
was not linear, indicating the existence of other factors apart
from polarity affecting the emission phenomena. The polarity
of the solvents also affected the fluorescence wavelength since
non-polar solvents do not stabilize the excited state of the flu-
orophore, thereby increasing the energy gap between the
ground and the exited energy of the molecules.

With the increase in the polarity, a slight shift in the fluo-
rescence wavelength towards a lower wavelength is observed.
Similarly, the solvent polarity is also shown to affect the
absorption spectra as well. The effect is more prominent in the
absorption spectra, as shown in Fig. 3b. In the highly non-polar
solve, i.e. THF, there is only one peak around 404 nm, however,
upon increasing the polarity, an appearance of a shoulder peak
around 475 to 498 nm was observed. This appearance/
enhancement of the peak around the 404 nm peak can be
attributed to the fact that polar solvents tend to stabilize the 7*-
exited state thereby shifting the absorption wavelength to
a higher wavelength.

To understand the efficiency of the molecule to exhibit
fluorescence emission upon irradiation, UV light fluorescence
lifetime studies were carried out. These studies were carried out
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Fig. 3 Plots showing the solvent-dependent (a) emission (b) absorption phenomenon. As can be seen from the plots, the solvent polarity has
a significant effect on the intensity and the emission/absorption wavelength.

Table 1 Table depicting quantum yields of the compound CTH in
different solvents

Sl no. Solvent Quantum yield
1 EtOH 0.21
2 MeOH 0.17
3 ACN 0.06
4 THE 0.05
5 DMSO 0.02

by adopting a relative quantum yield technique with anthracene
as the standard. The quantum yields obtained in different
solvents are shown in Table 1.

It is clear from the table that the quantum yield is substan-
tially higher (2-3 times) in highly polar solvents such as ethanol
and methanol as compared to those in less polar solvents such
as acetonitrile, THF, and DMSO. In a crime scene, the collection
of latent fingerprints (LFPs), as a piece of evidence, is crucial for
investigators. Generally, human LFPs have three levels of clas-
sifications, level I and level II display the nature of ridges such

Fig. 4 LFP images captured using CTH on different material surfaces of (a, a*) alumina plate, (b, b%) glass, (c, ¢! spatula, (d, d*) and coin under

normal light and UV light (365 nm) using the powder dusting method.
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Fig. 5 Cyclic voltammogram in 150 nM H,O, at (a) the bare GC
electrode; (b) CTH-modified GC electrode and (c) CTH-modified GC
electrode with composite MWCNTSs in PBS (pH 7) electrolyte. Scan
rate: 50 mv st

as bifurcations, dots, and ridge-endings and level III provides
the details of the friction ridge-like edge shapes and sizes. Level
I and level II can be easily duplicated by artificial skin but not
level I1I. To visualize the LFPs the synthesized (CTH) fluorescent
dye was employed. The images obtained using normal and UV
lights are shown in Fig. 4.

As can be seen from the figure, the fluorescent compound
CTH was able to visualize the fingerprints irrespective of the
surface. The surfaces such as alumina, glass, and coins were
tried and all produced highly reproducible results. Along with
this, the ridges from level I to level III can be observed without
any background interference on the applied surface.

III.C. Electrocatalytic detection of H,0,

Fig. 5 depicts the CVs of bare GCE, CTH-modified GC elec-
trodes, and CTH with composite MWCNTs electrodes towards
the oxidation of 100 nM H,O0,. In the potential range of 0.4 to

400 nM

H202

08 -06 04 -02 00 02 04
Potential V vs. Ag/AgCI
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—0.6 V, bare GCE did not show any reduction peak (Fig. 5, curve
a). The CTH-modified GC electrode detected a reduction peak
potential (—0.415 V) at a high reduction peak current (Fig. 5
curve b) as compared with bare GCE (Fig. 1A, curve a), and CTH
with composite MWCNTs electrode was detected with same
potential at —0.415 V (Fig. 5, curve c) with compile result of
without MWCNTSs (Fig. 5, curve b), a distinct cathodic peak
corresponding to the reduction of H,O, was observed. More-
over, the CTH/MWCNTs electrode showed a much higher peak
current compared to other electrodes.”®™**

