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ABSTRACT

The development of plant extract-based and other green synthesis methods for fabricating nanomaterials has garnered significant attention
due to their eco-friendliness and cost-effectiveness. This research focuses on the green synthesis, characterization, and dye degradation
properties of silver nanoparticles (AgNP-CA) using the leaf extract of Coleus anthonyi (CA) and microwave irradiation. The synthesized
nanoparticles were characterized using UV-visible spectrophotometry, X-ray diffraction, Fourier-transform infrared spectroscopy (FT-IR),
dynamic light scattering (DLS), zeta potential analysis, and scanning electron microscopy. These characterizations confirm the successful
synthesis of AgNP-CA from the leaf extract of Coleus anthonyi. Moreover, the observed monodisperse nanoparticle formation, with a size
of 56.6 nm through DLS analysis, underscores the achievement of uniform particle size distribution. The recorded zeta potential value of
-33.4 mV indicates the potential stability of the produced AgNP-CA. The synthesized AgNP-CA exhibited enhanced catalytic efficiency
for degrading the organic dye, methyl orange, resulting in a significant reduction in its concentration. Furthermore, this study explores
the major phytochemical content of Coleus anthonyi leaf extract using GC-MS analysis, revealing the presence of B-asarone, 9-(2-hydroxy-
3-methyl-3-butenyl oxy)-4-methoxy furo(3,2-g)chromen-7-one, 1-phospha cyclopentadiene, 2,3,4,5-tetraethyl-1-oxo-1-phenyl, and
1,1’-biphenyl, 4-ethyl-4’-(4-propylcyclohexane). This comprehensive investigation highlights the potential of Coleus anthonyi leaf extract
for the green synthesis of silver nanoparticles and underscores their promising catalytic applications.
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INTRODUCTION used for synthesizing nanoparticles.’” Green synthesis of nanoparticles
using plant extracts has gained significant attention in recent years
due to its eco-friendliness, cost-effectiveness, and ability to produce
nanoparticles at a large scale.®!® Several recent studies have investigated
various plant extracts for their potential in synthesizing AgNPs using
green chemistry approaches.’ While each study has its unique findings
and contributions, we aim to provide a comparative analysis focusing
on key aspects such as synthesis efficiency, nanoparticle morphology,
stability, and potential applications.

The use of plant extracts for the synthesis of nanoparticles offers
several advantages over traditional chemical methods, including the
absence of toxic chemicals and the ability to produce nanoparticles at a
large scale.?* The reducing agents, such as polyphenols, flavonoids, and
terpenoids, abundant in plant extracts, facilitate the reduction of metal
ions to nanoparticles.!® Moreover, natural stabilizers like proteins,
polysaccharides, and organic acids, inherent to these extracts, prevent
the aggregation of nanoparticles, ensuring their sustained dispersion
and stability.! Microwave assisted synthesis using plant extract as
both reducing and capping agent is a feasible approach for the rapid
green synthesis of metal nanoparticles.???* Microwave irradiation offers
rapid and uniform heating of the reaction medium and thus provides
homogeneous nucleation and growth conditions for nanoparticles.?*5

The use of AgNPs in various fields, including medicine, electronics,
and environmental remediation, has been widely reported.?¢-2¢ AgNPs
have excellent antimicrobial properties and have been used in the
development of antimicrobial agents for various applications.”!5?
AgNPs have also been reported to have anticancer properties and have
been explored for the development of anticancer agents.>**! In addition,
AgNPs have been used in the development of sensors and electronic
devices due to their unique electrical and optical properties.®?! The
“To whom correspondence should be addressed green synthesis of AgNPs using plant extracts offers a more sustainable
Email: sajinijebin@sbcollege.ac.in and eco-friendly alternative to traditional chemical methods.*

Nanotechnology has become one of the most rapidly growing fields
of science and technology in recent years."? With the emergence of
nanotechnology, new possibilities have opened up in many areas,
including electronics, energy, medicine, and materials science.’* The
potential applications of nanotechnology are vast, and it is expected to
revolutionize the world in the coming years. One of the critical aspects
of nanotechnology is the synthesis and fabrication of nanomaterials
with desired properties. Various methods, both physical and chemical
methods, are employed for the synthesis of nanoparticles.> The
increasing emphasis on green chemistry and biological methods
which are non-toxic, rapid, and cost effective have aroused much
interest because of their simplicity and versatility.>* The development
of green synthesis methods for the fabrication of nanomaterials
has become a significant area of research due to its eco-friendliness
and cost-effectiveness.”!! In this study, we have explored the green
synthesis of silver nanoparticles using leaf extract of Coleus anthonyi,
a newly discovered plant in the southwestern ghats region of India.

