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Abstract: In this work, stable and spherical silver nanoparticles (AgNPs) were synthesized in situ
from silver salt (silver nitrate) using the aqueous extract of the okra plant (Abelmoschus esculentus) at
room temperature and ambient pH conditions. The influences of different parts of the plant (such
as the leaves, stems, and pods) on the chemical-reducing effectiveness of silver nitrate to silver
nanoparticles were investigated. The aqueous extract of the leaves was found to be more effective in
the chemical reduction of silver nanoparticles and in stabilizing them at the same time. The silver
nanoparticles produced were stable and did not precipitate even after storage for 1 month. The
extract of the stem was less effective in the reduction capacity followed by the extract of the pods.
The results indicate that the different amounts of phytochemicals present in the leaves, stems, and
pods of the okra plant are responsible for the chemical reduction and stabilizing effect. The silver
nanoparticles were characterized by UV-Vis spectroscopy, Fourier-transform infrared spectroscopy
(FTIR), transmission electron microscopy (TEM), and energy-dispersive X-ray spectroscopy (EDX).
The surface plasmon resonance (SPR) peak at 460 nm confirmed the formation of silver nanoparticles.
The nanoparticles were spherical with an average size of 16 nm and polycrystalline with face-centered
cubic (fcc) structures. The z-scan technique was used to study the nonlinear refraction and absorption
coefficients of AgNPs at wavelengths of 488 and 514 nm under C.W. mode excitation. The nonlinear
refraction index and nonlinear absorption coefficients were calculated in the theoretical equations
in the experimental data. The antibacterial properties of the nanoparticles were evaluated against
Gram-positive and Gram-negative bacteria.
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1. Introduction
Nanoscience or nanotechnology is a widely used technology in modern translational
research. The development of metallic nanoparticles by green chemistry or an eco-friendly
approach, using biological materials such as bacteria, fungi, yeast, and plants has gained
much research momentum in recent years [1–5]. By this approach, the problems of environmental toxicity and the use of harsh reaction conditions in the synthesis of nanoparticles
can be easily circumvented. Among the various biological materials, plants are well suited
for the green synthesis of metallic nanoparticles as they are rich sources of phytochemicals,
and are non-pathogenic. In addition, the presence of various phytochemicals, such as
tannin, flavonoids, proteins, polysaccharides, etc., render the resulting nanoparticles with
numerous properties, including antimicrobial, anticancer, and antioxidant activities [6–8].
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A wide range of metallic and non-metallic nanoparticles, such as silver, gold, copper oxide,
zinc oxide, palladium, platinum, titanium dioxide, and iron oxide have been synthesized
using the extracts of various plants [6–12].
Abelmoschus esculentus, commonly known as okra, is an important plant with many
nutritional and therapeutic values. The plant is a rich source of phytochemicals, such as
tannins, alkaloids, carbohydrates, terpenoids, steroids, flavonoids, proteins, and polyphenols. These phytochemicals provide the okra plant with important bioactive antimicrobial,
antidiabetic, and antioxidant properties. The aqueous extracts of pulp, flowers, and pods
of A. esculentus have been used in the synthesis of silver and gold nanoparticles [13]. The
different parts of this plant (flowers, pods, stem, and leaves) contain various amounts of
phytochemicals, such as polyphenolic compounds, catechins, flavanols, tannins, polysaccharides, glycoproteins, etc. These play a key role in the reduction of metal ions to metal
nanoparticles. Gold nanoparticles synthesized using the pulp extract of A. esculentus
showed good anticancer and antimicrobial properties [14]. Gold nanoparticles synthesized using extracts of immature fruits of A. esculentus had strong in vitro antiadhesive
activity against Helicobacter pylori [15]. Cadmium oxide and nickel oxide nanoparticles
synthesized using the pulp extract of this plant exhibited good antibacterial properties [16].
Among the metallic nanoparticles, silver nanoparticles have received considerable
attention owing to their attractive physicochemical and antimicrobial properties [1,4–7].
These properties allow these nanoparticles to be used in the development of antibacterial
surfaces, topical ointments, and wound-healing materials.
Given the therapeutic values of Abelmoschus esculentus, aqueous extracts of different
parts of this plant, such as flowers, leaves, pods, and whole plant (as the pulp) have been
used in the synthesis of silver nanoparticles [13–20]. A comparative study using different
parts of the okra plants on the synthesis of silver nanoparticles has not been conducted,
and this forms the subject of this manuscript.
In this manuscript, we report the synthesis and properties of silver nanoparticles using
aqueous extracts of the leaves, stems, and mature pods of Abelmoschus esculentus. The effects
of the extracts of different parts of the plant on the formation of silver nanoparticles are
compared. The characteristics of the nanoparticles were assessed using UV-Vis absorption
spectroscopy, electron microscopy (scanning and transmission), energy dispersive X-ray
spectroscopy (EDX), and Fourier transform infrared spectroscopy (FTIR). The nonlinear
optical properties and the antibacterial properties of AgNPs are also discussed in this
manuscript.
2. Materials and Methods
2.1. Materials
The okra plant was collected from a local garden in Bahrain. The leaves, stems, and
leaves were dried in an oven at 60 ◦ C for 24 h. The dried specimens were individually
ground to a fine powder in a high-duty blender and stored in airtight glass containers.
Silver nitrate (Sigma-Aldrich, MO, USA) was used as received. Milli-Q water collected from
the Milli-Q system (Elix Technology, Germany) with a conductivity of 18.2 MΩ cm−1 was
