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Synthesis of molybdenum nanoclusters from Vitex
negundo leaves for sensing epinephrine in a
pharmaceutical composition†

Harshita,a Sanjay Jha,b Tae-Jung Park c and Suresh Kumar Kailasa *a

The fabrication of metal nanoclusters (NCs) obtained from medicinal plant extracts for the detection of

biomolecules has attracted a lot of interest recently. In this work, green chemistry is used to synthesize

cyan fluorescent molybdenum nanoclusters (MoNCs) for the selective detection of epinephrine. The

MoNCs were synthesized by using MoCl5 as a metal precursor and Vitex negundo (V. negundo) plant

extract as a capping agent. With the addition of epinephrine, the intensity of the emission peak of V.

negundo-MoNCs at 495 nm was drastically quenched (68%) on the basis of the inner filter effect (IFE)

between V. negundo-MoNCs and epinephrine demonstrating that V. negundo-MoNCs can be used as

sensing probe for the epinephrine detection. Further, the effect of pH on the fluorescence response of V.

negundo-MoNCs was investigated for sensing epinephrine. Moreover, the V. negundo-MoNCs fluorescent

probe exhibited a good linear range of (0.25–10 μM) for epinephrine with a detection limit of 0.46 μM. The

MTT assay was used to investigate the cytotoxicity of V. negundo-MoNCs on the A549 lung cancer cell

line, demonstrating the biocompatibility of MoNCs. This approach was further successfully employed for

quantifying epinephrine in pharmaceutical samples.

1. Introduction

Neurotransmitters, also known as the chemical messengers
of the body, are the chemical molecules, which are
responsible for transmitting messages as signals through
neurons to the target cell.1 The adrenal gland secretes
epinephrine, a crucial catecholamine neurotransmitter in
the nervous system.2 By speeding up the heart rate, it can
increase the chance that cardiac arrest patients will survive.3

In response to a violent event, intense emotions like fear,
rage, or any other form of excitement trigger the secretion
of epinephrine into the blood, which raises the heart rate,
sugar metabolism, blood pressure, and muscle contractions.
The body prepares for vigorous activity as a result of this
reaction, known as the “flight or fight reaction”.4 Early-stage
diagnosis is crucial since the usual level of epinephrine in
the human body is 764.3 pM, and abnormalities in this
level can cause detrimental disorders such Parkinson's

disease, multiple sclerosis, hypertension and Alzheimer's
disease.5

Nanomaterials, for example, carbon nanomaterials, metal
nanoparticles, metal oxide nanomaterials, polymers,
biomaterials and nanohybrids,6,7 have gained prominence as
effective investigative probes due to their outstanding
physicochemical properties, high surface-to-volume ratios,
high adsorption, and reactive capacities. It is challenging to
achieve these characteristics while utilising conventional
material.8 Various kinds of nanomaterials (0D–3D) have been
utilized to enhance the sensor selectivity, sensitivity and limit
of detection amongst various metrics. With the incorporation
of these nanostructures into electrochemical,9,10 optical
spectroscopy, high-performance liquid chromatography
(HPLC) and gas/liquid chromatography-mass spectrometry
(GC-MS) techniques, the analytical features of these
techniques are greatly improved.11 For instance, in a report
rGO nanosheets were decorated with Pd NPs by utilizing
microwave-assisted in situ reduction and exfoliation methods
in order to examine their hydrogen detection ability under
various conditions. The detection capability further was
evaluated at different hydrogen concentrations (up to 1%),
temperatures, and relative humidities (up to ∼44%).12 An
organoclay/polypyrrole-alginate (OC/Ppy-A) nanocomposite-
modified glassy carbon sensor (MGCS) was developed for
sensitive detection of greenhouse gas (CO2) in seawater and
brackish samples and examined using electrochemical

