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Abstract
The study assessed the bactericidal effects of green rapid biogenic synthesis of Vitex trifolia leaves AgNPs on MDR bacte-
ria. The synthesis of AgNPs is indicated by a color change from yellow to dark brown. The ultra-visible spectrophotometer 
displays AgNPs at 430 nm max. This demonstrates that ions (Ag+) were converted to silver (Ag), indicating the forma-
tion of silver nanoparticles. The synthesized nanoparticles were confirmed by their crystalline nature, shape, size, and 
functional groups via Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), energy dispersive X- ray 
spectroscopy (EDAX), and transmission electron microscopy (TEM). Biomolecules contain aqueous Vitex extract for cap-
ping and reducing the AgNPs. The nanoparticles have a face-centered cubic structure (FCC) crystallized. The antibacterial 
activity against Staphylococcus aureus, Vibrio cholerae, and Klebsiella pneumoniae exhibited a maximum zone of growth 
inhibition at 75 µg/mL. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of 
AgNPs against the clinically isolated pathogen S. aureus were 3.12 µg/mL and 4.5 µg/mL. Furthermore, time-dependent 
killing kinetic experiments showed that a 6 h AgNPs treatment was sufficient to fully inhibit all bacterial growth. AgNPs at 
a concentration of 250 µg/mL demonstrated antioxidant activity as measured by the FRAP and DPPH tests (85% and 90%, 
respectively). AgNPs demonstrated efficient photocatalytic activity in the degradation of methylene blue (MB) and achieved 
their highest photocatalytic activity (95%) after 2.30 h. Besides, the synthesis of AgNPs was targeted towards C. vulgaris 
algae, and exhibited deleterious effects even at larger concentrations. The chosen AgNPs concentration reduced chlorophyll, 
impeded algal development, and damaged the whole membrane system, as evidenced by the increased electrolyte leakage 
and malondialdehyde (MDA) and glutathione s-transferase (GSH) content after AgNPs exposure. Our report demonstrates 
that AgNPs V. trifolia have promising antibacterial, antioxidant, and potential dye degradation activities and can be employed 
in biomedical applications.
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1  Introduction

Nanoparticles (NPs) have recently gained momentum as a 
result of their numerous beneficial applications in a variety 
of fields over the last few years, including biology, medicine, 
physics, chemistry, and material science [1]. Silver nanopar-
ticles (AgNPs) have attracted curiosity among noble nano-
particles in food, cosmetics, and beverage applications [2, 
3]. On the other hand, AgNPs have demonstrated excellent 
antimicrobial, anticancer, antiviral, antiplatelet, and anti-
inflammatory effects despite having minimal toxicity, bioa-
vailability, and biodegradability [4]. NPs can be produced in 
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a variety of methods, such chemical methods, photochemi-
cal reduction, and laser excision [5, 6]. However, there are 
a variety of different methods for synthesizing these parti-
cles, some of which use non-biodegradable chemicals and 
are therefore more expensive. Alternative methods need to 
search for which approach is cheaper and more eco-friendly 
[7]. The most recent literature demonstrated a passion for 
employing Belladonna [8], Oscillatoria sancta, and other 
green path plants to synthesize AgNPs [9].

Synthesis of nanoparticles using phyto-extracts is a 
clean, environmentally friendly, less hazardous, and cost-
effective way of manufacturing nanoparticles of diverse 
shapes, sizes, and morphology [10]. Many plants have 
important biomedical applications because their stems 
contain biologically active phytochemicals such as poly-
phenols, flavonoids, terpenoids, alkaloids, and saponins. 
As a result, a long list of plant species extracts has been 
developed in recent decades, including Camellia sinensis 
[11], Murraya koenigii, Azadiracta indica [12], Moringa 
oleifera [13], Psidium guajava [14] were utilized to con-
vert of ions to iron metal nanoparticles, and they were 
used in environmental contaminant remediation and bio-
medical applications. Vitex trifolia L. (Labiatae) is a tropi-
cal shrub widespread in Pacific-Asian countries such as 
India, China, Sri Lanka, the Philippines, Indonesia, and 
North Australia [15]. The stem of V. trifolia is used for the 
treatment of dysentery [16], larvicidal [17], antibacterial 
[18], HIV type 1 reverse transcriptase inhibitory activity 
[19], cytotoxicity [20], and antipyretic [21].

Water contamination by various organic outflows from 
the textile industry, paints, cosmetics, and food processing 
sectors has recently received a lot of attention due to the 
health risks they bring to humans and other living species 
[22, 23]. The release of effluents containing low-biodegrad-
able dyes into bodies of water is problematic due to their 
color and the hazardous by-products produced through 
hydrolysis and oxidation processes in the wastewater phase 
[24, 25]. Photocatalytic degradation of organic contami-
nants has received a lot of interest among the various meth-
ods for treating dye-contaminated water [26]. Traditional 
technologies for wastewater treatment, such as adsorption, 
coagulation, electrochemical oxidation, flocculation, and 
precipitation not only demand lengthy operation times but 
also produce secondary sludge that is costly to dispose of 
properly [27].

