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Silver nanoparticles (AgNPs) were synthesized from Vigna unguiculata (L) Walp extracted leaves, and charac-
terized. The UV-Visible spectrum showed a peak between 411 and 415 nm at the Plasmon absorbance of the
AgNPs. TEM showed that the size of AgNPs ranged from 5 to 13 nm. It was spherical with an average size of
11.08 nm. The size of AgNPs was 7 + 6 nm and disperse in water. The AgNPs effectively reduced 4-Nitrophenol
(4-NP) to 4-aminophenol (4-AP) in the presence of NaBH4. The AgNPs exhibited a strong antioxidant and

antibacterial activity against Gram-negative bacteria: Escherichia coli (E. coli) and Klebsiella pneumonia and
Gram-positive: Bacillus pumilus and Staphylococcus aureus. The average zones of inhibition of AgNPs were: 29 mm
for Staphylococcus aureus, 23 mm for Bacillus pumilus, 17 mm for Klebsiella pneumonia and 15 mm for Escherichia
coli (E. coli). Thus, AgNPs has exhibted good antibacterial activity compared to antibiotics drug and 4-NP

reduction.

1. Introduction

Currently, materials production at the nanoscale has captivated the
interest of many researchers due to the development of new materials
with unique properties [1,2]. Nanomaterials are widely employed in
treating human health, industrial fields, pharmaceutical applications,
electronics, engineering, biomedical sectors, and environmental
research [3]. Among metallic nanoparticles, silver nanoparticles (Ag
NPs) have received most attention owing to unique conductivity, cata-
lytic, and most important antibacterial, antiviral and antifungal activ-
ities [4,5] and have gained popularity in food technology, microbiology,
cell biology, chemistry, pharmacology, and parasitology [6]. The pro-
tein caps on AgNPs provide significant benefits to attaching bacterial
cell surface and stability, which in turn helps human cells bind to and
absorb drugs [7].

Synthesis of Ag NPs through physical or chemical methods is more
expensive, energy intensive, and requires environmentally unfriendly
chemicals [8]. However, green synthesize AgNPs from various plant
parts is relatively inexpensive, simple to handle, biocompatible, and
ecologically beneficial [9]. Phytochemicals such as enzymes, alkaloids,
polysaccharides, tannins, terpenoids, phenols, and vitamins, which are
available in all parts of a plant, are responsible for reducing and
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stabilizing metallic ions in preparing nanoparticles [10,11].

Various studies were reported on Ag NPs synthesis from extracts of
various plants such as Salvia spinosa [12], Saccharum officinarum [13],
Citrus sinensis [14], Holoptelea integrifolia [15], Ziziphora tenuior [16],
Berberis brassica nigra, Capsella bursa-pastoris, Lavandula angustifolia and
Origanum vulgare [17,18].

Para-nitrophenol, also known as 4-nitrophenol (4-NP), is a phenolic
molecule that is utilized as a raw material for preparing insecticides,
dyes, pigments, and indicators [19]. The United States Environmental
Protection Agency (USEPA) has considered 4-NP a severe environmental
pollutant due to its long stability and negative human health effects,
which mainly damage the liver, CNS, kidney, etc. even at trace levels
[20]. To minimize its environmental effects, various techniques such as
chemical precipitation, coagulation, electrocoagulation, biological
treatment, catalytic oxidation, adsorption, etc., have been reported [21].
Recently, cost-effective and environmentally friendly methods of
reducing 4-NP into less toxic compounds like 4-aminophenol (4-AP)
using nanoparticles prepared from extracts of tulsi leaves, Poria cocos
[11, Dolichos lablab [7], Diospyros malabarica [23], and Stachys lav-
andulifolia [24] have been reported. The nanoparticles synthesized from
plant extracts have high antimicrobial properties against various human
pathogens and health treatments.
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Fig. 1. UV-vis spectra of Ag NPs.