used for all sample preparations. The antibacterial properties of the synthesized AgNPs
were evaluated against three different types of bacteria, Staphylococcus aureus (S. aureus),
Escherichia coli (E. coli), and Salmonella typhimurium (S. typhimurium). The bacteria were
obtained from the Ministry of Health (MOH, Bahrain; Microbiologics, France).
2.2. Preparation of Plant Extract and Synthesis of Silver Nanoparticles
Silver nanoparticles were synthesized using a green method in which individual fresh
extracts of the okra leaves, okra stem, and okra seeds were used as the chemical-reducing
and -stabilizing agents. The plant extracts prepared were used within 2 h of preparation.
The synthesis of silver nanoparticles using a fresh extract of okra leaves is given below as a
representative example.
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About 2.0 g of okra leaf powder was mixed with 100 mL of water in a 250 mL glass
beaker. The mixture was boiled for 20 min under gentle magnetic stirring. The mixture
was first filtered using glass wool, and then with Whatman filter paper (No. 1). The extract
was pale brown in color and was slightly viscous.
The freshly prepared extract (3 mL) was added to silver nitrate solution (9 mL, 20 mM)
in a screw-capped glass vial at 23 ◦ C. The transparent solution immediately turned milky,
indicating the rapid formation of silver nanoparticles. The reaction mixture was placed in
an orbital shaker for 24 h for the complete reduction of the silver ions to silver nanoparticles.
Different concentrations of silver nitrate solution (1, 10, and 20 mM) were used to optimize
the maximum yield of silver nanoparticles. The overall optimized reaction condition was
observed in 20 mM silver nitrate solution and neutral pH. The silver nanoparticles obtained
were purified by repeated centrifugation at 3600 rpm for 15 min followed by washing in
water (3 times) to remove water-soluble biomolecules and secondary metabolites. Other
samples containing similar concentrations of silver nitrate and okra leaf extract were
prepared by heating in a microwave oven for 3, 10, and 20 s. The sample identification
codes are the following: S0: no heating, S3: heated for 3 s, S10: heated for 10 s, and
S20: heated for 20 s.
2.3. UV-Vis Spectroscopy
The formation of silver nanoparticles was studied by measuring the absorbance as a
function of time using a double-beam Shimadzu UV-1800 spectrophotometer. The reaction
mixture (3 mL) was placed in a quartz cuvette (Hellma Analytics, Germany) of a 1 cm path
length, and the absorption spectrum was recorded in the wavelength range 350–700 nm
with 1 mm resolution.
2.4. Transmission Electron Microscopy (TEM)
The silver nanoparticles were characterized using FEI Morgagni 268 transmission
electron microscope (TEM) operating at an accelerating voltage of 80 kV. The samples (S0, S3,
S10, and S20) were prepared by depositing a drop of the colloidal nanoparticles on a carbon
support copper grid. The grids were air-dried and transferred to the TEM. The electronic
images of the silver nanoparticles were obtained in the bright-field imaging mode.
2.5. Fourier Transform Infrared (FTIR) Spectroscopy
The infrared spectra of the okra leaves, okra stem, okra seeds, and purified silver
nanoparticles, were recorded using a Bruker Alpha spectrophotometer (Bruker Inc., Madison, WI, USA) in the scanning range of 500–4000 cm−1 . The samples were ground with dry
potassium bromide into fine powder using an agate mortar and pestle. The powder was
pressed into a thin and transparent pellet using a pellet-making machine.
2.6. Energy-Dispersive X-ray Spectroscopy (EDX)
For a wide view of the samples and to determine the purity and chemical compositions
of the silver nanoparticles, SEM equipped with an energy-dispersive X-ray (EDX) detector
(TESCAN, VEGA 3, 20 kV, Tescan Orsay Holding, Brno, Czech Republic) was carried out
on the two selected samples (S0 and S20).
2.7. Nonlinear Optical Studies
The nonlinear refractive index and nonlinear absorption of the colloidal silver nanoparticles were measured using the z-scan technique [21]. The technique depends on the intensity variation along the beam waist of the focusing beam and is maximum at the point
of focus. The z-scan was performed by translating the sample through the focus of the
lens. The transmission from the sample was measured with and without an aperture at the
far field of the lens, as the sample was moved through the beam waist using a computercontrolled stepping motor. This allows for the differentiation of the nonlinear refractive
index (closed aperture scan) from the nonlinear absorption (open aperture scan). The z-scan
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at the far field of the lens, as the sample was moved through the beam waist using a
computer‐controlled stepping motor. This allows for the differentiation of the nonlinear
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refractive index (closed aperture scan) from the nonlinear absorption (open aperture
scan). The z‐scan was performed using a home‐built set‐up with an air‐cooled multi‐line
continuous wave (C.W) argon‐ion laser at wavelengths of 488 and 514 nm (at 20 mW of
was performed using a home-built set-up with an air-cooled multi-line continuous wave
power). A lens of focal length 50 mm was used to focus the beam to a spot size of 20 μm
(C.W) argon-ion laser at wavelengths of 488 and 514 nm (at 20 mW of power). A lens of
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Interestingly, the formation of silver nanoparticles is more prominent in the sample
containing the extract of the leaves (Figure 2A), followed by the sample containing the
extract of the stem (Figure 2B).
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Figure 2. UV-Vis absorption spectrum of silver nanoparticles: (A) synthesized using aqueous extract
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0.257. This indicates that the silver nanoparticles formed are low in concentration. The
absorbance at 260 nm is attributed to the conjugated double bonds of the phytochemi‐
cals present in the stem. The absence of the absorbance peak at 324 nm, which was ob‐