Coleus anthonyi (CA), a plant species belonging to the family
Lamiaceae, was recently discovered in the southwestern ghats region of
India by Jebin Joseph et al.'? The plant has not been widely studied, and
its potential applications in various fields remain largely unexplored.
However, it is known that the plant contains various phytochemicals,
including polyphenols, flavonoids, and terpenoids, which have
been reported to have antioxidant, antimicrobial, and anticancer
properties.!3!4

Several reports are available on the biological synthesis of metal
nanoparticles such as silver and gold using plant extract as both
reducing and stabilizing agents.!>!¢ Bacteria, yeast and fungi can also be
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The main objective of this study is to explore the potential of Coleus
anthonyi leaf extract for green synthesis of AgNPs and to investigate
their potential applications in catalytic study. Gas chromatography-
mass spectrometry (GC-MS) analysis will be carried out to identify the
phytochemicals present in the leaf extract, which are responsible for
the reduction of silver ions to AgNPs. The synthesized nanoparticles
will be characterized using various techniques, including UV-Vis.
spectroscopy, X-ray diffraction, and scanning electron microscopy.
The microwave assisted method for the synthesis of AgNPs using the
leaf extract of the plant is employed in the work. Along with green
synthesis the catalytic activity of AgNPs is also investigated. The
present study does not involve any toxic or harmful chemicals.

MATERIALS AND METHODS
Materials

Silver nitrate and ethanol were obtained from Merck, India. All
the chemicals utilized were in their analytical grade form and were
employed as acquired, without any additional purification process. All
the aqueous solutions were prepared using distilled water.

Plant description and extraction methods

Theleaves of Coleus anthonyiwere used for phytochemical investigation
and for AgNPs synthesis. Coleus anthonyi is a new species of plant
belonging to the family Lamiaceae found in the southwestern ghats of
India recently (Figure 1). This genus consists of annual or perennial
herbs or shrubs and can be recognized by its 5 lobed calyx (1 upper, 4
lower) with pedicel attached asymmetrically to the base of calyx tube,
opposite the posterior lip and usually, corolla with upper lip shorter
than lower.!?

The plant Coleus anthonyi was collected from Neyyar Dam,
Thiruvananthapuram, India. The fresh plant collected was
taxonomically identified and washed thoroughly with distilled water.
The leaves were then separated and sliced into small pieces before
being dried in a hot air oven. Subsequently, 20 g of the dried sample
was taken in a round-bottom flask along with 150 mL of distilled water.
The flask was fitted with a condenser and boiled for about 20 minutes.
After boiling, the mixture was allowed to cool and then filtered
through Whatman filter paper. The resulting extract was then stored
in a refrigerator for further use. For phytochemical analysis, the air-
dried leaves were crushed into powder form. About 15g of powdered
specimen transferred into the extractor for sequential extraction using
ethanol (250 mL) as a solvent for 48 hours. Filtered the mixture using
filter paper to remove solid plant debris. Concentrated the filtrate

Figure 1: Image of Coleus anthonyi

using a rotary evaporator to remove the ethanol solvent and obtain
a concentrated extract. Then dissolved the concentrated extract in a
suitable solvent for GC-MS analysis, such as methanol. Evaporated
the solvent under gentle conditions to obtain a residue of the purified
ethanolic leaf extract. The purified extract further subjected to gas
chromatography- mass spectrometry analysis. This purification
procedure effectively removes impurities and concentrates the target
compounds present in the ethanolic leaf extract, making it suitable for
GC-MS analysis.*

Synthesis of silver nanoparticles

90 mL of 1 mM silver nitrate solution was taken in a 250 mL beaker.
To this about 10 mL of leaf extract was added and stirred well. The
solution was then placed in a microwave oven and irradiated. The
solution is collected after each 30 seconds and stored. The process is
repeated for 4 minutes. The experiment is repeated for different leaf
extract composition (5 mL, 15 mL). The obtained silver nanoparticles
designated as AgNP-CA.

Characterization of leaf extract and AgNP-CA

The FT-IR spectra of the leaf extract and the synthesized AgNPs were
analyzed and scanned. The data has been collected with resolution
and wavenumber around 500-3500 cm™'. FT-IR spectra of synthesized
AgNP-CA were analyzed using Perkin Elmer-400 spectrometer with
ATR attachment. The characterization of the AgNP-CA was analyzed
using a UV-vis. spectrophotometer. The sample solution was diluted
with distilled water and loaded in a cuvette. The spectral data obtained
is in the range 300-700 nm. The analysis was carried out on Agilent
Technologies Carry 5000 UV-vis. absorption spectrophotometer
possessing a scanning speed of 2000 nm/min.