Sens. Diagn., 2023, 2, 893–901 | 893© 2023 The Author(s). Published by the Royal Society of Chemistry

a Department of Chemistry, Sardar Vallabhbhai National Institute of Technology,

Surat-395007, India. E-mail: sureshkumarchem@gmail.com, skk@chem.svnit.ac.in
b ASPEE Shakilam Biotechnology Institute, Navsari Agricultural University, Surat

39500, Gujarat, India
c Department of Chemistry, Research Institute of Chem-Bio Diagnostic Technology,

Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Republic of Korea

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3sd00063j

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 1
1:

57
:5

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sd00063j&domain=pdf&date_stamp=2023-07-13
http://orcid.org/0000-0001-8918-0957
http://orcid.org/0000-0003-4058-0145
https://doi.org/10.1039/d3sd00063j
https://doi.org/10.1039/d3sd00063j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00063j
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD002004


894 | Sens. Diagn., 2023, 2, 893–901 © 2023 The Author(s). Published by the Royal Society of Chemistry

impedance spectroscopy and cyclic voltammetry (CV).13

Compared to the bare glassy carbon sensor (GCS), the
fabricated MGCS demonstrated a superior five-fold CV signal
for detection of CO2. Various techniques for the
quantification of epinephrine using nanomaterials have been
described in the literature such as electrochemistry,14,15

colorimetric,16 chemiluminescence,17 surface-enhanced
Raman spectroscopy,18 HPLC,19 and capillary
electrophoresis.20 However, the majority of these techniques
are not capable of quick on-site detection, mainly in remote
areas, because of their laborious operation and high cost. In
this aspect, a fluorescence technique for detection is very
appealing as it is simple and requires a low cost of operation.
A fluorescent biosensor is advantageous because of its
characteristics such as selectivity, simplicity, sensitivity,
minimal cost instrument, fastness and visual
identification.21–23 Furthermore, the use of nanomaterials as
probes has significantly improved the effectiveness of
numerous analytical approaches for the identification of
epinephrine in several clinical biological fluids. For example,
an ordered mesoporous carbon/nickel oxide nanocomposite
was used as a substrate for the sensing of epinephrine with a
limit of detection (LOD) of 8.5 × 10−8 M.14 Further, 3D-
laccase–Cu3(PO4)2·3H2O microflowers were fabricated for the
colorimetric detection of epinephrine.24 Similarly, a
molecularly imprinted polymer was decorated on the surface
of an MXene/carbon nanohorn for the voltammetric
determination of epinephrine.25 Although the above
analytical techniques exhibited good selectivity and
impressive sensitivity, they required tedious synthetic routes
and specific ligands. Hence, one of the most important ways
to counteract the negative effects of producing nanomaterials
chemically is through green synthesis.26 As a result,
biosynthesis of nanomaterials using plants emerged as a
secure, affordable, and more environmentally friendly
substitute.27 The majority of the workers are interested in
using plant extracts to synthesize nanomaterials because they
contain a variety of phytoactive compounds that serve as
stabilizing and reducing agents simultaneously, resulting in
a simpler, quicker, and more affordable method.26

Fluorescent metal NCs have developed into promising
fluorescent nanostructures due to their distinct
physicochemical and optical properties, flexibility of surface
modification, nontoxicity, size-dependent luminescence
abilities, excellent photostability, and water dispersity.28,29

Because of their distinctive optical, electrical, and physical
attributes, metal NCs have been successfully used for
sensing, bioimaging, and catalysis applications.30 They have
also been successfully used to detect a wide range of
analytes, including biomarkers, drugs, biomolecules, and
nucleic acids.31–34 Nowadays, MoNCs which are not been
explored much yet have become a fascinating topic in
nanoscience and analytical chemistry research.35,36 For
example, 6-aza-2-thiothymine (ATT) capped MoNCs have
been fabricated to recognize cancer drug methotrexate with
a LOD of 1.28 nM.37 Similarly, another MoNCs using

thiolated dithiothreitol (DTT) as capping agents were
fabricated and used as bioimaging probes for imaging
HaCaT, A549, and RPTEC cells owing to their smaller size
and high biocompatibility.38