served for the extract of leaves, clearly shows that the phytochemical content of6 the
of 13
leaves and stem of the okra plant are different.
With the extract of the pods, no formation of silver nanoparticles was observed
(Figure 2C) and the SPR peak for silver nanoparticles was absent, instead, a broad
With the extract of the pods, no formation of silver nanoparticles was observed
shoulder at 455 nm was observed. The broad absorbance peak at 277 nm is attributed to
(Figure 2C) and the SPR peak for silver nanoparticles was absent, instead, a broad shoulder
the conjugated double bonds of the phytochemicals present in the pod. With the increase
at 455 nm was observed. The broad absorbance peak at 277 nm is attributed to the conjuin time, the absorbance intensity of this peak decreased significantly. At the same time,
gated double bonds of the phytochemicals present in the pod. With the increase in time, the
the formation of a fluffy white precipitate was observed in the sample. This is attributed
absorbance intensity of this peak decreased significantly. At the same time, the formation of
to the complexation and precipitation of silver ions with some phytochemicals present in
a fluffy white precipitate was observed in the sample. This is attributed to the complexation
the okra pods. From this study, it is evident that different parts of the okra plant contain
and precipitation of silver ions with some phytochemicals present in the okra pods. From
phytochemicals of various concentrations, these play a significant role in the chemical
this study, it is evident that different parts of the okra plant contain phytochemicals of
reduction of silver ions and stabilization of silver nanoparticles [18,23–25]. The entire
various concentrations, these play a significant role in the chemical reduction of silver ions
process of in situ synthesis and stabilization of silver nanoparticles is illustrated in Fig‐
and stabilization of silver nanoparticles [18,23–25]. The entire process of in situ synthesis
ure
and3.stabilization of silver nanoparticles is illustrated in Figure 3.
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The average number of silver atoms per nanoparticle (NAve ) was determined using
The
number of silver atoms per nanoparticle (NAve) was determined using
equationaverage
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where NTot is the total number of silver atoms added as AgNO3 (0.02 M), NAve is the number
𝐶
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of silver atoms per nanoparticle (from Equation (1)), V is the volume of reaction solution
23 atoms. The concentration of silver
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tion in L (0.026 L), NA is Avogadro’s number = 6.023 × 1023 atoms. The concentration of
3.3. Functional Group Analysis
silver nanoparticles was calculated to be 2.46 × 10−10 M.
The major functional groups present in the phytochemicals of the okra leaves, stems,
and pods were analyzed using the Fourier transform infrared (FTIR) spectroscopy, and the
results are shown in Figure 4. The spectra of the okra leaves, stems, and pods were similar
and subtle changes can be identified. The intense broadband with multiple peaks around
3500 cm−1 is attributed to the stretching vibrations of hydroxyl groups (OH) [18]. This
could arise from the phytochemicals such as glycosides and tannins. The strong absorption
peaks at 1632 cm−1 (leaf), 1626 cm−1 (stem), and 1653 cm−1 (pod) correspond to the amide 1
and arise due to the carbonyl stretch vibrations in the amide linkages of proteins. The
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peaks around 3500 cm−1 is attributed to the stretching vibrations of hydroxyl groups
(OH) [18]. This could arise from the phytochemicals such as glycosides and tannins. The
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strong absorption peaks at 1632 cm−1 (leaf), 1626 cm−1 (stem), and 1653 cm−1 (pod) corre‐
spond to the amide 1 and arise due to the carbonyl stretch vibrations in the amide link‐
ages of proteins. The absorption peak in the range of 1735 cm−1 to 1745 cm−1 corresponds
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tion results, it is apparent that heat treatment did not have any significant effects on the
final sizes of the silver nanoparticles. However, only a minor variation in size was ob‐
served.
It can be observed that the nanoparticles are capped with thin layers of organic ma‐
terial, which arise from the phytochemicals present in the extract of okra leaves. The
SAED pattern is very distinct with Miller indices of 111, 200, 220, 222, and 311, indicat‐
ing the polycrystalline nature of the silver nanoparticles with face‐centered cubic (fcc)
structures [27,28]. The results show that the phytochemicals of the okra leaves are highly
effective at reducing the silver ions to silver nanoparticles and stabilizing them.
The purity and chemical composition of the silver nanoparticles was determined by
EDX spectroscopy, and representative spectra of the samples S0 and S20 are shown in
Figure 6 along with SEM images. The SEM images revealed well‐aggregated silver na‐
noparticles at a micrometer scale area, indicating the presence of a large number of na‐
noparticles.
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It can be observed that the nanoparticles are capped with thin layers of organic material, which arise from the phytochemicals present in the extract of okra leaves. The SAED
pattern is very distinct with Miller indices of 111, 200, 220, 222, and 311, indicating the polycrystalline nature of the silver nanoparticles with face-centered cubic (fcc) structures [27,28].
The results show that the phytochemicals of the okra leaves are highly effective at reducing
the silver ions to silver nanoparticles and stabilizing them.
The purity and chemical composition of the silver nanoparticles was determined
by EDX spectroscopy, and representative spectra of the samples S0 and S20 are shown
in Figure 6 along with SEM images. The SEM images revealed well-aggregated silver
nanoparticles at a micrometer scale area, indicating the presence of a large number of
Figure
5. TEM images, SAED pattern, and size distributions of silver nanoparticles.
nanoparticles.