The dynamic scattering analysis (DLS) provides the idea about
synthesized nanoparticles with respect to their size while zeta potential
is used to know surface charge variation and colloidal stability of
the nanoparticles. These studies were performed with nanoparticle
analyzer HORIBA SZ-100. SEM-EDX gives a high-resolution image
of the silver nanoparticle synthesized. This technique was used to
identify the shape and size of the AgNP-CA. EDX gives information
about the weight percentage of the silver. Images of the sample have
been recorded. The study was performed with Carl Zeiss EVO 18
Research.

The XRD analysis is used to determine the lattice structure of the
synthesized silver nanoparticle. For the X-ray diffraction studies of
the composites Rigaku miniflex 600 XRD was utilized. GC-MS have
been used to determine the trace constituents in the leaf extract CA.
The technique combines the features of gas chromatography and mass
spectrometry. The instrument used is Shimadzu Corporation, Japan
Model: GCMS QP2010S.

In the gas chromatography-mass spectrometry (GC-MS) analysis,
a column oven temperature of 70.0°C was maintained to facilitate the
separation of compounds. Samples were injected at a high temperature
of 260.00°C using a split injection mode. The flow control was set to
linear velocity mode, with a pressure of 61.5 kPa and a total flow rate
of 24.0 mL/min, wherein the column flow was maintained at 1.00
mL/min. This configuration ensured a linear velocity of 36.7 cm/sec
for optimal separation efficiency. A purge flow of 3.0 mL/min and a
split ratio of 20.0 were employed to enhance the chromatographic
resolution. The ion source temperature was set to 200.00°C, while the
interface temperature was maintained at 280.00°C to facilitate efficient
ionization and transfer of analytes to the mass spectrometer. Solvent
cut time of 6.50 min was implemented to ensure the removal of solvent
peaks before analyte elution. The detector gain was set to relative mode
with a gain of 1.06 kV, along with a threshold of 1000 for sensitive
detection of compounds. These meticulously controlled conditions
provided an optimal environment for the accurate identification and
quantification of compounds in the ethanolic extract of CA.
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Identification of components in the ethanolic leaf extract of CA
was achieved through the utilization of their retention indices, and
the interpretation of mass spectra was conducted using the National
Institute of Standards and Technology (NIST) database.’** The
spectra of the unknown components obtained from the CA leaf extract
were compared with the standard mass spectra of known components
stored in the NIST library. This comparative analysis enabled the
identification of the compounds present in the CA leaf extract by
correlating their spectral features with those of known compounds in
the database.

Optimization methods

To obtain knowledge about the role of the green approach and its
importance, AgNPs were synthesized both in microwave irradiation
and at room temperature. The synthesis of AgNPs at room temperature
was done by mixing 10 mL of the leaf extract with 90 mL of ImM
silver nitrate solution. The mixture was kept at room temperature
for about 4 hours for the synthesis of nanoparticles. The analysis of
formation of AgNP-CA was done by UV-vis. spectroscopy at periodic
intervals (1 hour)

The effect of leaf extract on the synthesis was examined by changing
the composition of the leaf extract (5 mL, 15 mL) and mixing them
with 90 mL of 1 mM silver nitrate solution. The mixture was subjected
to microwave irradiation for the synthesis of corresponding AgNPs.
The role of concentration of silver nitrate solution in the synthesis of
AgNPs was also observed by preparing 2 mM and 3 mM of AgNO,
solution. The solution was mixed with 10 mL of leaf extract and
subjected to microwave irradiation.

Catalytic activity study of AgNP-CA

The catalytic activity of synthesized AgNP-CA was examined by
observing the reduction of organic dye, methyl orange, by sodium
borohydride. In a quartz cell about 0.5 mL (0.06M) NaBH, solution,
2 mL 0.1 mM methyl orange and 0.5 mL AgNP-CA solution were
mixed. Using UV-vis. spectrophotometry the change in concentration
of methyl orange with time was studied. The reduction of dye catalyzed
by AgNPs was monitored in 10 min intervals and the absorption
spectra were recorded in the range 340-800 nm.

RESULTS AND DISCUSSION
Characterization of CA leaf extract
GC-MS analysis

Gas chromatography-mass spectrometry (GC-MS) is a powerful
analytical technique widely used for the identification and
characterization of bioactive compounds present in various samples,
including leaf extracts. GC-MS combines the principles of gas
chromatography (GC) and mass spectrometry (MS) to separate,
detect, and analyze complex mixtures of compounds. By comparing
the observed data (retention time, peak area, peak height, and mass
spectral fragmentation patterns) for each peak with the known data
stored in the National Institute of Standards and Technology (NIST)
database, it is possible to identify the compounds present in the
ethanolic leaf extract of CA.

