
Citation: Gonfa, Y.H.; Gelagle, A.A.;

Hailegnaw, B.; Kabeto, S.A.;

Workeneh, G.A.; Tessema, F.B.;

Tadesse, M.G.; Wabaidur, S.M.;

Dahlous, K.A.; Abou Fayssal, S.; et al.

Optimization, Characterization, and

Biological Applications of Silver

Nanoparticles Synthesized Using

Essential Oil of Aerial Part of Laggera

tomentosa. Sustainability 2023, 15, 797.

https://doi.org/10.3390/su15010797

Academic Editors:

Sekar Vijayakumar, Roberto Christ

Vianna Santos and

Ramanathan Srinivasan

Received: 26 November 2022

Revised: 18 December 2022

Accepted: 26 December 2022

Published: 1 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Optimization, Characterization, and Biological Applications of
Silver Nanoparticles Synthesized Using Essential Oil of Aerial
Part of Laggera tomentosa
Yilma Hunde Gonfa 1,2 , Abiy Abebe Gelagle 3, Bekele Hailegnaw 4, Samuel Abicho Kabeto 1,2,
Getachew Adam Workeneh 1,2, Fekade Beshah Tessema 1,2 , Mesfin Getachew Tadesse 1,2 ,
Saikh M. Wabaidur 5 , Kholood A. Dahlous 5, Sami Abou Fayssal 6,7 , Pankaj Kumar 8 , Bashir Adelodun 9,10 ,
Archana Bachheti 11 and Rakesh Kumar Bachheti 1,2,*

1 Department of Industrial Chemistry, College of Applied Sciences, Addis Ababa Science and Technology
University, Addis Ababa P.O. Box 16417, Ethiopia

2 Nanotechnology Centre of Excellence, Addis Ababa Science and Technology University,
Addis Ababa P.O. Box 16417, Ethiopia

3 Ethiopian Public Health Institute, Addis Ababa P.O. Box 1242, Ethiopia
4 Institute of Physical Chemistry and Linz Institute for Organic Solar Cells, Johannes Kepeler University,

4040 Linz, Austria
5 Department of Chemistry, College of Science, King Saud University, Riyadh 11451, Saudi Arabia
6 Department of Agronomy, Faculty of Agronomy, University of Forestry, 10 Kliment Ohridski Blvd,

1797 Sofia, Bulgaria
7 Department of Plant Production, Faculty of Agriculture, Lebanese University, Beirut 1302, Lebanon
8 Agro-ecology and Pollution Research Laboratory, Department of Zoology and Environmental Science,

Gurukula Kangri (Deemed to Be University), Haridwar 249404, India
9 Department of Agricultural and Biosystems Engineering, University of Ilorin, Ilorin 240003, Nigeria
10 Department of Agricultural Civil Engineering, Kyungpook National University,

Daegu 41566, Republic of Korea
11 Department of Environment Science, Graphic Era University, Dehradun 248002, India
* Correspondence: rkbachheti@gmail.com or rakesh.kumar@aastu.edu.et

Abstract: Biological synthesis of silver nanoparticles (AgNPs) is a green, simple, cost-effective, time-
efficient, and single-step method. This study mainly focused on the synthesis of silver nanoparticles
(AgNPs) using essential oil of Laggera tomentosa (LTEO) and investigates their potential applications.
Ultraviolet-Visible (UV-Vis) result showed the characteristic Surface Plasmon Resonance (SPR) peak
of LTEO-AgNPs at 420 nm. Fourier transform infrared (FT-IR) spectroscopy indicated the functional
groups present in LTEO and LTEO-AgNPs. Scanning electron microscope (SEM) image depicted the
synthesized AgNPs mainly has spherical shapes with average nanoparticles size 89.59 ± 5.14 nm.
Energy dispersive X-ray (EDX) peak at 3.0 keV showed the presence of Ag element in LTEO-AgNPs.
The X-ray diffraction (XRD) peaks at 38◦, 44◦ and 67◦ are assigned to (111), (200), and (220), respec-
tively which displays the crystal nature of LTEO-AgNPs. The average particle size and zeta potential
of LTEO-AgNPs were determined as 94.98 nm and −49.6 mV, respectively. LTEO-AgNPs were
stable for six months against aggregation at room temperature. LTEO-AgNPs solutions exhibited
potential activities for the treatment of some pathogenic bacteria species, agricultural productivity
growth, determination of metallic ions, and catalytic reduction. This study is the first work to report
nanoparticles synthesis using L. tomentosa extracts and evaluate their potential applications.

Keywords: phytochemicals; green nanoparticles; medicinal plants; AgNPs; biological applications

1. Introduction

Green nanoparticles synthesis technology attracts the attention of many researchers
over the last decades because of its eco-friendly, low cost, low energy, and single-step ap-
proach [1]. Nanoparticles (NPs) are reported with the unique average sizes less than 100 nm
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and superior properties [2]. Noble metal nanoparticles (MNPs) showed extraordinary phys-
ical, chemical, and biological properties in various field of applications [3]. The biological
methods of MNPs synthesis have greater advantages of application than the chemical and
physical syntheses methods due to the toxicity problems of the latter approaches over the
former one [4]. Plants are used as dominant sources of natural products for the synthesis
of MNPs due to their biosafety and sustainability nature than other biological systems [5].
Optimization of the effects of various reaction parameters for the synthesis of MNPs plays
a greater role in improving their properties and efficiency of applications [6]. High definite
surface area and fraction of surface atom are the potential characteristics properties of
MNPs for their broad range of applications [7].

Silver nanoparticles (AgNPs) synthesis is one of the vital research areas for the biologi-
cal, medical, environmental, agricultural, and other applications because of the biocom-
patibility properties of biogenic NPs [8]. Plant extracts-mediated approach is the primary
system for the biogenic synthesis of AgNPs [9]. Some previous studies revealed that essen-
tial oils are the potential candidate for the bioreduction of Ag+ ions to Ag0 during AgNPs
formation [10]. Besides, the chemical components of essential oils act as the capping and
stabilizing agents in the synthesized AgNPs [11,12]. Earlier research findings showed that
antimicrobial, biomedical, colorimetric determination of metal ions, agriculture produc-
tivity growth, textile industry, catalytic reduction, and water treatment are some of the
application areas of green AgNPs [12–14]. Currently, plants mediated AgNPs remain one
of the hot research areas with remarkable biological and chemical applications [15]. Plants
are considered as sustainable sources of bioreductants for the synthesis of AgNPs [16]. For
example, capping of phytochemicals from essential oils of plants possesses the potential
stabilizing properties in the formation of AgNPs [17]. The wide beneficial activities of es-
sential oils in different areas of applications increase their interest of usage as bioreductants
in the synthesis of AgNPs [18].