As far as we know, there are not many studies in the
literature that utilize plant extracts for the green synthesis of
fluorescent molybdenum NCs. The novelty of the method is
the nontoxic approach for plant-based synthesis of MoNCs.
The production proved to be easy and eco-friendly with
natural reagents and less harsh chemicals as compared to
chemically synthesized MoNCs. In addition, the presence of
an array of phytochemicals in the V. negundo plant extract
acts as natural reducing and stabilizing agents for MoNCs
production. Therefore, we report herein the green synthesis
of cyan colored fluorescent MoNCs as sensing probe for the
detection of epinephrine by using V. negundo plant extract as
a stabilizing agent. The as-fabricated V. negundo-MoNCs
displayed a quantum yield (QY) of 24.04%. The synthesized V.
negundo-MoNCs have good stability and specific selectivity
towards the neurotransmitter biomarker epinephrine
(Scheme 1). The as-synthesized V. negundo-MoNCs have the
potential to sense epinephrine in its pharmaceutical samples,
revealing the practical utility of probe in pharmaceutical
industries.

2. Experimental
2.1. Chemicals and materials

Epinephrine used in this work was obtained from Sigma
Aldrich. Vitex negundo leaves were bought from Navsari
Agriculture University, Surat, Gujarat, India. MoCl5 was
purchased from TCI Chemicals. The other biomarkers were
bought from Sigma Aldrich, USA. The water utilized for the
entire research was purified using a Milli-Q water purifying
system. The solvents and chemicals utilized throughout the
full analysis were of analytical standard.

2.2. Instrumentation

A Cary Eclipse fluorescence spectrometer from Agilent
Technologies and a Maya Pro 2000 spectrophotometer (Ocean
Optics, USA) were used to accomplish fluorescence and
absorption spectral investigations. An alpha II Fourier-
transform infrared (FT-IR) spectrometer from Bruker,
Germany was employed to measure the FT-IR spectra. The
morphology of V. negundo-MoNCs was revealed through high-
resolution transmission electron microscopy (HR-TEM) (JEM
2100, JEOL Japan).

2.3. Extraction of phytochemicals from the V. negundo leaf
extract

The green leaves of V. negundo were taken, cleaned, washed
with tap water, and afterwards rinsed using deionized water
to extract the phytochemicals. Further, crushing of the
leaves was done followed by drying for 24 h. Later, 50 mg
of green leaves were taken in 10 mL of distilled water

Sensors & DiagnosticsPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 1
1:

57
:5

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00063j


Sens. Diagn., 2023, 2, 893–901 | 895© 2023 The Author(s). Published by the Royal Society of Chemistry

which was then heated to boil for 10 till the solution was
reduced to half of 10 mL. The leaf extract was obtained by
filtering the supernatant through Whatman paper and was
then kept at 4 °C for later use. The obtained extract served
as a stabilizing and reducing agent for the synthesis of
MoNCs.

2.4. Preparation of V. negundo-MoNCs

The biosynthesis of cyan colored fluorescent MoNCs (V.
negundo-MoNCs) was accomplished using MoCl5 as a
precursor and V. negundo extract as a ligand. Briefly, 3 mL of
the leaf extract was added into 7 mL (10 mM) of MoCl5 and
stirred for 2 min. The solution pH was adjusted using 1.0 mL
of NaOH (1 M), and the resulting orange colored mixture
solution was stirred for 2 h at room temperature to obtain a
pale yellowish solution which confirms the formation of V.
negundo-MoNCs. The final green-synthesized MoNCs were
refrigerated at 4 °C until further usage. The as synthesized V.
negundo-MoNCs displayed cyan colored fluorescence at 365
nm in UV light, which further verified the synthesis of V.
negundo-MoNCs.