Identification of bioactive compounds: The GC-MS analysis of the
ethanolic leaf extract of CA has revealed four major peaks (Figure
2) representing different bioactive compounds, namely B-asarone,
9-(2-hydroxy-3-methyl-3-butenyl  oxy)-4-methoxy furo (3,2-g)
chromen-7-one, 1-phospha cyclopentadiene, 2,3,4,5-tetraethyl-1-
oxo-1-phenyl, and 1,1’-biphenyl, 4-ethyl-4-(4-propylcyclohexane).
These compounds were identified by correlating their peak retention
time, peak area, and peak height with known compounds listed in the
NIST database.

Validation of retention time and peak parameters: Table 1 provides
details of the retention time, peak height, and peak area exhibited
by the major bioactive compounds present in the CA leaf extract.
These parameters are crucial for accurate compound identification
and quantification. Validation involves comparing these values with
known standards and ensuring consistency and reproducibility across
multiple analyses.

Comparison of mass spectra: Figures 3 and 4 depict the mass spectra
of the identified compounds obtained from the CA leaf extract and
the corresponding spectra from the NIST library, respectively. The
mass spectra provide information about the molecular structure
and fragmentation pattern of each compound. Validation involves
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Figure 2: Gas chromatogram of ethanolic CA leaf extract

Table 1: Bioactive compounds found in ethanolic extract of CA

Retention Time min) Peak Area (%) Peak Height (%) Compound Name
23.956 2.67 2.40 B-asarone
24.816 42.94 49.47 9-(2-hydroxy-3-methyl-3-butenyl oxy)-4-methoxy furo(3,2-g)
chromen-7-one
25.498 10.10 13.23 1-phosphacyclopentadiene,2,3,4,5-tetraethyl-1-oxo-1-phenyl
26.154 42.87 32.63 1,1’-biphenyl,4-ethyl-4’-(4-propylcyclohexane)
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Figure 3: Mass spectrum of (A) [-asarone, (B)

9-(2-hydroxy-3-methyl-3-butenyl oxy)-4-methoxy furo(3,2-g)chromen-7-one, (C)

1-phospha

cyclopentadiene,2,3,4,5-tetraethyl-1-oxo-1-phenyl and (D) 1,1’-biphenyl,4-ethyl-4’-(4-propylcyclohexane)

comparing the experimental mass spectra with the reference spectra
in the NIST library to confirm the identity of the compounds.

Verification of peak assignment: Each peak in the chromatogram
corresponds to a specific compound, and peak assignment is based on
retention time, peak shape, and mass spectral characteristics. Validation
involves verifying the accuracy of peak assignment by confirming
that the retention time, peak shape, and mass spectral fragmentation
pattern match those of known compounds in the NIST library.

Among the phytocompounds identified, p - asarone is referred to
as carcinogenic by the council of Europe committee of experts on
flavoring substances.®* These compounds also exhibit anti-fungal
properties by inhibiting ergosterol biosynthesis in Aspergillus niger.>’
Thus, due to the carcinogenic property of these compounds it is
difficult to use them in medications.

Fourier transform - infrared spectroscopy

FT-IR results (Figure 5) confirm the presence of several functional
groups in the ethanolic leaf extract of Coleus anthonyi, including
hydroxyl groups, alkanes, aldehydes, amines, sulfones/sulfonyl, and

alcohols/ethers/esters/carboxylic acids/anhydrides. These functional
groups are indicative of the presence of various organic compounds
in the extract. The peak obtained at 3228 cm™ confirms the presence
of -OH functional group suggests the presence of alcohols or phenols
in the extract. Peaks at 2918 cm (alkanes), suggests the presence
of hydrocarbons in the extract. The peaks at 2848 cm™ (aldehyde),
1633 cm’! (amines), 1363 cm™ (sulfones, sulfates, sulfonamides) and
1240 cm™ (alcohols, ether, ester, carboxylic acid, anhydrides), 1035 cm™!
(fluoride) revealed the presence of various functional group. These
functional groups are indicative of the presence of various organic
compounds in the extract.