Plants’ ecology, parts, age, season of collection, and method of extraction limit the
diversity of chemical constituents of essential oils. Essential oils are mostly isolated from
the leaves, stems, flowers, herbs, brushes, and aerial part of plant using the simple and
inexpensive process such as distillation methods [19]. Hydrodistillation technique is
often used to isolate essential oils from various parts of plants. This technique is usually
favored for the isolation of essential oils due to its conventional, simplicity, low cost,
greenness, and sustainable approach [20]. Essential oils were reported as complex mixtures
of oxygenated and non-oxygenated hydrocarbons containing monoterpene, sesquiterpene,
and other hydrocarbons [21,22]. Therefore, the diversified chemical compounds and
functional groups of essential oils are responsible for the successful synthesis of AgNPs as
potential bioreducing, capping, and stabilizing agents [23]. Aromatic plants are frequently
used for different applications because of their potential source of essential oils [24]. The
genus Laggera contains over 20 species which are mainly distributed in different ecological
regions such as tropical Africa and Southeast Asia and known for their characteristic odor
essences [25,26].

L. tomentosa Sch. Bip. Ex. Oliv. et Heirn (family of Asteraceae) is a known family
of vascular herbs. It is a bushy perennial aromatic medicinal plant endemic to Ethiopia
and is locally known as “Keskese” [27]. Different parts of the plant are traditionally used
to treat toothache, stomachache, headache, swelling, and ringworm. Locally, the aerial
part of the plant is also applied for cleansing milk containers and used as a fumigant [28].
In this regard, the plant species and its products can be used as the promising green
agents for the treatment of food spoilage bacterial strains such as Staphylococcus aureus,
Staphylococcus epidermidis, Streptococcus agalactiae, Escherichia coli, Proteus mirabilis, and
Pseudomonas aeruginosa [29].

The essential oils of some Laggera species were reported for their potential applications
as antimicrobial, antioxidant, larvicidal, and insecticidal agents [30]. Essential oil of L. tomen-
tosa was reported to contain mainly monoterpenes and sesquiterpenes [28]. Even though
the plant species is rich in natural products containing diversified bioactive components,
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only little research work has been reported regarding their biological applications [30].
To the best of our knowledge, currently there is no published research report on the L.
tomentosa extracts which mediated the synthesis of AgNPs and the study of their potential
applications. Hence, the aim of this research is first to isolate essential oil from the aerial
part of L. tomentosa (LTEO) and determine its phytochemical components. Then, apply
the isolated LTEO for the green synthesis of AgNPs using the one factor at a time method
of optimization of reaction conditions. Finally, potential activities of LTEO-AgNPs were
evaluated using some pathogenic bacteria species, wheat seed germination and seedling
growth, colorimetric determination of metal ions and catalytic reduction of p-nitrophenol
to p-aminophenol as areas of applications.

2. Materials and Methods
2.1. Plant Material and Chemicals

L. tomentosa plant sample was collected from Tullu Dimtu, Addis Ababa Science and
Technolgy University, Ethiopia, which is located at the latitude of 8◦88′ N and longitude of
38◦80′ E and elevation 2143 m above sea level (m.a.s.l.), in November 2020. Plant sample
was collected and prepared according to the previously reported procedure by Asfaw
et al. [29]. The aerial part of the plant sample was carefully cleaned and dried using the
shading technique for 3 weeks. A dried sample of the plant was grinded to fine powder
using the electric grinder and stored in a brown glass bottle until further analysis. In this
study, all chemicals of analytical grade from Sigma-Aldrich (St. Louis, MO, USA) were
used in all experiments. All the solutions were prepared using distilled water throughout
the experiments.

2.2. Isolation and Characterization of Essential Oils

The procedure of isolation and characterization of essential oil was based on the earlier
literature review [30]. The powder of dried sample (3 kg) was subjected to hydrodistillation
in a Clevenger-type apparatus for 3 h. Then, the isolated L. tomentosa essential oil (LTEO)
was dried over anhydrous Na2SO4 from the aqueous phase. Finally, LTEO was stored
in the refrigerator until the further analysis. The percentage yield of isolated LTEO was
determined and expressed as the ratio of isolated EO in millimeter unit to the weight of the
plant sample used (dry weight) in 100 g (%v/w). The density, refractive index, and optical
rotation of LTEO were determined by using a density meter (A. Kruss Optronic, Hamburg,
Germany), refractometer (A. Kruss Optronic, Hamburg, Germany), and optical spectrome-
ter (ADP600 series, Bellingham plus Stanley, Royal Tunbridge Wells, UK), respectively. The
chemical composition determination of LTEO was carried out by the gas chromatography-
mass spectrometry (GC-MS) (Thermo Fisher Scientific Inc., Waltham, MA, USA) technique.
The analysis was performed according to the previous report procedure [22] with some
manor modifications. A Varian CP-3800 gas-chromatograph equipped with a DB-capillary
column (30 m× 0.25 mm coating thickness 0.25 µm) and a Varian Saturn 2000 ion trap mass
detector was used for the sample analysis. The identification of chemical components of
LTEO was performed by comparing their retention times with those of authentic samples
and linear Kovat’s indices with the series of n-alkanes (C7–C25), NIST spectra dataset, Wiley
libraries, and literature data.