Nanomaterials such as metals and metal oxides in nano-
dimensions have drawn a lot of attention in recent years due 
to their potential usage in a wide range of applications, such 
as photocatalytic dye degradation [28, 29]. Many transition 
metal nanoparticles, such as silver, titanium, gold, cop-
per, palladium, and zinc, have been investigated for their 
performance in dye degradation [30–32]. The interaction 
with molecular oxygen in water and the production of free 

radicals are driven by the collective oscillations of electrons 
carried on by the surface plasmon resonance (SPR) effect 
as they shift from the outermost band to a higher energy 
state. The adsorbed dye is diminished when positive holes 
formed by electron excitation take an electron from them 
[33]. Additionally, other free radicals produced from the 
oxidation of H+ ions generated by the dissociation of water 
molecules then proceed to oxidize the dye [34]. Silver nano-
particles (AgNPs) are attracting attention for photocatalytic 
applications due to their low toxicity, abundance on Earth, 
and perfect physicochemical and spectroscopic features [2]. 
Ag nanoparticles have been used in various technological 
applications, such as catalysis, ceramics, coatings, electron-
ics, and pharmaceuticals [35, 36].

Ag toxicity in aquatic ecosystems is widely known 
[37], and AgNPs have been studied to induce toxicity 
to a range of various organisms: bacteria [38], algae and 
invertebrates [39], and fish [40]. Microalgae species play 
a significant role in the primary production of marine 
ecosystems and have the ability to transport metals and 
other pollutants through the marine food chain [41]. 
Additionally, the majority of ecotoxicological evaluations 
of manufactured nanoparticles are limited to freshwater 
species employed in regulatory testing (i.e., OECD, ISO). 
Chlorella vulgaris is a non-motile reproductive cell (auto-
spore) that reproduces asexually and rapidly. Unicellular 
green algae are widely distributed in freshwater, lakes, 
and rivers [42]. The freshwater algae due to their high 
sensitivity to bio-fabricated nanomaterials and maximum 
bioaccumulation capability can be utilized as a pollution 
indicator in marine bionetwork [43]. The aim of the pre-
sent study is focused on Vitex trifolia mediated synthesis 
of silver nanoparticles (AgNPs), spectral characterization, 
and biomedical applications. (i) Antibacterial activity 
tested against multidrug-resistant bacteria (MDR bacte-
ria), (ii) performed the antioxidant DPPH and reducing 
power assay, (iii) synthesized AgNPs were evaluated for 
the degradation of methylene blue under solar irradiation, 
(iv) examine the toxicity of AgNPs to freshwater algae C. 
vulgaris (chlorophyll content, antioxidant malondialde-
hyde (MDA) and glutathione s-transferase (GSH) assay).

2 � Materials and methods

2.1 � Collection of Vitex trifolia

Healthy leaves of Vitex trifolia (latitude 11.2485° N, lon-
gitude 78.3387° E) were collected from Kolli Hills, Salem, 
Tamil Nadu, India (Fig. 1). The sample was deposited in the 
Natural Drug Research Laboratory, School of Biosciences, 
Periyar University for future reference.
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2.2 � Preparation of aqueous extract

V. trifolia leaves were collected and cleaned twice under run-
ning tap water before being chopped into small pieces. It was 
dark-dried for 15 days at room temperature. Plant materials 
were completely dried and sieved with a 40-µm mesh using 
a mechanical blender. Ten grams of leaf powder was added to 
100 mL distilled H2O and boiled for 25 min at 80 °C. Aqueous 
extract was obtained using Whatman No.1 filter paper. The pure 
aqueous filtrate was collected in a 200 mL conical flask and 
kept at 4 °C until further study [44].

2.3 � Synthesis of AgNPs was confirmed by UV–Vis 
spectroscopy

The plant’s aqueous extract was diluted with 90 mL of 
1 mM AgNO3 solution, and the mixture was then incu-
bated for 24 h in the dark. The solution’s color turned from 
green to brown, showing the synthesis of AgNPs. The UV-
spectra of the reaction solution confirmed the reduction of 
Ag+. The AgNPs were then recovered from the mixture 
by high-speed centrifugation for 15 min at 10,000 rpm. 
The produced AgNPs pellets were centrifuged, then rinsed 
with 15 mL of dH2O, free-dried, and stored at room tem-
perature for further research [45]. The synthesis of AgNPs 
in a solution was measured by UV–Vis spectroscopy. The 
UV–visible spectrum was obtained from 200 to 700 nm. 
Blank was a silver nitrate solution.