2.5. Fluorescence detection of epinephrine using V. negundo-
MoNCs as probe

In a typical experiment for epinephrine detection, 1000 μL of
V. negundo-MoNCs solution was added separately containing
500 μL of various biomarkers, namely myoglobin,
normetanephrine, uric acid, cortisone, cortisol, dipicolinic
acid, sodium selenite, methyl selenocysteine, and
epinephrine, and the solution was vortexed for 60 s and left
to stand for about 5 min. Furthermore, the fluorescence
spectra of the above solutions were taken at 430 nm, and the
change in their emission intensity was observed. An
incredible change was obtained with 68% quenching in the
fluorescence intensity of V. negundo-MoNCs for biomarker
epinephrine. This illustrates that synthesized V. negundo-
MoNCs behave as a sensor for the detection of epinephrine.

3. Results and discussion
3.1. Characterization and synthesis of V. negundo-MoNCs

The V. negundo extract contains a variety of phytochemical
constituents including resveratrol, phenol, taraxerol, tannin,
vitamin, carotene, flavonoids, phytosterols, keto-steroids

Scheme 1 Schematic illustration of phytochemical extraction from V. negundo leaves for the synthesis of cyan colored fluorescent V. negundo-
MoNCs for sensing epinephrine.
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and indanes, providing good architecture for the fabrication
of metal NCs. These characteristics make the V. negundo a
suitable ligand for encapsulating MoNCs. The cyan colored
fluorescent MoNCs were generated in a single step reaction
using a solution containing the V. negundo extract and
MoCl5 as precursors in the presence of NaOH solution. A
range of concentrations (1, 5, 10 and 20 mM) of MoCl5
were investigated so as to identify the optimal
concentration of MoCl5 for the fabrication of cyan color
MoNCs from the V. negundo leaf extract. It was observed
that the emission spectra at 495 nm were obtained with
good intensity only after using 10 mM of MoCl5, suggesting
the development of fluorescent MoNCs (Fig. S1a†). In a
similar way, separate volumes from 1 mL to 5 mL of the V.
negundo leaf extract have been explored for the synthesis of
fluorescent MoNCs with an active phytochemical
architecture. It was observed that using 3 mL of V. negundo
solution and 7 mL of 10 mM MoCl5 resulted in generating
a good emission spectrum of V. negundo-MoNCs (Fig. S1b†).
Moreover, the time of reaction is a crucial factor in the
development of NCs. To determine the optimal time of
reaction, the emission spectrum of V. negundo-MoNCs was
studied at various time intervals, and the optimum results
were obtained from a reaction time of 150 min (Fig. S2†);
after 150 min the fluorescence intensity of the V. negundo-
MoNCs starts decreasing, indicating that 150 min is the
optimal time for the generation of V. negundo-MoNCs.
These results indicate that 7 mL of 10 mM MoCl5, 3 mL of
the V. negundo extract, 1 mL of 1 M NaOH and 150 min as
the time of reaction are the best parameters for the
formation of V. negundo-MoNCs.

The synthesized V. negundo-MoNCs were analyzed by
fluorescence and UV-visible spectroscopy. The formed V.
negundo-MoNCs have a pale yellow color solution in daylight
and emit cyan color fluorescence when exposed to UV light at
365 nm. The absorbance peak maximum was observed at 319
nm. The V. negundo-MoNCs exhibited an emission peak

maximum at 495 nm after exciting at 430 nm (Fig. 1). In
order to determine the maximum emission intensity of V.
negundo-MoNCs, the synthesized MoNCs were excited at
various excitation wavelengths ranging from 370 nm to 450
nm, and the maximum emission intensity of V. negundo-
MoNCs was observed at 495 nm upon exciting at 430 nm
(Fig. S3†). The as-fabricated V. negundo-MoNCs are confirmed
by the fluorescence and absorption spectrum spectral
characteristics of MoCl5, V. negundo, and V. negundo-MoNCs,
which are displayed in Fig. S4.† These results demonstrate
that the spectral features of V. negundo-MoNCs differ
significantly in comparison to their spectral characteristics of
precursors. The emission spectra of V. negundo-MoNCs at
various time intervals were studied to determine the stability
of V. negundo-MoNCs (Fig. S5†). These data demonstrated
that V. negundo-MoNCs are stable for up to 120 days, which
suggests that V. negundo effectively protected MoNCs,
increasing the stability of MoNCs. The QY of V. negundo-
MoNCs was determined to be 24.04% by taking quinine
sulphate as a standard.