2.3. Methodology for AgNPs Synthesis and Characterization

The adopted procedure from the previous literature report [31] with some minor
modifications was used to optimize LTEO-AgNPs synthesis, and the reaction conditions
were monitored using UV-Vis spectrometer (JASCO V-770, Tokyo, Japan). AgNO3 solution
was used as a blank for all UV-Vis measurements to adjust the baseline. For UV-Vis
measurement LTEO-AgNPs solution was taken at end of the reaction. The colloidal solution
of LTEO-AgNPs samples was adjusted to the same volume to obtain the uniform UV-Vis
results using micropipette. 300 µL of the colloidal solution was taken and added to
cuvette containing 2.4 mL double distilled water and mixed well before running UV-Vis
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measurement. LTEO-AgNPs purification was performed by centrifuging the colloidal
solution at 8000 rpm for 15 min and the obtained crystals were washed repeatedly three
times with the minimum amount of double distilled water to remove impurities. Then,
the purified pellets were dissolved in the optimum volume of double distilled water to
minimize the aggregation effect of NPs and the colloidal solution was stored in brown
bottle for the further analysis or applications. Optimization of reaction parameters for
LTEO-AgNPs was based on a varying one factor at a time method [18]. Optimizing pH
for the synthesis of LTEO-AgNPs was carried out by using the various pH of AgNO3
solution at 3, 5, 7, 8, 9, 11, and 12. The adjustment of pH values was done using 0.1 M
HCl or 0.1 M NaOH solutions. 4 × 10−4 M, 2 × 10−3 M, 6 × 10−3 M, 8 × 10−3 M, and
9 × 10−3 M AgNO3 solution were used to determine the optimum AgNO3 concentration
conditions for the synthesis of LTEO-AgNPs. The effect of volumes of AgNO3 solution
was optimized using 70, 90, 110, and 130 mL of solution for the synthesis of LTEO-AgNPs.
15, 20, and 30 mL of LTEO solution (1 mL of LTEO in 170 mL of acetone) were used for
the determination of optimum volume for the synthesis of LTEO-AgNPs. The sample of
LTEO-AgNPs solution was taken for every reaction temperature at 45, 55, 60, 75, and 90 ◦C
and the optimum reaction temperature was determined for the synthesis of LTEO-AgNPs.
Reaction time was optimized for the synthesis of LTEO-AgNPs at 20, 30, and 40 min.
Finally, the optimum reaction parameters were used for the synthesis of LTEO-AgNPs. In
all reaction processes of LTEO-AgNPs synthesis, magnetic stirrer hot plate was used for
the time and temperature controls and as a source of heat while UV-Vis spectroscopy was
employed for the determination of SPR intensity peaks.

UV-Vis spectra were measured based on the procedure reported by [32] in the 300–
700 nm range using a spectrophotometer (JASCO V-770, Tokyo, Japan) and AgNO3 solution
as a blank to adjust the baseline. The Fourier transform infrared (FT-IR) spectra of LTEO
and LTEO-AgNPs were recorded using a FT-IR spectrophotometer (iS50 ABX, Thermo
Scientific, Waltham, MA, USA) to determine the potential functional groups that were
cause for the reduction of Ag+ ions into Ag0 in LTEO-AgNPs, stabilizing, and capping
of AgNPs. Based on the earlier procedure [15], FT-IR spectra were run as follows: Few
drops of LTEO and LTEO-AgNPs samples were applied with a resolution of 4 cm−1,
the spectral range of 400–4000 cm−1, and number of scans of 32. For the determination
of surface morphology and elemental composition of LTEO-AgNPs, scanning electron
microscope-energy dispersive X-ray spectroscopy (SEM-EDX) analyses were performed
using SEM-EDX (SSX-550 SEM-EDX, Shimadzu Co., Kyoto, Japan) with Sigma 300 operated
at 20 kV based on the procedure reported by Saha and co-workers [32] with some minor
modifications. LTEO-AgNPs crystal structure was determined by X-ray diffractometer
(Philips PW1710; Philips Co., Amsterdam, The Netherlands) with a tube containing an
X-ray with a copper target emitting Cu-Kα line with 1.54 A◦ wavelength and Bragg’s angle
limit of 30◦ ≤ 2θ ≤ 80◦ based on the procedure provided in the previous study [33].

Particle size and zeta potential analyser (Zetasizer nano ZS; Malvern Instruments,
Malvern, UK) was employed to determine the average size and surface potential of LTEO-
AgNPs according to the procedure reported by the previous literature review [34]. The
storage stability of LTEO-AgNPs was determined in the specific time intervals using the
UV-Vis spectroscopic analysis based on the protocol reported previously by Gul et al. [35].
LTEO-AgNPs solution was stored deliberately at two different temperature conditions:
4 ◦C and room temperature. Then, the stability changes of sample was monitored by using
UV-Vis spectroscopy for over 6 months.

2.4. Potential Applications of LTEO-AgNPs

For the investigation of potential activities of LTEO-AgNPs solution, antibacterial
activity, seeds germination and seedlings growth test, colorimetric probes, and catalytic
reduction activity were used as areas of application. The well diffusion method was
applied for evaluating the antibacterial activities of different concentrations of LTEO-
AgNPs solution as described by Vilas et al. [18] with some minor modifications. Three
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Gram-positive pathogenic bacteria species such as Staphylococcus aureus (ATCC 25923),
Staphylococcus epidermidis (ATCC 12228), and Streptococcus agalactiae (ATCC 12386) and
three Gram-negative pathogenic bacteria species such as Escherichia coli (ATCC 25922),
Proteus mirabilis (ATCC 35659), and Pseudomonas aeruginosa (ATCC 27853) were used for
the antibacterial activity evaluation of LTEO-AgNPs solution. All bacteria species were
provided by the Traditional and Modern Medicines Research Laboratory, Ethiopian Public
Health Institute, Addis Ababa, Ethiopia. Ciprofloxacin (positive control) was obtained from
Cadila Pharmaceuticals plc, Gelan, Oromia Regional State, Ethiopia. The overnight cultures
of bacteria species were prepared in Luria-Bertani (LB) broth media. The prepared Muller-
Hinton agar (MHA) solution (20 mL) was added to the sterilized Petri dish plates and then
allowed for solidification. A number of 8 mm diameter circular wells were prepared, for
ciprofloxacin, negative control (Tween-80) and LTEO-AgNPs solutions, in the MHA plate
by using a sterile Cork borer. 120 µL of equal concentrations of controls and LTEO-AgNPs
solutions were poured into the wells and allowed for incubation for 24 h at 37 ◦C. Zone
of inhibition diameters (ZID) were recorded by using the millimeter scale. Percentage of
relative zone of inhibition diameters (%RZID) of concentrations of LTEO-AgNPs solution
was also calculated and used to compare these values with the control solutions.

Triticum aestivum (wheat) seeds germination and seedling growth test was conducted
based on the procedure of Budhani and co-workers [36] with some minor modifications.
The wheat seeds were sterilized with a 70% ethanol solution before the application. Next,
the seeds were soaked in LTEO-AgNPs solution for 20 min (except for the control seeds)
and finally, sown in a Petri dish with four pieces of filter paper and allow for germination.
In each Petri dish, five healthy seeds were exposed to 0, 100, 500, 1000, and 2000 µL of
LTEO-AgNPs solution (60 µg/mL) using double distilled water (DDH2O) as a positive
control. The experiments were conducted in three replicates. After 10 days of incubation,
the percentage of seeds germination was calculated as %GS = (n/N) × 100%, where GS
represents germination of seeds, n represents the total number of germinated seeds, and N
represents the total number of seeds in germination test. The length of the root and shoot
of seedlings were also measured on centimeter scale.