2.4 � Structural and functional AgNPs

After purification, biosynthesized AgNPs were studied 
via FTIR, XRD, EDX, TEM (SAIF) at IIT, Madras. The 
functional bioactive compounds in the V. trifolia aque-
ous extract that served as reducing and stabilizing agents 
for the green production of AgNPs were identified using 
FTIR analysis. The FTIR spectrum was acquired with a 
Bruker RFS MultiRAM, 3000 Hyperion microscope with 
FTIR equipment. XRD with CuKa radiation was used to 
determine the crystalline structure of the produced AgNPs. 
High-resolution electron microscopy (HR-TEM) images 
captured the particle’s deep morphology, shape, and par-
ticle size (JOEL, Japan). UV–vis spectrophotometer exam-
ined AgNPs optical absorption (Perkin Elmer Lambda 19) 
[46].

2.5 � Isolation and identification of MDR bacteria

The isolation of multidrug-resistant bacteria (MDR) (from 
clinical sources) was investigated by standard protocols 
of the Clinical and Laboratory Standards Institute (CLSI-
2012). The preliminary isolation and identification of 
multidrug-resistant bacteria, viz., Streptococcus pyogenes, 
Vibrio cholerae, Escherichia coli, Staphylococcus aureus, 
and Klebsiella pneumoniae isolated from different samples 
based on standard tests. The cultures were obtained from 
the Department of Microbiology, Mohan Kumaraman-
galam Medical College, Salem, Tamil Nadu, India, All 
the isolated microbes were maintained by glycerol stocks 
for further analysis [47].

2.5.1 � Antibiotics susceptibility test

The susceptibility of all isolated MDRB’s is tested for 
antibacterial potential using standard and commercially 
available antibiotics by the modified Kirby-Bauer disc dif-
fusion method [48].

2.5.2 � Screening of antibacterial activity

Preparation of the media containing 150 mL of distilled 
water, 5.7 g of Muller-Hinton agar, and 0.75 g of agar were 
added. The medium was added to the petri plate after it 
had been autoclaved, and it was then allowed time to cool. 
The cotton swab was immersed in the culture suspension. 
Five wells are created on a petri plate using a cork borer. 
Three of these wells contain various concentrations of sil-
ver nanoparticle treatment, whereas the other two contain 
antibiotic positive and aqueous extract negative controls, 
respectively. To evaluate the antibacterial property of 

Fig. 1   Close view of Vitex trifolia 



14906	 Biomass Conversion and Biorefinery (2024) 14:14903–14920

1 3

nanoparticles, the plates are incubated overnight at 37 °C, 
with the inhibition zone being recorded in mm [49].

2.5.3 � Minimum inhibitory concentration

The MIC of AgNPs was determined using broth micro-
dilution. Two-fold serial dilutions of silver nanoparticles 
(19–100 µg/mL) and antibiotics were prepared in Muel-
ler–Hinton broth. Each well was inoculated with 5µL 
(5 × 108 CFU/mL) and incubated at 37 °C for 20 h. The MIC 
value represents the lowest concentration, having effectively 
inhibited the growth of bacteria. To confirm MIC, a loopful 
of inoculum from each well with no noticeable growth was 
spotted on MHA plates. Each experiment was carried out in 
triplicate [50].

2.5.4 � Minimal bacterial concentration

The conventional approach was used to calculate parti-
cle bactericidal concentrations (MBC). MBC values were 
obtained by sub-culturing MIC dilutions on sterile Muller-
Hinton agar plates at 37 °C for 24 h. MBC is the lowest 
dose of nanoparticles required to kill the tested bacteria. 
The MBC value correlated with the concentration at which 
100% of bacterial growth was prevented when compared to 
the positive control (no treatment). All experiments were 
done in biosafety cabinets [51].

2.6 � Cellular content measurement

2.6.1 � Protein leakage assay

The bacterial cells were exposed to various concentrations 
of silver nanoparticles for about 3, 6, 9, and 12 h. After that, 
200 µL of each sample’s supernatant was combined with 
800 µL of Bradford reagent, and the mixture was allowed to 
incubate for 10 min. The optical measurements were carried 
out at 595 nm. The experiment was conducted in triplicate, 
and bovine serum albumin was employed as the reference 
protein [52].

2.6.2 � Nucleic acid leakage assay

At 3- and 6-h intervals, aliquots (3 mL) of bacterial cul-
tures were exposed to AgNPs. It was then filtered with a 
25 mm × 0.2 m Millex-GS-Syringe filter. The quantity of 
nucleic acids in the solution was evaluated by measuring 
absorbance at 260 nm [53].

2.6.3 � In vitro killing assay

Bacteria were grown overnight in MHB broth, then regrown 
in fresh medium for 4 h before being suspended in dH2O. 