Thus, in this study, the leaf of Vigna unguiculatus (cowpea) has been
used to synthesize Ag NPs. V. unguiculata (L) Walp is a popular legume
food crop cultivated in the tropics and subtropics and is consumed by
both humans and animals. It is a great source of protein, carbohydrates,
and minerals like calcium, iron, zinc, and vitamin A. Vigna unguiculate
also contains significant amounts of phytochemical substances like sa-
ponins, flavonoids, and phenols. Owing to this, Vigna unguiculate ex-
hibits great potential as a diet for humans and animals and exhibits
strong antibacterial and antioxidant activities [25-28].

The Ag NPs were characterized using UV-vis, Fourier-transform
infrared (FTIR) spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray diffraction (XRD).
Subsequently, the activities of Ag NPs were evaluated on the reduction
of 4-NP and its antibacterial activity against Gram-positive and Gram-
negative bacteria.

2. Materials and methods
2.1. Reagents

All chemicals were analytical grades. Ammonia solution (28-30 %),
NaOH pellet, H2SO4 (98 %), 4-nitrophenol, NaBH,) and AgNO3 were
purchased from Sigma-Aldrich (India), while acetone and ethanol were
supplied by Himedia (India).

2.2. Preparation of Vigna unguiculata leaf extract

The leaves were washed with Milli-Q water and allowed to dry for 15
days to remove dust particles. Finally, the dried leaves were ground
using a grinder (Gx8 Bajaj, India), sieved with a 2 mm mesh, and placed
at 4-10 °C in an airtight polyethylene plastic. 2 g of powdered leaves
were added to 100 mL of Milli-Q water and heated for 30 min at 80 °C.
After cooling down, the mixture was filtered with Whatman No. 42 filter
paper, and it was kept in refrigerator, 4 °C for later use.

2.3. Synthesis of Ag NPs

A 1:1 (v,v) extract of V. unguiculata (L) Walp and 2 mM AgNOs so-
lutions were mixed in a 250 mL round-bottomed flask, and sonicated for
15 min to achieve a homogeneous mixture. To this solution, 10 mL NH3
was added, and refluxed for 1 h via magnetic stirring until an amber-
colored solution was formed, indicating Ag NPs synthesis. The stirred
mixture was extracted by centrifugation at 15,000 rpm for 15 min, and
the precipitate (AgNPs) was washed twice with Milli-Q water followed

by ethanol to remove any unreacted plant components.

Plant extract volume, AgNO3 concentration, plant extract concen-
tration, temperature, concentration of NaOH, and time were among the
experimental parameters optimized to maximize Ag NPS stability and
size.

2.4. Characterization of Ag NPs

The progress of the reaction was evaluated by observing the colour
change, and the characteristic aborbation wavelength was assessed
through a UV-vis spectrophotometer (Perkin-Elmer Lambda 35 model).
The functional groups linked to the Ag NPs were studied with FT-IR
(Perkin-Elmer RX-I FT-IR spectrophotometer). The surface
morphology and size of AgNPs were examined using SEM (HITACHI S-
3000H) and HRTEM. Furthermore, the compositional study was evalu-
ated with energy-dispersive X-ray imaging (EDAX) and X-ray photo-
electron spectroscopy (XPS).

2.5. Applications of Ag NPs

2.5.1. Antibacterial activity of Ag NPs

For antibacterial acitivity, Gram-positive bacteria (B. subtilis and
Staphylococcus aureus) and Gram-negative bacteria (Klebsiella pneu-
monia and Escherichia coli, E. coli) was evaluated using the disc diffusion
method [29]. In brief, the medium was sterilized with an autoclave at
120 °C for 30 min. Each sterile petri dish was seeded with bacteria
strains of interest and transferred aseptically into a 20-mL volume of
nutrient agar medium. During the solidification process, the plates were
held atroom temperature. A sterile borer was used to drill a single 6
mm-diameter well into each plate. Concentrations ranged between 1
and 5 pg/mL were calculated after the research compounds were
reconstituted with appropriate solvents (distilled water). In a 6 mm
diameter well, samples, strength, and standard (ciprofloxacin) were all
added. The petri plates were held at 37.2 °C for 12 h. Ciprofloxacin (5
g/mL) was used as a standard. The antibacterial activities were estimate
by measuring the diameter of inhibition zone.