Selectivity and sensitivity determination of various metal ions tests were performed
according to the previous report by Kalam and co-workers [37]. Selectivity tests of metal
ions was studied by mixing 10 mL of solution, 2 × 10−3 M, of metal ions of Fe3+, Ni2+,
Cu2+, Zn2+, Hg2+, Cd2+, K+, Mg2+, Al3+, Cr6+, Mn2+, and Pb2+ with 10 mL of LTEO-AgNPs
(60 µg/mL) solution in the transparent glass vials. Subsequently, the color change of the
mixed solutions was visually examined, and the absorption spectra were monitored by
UV-Vis spectroscopy after 30 min incubation period of time. The sensitivity of LTEO-AgNPs
towards concentration of Hg2+ ions was also examined using various concentrations of
Hg2+ ions solution in their decreasing order: 2 × 10−3, 1.5 × 10−3, 1.0 × 10−3, 0.9 × 10−3,
0.7 × 10−3, 0.5 × 10−3 and 0.2 × 10−3 M solutions in the transparent glass vials. LTEO-
AgNPs solution limit of detection (LOD) for the concentration of Hg2+ ions were evaluated
by the color change visualization and controlling the UV-Vis absorption peaks of mixed
solutions. Standards and samples were prepared under the same conditions and the
experiments were carried out in three replicates. For selectivity and sensitivity tests,
photographs of the appearance of solutions were taken with a digital camera.

The reduction of para nitrophenol (p-NP) to para-aminophenol (p-AP) was catalyzed
using LTEO-AgNPs according to the procedure provided by Li and co-workers [38] to
evaluate the reduction process using freshly prepared NaBH4 solution as a mild reducing
agent. To investigate the catalytic activity of LTEO-AgNPs, 2 mL of 2 × 10−3 M p-NP in
20 mL of the aqueous solution was added to 4 mL of 0.5 M NaBH4 solution and stirring
for 15 min and followed by the addition of 300 µL of LTEO-AgNPs solution (60 µg/mL)
and stirred for 5 min more. Progress of the reaction had been traced with the decrease in
UV-Vis absorbance peaks versus time for LTEO-AgNPs at 420 nm wavelength.
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2.5. Statistical Analysis

All experimental activities were performed in three replicates. The data were sub-
jected to one-way analysis of variance (ANOVA) using IBM SPSS statistics 26 software.
Experimental values were expressed as mean ± standard deviation (SD). p < 0.05 were
accepted as statistically significant.

3. Results and Discussion
3.1. Instrumental Analyses of LTEO

LTEO of a yellow color and pleasant odor was isolated from the powder of plant sam-
ple (dry weight). The total percentage yield of LTEO was 1.15%. The optical rotation (◦α),
refractive index (nD), and specific gravity of the LTEO were obtained as +5.93◦ (at 25.5 ◦C),
1.49118 (at 20 ◦C) and 0.1179 (at 20 ◦C), respectively. LTEO was highly soluble in 90%
ethanol. Some results were reported by earlier study [28] on the aerial part of L. tomentosa
but with lower percentage yield of EO (0.50%). The analysis of GC-MS of LTEO depicted a
total of 38 chemical compounds for constituents greater than 0.11% area percentage which
account for a total of 87.97%. The identified chemical compounds represent monoterpenes
(51.58%), sesquiterpenes (28.10%) and some other hydrocarbons (8.29%). The correspond-
ing Kovat’s indices from literature review and chemical structures of some components
with 11.73% of total area percentage could not be obtained from the NIST spectra dataset
while their experimental (calculated) Kovat’s indices were determined. The first 11 identi-
fied chemical constituents of LTEO such as eucarvone (25.74%), 2,5-dimethoxy-p-cymene
(9.39%), (-)-germacrene D (8.49%), chrysanthenone (6.81%), 2,5-dimethylphenol (5.23%), E-
ocimenone (3.45%), γ-curcumin (3.33%), 2,6-dimethylphenol (2.92%), β-cubenene (2.57%),
4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-one (2.08%) and humulene (2.00%) which represent
about 72.01% of the total composition are presented in Figure 1. The dominant chemical
constituents of LTEO contain the oxygenated, olefinic, aromatic, and cyclic functional
groups. In some previous studies, chrysanthenone (57.5%) and 2,5-dimethoxy-p-cymene
(64.76%) were reported by Asfaw et al. [28] and Getahun et al. [30], respectively as major
components of essential oil of aerial part of L. tomentosa. However, in this research work,
eucarvone is reported for the first time as major components from this plant species.
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Figure 1. Structures of the first 11 main constituents of LTEO (for peak area ≥ 2%).

As shown in Figure 2, FT-IR spectra of LTEO showed the presence of sp3C-H symmetric
bond stretching (2947 cm−1), carbonyl group (1774 cm−1), aromatic C=C symmetric bond
stretching (1446 cm−1), sp2C-O symmetric bond stretching (1208 cm−1) and aromatic C-H
in plane bond bending (1020 cm−1). The demonstrated FT-IR spectra of LTEO were more
probably for major functional groups of oxygenated compounds and aromatic compounds.
Moreover, the functional groups of chemical constituents of LTEO are supported by the
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existing literature review [33,39] and the structures of chemical compounds identified by
GC/MS analysis in this study.
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Figure 2. FT-IR spectrum of essential oil of aerial part of L. tomentosa (LTEO).

3.2. Optimization, Synthesis, and Characterization of LTEO-AgNPs
3.2.1. Optimization Process

Optimization of reaction parameters plays a crucial role in determining a cost-effective,
simple, and time-efficient method to improve the homogeneity of NPs [40]. The effects of
reaction parameters on LTEO-AgNPs synthesis were evaluated using the one factor-at-a-
time method [41,42]. The observed maximum UV-Vis absorbance peak for the LTEO-AgNPs
solution was considered optimum parameter. Different pH values at 3, 5, 7, 8, 9, 11, and
12 were used to determine the optimum pH of AgNO3 solution for the synthesis of LTEO-
AgNPs. There was no formation of LTEO-AgNPs in the acidic condition (at pH 3 and 5).
This result is consistent with the result reported by the previous literature article [9]. In
acidic conditions, the produced LTEO-AgNPs were not stable enough and as a result NPs
led to agglomeration. At neutral and basic conditions (at pH 7, 8, 9, 11, and 12), intense
peaks were observed in the UV-Vis region of AgNPs. These results effectively confirmed
the formation of LTEO-AgNPs in neutral and basic conditions. However, the optimum
reaction pH was found at 11 (Figure 3a). Various concentrations of AgNO3 solution such as
4 × 10−4 M, 2 × 10−3 M, 4 × 10−3 M, 6 × 10−3 M, 8 × 10−3 M, and 9 × 10−3 M were used
to study their effects on the synthesis of LTEO-AgNPs. 2 × 10−3 M AgNO3 solution was
obtained as optimum concentration with the maximum absorbance peak intensity in the
UV-Vis region of AgNPs (Figure 3b). The absence of UV-Vis peaks at higher concentrations
of AgNO3 solution (8 × 10−3 M and 9 × 10−3 M) may be due to the excess concentration
accelerating the aggregation of AgNPs [43].
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Figure 3. UV-Vis graph of (a) pH and (b) concentrations of AgNO3 solution optimization.