This method was chosen because deionized water does not 
include the chloride ions found in PBS, which would interact 
with the silver [54]. The cells were treated with AgNPs and 
antibiotics (Positive control) for 4 h at 37 °C. Following 
the proper time points for collecting the bacteria, 100 µL 
of aliquots from each sample were collected to measure the 
CFUs, indicating a positive control (AgNPs and MHB media 
without inoculum) and a negative control (MHB and inocu-
lum without AgNPs) served as the samples. All samples 
were replicated [55].

2.7 � Antioxidant assay

2.7.1 � DPPH radical scavenging assay

The spectrophotometric approach can be used to assess the 
free radical scavenging activities of test samples of V. trifolia 
aqueous extract and synthesized AgNPs by assessing the 
change in absorbance of DPPH (1, 1-diphenyl-2-picrylhy-
drazyl radical) at 517 nm [56]. DPPH is a stable free radical 
that can accept an electron or hydrogen radical to produce 
a diamagnetic molecule. The sample’s radical scavenging 
potential was evaluated by DPPH at 517 nm. After 30 min, 
the final solution’s absorbance was 517 nm.

2.7.2 � Ferric reducing antioxidant power (FRAP)

The antioxidant power of V. trifolia aqueous extract and 
fabricated AgNPs was measured by following the modified 
protocol of Manimaran et al. [56]. This method measures the 
absorbance of the ferric-tripyridyltriazine (TPTz) complex 
to its ferrous-colored form in the presence of antioxidants. 
In a summary, different doses of V. trifolia aqueous extract 
and synthetic AgNPs (50–250 µg/mL) were combined with 
acetate buffer (2.5 mL, 0.3 M, pH 3.6) and potassium fer-
ricyanide (2.5 mL, 1%). The mixture was incubated at 37 °C 
for 30 min. 2.5 mL of 10% trichloroacetic acid was added 
to the mixture, and its supernatant was mixed with distilled 
water (2.5 mL) and 0.1% FeCl3 (0.5 mL). The absorbance 
was measured at 593 nm. Increased reducing power is shown 
by increased reaction mixture absorbance. The baseline used 
was ascorbic acid.

2.8 � Photocatalytic dye degradation

Under sunlight irradiation, green synthesized AgNPs have 
been evaluated for the photocatalytic degradation of methyl-
ene blue, which acts as an excellent source for photocatalytic 
potential. The dye solutions (stock) were prepared by adding 

% Scavenging activity =
Absorbance control − Absorbance sample

Absorbance control
× 100
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dyes at a concentration of 5 mg/L in a bottle, and the pre-
pared solutions were stirred for 45 min at room temperature. 
To prepare stock, 5 mg of AgNPs were added to 50 mL of 
dye solution. The dye and nanoparticle mixture were main-
tained under the stirring conditions for 45 min and exposed 
to sunlight. The mixture was then subjected to exposure 
to sunlight for 6 h, and 3 mL of mixture was collected at 
different time intervals (every 20 min) and centrifuged at 
10,000 rpm for 10 min. The collected supernatant was meas-
ured using UV–visible spectroscopy to calculate the degra-
dation of dye. The dye degradation rate was assessed using 
the following formula:

Co: initial concentration of the dye solution.
C: concentration of the dye solution after “t” minutes of 
exposure to sunlight.

2.9 � Chlorella vulgaris exposed to synthesized V. 
trifolia AgNPs

2.9.1 � Culture collection and maintenance

Pure cultures of Chlorella vulgaris were collected from the 
Department of Microbiology, School of Biosciences, Periyar 
University, Salem, Tamil Nadu, India. The algal cells were 
cultivated in BG-11 medium at 26 ± 0.5 °C with fluores-
cent lamps (about 2500 lx) for a 12-h light and 12-h dark 
photoperiod each day. The culture flasks were rotated 3 to 
4 times per day to achieve a homogeneous combination of 
the contents. Algal cell proliferation was evaluated using a 
hemocytometer and the absorbance at OD680. The Chlorella 
species selected for this research were identified using mor-
phological features [57].

2.9.2 � Test for algal growth inhibition

The effect of V. trifolia AgNPs synthesized on the growth of 
C. vulgaris was tested using the OECD 201 methodology for 
freshwater algae [58, 59]. In a 500-mL conical flask, the starting 
cell density was increased to 2 × 106 cells mL−1, and the AgNPs 
were incubated for 96 h with aeration to minimize clumping. 
The optical density at 650 nm was recorded at the end of the 
experiment to determine the algal density. The average growth 
rate was Eq. (1), and the growth inhibition (%) for each AgNPs 
concentration was determined as Eq. (2).

where, μ (i-j) is the average specific growth rate from time 
i to j; Xi and Xj are the biomass at time i and j, respectively.