Figure
Figure 6.
6. SEM
SEM images
images and
and EDX
EDX spectra
spectra of
of silver
silver nanoparticles,
nanoparticles, S0
S0 and
and S20.
S20.

Elemental composition analysis by EDX confirmed the strongest signals for silver
atoms (Ag) along with weak signals from carbon (C), oxygen (O), and chlorine (Cl) are
observed. Based on the quantitative analysis, the purity of the silver nanoparticles capped
with organic material was determined to be 46%. The two other major elements in the
sample were carbon and oxygen with compositions of 23% and 21%, respectively.
3.5. Nonlinear Optical Property of Silver Nanoparticles
Figure 7 shows the z-scan for the closed case. A typical peak–valley transmission
curve is obtained, indicating that the nonlinear refractive index of the medium is negative
(self-defocusing).
The nonlinear refractive index arises from the local variation of the refractive index
with the temperature due to absorption [29]. The absorption of the laser beam by the
sample leads to a spatial variation of temperature in the sample and a consequent spatial
variation of the refractive index that acts as the thermal lens resulting in the phase distortion
of the beam.
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The nonlinear refractive index was calculated from the peak–valley differences of
the normalized z-scan curve. The difference between the peak–valley of the normalized
The nonlinear refractive index arises from the local variation of the refractive
transmittance z-scan (∆Tp −v ) is given by,