FT-IR analysis of the V. negundo extract and V. negundo-
MoNCs was carried out to identify the surface functional
groups of V. negundo-MoNCs (Fig. S6†). The peak at 3445
cm−1 represents the OH stretching of V. negundo; however,
the OH stretching peak intensity increases in V. negundo-
MoNCs. The peaks around 2925 and 2857 cm−1 indicate the
C–H stretching in V. negundo and V. negundo-MoNCs. There is
a significant increase in the peak intensities of V. negundo-
MoNCs at 1632, 1453 and 1383 cm−1, illustrating the carbonyl
(–CO) stretching, –CH stretching and OH bending. The FT-
IR spectrum of V. negundo-MoNCs exhibits the sharp peaks at
1117 and 839 cm−1 corresponding to the –C–O stretching and
CC bending, whereas these peaks for V. negundo are not
observed, confirming the binding and interaction of
phytochemicals of V. negundo on the surface of the MoNCs.

The size and morphology of V. negundo-MoNCs were
investigated by an HR-TEM technique. The HR-TEM images
of the V. negundo-MoNCs are shown in Fig. 2a–d, revealing a
clear depiction of the fabrication of small spherical shaped V.
negundo-MoNCs with uniform size distribution of 2.39 ± 0.64
nm (Fig. 2d). The time of decay for V. negundo-MoNCs was
examined by the fluorescence lifetime study and observed
that V. negundo-MoNCs displayed a lifetime of 3.02 ns (Fig.
S7†). The X-ray diffraction (XRD) data reveal the formation of
the crystalline structure of V. negundo-MoNCs (Fig. S8†). The
sharp diffraction peaks (2θ) at 19.98°, 24.48°, 27.24°, 31.46°,
32.14°, 39.74°, and 49.40° representing the lattice planes
(200), (110), (021), (130), (111), (060) and (002) confirm the
crystalline structure of V. negundo-MoNCs.39–42

The elemental composition and oxidation states of V.
negundo-MoNCs were explored by X-ray photoelectron
spectroscopy (XPS). The presence of Mo, C, N, S and O in
the obtained V. negundo-MoNCs was verified by the survey
spectra of XPS (Fig. S9a†). Using the suitable fitting results,
Fig. S9b† displays the Mo 3d core level XPS spectra. The
Mo 3d spectrum deconvoluted into two peaks at 231.9 eV

Fig. 1 Optical (emission/excitation) and absorbance spectral
characteristics of V. negundo-MoNCs.
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and 234.9 eV signifies the oxidation state of Mo3+ and
Mo5+ 3d3/2 in the V. negundo-MoNCs.43,44 The results
indicates the presence of distinctive peaks for Mo3+ and

Mo5+ in V. negundo-MoNCs with the dominance peak for
Mo is the 3+ oxidation state, confirming the formation of
V. negundo-MoNCs.

Fig. 2 HR-TEM of V. negundo-MoNCs at (a) 20 nm, (b) 10 nm with the depiction of distance between lattice fringes (c) 5 nm, and (d) 2 nm scale
bars and inset: histogram representing the average size of V. negundo-MoNCs. (e) HR-TEM images of the V. negundo-MoNCs–epinephrine
complex at 5 nm. Inset: Histogram representing the average size of V. negundo-MoNCs–epinephrine complex. (f) HR-TEM image of the V.
negundo-MoNCs–epinephrine complex at 2 nm scale bar.
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3.2. Recognition ability of V. negundo-MoNCs towards
epinephrine