The reactants used for AgNPs synthesis were AgNO3 and LTEO solutions. AgNO3
solution was used as Ag precursors while LTEO solution applied as bioreductant in AgNPs
synthesis. The volume of AgNO3 solution: 70, 90, 110, and 130 mL were employed to
determine the optimum volume of AgNO3 solution required for the high yield of LTEO-
AgNPs formation. 70 mL of AgNO3 solution produced LTEO-AgNPs with maximum
UV-Vis absorbance (Figure 4a). To examine the effect of various volumes of bioreductant
solution on the synthesis of AgNPs, 15, 20, and 30 mL of LTEO solution were used. The
optimum volume of bioreductant solution was obtained as 20 mL (Figure 4b) for LTEO-
AgNPs formation. The decreasing effect of UV-Vis absorbance peak at higher volume of
LTEO solution (30 mL) was due to the inaccessibility of functional groups in LTEO for Ag+

ions because of the competition between bioreductant components and Ag+ ions [44].
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Figure 4. UV-Vis graph of volume of (a) AgNO3 and (b) LTEO solutions optimization.

Temperature and time were also the important reaction parameters to be optimized for
the synthesis of AgNPs. The reaction temperature showed different effects on the nucleation
and growth of AgNPs [45]. In LTEO-AgNPs synthesis, the reaction temperatures set at 45,
55, 60, 75, and 90 ◦C (Figure 5a) using the magnetic stirrer digital hot plate. The decreasing
of UV-Vis absorbance of LTEO-AgNPs at 90 ◦C may be attributed to the slow nucleation
of AgNPs due to the formation of their larger size [46]. Therefore, the optimum reaction
temperature for the synthesis of LTEO-AgNPs was obtained at 75 ◦C as the maximum
UV-Vis absorbance.
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Figure 5. UV-Vis graph of (a) temperature and (b) time of reaction optimization.

Time of reaction optimization was performed at 20, 30, and 40 min. The effective
optimum reaction time was obtained at 20 min (Figure 5b). The lower UV-Vis absorbance
peaks at higher reaction times (at 30 and 40 min) were due to the aggregation of NPs over
nucleation as the reaction time increases [47].

3.2.2. Synthesis of LTEO-AgNPs

Finally, LTEO-AgNPs were synthesized using the optimum reaction parameters all at
once together. 70 mL of 2 × 10−3 M AgNO3 solution was adjusted to pH 11 and boiled to
75 ◦C while stirring on the magnetic stirrer digital hot plat. 20 mL of LTEO solution was
added slowly in drop-wise to the boiling AgNO3 solution. After 20 min, the characteristic
brown color of AgNPs colloidal solution was observed and the formation was confirmed by
using UV-Vis spectroscopy. The proposed mechanism of LTEO-AgNPs is given in Figure 6.
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Figure 6. The proposed mechanism for the synthesis of LTEO-AgNPs.

3.2.3. Characterization of LTEO-AgNPs

UV-Vis spectra of LTEO-AgNPs colloidal solution were assessed by measuring their
absorption spectrum using UV-Vis spectroscopy over 300–700 nm range, as shown in
Figure 7a. A characteristic absorption peak was observed at 420 nm due to the surface
plasmon resonance (SPR) of AgNPs. Therefore, formation of LTEO-AgNPs was confirmed
by brown color visualization and absorption of SPR peak between 400–450 nm. The
observed peak was in the normal UV-Vis absorption range for AgNPs. The broadening
of LTEO-AgNPs UV-Vis spectrum may be because of the aggregation effect of NPs [45].
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The brown color of the AgNPs colloidal solution was due to the excitation and collective
oscillation of free electrons on the surface of AgNPs, which interact with light waves [48,49].
The combined FT-IR spectra of LTEO and LTEO-AgNPs are depicted in Figure 7b. FT-IR
spectrum of LTEO-AgNPs showed dominant peaks at 3272 cm−1 and 1634 cm−1 in the
functional group region. These peaks indicated the presence of -O-H and C=O functional
groups on the surface of synthesized AgNPs [15,50]. The functional groups mainly present
on the surface of LTEO-AgNPs were –O-H and C=O. This effect indicated the functional
groups of chemical constituents of LTEO were involved in the reducing, capping, and
stabilizing action of LTEO-AgNPs formation.
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Figure 7. UV-Vis graph of (a) optimized LTEO-AgNPs and (b) the combined FT-IR spectra of LTEO
and LTEO-AgNPs.

ImageJ software was used for the analysis of NPs size measurements by considering
different sizes of LTEO-AgNPs. SEM images of LTEO-AgNPs demonstrated that the shapes
of NPs are predominantly spherical, with average size of 89.59 ± 5.14 nm, Figure 8a. EDX
showed the presence of Ag element at about 3.0 keV in the synthesized AgNPs [51]. In
Figure 8b, the two intense peaks in EDX spectrum clearly confirmed the presence of Ag
elements and the formation of AgNPs.
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Figure 8. (a) SEM and (b) EDX images of LTEO-AgNPs.

XRD analysis is used for the determination of unknown crystalline nanomaterials [52].
Three dominant XRD peaks were observed at 38◦, 44◦ and 67◦ in the 2θ range to represent
the characteristic peaks of AgNPs formation (Figure 9). The peaks can be assigned to
(111), (200) and (220), respectively which confirmed the face-centered cubic structures of



Sustainability 2023, 15, 797 11 of 20

silver. The XRD analysis is in good agreement with the green AgNPs synthesized using C.
roxburghii aqueous extract [2]. XRD peaks of AgNPs prepared using the rhizome extract
of C. orchioides in the earlier study and reported with the Joint Committee on Powder
Diffraction Standards (JCPDS) card No. 04-0783 [32] further supported the XRD peaks
pattern of LTEO-AgNPs.
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Figure 9. The XRD peaks of LTEO-AgNPs.