Decolorization eff iciency(%) =
Co − C

C
× 100

(1)� (i − j) = ln Xj − ln Xi∕tj − ti (day − 1)

where, μc and μt are precise growth rates in control and 
treatment groups, respectively, for each of the V. trifolia syn-
thesized AgNPs tested in the research.

2.9.3 � Estimation of pigment contents

To assess chlorophyll (Chl a, b) content, each treated group’s 
40 mL C. vulgaris culture was centrifuged at 9000 g for 
12 min. Algal debris was collected, suspended in DMF (N, 
N-dimethylformamide) and left at 4 °C in the dark for a 
day. The chlorophyll content of the extract supernatant was 
measured at 649 nm and 665 nm [60, 61].

2.9.4 � Antioxidant enzyme assay

For the antioxidant enzyme assay, 200 mL of algal cultures 
were centrifuged at 10,000 g for 20 min at 4 °C after 96 h 
of exposure to different doses of AgNPs. Prior to enzyme 
extraction, the pellet containing the algal cells was twice 
washed [62]. The supernatant was used for lipid peroxida-
tion and anti-oxidative enzymatic assays (MDA) [63] and a 
reduced glutathione s-transferase (GSH) assay [64]. Enzyme 
activity was used to measure antioxidant activity.

2.10 � Statistical analysis

The statistical analysis was performed using a two-way ANOVA. 
Single asterisk (*) indicates p < 0.01 difference between positive 
control (ascorbic acid) and test samples, double asterisk (**) at 
p < 0.001. All experiments were done twice, with two replicates 
per treatment. Data was mean standard error (SE).

3 � Results

3.1 � Fabrication of silver nanoparticles

The aqueous leaf extract of V. trifolia was used to succeed 
in the fabrication of AgNPs at a concentration of 1 mM 
AgNO3. Before adding AgNO3, the aqueous extract was 
yellow. However, adding 1 mM AgNO3 initially caused no 
color change. After 3 h in a dark environment, the solution 
turned dark brown, indicating AgNPs formation. The surface 
plasma resonance observed at a single peak at 430 nm and 

(2)%Ir = �c − �t∕uc × 100

Chl α = 13.7 × OD
665

− 5.76 × OD
649

Chl b = 25.8 × OD
649

− 7.6 × OD
665
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the absorption spectrum of V. trifolia leaf extract confirm 
the production of AgNPs (Fig. 2A-C).

3.2 � Fourier transform infrared (FTIR)

The vibration of the spectral peaks can be used to estimate the 
number of functional groups that are present in the aqueous 
extract and nanoparticles. The absorbance bands observed in 
the region of 400–4000 cm−1 are 3361.75, 2916.35, 2848.98, 
2363.49, 1613.78, 1382.98, and 1052.41 cm−1 and the synthe-
sized AgNPs 3419.51, 2932.73, 2426.27, 1623.90, 1383.45, 
1089.16, 826.44, 653.23 cm−1. The absence of a spectrum 
(3419.51 cm−1) in the V. trifolia extract compared to synthe-
sized AgNPs and the alteration exhibited in the peaks sup-
ported the interaction of functional groups in the reduction 
process. The bands in the FTIR spectra from 3419.51 cm−1, 
which correspond to O–H stretching vibration, confirm the 
presence of alcohol and phenol. According to a report, silver 
ions and hydroxyl groups (O–H) have a greater propensity to 
bind [65]. The band at 3361.75 is due to stretching O–H groups 
in water, alcohol, or phenols. A peak at 2916.35 cm−1 owing to 
C-H stretching in alkanes and at 2848.98 cm−1 due to carbox-
ylic acids. The coordination of bonds, 1613 cm−1 N–H bend, 

primary amines, 1382 cm−1 C-X fluoride, and 1052 cm−1 C-N 
stretch can be used to explain the mechanism of adsorption and 
capping of silver nanoparticles by V. trifolia. Aliphatic amines 
are also responsible for the reduction of silver nitrate ions. Our 
results’ FTIR signatures suggest that the soluble components 
in the aqueous extract that include a large proportion of C-N, 
C-H, and O–H groups serve as capping and stabilizing agents 
for nanoparticles (Fig. 3A) and B); Table 1).