with the temperature due to absorption [29]. The absorption of the laser beam b
∆Tp−v = 0.406
(3)
(1 − S)0.25 |∆ϕin
| the sample and a consequent
sample leads to a spatial variation
of temperature
s
variation of the refractive index that acts as the thermal lens resulting in the phas
where |∆ϕ| is the on-axis nonlinear phase shift at focus and S is the linear transmittance
tortion
of the beam.
of the aperture,
which is given by,
The nonlinear refractive index was calculated from the peak–valley differen
− 2r a22
the normalized z‐scan curve. TheS difference
the norm
= 1 − e w0 between the peak–valley of (4)
transmittance z‐scan (ΔTp v) is given by,
where ra is the radius of the aperture and w0 is the radius of the laser at the entrance of
0.406 1 𝑆 . |∆𝜑|
∆𝑇
the aperture.
The nonlinear phase shift is given by,

where |Δφ| is the on‐axis nonlinear phase shift at focus and S is the linear transmi
|∆ϕ|λ
of the aperture, which is given by,
(5)
n2 =
2π I0 Le f f

1 𝑒
where n2 is the nonlinear refractive index, λ is 𝑆
the wavelength
of the laser, Io is the intensity
at the focus, and Leff is the effective thickness of the samples. The Leff is given by,

where ra is the radius of the aperture and w0 is the radius of the laser at the entra
−αo I
the aperture.
Le f f = 1 − exp αo
(6)
The nonlinear phase shift is given by,
where αo is the linear absorption coefficient, and Io is the intensity at the focus point.
|∆ |
Using the above expressions, the value of 𝑛the nonlinear refractive index (n2 ) at wavelengths 488 and 514 nm was calculated, and the results are shown in Table 1.

where n2 is the nonlinear refractive index, λ is the wavelength of the laser, Io is the
Table 1. Absorption (α), nonlinear refractive index (n2 ), and nonlinear absorption (β) values for
sity
at the focus, and Leff is the effective thickness of the samples. The Leff is given by
colloidal silver nanoparticles.
Wavelength, λ (nm)

α (cm−1 )

488

3.46

𝐿

2 W−1 )
n2 (×101−8 ) (cm
𝑒𝑥𝑝

β (×10−6 ) (m W−1 )

3.65

2.80

is the linear absorption
coefficient, and
at the focus poin
where αo 514
3.18
2.93 Io is the intensity2.27
Using the above expressions, the value of the nonlinear refractive index
wavelengths
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andof514
calculated,
the results
in Table 1.
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3.6. Antibacterial Property of Silver Nanoparticles

The antibacterial activity of the synthesized silver nanoparticles was determined
against Gram‐positive (Staphylococcus aureus), and Gram‐negative bacteria (Escherichia
coli and Salmonella Typhimurium) using a concentration of 20 mM of AgNPs. The diffu‐
sion test results on the antibacterial activity of the silver nanoparticles and okra leaf ex‐
tract as the control (LE) are shown in Figure 9.
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