The average size and surface potential of synthesized AgNPs were determined by
using the nanosizer analysis technique. The measurement of NPs size distribution was
shown in Figure 10a and the average size and polydispersity index (PDI) of LTEO-AgNPs
were obtained as 94.98 nm (diameter) and 0.241, respectively. The small value of PDI
is reported to inform the homogeneity of the size of AgNPs [53]. Zeta potential of NPs
determines the electrostatic attraction or repulsion nature on their surface [54]. Therefore,
the value of zeta potential was used for a rough indication of the stability of synthesized
AgNPs. Values greater than±30 mV indicate the stability of synthesized nanomaterials [55].
Therefore, the determined magnitude of zeta potential, −49.5 mV (Figure 10b), with an
overall negative charge on the surface of synthesized AgNPs, roughly predicted the stability
of LTEO-AgNPs, which is supported by the existing literature reports [36].
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Figure 10. (a) Zeta size and (b) zeta potential of LTEO-AgNPs.
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Stability is one of the parameters that ensures the life span of AgNPs can be used
effectively in different application areas [33,37,56]. The physicochemical stability of LTEO-
AgNPs was studied over 6 months using UV-Vis spectra analysis. LTEO-AgNPs samples
were stored at 4 ◦C and room temperature, separately. They revealed wide variation in the
SPR peaks after a month on the stability of LTEO-AgNPs (Figure 11a,b).
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temperature.

In this study, the synthesized AgNPs showed stronger stability at room temperature
for over 6 months. These results demonstrated that better stability of LTEO-AgNPs against
aggregation or dissolution was observed at room temperature than at 4 ◦C. The aggregation
or dissolution effect of LTEO-AgNPs at 4 ◦C (in the refrigerator) might be resulted because
of the oxidation of Ag◦ into Ag+ ions or recrystallization of colloidal solution of AgNPs [12].

3.3. Applications of LTEO-AgNPs
3.3.1. Antibacterial Activity

Antibacterial activities of LTEO-AgNPs solution was evaluated for pathogenic bacteria
species using Gram-positive strains: S. epidermidis, S. aureus, and S. agalactiae and Gram-
negative strains: P. mirabilis, E. coli, and P. aeruginosa. The concentrations of LTEO-AgNPs
solution were prepared from full strength or 100% LTEO-AgNPs solution (60 µg/mL) to
6.25% LTEO-AgNPs solution using the dilution series method. Besides, LTEO solution
(60 µg/mL) was adjusted to 30% LTEO solution and used as the reference control in the
antibacterial activity assay. LTEO-AgNPs solutions demonstrated the inhibition of bacteria
growth except for 12.5% LTEO-AgNPs solution against P. aeruginosa and 12.5% and 6.25%
LTEO-AgNPs solution against P. mirabilis. The 30% LTEO solution, a control, demonstrated
higher activity than all concentrations of its AgNPs solution against the test bacteria species
growth. For example, the maximum and minimum ZID values of 30% LTEO solution were
obtained as 24.33 ± 0.58 and 13.33 ± 0.58 mm against S. aureus and S. agalactia, respectively.
However, at full strength of LTEO-AgNPs solution (100% LTEO-AgNPs solution), ZID
values were recorded in the range of 21.00± 1.00 to 11.00± 1.00 mm while at the minimum
concentration of LTEO-AgNPs solution (6.25% LTEO-AgNPs solution), ZID values were
determined in the range of 11.00 ± 1.00 to 0.00 mm for all tests bacteria species. Therefore,
all tests’ bacteria species showed stronger resistance to the concentrations of LTEO-AgNPs
solution than 30% LTEO solution (a reference control) and ciprofloxacin (a positive control).
The obtained results are in contrast to the previous research findings on the antibacterial
activity of plant extracts and their AgNPs. In the earlier literature report, plant extracts
were obtained weaker antibacterial activity than their AgNPs [18,57].
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The zone of inhibition diameters (ZID, mm) of full strength to 6.25% LTEO-AgNPs
solution against all bacterial strains were summarized and presented in Table 1. The percentage
of the relative zone of inhibition diameter (%RZID) for the antibacterial activity of LTEO-
AgNPs solution was calculated and presented in Table 2. The ZID or %RZID values were
compared with controls such as 5 µg/mL ciprofloxacin, 30% LTEO and 5% Tween-80 (in
sterilized distilled water) solutions. The results of ZID or %RZID of the synthesized AgNPs
solution are the mean ± SD of three replicates and statistically significant at p < 0.05.

Table 1. Antibacterial activity of various concentrations of LTEO-AgNPs solution against the test
pathogenic bacteria species using the agar well diffusion method.

Test Microorganism
Zone of Inhibition Diameter (ZID) * in mm

Cipro.
(5 µg/mL)

LTEO Sol.
(30%)

LTEO-AgNPs
(Full Strength)

50%
LTEO-AgNPs

25%
LTEO-AgNPs

12.5%
LTEO-AgNPs

6.25%
LTEO-AgNPs

S. aureus 26.00 ± 0.00 24.33 ± 0.58 21. 00 ± 1.00 20.67 ± 0.58 12.67 ± 0.58 9.00 ± 0.00 9.00 ± 0.00
S. epidermidis 34.33 ± 1.15 23.33 ± 0.58 16.67 ± 0.58 14.33 ± 0.58 12.00 ± 0.00 11.00 ± 0.00 9.67 ± 0.58
S. agalactiae 21.33 ± 1.53 13.33 ± 0.58 11.67 ± 0.58 10.00 ± 0.00 9.00 ± 0.00 8.67 ± 0.58 8.33 ± 0.58

E. coli 33.33 ± 0.58 18.33 ± 0.58 20.33 ± 0.58 19.00 ± 1.00 15.33 ± 0.58 12.67 ± 0.58 11.00 ± 1.00
P. mirabilis 39.33 ± 0.58 16.33 ± 1.15 11.00 ± 1.00 11.33 ± 0.58 9.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00

P. aeruginosa 31.33 ± 0.58 14.67 ± 0.58 13.67 ± 0.58 13.33 ± 0.58 11.67 ± 0.58 9.33 ± 0.58 8.00 ± 0.00

* ZID results were expressed as mean ± SD of three replicates; LTEO—L. tomentosa essential oil, Cipro.—
Ciprofloxacin (Positive control), Tween-80 (Negative control), ZID values including well diameter, 8 mm, p < 0.05
is considered as statistically significant value.

Table 2. Percentage of the relative zone of inhibition diameter of different concentrations of LTEO-
AgNPs solution against test bacteria species.