3.3 � XRD, EDX, and TEM analysis of fabricated AgNPs

The face-centered cubic crystal (fcc) structure had the Bragg’s 
reflection visible at its 37.84°, 44.08°, 64.36°, and 77.34° fac-
ets. The average grain size of fabricated AgNPs was 20 nm 
when 1.5404 A° was substituted into Scherrer's formula 
D = (0.9 × 180)/βcos. The XRD analysis’s conclusion that bio-
active compounds in V. trifolia extract converted silver-to-silver 
metal is supported by this data (Fig. 4a)). Energy dispersive 
X-ray fluorescence analysis was used to demonstrate that silver 
was a significant component of the particles and that there were 
strong signs of elemental silver present (Fig. 4b)). Silver ions in 
V. trifolia had 30 keV peaks. Furthermore, AgNPs were found 
in leaf extraction as well as a few additional peaks, as shown 

Fig. 2   UV–Vis spectral analysis 
of synthesis of AgNPs, A) 
1 mM AgNO3, B) V. trifolia 
aqueous extract, C) fabrication 
of AgNPs

Fig. 3   A) FTIR spectrum of V. trifolia aqueous extract and B) FTIR spectrum of synthesized AgNPs
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by the EDX spectra for the Ag. Results show that fabricated 
nanoparticles are high-purity AgNPs. The TEM profile of fab-
ricated AgNPs by fresh V. trifolia leaf extract exhibited poly-
dispersed, spherical in shape with smooth surface morphology. 

The average nanoparticle size was 50 nm. Only a few of the 
silver nanoparticles showed clusters of different sizes; the major-
ity were widely scattered (Fig. 4c)).

Table 1   FTIR analysis of 
functional groups are detected 
in aqueous extract and 
synthesized AgNPs

Aqueous extract of V. trifolia

S. no Observed wave number 
(cm−1)

Vibration assignment/functional groups Visible intensity

1 3361.75 N–H stretch, 1°, 2° amines amides Medium
2 2916.35 C-H stretch, alkanes Medium
3 2848.98 O–H stretch, carboxylic acid Medium
4 1613.78 N–H bend, 1° amines Medium
5 1382.98 C-X, fluoride Strong
6 1052.41 C-N stretch, aliphatic amines Medium

Synthesized AgNPs Strong
1 3419.51 O–H stretch, alcohol or phenols Medium
2 2932.73  = C–H stretch, alkenes Medium
3 2426.27 O–H stretch, carboxylic acid Medium
4 1623.90 N–H bend, 1° amines Medium
5 1089.16 C–N stretch, aliphatic amines Medium
6 826.44  = C–H bend, alkenes Medium

Fig. 4   Characterization of synthesized AgNPs a) XRD analysis of AgNPs, b) energy dispersive X-ray analysis (EDX), c) TEM analysis of fabri-
cated AgNPs
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3.4 � Antibacterial activity

The antibacterial activity of silver nanoparticles was demon-
strated by the formation of inhibitory zones of various widths 
in Fig. 5. The findings of the antibacterial test (the diam-
eters of the zone of inhibition) were presented in (Table 2). 
The silver nanoparticles were found to be the most efficient 

against V. cholerae (18 ± 0.8 mm), S. aureus (16 ± 0.4 mm), 
K. pneumoniae (17 ± 0.4 mm), E. coli (15 ± 0.9 mm), and S. 
pyogenes (16 ± 0.0 mm). The negative control sample con-
tains exclusively plant extract zone of inhibition 07 mm and 
positive control (chloramphenicol) exhibited results 13 mm. 
The produced AgNPs displayed highly strong antibacterial 
action against the target multidrug-resistant microorganisms. 

Fig. 5   Antibacterial activity of V. trifolia leaf extract mediated AgNPs against-multi drug resistant bacteria’s (S. pyogenes, E. coli, V. cholerae, S. 
aureus, and K. pneumoniae)

Table 2   Antibacterial efficacy 
of manufactured AgNPs 
against clinical pathogenic 
microorganisms

ANOVA followed by Tukey’s HSD post hoc test. The outcomes are statistically significant at the level 
(*p ≤ 0.01, **p ≤ 0.001), and other values are not statistically significant)

S. no Microorganisms Positive (chloram-
phenicol)

Aqueous extract Concentrations of AgNPs (µg/mL)

25 50 75

(ZONE OF INHIBITION in mm)

1 S. pyogenes 12 ± 0.9 10 ± 0.9 10 ± 0.8 15 ± 0.8** 16 ± 0.0*
2 E. coli 11 ± 0.5** 11 ± 0.4* 11 ± 0.8** 14 ± 0.9 15 ± 0.9
3 V. cholerae 12 ± 0.6* 10 ± 0.8* 12 ± 0.6* 15 ± 0.8 18 ± 0.8
4 S. aureus 12 ± 0.8 13 ± 0.6 13 ± 0.4 15 ± 0.4* 17 ± 0.8*
5 K. pneumoniae 11 ± 0.4 12 ± 0.8 12 ± 0.8 4 ± 0.8** 16 ± 0.4*
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When compared to other multidrug-resistant bacteria, the 
MIC range of test AgNPs was 4.50 mg/mL at the lowest 
concentration of V. trifolia leaf extract against S. aureus 
(Table 3). The MIC dilutions were grown on sterile Muller-
Hinton agar plates to calculate MBC. In treating AgNPs, the 
treatment concentration is where there is no growth on agar. 
When coated with AgNPs, MBC values in S. aureus and E. 
coli were 4.5 mg/mL and 8 mg/mL, respectively, followed 
by other pathogenic strains.