The molecular recognition ability of V. negundo-MoNCs was
determined by the fluorescence spectra at 495 nm after
adding a series of biomarkers (myoglobin, normetanephrine,
uric acid, cortisone, cortisol, dipicolinic acid, sodium
selenite, methyl selenocysteine, and epinephrine, 500 μM).
Fig. 3a shows that the fluorescence intensity of V. negundo-
MoNCs was quenched by 68% after the addition of
epinephrine, whereas other biomarkers had no noticeable
impact on the emission spectrum of V. negundo-MoNCs. This
indicates that V. negundo-MoNCs exhibit high selectivity for
epinephrine. Moreover, the cyan fluorescence of V. negundo-
MoNCs was quenched after adding epinephrine, which was
visible to the naked eye as shown in Fig. 3b. These results
confirmed that V. negundo-MoNCs serve as a biosensor for
the recognition of epinephrine by a “fluorescence turn-off”
mechanism.

3.3. pH study

To determine the impact of pH on the fluorescence
response of V. negundo-MoNCs, the emission spectrum of

the as-synthesized V. negundo-MoNCs with or without
epinephrine was examined at a broad range of phosphate-
buffered saline (PBS) pH values ranging from 2.0 to 12.0.
As shown in Fig. S10a,† there is a decrement in the
fluorescence intensity at pH 2 or 3 and a further rise in pH
from 4 to 12 leads to an increase in intensity of the
emission spectra, indicating the pH dependent response of
V. negundo-MoNCs. Under highly acidic environment, the
surface active carboxylic acid group of V. negundo-MoNCs is
bonded to H+ ions, resulting in the generation of [V.
negundo-MoNCs–H]+. It induces MoNCs to aggregate, which
reduces the intensity of the fluorescence. In contrast, in an
alkaline environment, the COOH group on the surface of V.
negundo-MoNCs deprotonate into carboxylate, thereby
increasing the fluorescence intensity. Similarly, when
epinephrine was introduced into V. negundo-MoNCs at PBS
pH ranging from 2.0 to 12.0 (Fig. S10b†), the V. negundo-
MoNC emission spectra intensity was quenched in every
pH. However, at pH 2 or 3 a further decrement in the
fluorescence intensity was due to the aggregation of NCs as
explained above. Thus, V. negundo-MoNCs function as a
fluorescent sensor for quantifying epinephrine without
optimization of buffer pH.

Fig. 3 (a) Emission spectrum of V. negundo-MoNCs with numerous biomarkers (myoglobin, normetanephrine, uric acid, cortisone, cortisol,
dipicolinic acid, sodium selenite, methyl selenocysteine, and epinephrine, 500 μM). (b) Photograph depicting changes in the fluorescence intensity
of V. negundo-MoNCs after adding various biomarkers (1) V. negundo-MoNCs, (2) myoglobin, (3) normetanephrine, (4) uric acid, (5) cortisone, (6)
cortisol, (7) dipicolinic acid, (8) sodium selenite, (9) methyl selenocysteine, and (10) epinephrine under UV light of 365 nm.
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3.4. Sensitivity of V. negundo-MoNCs towards epinephrine

The sensitivity study of V. negundo-MoNCs after adding
aliquots of epinephrine (0.25–500 μM) was performed as
shown in Fig. 4. It was noticed that the emission spectra at
495 nm displayed a significant decline in intensity with an
increasing concentration of epinephrine (0.25–500 μM). This
demonstrates that V. negundo-MoNCs fluorescence response,
which can be seen in Fig. S11,† is highly sensitive to
epinephrine at 495 nm and is in linear relationship with
the epinephrine concentration in the range of (0.25–10 μM).
Using this, a linear equation and coefficient of correlation
R2 (y = 0.035x + 1.049, R2 = 0.993 for epinephrine) were
obtained between the fluorescence intensity ratio and
concentration of epinephrine (Fig. S11†) for the detection of
epinephrine (the ratio I0/I; here I0 refers to the intensity of
V. negundo-MoNCs without epinephrine and I represents the
intensity of V. negundo-MoNCs with epinephrine). The LOD

is 0.46 μM, obtained by using the 3σ rule, wherein σ refers
to the standard deviation for blank V. negundo-MoNCs.
Comparison of the current method with the previously
reported techniques for epinephrine detection is shown in
Table 1, revealing that V. negundo-MoNCs acted as a
promising fluorescent probe for the detection of
epinephrine.