Next, the CTH/MWCNTs composite electrode was tested for
the detection of H,0, ions. Cyclic voltammograms of the CTH/
MWCNTs composite electrode were initially tested in 50 nM
H,0, aqueous solution, with a distinct peak observed at
—0.415 V vs. Ag/AgCl (Fig. 6A). No peak was observed in the
absence of bare GCE by H,O0, detection (Fig. 5, curve s).
Subsequently, 50 nM additions of H,0, (Fig. 6A) were added
into PBS (pH 7) electrolyte solution, where noticeable increases
in the peak current were observed after each addition
(concentration range from 50 to 400 nM of H,0,), Fig. 6A.
Distinct current raises were obtained for concentrations as low
as 50 nM H,O,. The peak current values showed a strong linear
correlation with H,O, concentration with a limit of detection
(based on 30) for H,O, of 12 nM. Note that this detection limit
corresponds to the existing methodologies, which are both
electrochemical methods.”**® The linear graph of various
concentrations of H,O, vs. the reduction peak current of H,O,
showed a correlation coefficient of 0.999, as shown in Fig. 6B,
these results are in agreement with those reported previously, as
shown in Table S2.7

The effect of scan rate was also investigated in 150 nM H,0,
solution under different scan rates from 10 to 100 mV s '
(Fig. S5Aft), increasing the scan rate with gradually increasing
reduction peak current. The determination of the linear
regression curve of ¥ = 0.160(H,0,) — 20.569 indicated R> =
0.999, as shown in Fig. S5Bf using the CTH/MWCNT-modified
GC electrode. Fig. S5Bt shows that the plot of the reduction
peak current vs. the square root of the scan rate is linear,

(B) -5
-104

Y =0.062 (H,0,) - 5.806
R?=0.999

50 100 150 200 250 300 350 400
Different Conc. of H,0,/nM

Fig.6 Cyclic voltammogram in various concentrations of H,O, (50-400 nM) at (A) the CTH-modified GC electrode with composite MWCNTSs in

PBS (pH 7) electrolyte. (B) Linear graph of various concentrations of H,O, vs. various reduction peak currents: scan rate: 50 mV s
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Fig. 7 Differential pulse voltammogram in various concentrations of H,O, (50-500 nM) at (A) CTH/MWCNT-modified GC electrode in PBS (pH
7) electrolyte. (B) Linear graph of various concentrations of H,O, vs. various reduction peaks current: scan rate 50 mV s,
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Fig. 8 Chrono-program in various concentrations of H,O, (50-500 nM) at (A) CTH/MWCNT-modified GC electrode in PBS (pH 7) electrolyte.
(B) Linear graph of various concentrations of H,O, vs. various reduction peaks currents: at the applied potential of 400 mV s

suggesting that the reaction of the reduction process is diffu-
sion controlled.

Differential pulse voltammetry (DPV) was used for the elec-
trochemical estimation of H,O, at the CTH/MWCNTs-modified
GC electrode. The reduction peak current corresponding to the
electro-reduction of 50 nM H,0, in the potential ranges of 0.0 to
—0.8 V at the CTH/MWCNT-modified GC electrode was recor-
ded for varied DPV parameters. The CTH/MWCNT-modified GC
electrode detected —0.415 V of H,0,, as shown in Fig. 7A.
Keeping all other parameters constant, with an increase in the
accumulation/deposition time from 5 to 20 s, DPVs were
recorded for electro-reduction of H,O, over a wide concentra-
tion range from 50 to 500 nM (as shown in Fig. 7A), the linear
graph fitting the equation Y = 0.053(H,0,) — 10.308 (R* = 0.999)
(Fig. 7B). The detection limits were calculated from the cali-
bration curve using 3sy/m (S/N = 3), where the standard devia-
tion of the error of the intercept and m is the slope of the
calibration plot. The detection limit of 5 nM for H,0,. A
comparison of the detection limits/analytic performance re-
ported for H,O, on various electrode systems with that observed
in the present work is presented in Table S2.}