Test Microorganism
%RZID *

Cipro. LTEO Sol.
(30%)

LTEO-AgNPs
(Full Strength)

50%
LTEO-AgNPs

25%
LTEO-AgNPs

12.5%
LTEO-AgNPs

6.25%
LTEO-AgNPs

S. aureus 100.00 ± 0 90.75 ± 3.22 72.22 ± 5.56 70.37 ± 3.20 25.93 ± 3.21 5.56 ± 0 5.56 ± 0
S. epidermidis 100.00 ± 0 58.27 ± 2.38 32.99 ± 3.20 24.15 ± 3.34 15.21 ± 0.68 11.41 ± 0.51 6.37 ± 2.33
S. agalactiae 100.00 ± 0 40.60 ± 8.54 28.03 ± 7.07 15.13 ± 1.69 7.56 ± 0.84 5.34 ± 4.64 2.22 ± 3.85

E. coli 100.00 ± 0 40.77 ± 1.33 48.72 ± 2.99 43.44 ± 4.12 28.97 ± 2.69 18.41 ± 2.12 11.80 ± 3.70
P. mirabilis 100.00 ± 0 26.57 ± 3.50 9.61 ± 3.33 10.62 ± 1.63 3.20 ± 0.08 0.00 0.00

P. aeruginosa 100.00 ± 0 28.63 ± 3.14 23.94 ± 1.91 22.89 ± 2.81 15.70 ± 2.33 5.74 ± 2.57 0.00

* %RZID results were expressed as mean +SD of three replicates; LTEO—L. tomentosa essential oil, Cipro.—
Ciprofloxacin (Positive control), Tween-80 (Negative control), p < 0.05 is considered as statistically significant
values.

Based on the results presented in Tables 1 and 2, most of the concentrations of synthe-
sized AgNPs solution exhibited significant (p < 0.05) inhibition activities against bacterial
strains. Comparing to ciprofloxacin (the wide spectrum antibiotic drug), full strength of
LTEO-AgNPs solution exhibited about 72.22 ± 5.56%, 48.72 ± 2.99%, and 32.99 ± 3.20%
inhibition of S. aureus, E. coli, S. epidermidis growth, respectively. S. aureus, E. coli, and S.
epidermidis were also strongly susceptible to all concentrations of the synthesized AgNPs
solution while P. mirabilis and P. aeruginosa exhibited higher resistance to the lower con-
centrations of LTEO-AgNPs solution. The significant differences (p < 0.05) of antibacterial
activity of various concentrations of LTEO-AgNPs solution against pathogenic bacteria
species were further supported by the multiple comparisons between ZID and %RZID
values. Even though the exact mechanism of LTEO-AgNPs against pathogenic bacteria
species were not determined, their actions can be hypothesized based on the previous
studies. LTEO-AgNPs enter the cell membrane of bacteria and release Ag+ ions when it
contacts with moisture. Then, Ag+ ions can disrupt the activity of cell membrane of bacteria
and lead to their cell death [7,18].
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3.3.2. Seeds Germination and Seedlings Growth

The impact of various concentrations of LTEO-AgNPs solution on T. aestivum seeds
germination and seedlings growth was evaluated every 24 h for each treatment. After 10
days, the recorded data on the percentage of seeds germination and the length of root and
shoot of seedlings were analyzed and provided in Table 3. The germination rates of seeds
of T. aestivum were ranged from 93.33% to 100% and there was no observable statistically
significant difference between the control and concentrations of LTEO-AgNPs solution.
From the test solutions, only 2000 of LTEO-AgNPs solution (100 µg/mL) had statistically
significant (p < 0.05) effect on the elongation of root and shoot of T. aestivum seedlings. The
LTEO-AgNPs solution displayed adverse effects on the growth of T. aestivum seedlings
at lower volumes (100, 500, and 1000 µL) compared to the control treatment, which was
supported by post hoc multiple comparisons between values. Still at these volumes, LTEO-
AgNPs solution showed stronger enhancement in the roots’ elongation (11.05 ± 7.44 to
11.91 ± 3.13) than shoots part (8.23 ± 5.60 to 9.50 ± 3.55) of seedlings. However, at 2000 µL
LTEO-AgNPs solution, it enhanced the germination and seedlings growth of seeds of T.
aestivum as compared to the positive control. Therefore, in this study, the increasing of
volume of LTEO-AgNPs solution demonstrated the increasing of elongation effect in the
treatment of seedlings of T. aestivum. In earlier study, such effects were reported to be
depending on the types of NPs and plant extract’s concentration [58]. Some recent studies
also demonstrated green AgNPs exhibited both positive and negative effects on the length
of root and shoot and germination rate of seedlings [36,55].

Table 3. LTEO-AgNPs effects on seeds germination and seedling growth of T. aestivum.

Treatment Seeds Germination (%)
Seedling Elongation (in cm) *

Root Shoot

PD0: Control(DDH2O) 100.00 ± 0.00 15.47 ± 5.53 10.22 ± 4.20
PD100: LTEO-AgNPs (100 µL) 100.00 ± 0.00 11.05 ± 7.44 8.23 ± 5.60
PD500: LTEO-AgNPs (500 µL) 93.33 ± 0.00 11.63 ± 7.11 9.47 ± 5.55

PD1000: LTEO-AgNPs (1000 µL) 100.00 ± 0.00 11.91 ± 3.13 9.50 ± 3.55
PD2000: LTEO-AgNPs (2000 µL) 100.00 ± 0.00 17.03 ± 7.02 10.23 ± 4.89

* Calculated values were statistically significant difference at p < 0.05.

3.3.3. Colorimetric Detection of Metal Ions

LTEO-AgNPs solution and different metal ions were mixed in transparent glass vials
and let stand for 30 min at room temperature. The results displayed selective decolorization
which visualized through the naked eye only for Hg2+ ions, and their SPR band intensity
was monitored using UV-Vis spectroscopy (Figure 12a,b). The absorption of UV-Vis spectra
of LTEO-AgNPs solution at 420 nm disappeared completely on its mixing with Hg2+

ion solution.
Even though there was weakly fading of brown color of LTEO-AgNPs solution on