2.5.2. Catalytic activity of AgNPs

To study the catalytic activity of AgNPs towards reduction of 4-NP, it
was carried out by mixing 100 mM NaBH4 with water in a 1:1 molar
ratio. To this solution, 100 mL of 1 mM AgNPs were added, and the
catalytic acitivity of AgNPS was measured with a UV-vis
spectrophotometer.
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Fig. 2. UV-vis spectra of Ag NPs at (a) different concentrations of AgNOs3, (b) different percentage of leaf extracts of Vigna Unguiculata (L) Walp plant, (c) different
volumes of 2 % of leaf extract of Vigna Unguiculata (L) Walp and (d) different temperatures.

3. Results and discussion
3.1. UV-Vs spectroscopy

The color change from yellowish to reddish-brown, then to dark
colloidal brown, after the leaf extracts were added to the solution con-
taining aqueous silver nitrate, indicates Ag" ions reduction into Ag®
using phytoconstituents extract in the leaf of V. unguiculata as a reducing
agent according Eqs. (1)-(3) [30].

AgNO; < Ag*(aq)+NO;5 ™ (aq) 1)
Reducingagent, plant(RA)—>RA" + e~ (2)
Ag*(aq) + e —>Ag° 3)

The change of Ag™ to Ag® was further confirmed via the UV-Vis
spectrum that appeared around 414 nm (Fig. 1), which showed the
creation of surface plasmon resonance (SPR) electrons in AgNPs [31]. As
shown in Fig. 2, the stability of AgNPs was studied at various AgNO3
concentrations (2-8 mM), volumes of leaf extracts (2-10 mL), percent of
leaf extract (2-6 %) and temperatures (60-90 °C) which affected AgNPs
synthesis. The Ag™ reduction and the amount of AgNPs were maximum
when the concentration of AgNO3 was 2 mM, 2 % of plant extract, 2 mL
of plant volume, and at a temperature of 80 °C.

3.2. FE-SEM and HR-TEM analysis

The morphology and size of Ag NPs were evaluated using the FE-
SEM. As shown in Fig. 3(A-D), the majority of the FE-SEM study
shows spherical-shaped Ag NPs with sizes ranged of 9.08-13.06 nm and

an average particle size of 11.06 nm. However, high surface energy and
high surface area of the produced particles may be responsible for the Ag
NPs’ agglomeration [32]. The elemental compositions of Ag NPS were
determined using EDX. The most intense signal, with a notable quality of
around 3.0 keV and a total particle mass of 80 %, indicates the presence
of the element silver (Ag®). Thus it demonstrated the V. unguiculata
extract mediated bioreduction of Ag' ions to elemental silver [33].
Other elements like oxygen and chlorine were also detected in the
spectrum with mass percentages of 16.86 % and 3.04 %, respectively,
which were associated with the presence of biomolecules in the plant
extract [23].

The TEM images (Fig. 4A-C) showed that Ag NPs were well isolated,
and most of them are spherical. Fig. 4D, shows the histogram size dis-
tribution of AgNPs, with sizes ranging from 1.5 to 21 nm with an average
around 11.0 nm, which is in good agreement with the SEM images. The
crystalline nature of Ag NPs was also evaluated using selected area
electron diffraction (SAED) images and the result showed a diffracted
ring pattern, confirming the polycrystalline nature of synthesized Ag
NPs (Fig. 4c). This result is in good agreement with the results reported
by Kharat & Mendhulkar [34].