Synthesis of AgNP-CA

Through the application of microwave radiation, the initial synthesis of
AgNPs commenced by subjecting a mixture of 90 mL of 1 mM AgNO;
solution and 10 mL of CA leaf extract to microwave irradiation.
Notably, the combination of leaf extract and AgNO; solution yielded
no discernible color alteration. The alteration in color observed
during the analysis when exposed to microwave irradiation, serves as
a valuable indicator for optimization (Figure 6). The progressive shift
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Figure 4: Mass spectrum obtained from NIST library (A) B-asarone, (B) 9-(2-hydroxy-3-methyl-3-butenyl oxy)-4-methoxy furo(3,2-g)chromen-7-one, (C)
1-phospha cyclopentadiene,?2,3,4,5-tetraethyl-1-oxo-1-phenyl and (D) 1,1’-biphenyl,4-ethyl-4’-(4-propylcyclohexane)
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Figure 5: FT-IR spectrum of ethanolic leaf extract of CA

from an initially colorless appearance to a final yellowish-brown hue
signifies the successful formation of AgNPs through the reduction
of silver nitrate mediated by the leaf extract.’” The color changes
observed during the formation of AgNPs are a consequence of the
size-dependent surface plasmon resonance (SPR) effect and alteration
of Ag*ions to Ag® by aqueous extracts.’® When AgNPs are synthesized
and begin to form, they exhibit unique optical properties due to the

interaction of light with the collective oscillations of conduction
electrons on the nanoparticle surface. This leads to the absorption and
scattering of specific wavelengths, resulting in the characteristic color
shifts that are indicative of nanoparticle synthesis and growth.

Characterization of AgNP-CA
UV-visible spectrophotometry

The UV-vis. spectroscopy provides confirmation about the formation
of AgNPs. The reaction medium shows absorption maxima in the
range of 300-700 nm due to surface plasmon resonance of AgNPs. 34
The reduction of silver nitrate by the leaf extract causes the formation
of AgNPs. The color change observed was a primary confirmation
on the formation of AgNPs. This can be further confirmed using
UV-vis. spectroscopy analysis. Figure 7 shows the UV-vis. spectra
of AgNPs synthesized using the leaf extract of CA by 4 min of
microwave irradiation. The presence of an absorption band within the
wavelength range of 400-500 nm in the spectrum can be attributed to
a phenomenon known as surface plasmon resonance (SPR).#*? This
absorption band indicates the interaction of light with the collective
oscillation of conduction electrons on the surface of the AgNPs
synthesized using the CA extract.

The increase in peak intensity over time, with a pronounced peak at
4 minutes, signifies a progressive accumulation of silver nanoparticles
in the solution. This suggests that the rate of AgNP-CA formation
is relatively high, leading to a higher concentration of nanoparticles
as the reaction proceeds. The significant peak intensity at 4 minutes
further implies that this specific duration allows for the optimum
synthesis of AgNPs, resulting in a substantial yield.
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The absorption peaks characteristics in the UV-vis. spectrum
provide valuable insights into the role of the chemical constituents
present in the CA extract. The chemical compounds within the extract
act as reducing agents, playing a pivotal role in the reduction of silver
ions (Ag*) from the silver nitrate (AgNO;) solution. These compounds
facilitate the conversion of Ag* ions to AgNPs by providing electrons
for the reduction reaction.

The mechanism involved in the formation of AgNP-CA depicted in
Scheme 1 and described as follows. The synthesis of silver nanoparticles
(AgNP-CA) using leaf extracts involves a straightforward yet intricate
process. Initially, phytochemicals present in the leaf extract, such as

polyphenols and flavonoids, act as reducing agents, donating electrons 197
to silver ions (Ag*) derived from a silver salt precursor.* This reduction

leads to the formation of silver atoms (Ag°) which then aggregate and 0.5-
nucleate, forming small clusters.* Further reduction and aggregation

processes occur, facilitated by the continual supply of reducing agents

from the leaf extract. As the clusters grow, phytochemicals in the 0.0

extract adsorb onto the surface of the nanoparticles, stabilizing them
and preventing their aggregation. This dual role of phytochemicals as
reducing agents and stabilizing agents ensures the formation of well-
dispersed and stable AgNPs.
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Figure 7: UV-vis. spectrum of AgNP-CA
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Scheme 1: Schematic representation for the formation of AgNP-CA
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The synthesis of silver nanoparticles at room temperature (27 °C)
was also observed by UV-vis. spectra. Figure 8 shows the spectrum of
silver nanoparticles synthesized at room temperature for about 4 hour.

The effect of temperature in the synthesis of AgNP can be
understood from Figure 7 and 8. The disparity in the appearance of
a characteristic AgNP peak in the UV-vis. spectrum between room
temperature synthesis and microwave irradiation can be attributed
to the distinct kinetics and thermodynamics of the two synthesis
methods. Microwave irradiation offers several advantages, including
rapid and efficient heating, which can lead to more favorable reaction
conditions for nanoparticle formation.!** The higher temperatures
achieved during microwave irradiation can enhance the reduction
of silver ions, promote nucleation, and accelerate the growth of
nanoparticles. This controlled and rapid process results in a more
efficient formation of AgNPs with well-defined sizes, leading to the
emergence of a SPR absorption peak in the UV-vis. spectrum. In
contrast, room temperature synthesis might involve slower kinetics,
potentially leading to the formation of smaller nanoparticles, weakly
defined SPR peaks, or even incomplete nanoparticle formation,
which can result in the absence of the characteristic Ag peak in the
UV-vis. spectrum. The microwave-assisted synthesis provides a more
conducive environment for achieving the necessary reaction rates
and thermodynamic conditions that favor the production of silver
nanoparticles with distinct optical properties, thus leading to the
observed differences in the UV-vis. spectra.