its addition with Fe3+, Cu2+, Al3+, and Cr6+ions solution, the UV-Vis absorption spectra
analysis demonstrated the blue shift and peak narrowing for Cr6+ ions and redshift and
peak broadening for Al3+, Fe3+, and Cu2+ ions. LTEO-AgNPs solution did not show
detectable effect on the Ni2+, Zn2+, Cd2+, K+, Mg2+, Mn2+, and Pb2+ ions in the sample
solution. The obtained result was in consistent with the colorimetric result reported
by [37,43] regarding Ni2+, Zn2+, K+, Mg2+, and Hg2+ ions. The evaluation of selectivity
detection of LTEO-AgNPs towards various metal ions resulted the rapid color change and
strongest selective only towards Hg2+ ions over the other metal ions. The fast color change
depicted that LTEO-AgNPs solution serve as promising probe for the qualitative analysis
of Hg2+ ions in the real samples. UV-Vis spectra analysis showed that LTEO-AgNPs can
be utilized for the determination of metal ions such as Cr6+, Al3+, Fe3+, and Cu2+ ions in
some environmental samples. The electrochemical series approach is used to explain the
colorimetric detection mechanism of Hg2+ ions due to metals with higher electrochemical
reduction potential showing a better tendency as oxidizing agents [59,60].
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The disappearance of SPR peak of LTEO-AgNPs solution on mixing with Hg2+ ions
was due to the elimination of stabilizing agents from the AgNPs and capping Hg2+ ions,
i.e., aggregation of AgNPs or oxidation of Ag0 to Ag+ ions by Hg2+ ions, i.e., dissolution of
AgNPs [43]. Further study was conducted to determine how low the concentration of Hg2+

ions can be detected by LTEO-AgNPs solution. Figure 13a,b showed the sensitivity tests
of LTEO-AgNPs solution towards 2 × 10−3 M, 1.5 × 10−3 M, 1 × 10−3 M, 0.9 × 10−3 M,
0.7 × 10−3 M, 0.5 × 10−3 M, and 0.2 × 10−3 M Hg2+ ions. LTEO-AgNPs could detect
concentration of Hg2+ ions up to 0.5 × 10−3 M. The detected minimum concentration of
Hg2+ ions with LTEO-AgNPs solution (60 µg/mL) was not strong when compared to the
previous research results reported for the other plants extracts mediated AgNPs.

3.3.4. Catalytic Reduction Activity

The schematic reaction for converting p-NP to p-AP using NaBH4 with LTEO-AgNPs
as a catalyst and UV-Vis monitoring were given in Figure 14a,b. The catalytic effect of
LTEO-AgNPs was studied by using the reduction of p-NP to p-AP with excess NaBH4
at room temperature. Reaction progress was controlled using UV-Vis spectroscopy. The
characteristic peak absorption was recorded at 400 nm due to the formation of p-NPi, and
the peak remained unchanged for a longer period of time. Then, after adding LTEO-AgNPs
to the mixture solution, UV-Vis spectra analysis showed that the original peak intensity
was declining as the time of reaction was increasing. For instance, the UV-Vis intensities
of the mixture exhibited different intensities at the beginning, 20, and 40 min of reaction
times (Figure 14b). This effect was observed due to the catalytic reduction of p-NPi to p-AP
as a result of conversion of -NO2 to -NH2 in the presence of LTEO-AgNPs. The formation
of p-AP was confirmed by the decreasing of the UV-Vis signal intensity at 400 nm and the
appearance of a new UV-Vis peak at 297 nm. Several previous studies on the catalytic
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reduction activity of nitrophenol derivatives to aminophenol compounds using biogenic
AgNPs supported the result which reported in this study [38,51,61].
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Organic pollutants including nitrophenols are extensively used in laboratories and
industrial processes as they are precursors for the preparations of different drugs, pesticides,
and synthetic dyes [62,63]. Aminophenol compounds are important intermediates for
the synthesis of paracetamol, phenacetin, sulphur dyes, rubber antioxidants, corrosion
inhibitors and precursors in antipyretic and analgesic drugs [1,45]. Para aminophenol
(p-AP) is the reduced product of para nitrophenol (p-NP) using efficient catalysts. The
Maximum peak of p-NP at 400 nm immediately disappeared when it was reduced to
p-AP [64]. Mild reducing agent NaBH4 alone cannot reduce functional groups such as nitro
(-NO2) groups due to the presence of a kinetic barrier and the potential difference between
donor, borohydride (BH4

−) and acceptor, p-nitrophenolate ion (p-NPi). To overcome this
kinetic barrier, metallic NPs such as AgNPs promote the reduction reaction by increasing
the chance of electron transfer from donor to acceptor groups through adsorption of
reactants on the surface of AgNPs to diminish the activation energy barriers. As a result of
the adsorption of p-NPi and BH4

− ions on the surface of AgNPs, catalytic reduction was
facilitated by transfer of electron from BH4

− ions to p-NPi to produce p-AP [38,42].
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Figure 14. (a) Schematic representation for the catalytic reduction of p-NP to p-AP and (b) UV-Vis
absorbance of p-NP, p-NPi and p-AP.

4. Conclusions

In this study, AgNPs were synthesized successfully using the essential oil was isolated
from the aerial part of L. tomentosa by hydrodistillation method. GC/MS analysis exhibited
monoterpenes and sesquiterpenes are the dominant classes and eucarvone was identified
as the major chemical constituent of LTEO. The optimized reaction parameters: pH, the
concentration of AgNO3 solution, the volume of reactants, temperature, and time were
used for LTEO-AgNPs preparation. FT-IR spectroscopy was also used to determine the
major functional groups of chemical components of LTEO which may be important for the
reduction of Ag+ ions to silver element in AgNPs. The UV-Vis, FT-IR, SEM, EDX, XRD, zeta
nanosizer, and zeta potential techniques-based characterization confirmed the formation of
LTEO-AgNPs and high stability on their storage at room temperature. UV-Vis measurement
showed the characteristic peak of synthesized AgNPs at 420 nm. FT-IR analysis displayed
the functional groups involved in the synthesis of AgNPs as the bioreducing, capping, and
stabilizing agents. SEM profile exhibited the synthesized AgNPs with the predominantly
spherical shape and average size of 89.59 ± 5.14 nm (diameter). EDX peak indicated the
existence of Ag element in LTEO-AgNPs. XRD analysis demonstrated LTEO-AgNPs possess
crystalline property with the face-centered cubic structure. Zeta potential measurement
displayed LTEO-AgNPs were highly stable in the colloidal suspension. The storage stability
tests for the synthesized AgNPs showed stronger stability for the longer period of time at
room temperature than in refrigerator. The evaluation of various concentrations of LTEO-
AgNPs solution demonstrated good antibacterial, seed germination and seedling growth
enhancing, colorimetric probe of metal ions, and catalytic activities. This research is the first
report on AgNPs synthesis and evaluating their potential application for this specific plant
species. However, even though AgNPs were reported to have wide applications in the
various fields, only limited numbers of activities were reported in this study. Therefore, in
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the future, further research efforts will be required to investigate all the potential activities
of LTEO-AgNPs in large scale in the various areas of applications.
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