3.5 � Protein leakage assay

At the time of the investigation, silver nanoparticle–treated 
bacterial cells leaked nearly as much protein as control cells. 
However, the untreated cells showed the same levels of pro-
tein leakage. The bacterial cells treated with silver nano-
particles exhibited more than three times the permeability 
of the control cells 6 h after incubation. Remarkably, at 6 h 
following treatment with AgNPs, S. pyogenes, S. aureus, and 
K. pneumoniae cells displayed the largest quantity of protein 
leakage, followed by (95 µg/mL), (92 µg/mL), (90 µg/mL), 
and then other species (Fig. 6a).

3.6 � Nucleic acid leakage assay

Following exposure to AgNPs at different time points, the 
optical density at 260 nm of the cell-free filtrate was uti-
lized to measure the leakage of intracellular components. 
Nanoparticle-treated cells and control cells initially leaked 
approximately the same amounts of nucleic acid. Increased 
nucleic acid release was triggered by the treatment of bac-
terial cells with AgNPs, and it was most prominent in S. 
pyogenes, E. coli, S. aureus, V. cholerae, and K. pneu-
moniae. However, the bacterial cells in the control group 
functioned worse than those exposed to silver nanoparti-
cles, respectively (Fig. 6b).

3.7 � In vitro killing assay

The killing kinetic test was performed to assess post-
treatment bacterial viability and to determine the short-
est time needed to achieve an inhibitory or bactericidal 
impact because there was no noticeable difference in the 

bactericidal effects of AgNPs on the various bacteria. 
The time-kill curve of AgNPs against S. pyogenes, V. 
cholerae, E. coli, S. aureus, and K. pneumoniae strains 
is presented in (Fig. 6c). When exposed to AgNPs for 
8 h at the suitable MBC concentrations for both strains 
(using the McFarland Standard), bactericidal activity 
steadily increased, and the whole bacterial population 
was destroyed during this time. AgNPs showed time-
dependent and rapid bactericidal activity against tested 
pathogens, leading to premature stationary phase.

3.8 � AgNPs antioxidant activity

The antioxidant activity of fabricated AgNPs, aqueous 
extract, and reference (ascorbic acid) was assessed at 
various concentrations (50–250 µg/mL) using the DPPH 
and reducing power test. Nanoparticles scavenged both 
radicals’ dose-dependently (Fig. 7a). The biologically 
synthesized AgNPs observed ability to scavenge DPPH 
via aqueous extract was 18.24 ± 0.45% at the highest con-
centration (250 µg/mL), whereas the AgNPs were found 
to be 85.1 ± 20.5%. Ascorbic acid inhibited 98 ± 0.08% at 
the same dose. AgNPs inhibit 90.23 ± 0.5% of reducing 
power at 250 µg/mL. Likewise, aqueous extract showed 
the inhibition percentage was 15.04 ± 1.0%. Furthermore, 
the reference inhibition percentage at the same concen-
tration was 99.7 ± 50.5% (Fig. 7b-c). According to both 
assay percentages (%), AgNPs made using V. trifolia and 
having tiny particles exhibited the highest level of anti-
oxidant activity when compared to aqueous extract.

3.9 � Photocatalytic activity of synthesized AgNPs 
against organic dye methylene blue

In this study, manufactured AgNPs were used as a nano 
catalyst to remove organic hazardous dyes more rapidly 
and easily while exposed to visible light. The photocata-
lytic degradation of methylene blue was examined utilizing 
green produced AgNPs and solar irradiation methods. The 
color change from a dark to a light color during a range 
of incubation times (0–3 h) with AgNPs exposed to solar 
irradiation acts as the main indication of dye degradation. 
The characteristic absorption peaks for methylene blue at 
550 nm, respectively (Fig.S1). The percentage of dye deg-
radation was increased with increasing the exposure time 
and data were represented (Fig.S2). The exposure of syn-
thesized AgNPs at (250 µg/mL) concentration demonstrated 
95% photocatalytic activity over a 2.30-h period. The results 
strongly suggest that the dye concentration in the solution 
decreased progressively as the exposure periods increased, 
confirming that the nanoparticles possess photocatalytic 
degradation activity. The reaction kinetics of V. trifolia 

Table 3   MIC and MBC values of AgNPs against tested pathogens

Sl. no Microbial strains MIC
(µg/mL)

MBC (µg/mL)

1 S. aureus 3.12 4.5
2 E. coli 3.12 10.2
3 S. pyogenes 4.25 13.1
4 V. cholerae 6.20 8.2
5 K. pneumoniae 5.23 10.1
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AgNPs displays the dye model reaction as pseudo-first-order 
kinetics, with the rate constant of MB dye degradation by 
AgNPs (100, 150, 200 µg/mL with H2O2) and H2O2 alone as 
0.005180, 0.005491, 0.01127, and 0.003712 min−1 (Fig.S3 
& S4). The photo-irradiation catalyzed dye MB degradation 
experimented for six cycles, demonstrating the stability of 
AgNPs even after six cycles with the degradation efficiency 
of 95%.