3.3. X-ray diffraction (XRD)

XRD is an analytical technique which used for molecular and crystal
structures analysis, identification of compounds, quantitative resolving
chemical species and to estimate degree of crystallinity. The crystallite
sizes (D) of Ag NPs were calculated using Debye-Scherrer according Eq.
(4) [35].
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Fig. 3. (a—d) FE-SEM images of Vigna Unguiculata (L) Walp plant mediated Ag NPs at different magnifications and (e) EDX spectrum of Vigna Unguiculata (L) Walp

plant mediated Ag NPS.

Ak
D= Feosd @
where k is a constant (0.94 for spherical particles), 4 is the wavelength of
the X-ray radiation (CuKa = 0.1541 nm), f is the full width at half
maximum (FWHM) peaks and @ is the Bragg’s or difraction angle.

The XRD patterns of Ag NPs (Fig. 5) showed four main diffraction
peaks observed at 26 values of 37.72, 43.87, 64.11 and 77.20, which
crosspond to indexed planes the (111), (200), (220), and (311),
respectively.

The XRD data indicated the spherical shape of Ag NPs crystalline
structure with face centred cubic (fcc) crystalline structure, which is
consistant with the TEM analysis. The sizes of the crystals of Ag NPs at
(111), (200), (220), and (311) were 11.27, 13.91, 13.75 and 22.68 nm,
respectively, with a mean of 14.08 nm (Table 1). These results are
consistent with the structure of Ag NPs described in the literature [7,36].
The presence of organic compounds in the leaves and extracts of
V. unguiculata walp plant leaves that crystallize on the silver surface
could be the cause of the unassigned peaks observed at 20 of 31.86 [37].

3.4. XPS analysis

The physical and chemical states of the synthesized nanoparticles, as

well as the actual composition of the materials, are all disclosed by XPS.
The XPS data (Fig. 5A-C) at C1S, Ag3d and Ols core levels, which are
the indicative for the analysis, strong signals appeared around 368 and
374 eV, with splitting of 6 eV indicating the presence of 3ds,; and 3d3/»
of metallic Ag, respectively [38,39]. The C1s peak detected at 285 eV of
binding energy is used as a reference to adjust the binding energy shift,
and it also corresponds to sp?> (C=C) and C—C of the biomolecules in the
extract capped with Ag NPs [40]. The spectrum appeared around 531 eV
binding energy corresponds to O1s, which attributed to the presence of
oxygen atoms in the carboxyl group (-C—=0-) bound to the surface of Ag
NPs [41].

3.5. Antibacterial activity

The disk diffusion method was used to measure the antibacterial
activity of the synthesized Ag NPs against Gram-positive bacteria (Ba-
cillus subtilis and S. aureus), and Gram-negative bacteria (E. coli and
Klebsiella pneumoniae). The inhibition zone is depicted in Fig. 7 and is
represented in Table 1. The plant extract showed a small inhibition zone
around the disc in both cases, while the control showed no inhibition
zone at all. A comparatively broad inhibition zone against B. cereus
growth was observed in the 2-mL extract sample, which may be due to
decreased particle size and homogeneous shape as evidenced by SEM
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Fig. 5. XRD spectrum of purified Ag-NPs.

2Theta (°) FWHM d value Crystal size(nm)
31.86491 0.9821815 2.806153 8.79
37.71645 0.7782117 2.383151 11.27
43.87449 0.6433102 2.061881 13.91
64.11035 0.7125706 1.451382 13.75
77.09737 0.4679928 1.236081 22.68
Average 14.08

and TEM tests. Since the small particles have a higher surface-to-volume
ratio, they can make more contact with bacteria and easily penetrate the
cell wall membrane, causing serious damage. The presence of active
silver ions, which are positively charged and attract negatively charged
bacteria, is almost definitely responsible for the presence of a large
number of silver atoms on the surface of small and spherical-shaped
nanoparticles. Silver ions destroyed the bacteria’s cell walls and
changed the contents of the cell wall [31]. Furthermore, the formation of
superoxide anions (O2), hydroxyl radicals (OH), and hydroxyl radicals
inhibits the growth of bacteria, as demonstrated in this study. The Ag
NPs showed strong antibacterial activity against Gram-negative bacteria
Escherichia coli (E. coli) and Klebsiela pneumoniae, as well as
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Table 2
The activity diameter of the zone of inhibition (mm) for 50 uL Ag NPS and
constant diameter of the well = 6 mm.