Similarly, the influence of composition of CA leaf extract and
concentration of silver nitrate in the synthesis of AgNPs can also be
analyzed using UV-vis. spectroscopy. Figure 9 and Figure 10 shows the
spectrum obtained in both the cases.

The provided data, depicted in Figure 9, illustrates the impact of
varying concentrations (5 mL, 10 mL, and 15 mL) of CA leaf extract
on the formation of AgNP-CA. Analysis of the spectral data reveals
a discernible trend: as the quantity of CA extract decreases, there is
an observable increase in the production of AgNP-CA. This suggests
an inverse relationship between the amount of CA extract and the
resulting AgNP-CA concentration. Particularly noteworthy is the
outcome observed with 5 mL of CA extract, which corresponds
to the highest peak intensity among the tested concentrations. This
pronounced peak signifies a substantial concentration of AgNP-CA
formed under these conditions.

The data presented in Figure 10 elucidates the impact of varying
concentrations of silver nitrate (AgNOs) solution on the resulting
outcome. A closer examination of the spectrum reveals a clear and
consistent pattern: as the concentration of AgNO; solution increases,
there is a corresponding rise in absorbance values. This observed
relationship between concentration and absorbance signifies a direct
correlation, where higher concentrations of AgNO; lead to greater
absorbance levels. This, in turn, implies a direct association between the
concentration of AgNOj; and the formation of AgNP-CA. Specifically,
as the concentration of AgNO; solution increases, the production of
AgNP-CA also increases, as indicated by the escalating absorbance
values. In essence, the data underscores that higher concentrations
of AgNO; solution result in a more pronounced formation of AgNP-
CA, thereby highlighting the crucial role of AgNOj; concentration in
governing the synthesis process.

Fourier transform - infrared spectroscopy

The FT-IR spectroscopy is used to identify the biomolecules that cause
the reduction of silver nitrate to silver as well as the functional groups
present in the sample.®*® Figure 11 depicts the FT-IR spectrum of
AgNP-CA and aqueous leaf extract of CA. A broad band is obtained
in the range 3400-3200 cm! due to ~OH stretching indicating the
presence of an alcoholic group in CA leaf extract.” The absorption
peak at 2145 cm! typically corresponds to the stretching frequency
of C=C bond in an alkyne functional group. The peak indicates the
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Figure 8: UV-vis. spectrum of AgNP-CA at room temperature
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Figure 11: FT-IR spectrum of AgNP-CA and aqueous leaf extract of CA

presence of an alkyne group in the molecule being analyzed. It is noted
that the exact stretching frequency can vary slightly depending on
its chemical environment. However, in general the alkyne group has
stretching in the range 2100-2260 cm'. The C=N stretching (imine/
oxime) is indicated by the peak at 1641 cm™ and N-O (nitro compound)
stretching is indicated by the peaks at 1549 cm™ respectively.“’

The characteristic -OH stretching of the AgNP-CA is represented by
the broad spectrum in the range 3370-3212 cm!. The peak at 1641 cm'!
indicates C=N stretching similar to that of CA extract. The decrease in
intensity is due to resonance. The FT-IR spectrum of both CA extract
and AgNP-CA shows a decrease in wavenumber. The slight decrease
is due to the reaction taking place between the leaf extract and silver
nitrate. The reduction taking place is due to the different functional
groups present in CA extract. The leaf extract and silver nanoparticle
shows an equivalent peak due to C=N stretch.

Dynamic light scattering (DLS)

The hydrodynamic size of the silver nanoparticle synthesized from
CA extract can be determined using DLS analysis (Figure 12). The
determination of an average particle size of 56.6 nm through DLS
analysis for AgNP-CA underscores the achievement of monodisperse
nanoparticle formation.**# This outcome signifies that a substantial
majority of the nanoparticles cluster around the 56.6 nm mark,
reflecting a relatively uniform size distribution. Such monodispersity
points to a well-controlled synthesis process, where conditions were
optimized to facilitate consistent nucleation and growth mechanisms.
The observed size uniformity can be attributed to stable and controlled
reaction conditions, where factors like temperature, reactant
concentrations, and reaction duration were carefully regulated. This
monodisperse characteristic is indicative of a successful and controlled
synthesis approach, aligning with the desired outcome of producing
nanoparticles with a uniform size distribution.