480 | RSC Sustainability, 2024, 2, 475-482

Fig. 8A illustrates the current-time plots for the CTH/
MWCNT-modified GC electrode with successive step changes of
H,0, concentration. As the H,0, was injected into the stirring
PBS, the steady-state currents reached another steady-state
value (94% of the maximum) in less than 3 s. Such a fast
response implies that the CTH/MWCNTs can promote the
reduction of H,0,. The linear relationship between the catalytic
current and the concentration is shown in Fig. 8B. As can be
seen, the CTH/MWCNTs display a linear response range of 50 to
500 nM (correlation coefficient: 0.999 Fig. 8B), with a detection
limit of 9 nM at a signal-to-noise ratio of 3. We summarized
various H,0, sensors in Table S2,T concerning the linear range
and the detection limit. It can be seen that the performance of
CTH with the composite MWCNT-based sensor is excellent
compared to the other material-based electrodes concerning
the linear range and the detection limit.

The CTH/MWCNT-modified GC electrode-based H,0, sensor
also displayed good selectivity in the presence of common co-
existing species, such as Cu®", NO,, glucose Pb>", Hg**, Cd*",
and paracetamol Fig. S6(b, ¢, d, e, f, g, h, respectively), at
200 nM, there was no interference with the response of 50 nM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Real sample analysis using the CTH/MWCNTs composite-
modified GCE for the detection of H,O, in raw milk samples (n = 3)

Real samples Added (uM) Found (uM) Recovery (%)
Milk 50 48.25 96.5

100 98.5 98.5

150 148.6 99.06

200 199.9 99.95

H,0, Fig. S6(a).T As seen in the figure, a step appeared obviously
when a certain amount of H,0, was added. However, no step
was observed when the co-existing species were added. It indi-
cates the CTH/MWCNT-modified is an excellent electro-
catalytically active GC electrode showing selectivity with
sensitivity.

III.C.1. Determination of H,0, in real samples. From
a practical application standpoint, the created CTH/MWCNT-
modified GC electrode was also used as an H,0, sensor to
estimate H,0, in real milk samples. The amperometric i-t
response was obtained for the identification of H,0, contained
in real milk samples while maintaining the same experimental
settings as previously mentioned. To reduce the sample matrix
effect, pH 7.0 was initially used to dilute the genuine milk
sample (10 mL). The sensing analysis of the actual samples was
then performed using milk samples containing a known
quantity of H,0, (0.1 mM). To obtain the amperometric
response, the experiments were conducted at fixed intervals of
(100 s). Table 2 lists the recovery outcomes for H,0,. Using
a common addition method, the recovery percentage of H,0,
was calculated and determined to be between 96.5 and 99.95%
in the present situation. The modified GC electrode made from
CTH/MWCNTs showed good and sufficient H,O, recovery from
milk. Fig. S71 shows the bar graph, which indicates the effect of
interfering agents on the sensing.

IV. Conclusion

In summary, the redox-active compounds capable of sensing
hydrogen peroxide at extremely low concentrations, such as
at nM scales, were synthesized and characterized. The
compound synthesized was characterized using various spec-
troscopic techniques and theoretical methods to confirm the
structure. The fluorescence behavior of the compound, CTH
was examined with the help of emission spectroscopy, and the
effect of solvent polarity on absorption, emission as well as on
quantum yield was determined. The compound exhibited high
fluorescence in the solid state and hence it demonstrated the
applicability in latent fingerprint development. More impor-
tantly, the redox nature of the compound was employed for the
qualitative determination of H,O, from the solution using
electrochemical methods. A composite consisting of CTH and
MWNTs was prepared and was used as the active material for
the sensing by coating it onto GCE. It was also shown that the
sensing remained unaffected even in the presence of interfering
ions as well as organic compounds. The real sample analysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showed the efficacy of the sensor in detecting H,O, quantita-
tively in the real-world sample. In essence, this electrochemi-
cally active multifunctional molecule, CTH provides a unique
opportunity to be used for various applications.
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