Organisms 1 2 3 4 5 6 7
(Control/ (standard/
H,0) Ciprofloxacin)
Bacillus pumilus 23 22 15 - 14 40 10
Staphylococcus 29 25 20 - 15 40
aureus
Escherichia coli 5 13 12 - 10 40 -
Klebsiella 17 19 16 - 16 40 15
pneumoniae

*Numbers along the organisms’ row stands for concentration of Ag NPs (1, 2, 3,
5 & 7): 4 and 6 represents water and standard, respectively.

Gram-positive bacteria B. pumilus and S. aeurus bacteria. The average
zone of inhibition for the bacteria Staphylococcus aeurus, Bacillus
pumilusn Klebsiela pneumonia and E. coli were 29 mm, 23 mm, 17 mm
and 15 mm, respectively. In this study, the zone of inhibition of Ag NPS
was compared to that of a reference antibiotic drug (Ciprofloxacin). The
Ag NPS have an overall inhibition zone of 29 mm against S. aureus and a
minimum inhibition zone of 10 mm against E. coli bacteria (Table 2).
The minimum inhibitory concentration (MIC) in pg/mL of the AgNPS for
the tested Gram-positive bacteria (B. subtilisand S. aureus),
Gram-negative bacteria (E. coli, and K. pneumoniae) were summarized in
Table 2. The MIC values which provided the highest zone of inhibition
for B. pumilus, S. aureus, and E. coli were 1 pg/mL, while for Klebsiella
pneumonia were 2 pg/mL (Fig. 6).

The antibacterial activity of Ag NPS against bacteria (B. subtilis),
S. aureus, Escherichia coli (E. coli), and K. pneumoniae (KP) was also re-
ported at higher concentrations. The antimicrobial potency obtained in
this study was in the order of S. aureus > B. pumilus > Klebsiella pneu-
monia > E. coli. The antibacterial activities towards various bacteria
were due to synergistic effect between Ag NPs and the plant extract [42].

The zones of inhibition of AgNPS against several bacteria were also

Biotechnology Reports 42 (2024) e00838

compared with literature reports. As can be seen in Table 3, the ZOI for
E. coli is comparable with AgNPS synthesized with Ficus hispida Linn
[43], fenugreek [44], tea [45], Lysiloma acapulcensis [46]. However, the
ZOI of AgNPS against E. coli was found to be higher than that of Talinum
triangulare [47], Dolichos lablab [7], D. malabarica [23], and Saussurea
obvallata [48]. The ZOI of AgNPS against S. aureus was also significantly
higher than the reported values [23,44,46-50]. Finally, the ZOI of
AgNPS synthesized from V. unguiculata against Klebsiella pneumonia
was higher than the ZOI of tea[45].

3.6. Reduction of 4-nitrophenol

It is established that metal nanoparticles have strong catalytic ac-
tivity in hydrogenation, and reduction of various pollutants such as
nitrophenol, dyes, etc.[50]. The catalytic activity of Ag NPs was evalu-
ated by reducing 4-NP in sodium borohydride. The UV-Vis spectrum of
4-NP showed an absorpation peak around 318 nm, while in the presence
of reductant (NaBH,) a new peak was appeared around 401 nm due to
formation of the 4-nitrophenolate ion in alkaline media which is bright
yellow in color (Fig. 8). In the presence of Ag NPs as catalyst, the color of
4-NP become faded completely and declined absorption intensity due to
the formation of 4-aminophenol, which signifies the efficient catalytic
potential of synthesized Ag NPs. This due to the fact that AgNPs
enhancing the reactant adsorption on their surface and lowering the
kinetic energy barrier, thus AgNPs speed up the rate of reaction [22].
The characteristic reduction peak of 4-NP at 401 nm decreased in in-
tensity as the reaction progressed, while the characteristic peak of
development of 4-AP at 300 nm increased as a result of the production of
4-aminophenol (Fig. 9).