Zeta potential analysis

The zeta potential value is a measure of the surface charge of the
nanoparticles. The recorded zeta potential value (Figure 13) of -33.4 mV
serves as an indicator of the potential stability of the produced AgNP-
CA.* This negative zeta potential value signifies strong electrostatic
repulsion forces among the nanoparticles, contributing to their
long-term stability and effective dispersion within the solution.®*!
The substantial negative charge on the nanoparticle surfaces results
in repulsive interactions, preventing agglomeration and ensuring a
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Figure 12: Graph showing the hydrodynamic size of AGNP-CA extract
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Figure 13: Graph showing the zeta potential analysis of AgNP-CA extract

good colloidal nature. The observed high dispersity, attributed to the
negative-negative repulsion, further validates the successful synthesis
and stabilization of the AgNP-CA, which enhances their suitability for
various applications requiring sustained stability and even dispersion.

Scanning electron microscopy (SEM)

The SEM analysis was used to determine the shape and size of the
synthesized silver nanoparticle. The confirmation of silver nanoparticle
formation and their morphological characteristics as nearly spherical
shapes through SEM analysis (Figure 14) underscores the influence of
capping agents present in the CA leaf extract on the synthesis process.>!
The spherical shape, which are found to be an aggregate, observed
is likely attributed to the specific interactions between the capping
agents and the growing nanoparticles.>? Capping agents are molecules
from the leaf extract that can adsorb onto the nanoparticle surfaces
during their formation, effectively guiding the growth process and
influencing their final morphology. In this case, the availability and
nature of these capping agents within the CA leaf extract contribute
to the preference for spherical morphology. The controlled interaction
between the capping agents and the nanoparticles ensures a uniform
growth pattern, resulting in the distinctive spherical shape observed
in the SEM analysis.

EDX analysis

The validation of elemental silver’s presence was established through
Energy Dispersive X-ray (EDX) analysis, evident by the detection of
a characteristic signal at 3 keV (Figure 15). This outcome directly
aligns with silver being a principal component within the synthesized
nanoparticles. Furthermore, the EDX analysis also revealed the
presence of other elements including C, O, Cl, Al, and N, with
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The X-ray diffraction technique gives an insight into the crystallographic %
nature of the synthesized silver nanoparticle.” The XRD analysis = 0 | (220) 311)
results, as shown in Figure 16, reveal distinct diffraction peaks
occurring at angles 28.5° 32.9°, 38.8° 46.9°, 65.2°, and 78.0°. These 200
peaks correspond to the crystallographic planes (100), (110), (111), 7
(200), (220), and (311) of a face-centered cubic (FCC) structure for
silver nanoparticles.’ This crystallographic arrangement is consistent 0 T T T T T T 1
with the data provided by the Joint Committee on Powder Diffraction 2 % o 50 60 0 80 %
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Standards (JCPDS), with reference to file number 04-0783.11:5!

The relative intensity of these diffraction peaks offers insights
into the orientation and arrangement of crystal planes within the
nanoparticles. Notably, the intensity of the (111) plane diffraction
peak appears particularly pronounced, indicating that this plane is
preferentially oriented parallel to the direction of the incident X-ray
light.>* This suggests a strong alignment of the (111) planes in the
sample, which can be attributed to the synthesis method employed
and the crystalline growth mechanism of the nanoparticles.

Figure 16: X-ray diffraction pattern of AgNP-CA

Catalytic reduction of methyl orange

The assessment of metal nanoparticles’ catalytic potential typically
involves the observation of organic dye reduction through the use of
sodium borohydride (NaBH,). Organic dyes exhibit distinct colors
in both their oxidized and reduced states, and it is essential that
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the surface plasmon resonance (SPR) band of metal nanoparticles
does not interfere with the dye’s absorption maximum. For the
investigation of the catalytic properties of the synthesized AgNP-
CA, azo dyes like methyl orange were chosen.> Methyl orange, in its
aqueous form, appears orange-red, and upon reduction, it becomes
colorless. The UV-visible spectrum displays an absorption maximum
at 465 nm, a characteristic feature owing to the presence of azo
groups within the dye.>® Importantly, the SPR of silver nanoparticles
is distinct from this wavelength.

In the absence of the silver nanocatalyst, the reduction of dyes
by NaBH, proceeds at a notably sluggish pace, with peak intensity
remaining unchanged for several hours. However, upon the addition
of the catalyst, the color of methyl orange visibly faded within one
hour. This change was accompanied by a noticeable alteration in peak
intensity, as depicted in Figure 17. The presence of the nanocatalyst
significantly enhances the reaction rate. The absorbance decreased in
the presence of the nanocatalyst, confirming the reduction in methyl
orange concentration. Remarkably, the reaction was completed
within one hour in the presence of AgNP-CA, indicating its catalytic
role in the reduction of azo dyes. In contrast, without the catalyst, it
would take hours to observe any change in the UV-visible spectrum.
Scheme 2 provides a schematic representation of the degradation
process of methyl orange.