3.5. Sensing mechanism

To examine the mechanism for sensing of epinephrine
using V. negundo-MoNCs as a fluorescent sensor, the
fluorescence and UV-visible spectrum, HR-TEM, dynamic
light scattering (DLS), fluorescence lifetime and zeta
potential of V. negundo-MoNCs were investigated with or
without epinephrine. The reason for the fluorescence
quenching of V. negundo-MoNCs after addition of
epinephrine might represent the IFE which takes place
between the donor (V. negundo-MoNCs) and acceptor
(epinephrine). The excitation spectra of V. negundo-MoNCs
overlap with the epinephrine absorbance spectrum (Fig.
S12a†), suggesting the quenching in the emission intensity
of V. negundo-MoNCs by epinephrine via the IFE. The UV-
visible spectra of V. negundo-MoNCs–epinephrine as shown
in (Fig. S12b†) shifted to a longer wavelength with a sharp
peak at 343 nm as compared to V. negundo-MoNCs,
indicating the interaction of epinephrine with V. negundo-
MoNCs. The HR-TEM image confirmed the aggregation of
the V. negundo-MoNCs after adding epinephrine. It was
found that the average size of the V. negundo-MoNCs
increases to 8.08 ± 1.77 nm as depicted in the HR-TEM
image (Fig. 2e and f). This is also confirmed by the DLS
data since aggregation causes the hydrodynamic diameter
of the V. negundo-MoNCs to rise from 4.86 ± 1.44 nm to
18.12 ± 8.16 nm on addition of epinephrine (Fig. S13†).
The zeta potential of epinephrine observed was −1.3 mV
(Fig. S14a†), and the zeta potential of V. negundo-MoNCs
significantly decreased from −16.9 mV to −8.9 mV (Fig.
S14b and c†) after adding epinephrine, demonstrating the
electrostatic interaction between V. negundo-MoNCs and
epinephrine. The decline in the average lifetime of V.

Fig. 4 Fluorescence emission spectral changes of V. negundo-MoNCs
in the presence of various concentrations of epinephrine (0.25–500
μM). Inset: Fluorescence variations in V. negundo-MoNCs as the
concentration of epinephrine increases from 0.25 to 500 μM in UV at
365 nm.

Table 1 Comparison of the V. negundo-MoNCs-based fluorescence method with the previously reported techniques for epinephrine detection

Method Material
Linear range
(μM) LOD (μM) Ref.

Fluorescent sensor MoS2 quantum dots 0.2–40 0.05 45
Chemically modulated fluorescent
sensor

— 0.05–10 0.5 46

Colorimetric sensor Laccase-mineral hybrid microflowers 1–400 0.6 47
Electrochemical sensor Multi-walled carbon nanotube modified glassy carbon

electrode
50–1150 7.20 48

Electrochemical sensor o-Phenylenediamine–epinephrine-molecularly imprinted
polymer

0–100 Less than
13

49

Electrochemical sensor Nickel oxide-reduced graphene oxide 50–1000 10 50
Electrochemical sensor Carbon quantum dots/copper oxide nanocomposite 10–100 15.99 51
Fluorescent sensor V. negundo-MoNCs 0.25–10 0.46 Present

method
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negundo-MoNCs from 3.02 ns to 1.65 ns in V. negundo-
MoNCs–epinephrine suggests the identification of
epinephrine by dynamic quenching (Fig. S7†).