4. Conclusion

Proteins and flavonoids in the V. Unguiculata leaf extract are essential
in the formation of silver nanoparticles in this sample. A green synthesis
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Fig. 7. Antimicrobial activity of Ag NPS against Escherichia coli (E. coli) (B)Klebsiella pneumoniae (KP) (C) Bacillus pumilus (BP) (D) Staphylococcus aureus (SA)(S-

standard (Ciprofloxacin), C- Control (water).

Table 3

Comparison of the zone of inhibition of AgNPs in this study with literature reports.

Plant Ag NPS size (nM) zone of inhibition (mm)
E. coli S. aureus K. pneumoniae B. pumilus Refe.

Dolichos lablab 9 12.02 - - - [71
Diospyros malabarica 17.4 8.4-12.1 6.1-13.1 - - [23]
Ficus hispida Linn 20 14 - - - [43]
Fenugreek 20-30 16.27 12.47 - - [44]
Tea 4.06 15 - 10 - [45]
Lysiloma acapulcensis 1.2-62 18 16 - - [46]
Talinum triangulare - 2.55 2.35 - - [47]
Saussurea obvallata 12 10-12 10-13 - - [48]
Alstonia scholaris 50 - 1-2.5 - - [49]
Vigna unguiculata 11.08 15 29 17 23 This study

OH I~ HO

NaBH,4 Metal catalyst
N2 N NH
= = =
0¥ o o= o

4-Nitrophenol

4-Nitrophenolate ion

4-Aminophenol

Fig. 8. The mechanism of 4-nitrophenol reduction.

process using V. Unguiculata leaf extract as the reducing agent was
effective in producing spherical-shaped Ag NPs. The blue-shifting in the
SPR peaks indicates the size reduction of Ag NPs with leaf extract con-
centrations. The face-centered cubic structure of the synthesized Ag NPs
was confirmed by XRD studies in all cases, with crystallites preferen-
tially aligned along the (111) plane of the silver crystals. For the 2-mL
extract-prepared Ag NPs, the measured crystallite size decreased
dramatically from 20 to 10 nm. The, SEM spectrum showed that shaped

Ag NPs was spherical. The presence of silver, as well as other elements
(Cl and O) in the plant, was confirmed by the EDAX spectrum. Biolog-
ically synthesized Ag NPs had better antibacterial activity against Gram-
positive bacteria (B. subtilis), S. aureus, and Gram-negative bacteria
Escherichia coli (E. coli) and K. pneumoniae (KP), suggesting that they
could be used in a variety of biomedical applications. In the presence of
bacteria S. aureus and B. pumilus, Ag interstitial and Ag vacancies with
smaller spherical Ag NPs increased electron density, resulting in MICs of
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Ag NPs with time.

72.5 % and 57.5 %, respectively. As a result, these biologically prepared
Ag NPs can be used to kill microorganisms that can be found everywhere
and affect our food, as well as other agricultural products derived from
industrial effluents.

The results of antibacterial sensitivity confirmed the Ag NPS has
antibacterial activity which showed maximum zone of inhibition against
the B. pumilus (29 mm) and minimum against E. coli (15 mm) bacteria.
Furthermore, the activity result confirmed the bactericidal activity of Ag
NPS against Gram-positive bacteria (B. subtilis), S. aureus, and Gram-
negative bacteria E. coli (E. coli) and K. pneumoniae (KP) bacteria and
Ag NPS behaves as bactericidal at higher concentration.
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