Comparative analysis

Our study demonstrates the efficient synthesis of silver nanoparticles
(AgNPs) using CA leaf extract, showcasing a high yield of well-defined
nanoparticles. Comparative studies have shown similar synthesis
efficiencies for other plant extracts, including aloe vera, green tea, and
neem leaf extracts, indicating the widespread applicability of plant-
mediated synthesis methods.!>?

The morphology of AgNPs synthesized using different plant extracts
can vary significantly.*® While our study reports the formation of
predominantly spherical AgNPs with narrow size distribution, other
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plant extracts have been shown to produce AgNPs with diverse shapes
such as triangular, hexagonal, and rod-like structures. The choice of
plant extract and synthesis conditions can influence nanoparticle
morphology.'®

The stability of AgNPs is crucial for their potential applications
in various fields.”” Our research highlights the excellent stability of
AgNPs synthesized using Coleus anthonyi leaf extract, as evidenced by
long-term colloidal stability and minimal aggregation. Comparative
studies have reported similar findings, with AgNPs synthesized
using various plant extracts exhibiting good stability under different
environmental conditions.

AgNPs synthesized using plant extracts possess versatile properties
that make them suitable for a wide range of applications, including
antimicrobial, catalytic, and biomedical applications.?**** Our study
explores the potential of AgNPs synthesized from Coleus anthonyi
leaf extract for biomedical applications, such as drug delivery and
therapeutics. Comparative studies have demonstrated the effectiveness
of AgNPs synthesized from different plant extracts in antimicrobial
and catalytic applications, showcasing their potential in combating
microbial infections and environmental pollutants.

CONCLUSION

The future of green synthesis strategy which uses economic and
renewable sources while getting rid of the possible hazards is a huge step
to advancement. The present research work focused on the synthesis
and characterization of metal nanoparticles using Coleus anthonyi leaf
extract, aiming to unveil the potential of this newly discovered plant
through GC-MS analysis. The study successfully synthesized silver
nanoparticles using the leaf extract of Coleus anthonyi as a reducing
and stabilizing agent.

The GC-MS analysis of the ethanolic extract of Coleus anthonyi
provided valuable insights into the phytochemical composition of
the plant, highlighting the presence of various bioactive compounds.
This analysis further confirmed the plant’s potential for nanoparticle
synthesis due to the abundance of natural reducing and capping agents.
The phytochemical analysis of the new species Coleus anthonyi provides
abetter insight into the plant and can be utilized for further applications.

The synthesized AgNP-CA were comprehensively characterized
using a range of techniques, including UV-vis. spectroscopy, X-ray
diffraction, FT-IR, DLS, zeta potential analysis, and scanning electron
microscopy. These analyses confirmed the successful formation of
silver nanoparticles with distinct physicochemical properties. The
catalytic efficiency of AgNP-CA was evaluated through the degradation
of methyl orange, a common organic dye. The nanoparticles exhibited
enhanced catalytic activity, indicating their potential applications
in environmental remediation and wastewater treatment. The
optimization studies revealed the significance of microwave irradiation
and the amount of leaf extract in nanoparticle synthesis. Microwave
conditions were found to be favorable for the synthesis process,
providing a cost-effective and energy-eficient approach. Moreover,
the leaf extract played a crucial role in the reduction and stabilization
of the AgNPs, further emphasizing the eco-friendly and sustainable
nature of the synthesis method.

The use of leaf extracts for nanoparticle synthesis offers numerous
advantages over conventional chemical methods, including the
avoidance of toxic chemicals and the feasibility of large-scale
production. This research work contributes to the growing field of

/CHj3
“CH;

N,N Dimethyl-p-phenylene
diamine
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green nanotechnology by exploring the potential of Coleus anthonyi
leaf extract as a natural source for the synthesis of metal nanoparticles.
The findings of this study lay the foundation for future research
endeavors, aiming to further explore the applications of AgNP-CA in
various fields such as medicine, agriculture, and electronics. The eco-
friendly synthesis route presented in this work serves as a promising
alternative to conventional methods, offering sustainable solutions
with reduced environmental impact. This research work not only
highlights the potential of Coleus anthonyi as a valuable resource for
green synthesis but also contributes to the broader understanding
of plant-mediated nanoparticle synthesis and its implications in
advancing sustainable technologies.
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