The FT-IR spectrum of V. negundo-MoNCs and V. negundo-
MoNCs after the addition of epinephrine were examined to
ascertain the interaction of epinephrine with the V. negundo-
MoNCs (Fig. S15†). The FT-IR results demonstrated the increase
in the distinctive peaks of –OH, –C–H, CO and CC bending
in V. negundo-MoNCs by the introduction of epinephrine;
however a significant increment in peak intensity at 1381 cm−1

representing –C–N stretching was observed in V. negundo-
MoNCs–epinephrine leading to significant interaction between
epinephrine and V. negundo-MoNCs. The sharp –C–O stretching
peak at 1117 cm−1 was diminished in the FT-IR spectra of V.
negundo-MoNCs–epinephrine, resulting in a broad peak,
indicating the formation of V. negundo-MoNC–epinephrine
complex.

3.6. Selectivity of V. negundo-MoNCs towards epinephrine

The selective nature of V. negundo-MoNCs towards
epinephrine was investigated with some interferents like
cations (Na+, Cd2+, Cu2+, Zn2+, Fe3+, Co2+, and Cr6+, 500 μM),
anions (Br−, Cl−, I−, SO4

2−, and PO4
3−, 500 μM) and

biomarkers (dopamine, phenylalanine, tyrosine, and
normetanephrine, 500 μM). As depicted in Fig. S16,† the
fluorescence intensity of V. negundo-MoNCs remain
unaffected after introducing the above-mentioned interfering
agents. Furthermore, the emission intensity of V. negundo-
MoNCs was markedly reduced only after the introduction of
epinephrine to the interferents, demonstrating the selective
detection ability of V. negundo-MoNCs toward epinephrine.

3.7. Assessment of cytotoxicity of V. negundo-MoNCs

The cytotoxic effect of V. negundo-MoNCs was evaluated on
the A549 lung carcinoma cell line using the methyl thiazolyl
tetrazolium (MTT) method (Fig. 5). A549 lung cancer cells
were incubated with various concentrations of V. negundo-
MoNCs (15.25–125 μg mL−1). The viabilities of cell are
93.33%, 86.52%, 81.97%, and 71.44% by using 15.25, 31.25,
62.5, and 125 μg mL−1 V. negundo-MoNCs, demonstrating the
biocompatibility and nontoxicity of V. negundo-MoNCs and
their potential utility as a biosensor for the visualization of
different cells.

3.8. Analysis of epinephrine in its pharmaceutical
composition

The proposed method was evaluated by quantifying
epinephrine in a pharmaceutical composition. For this,
adrenaline injection of Rathi Laboratories (Hindustan) Pvt.
Ltd. containing 1 mg of epinephrine was procured from a
local medical store in Surat, India. As epinephrine was
present in the adrenaline injection at a concentration of 1
mg mL−1, different concentrations of 100, 250 and 500 μM
of epinephrine were made, and by employing V. negundo-

MoNCs based sensor, epinephrine was quantified. As
provided in Table S1 of the ESI,† epinephrine recovery
values were in between 98.54 to 99.41% with a relative
standard deviation (RSD) of <2%, displaying the probe
usability and viability for epinephrine quantification in
pharmaceutical samples.

4. Conclusions

A novel and simple method is developed for the synthesis of
MoNCs by using V. negundo leaf extract as a stabilizing and
reducing agent. The as-synthesized V. negundo capped MoNCs
exhibits cyan color fluorescence under UV light with a QY of
24.04%. The V. negundo-MoNCs emission intensity was
drastically quenched on adding epinephrine, offering the
possibility to detect the analyte by a “turn-off” mechanism.
The technique provides a rapid response, inexpensive
miniaturized analytical strategy for the specific quantification
of epinephrine. The method enables a sensitive fluorescence
determination of epinephrine with a LOD of 0.46 μM. The
biosensor was satisfactorily used to detect epinephrine in a
pharmaceutical composition. Hence, the as-fabricated V.
negundo-MoNCs can be used as a miniaturized sustainable
analytical tool for the identification of epinephrine in real
samples.
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