The current results showed AgNPs toxicity to living 
organisms and growth inhibition in aquatic and terrestrial 
environments. Different concentrations of manufactured 
AgNPs were exposed to C. vulgaris algae. The increasing 
concentration of AgNPs caused a decrease in algae growth. 
Furthermore, when exposed to synthesized AgNPs, the data 
confirmed a concentration-dependent increase in growth 
inhibition rate. Chlorophyll a and b concentrations are 
depicted in (Fig. 8a-b). The amount of chlorophyll a and b 
in the control algae was the same after exposure to AgNPs, 
but this level drastically decreased (p ≤ 0.01). At the maxi-
mum concentration tested (250 µg/mL), chlorophyll a and 
b were noticed at 55% and 46%, respectively, compared to 
the control (Fig. 9a-b). The shape of the algal cells changed 
substantially after exposure to AgNPs. After being exposed 
to AgNPs MDA profile, C. vulgaris lipid peroxide levels 

elevated to 1.5- to 4.5-fold that the control, respectively. 
The outcome suggested that C. vulgaris could sustain more 
severe oxidative damage from AgNPs produced by V. trifo-
lia. When exposed to V. trifolia-manufactured AgNPs, C. 
vulgaris had notably higher glutathione (GSH) than the con-
trol group (Fig. 8c), which is in accordance with the activi-
ties of antioxidant enzymes. Additionally, one-way ANOVA 
findings showed that MDA and GSH concentrations in the 
exposure treatment were notably greater than those in the 
control, demonstrating that AgNPs exposure progressively 
raised MDA and GSH content in C. vulgaris (Fig. 8b).

4 � Discussion

Silver nitrate (AgNO3) was used to produce AgNPs from 
V. trifolia leaf extract. After a certain amount of time, the 
reaction medium’s color changed immediately when AgNPs 
were synthesized and fabricated. Ag+ was reduced, which 
resulted in an increase in color intensity over time. The silver 
nitrate solution changed from being colorless to a darkish 
brown after the biomass was added. Dried biomass plays a 
vital role in the synthesis of AgNPs and the color change in 
solutions is due to surface Plasmon vibrations with AgNPs 

Fig. 6   Cellular contents measurements: a) protein leakage assay, b) nucleic acid leakage, c) in vitro killing assay
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[66]. UV–visible spectrophotometry was used to confirm the 
NPs production. The color was produced via the stimulation 
of surface plasmon vibrations, which are typical of AgNPs 
and have maximum reported values in the visible range of 
400–450 nm [67].

The FTIR spectra of V. trifolia synthesized AgNPs 
showed transmittance peaks at aliphatic groups. These 
peaks demonstrate that an amino acid residue cap on the 
silver nanoparticles produces a methyl group, which pre-
vents agglomeration and regulates the medium [68]. Plant 
phytochemicals and secondary metabolites are considered as 
reducing agents in the green synthesis. The extract carbonyl 
functional clusters form flavonoids to interact with metallic 
ions, providing reactive hydrogen that causes the flavonoid 
enol to shift to keto form and probably produce Ag [69]. 

The functional groups of the fabricated AgNPs were identi-
fied via FTIR analysis. Alcohol, amines, amides, alkanes, 
methyl, aliphatic, and halide functional groups, which are 
the main classes in the majority of functional groups, were 
found in AgNPs. Similar findings have been made, which 
indicate potential biomolecules in charge of the AgNPs’ sta-
bilizing, capping, and reducing agents [70]. Additionally, 
Ajitha et al. [71] reported that the biogenic synthesis of 
AgNPs from Tephrosia purpurea revealed various functional 
groups via alkanes and aliphatic amine groups. Recently, 
Bhuyar et al. [72] investigated the Padina sp.-synthesized 
AgNPs and exhibited different function groups such as nitro 
compounds, alkynes, aliphatic amines, and primary and sec-
ondary amines, which played a crucial role in the capping 
and stabilizing of NPs.

Fig. 7   Antioxidant assays of 
synthesized AgNPs a) DPPH 
scavenging assay, b) ferric 
reducing power assay. A single 
asterisk (*) indicates a sig-
nificant difference between the 
positive control (ascorbic acid) 
and test samples at P < 0.05., 
double asterisk (**) at P < 0.01. 
Values are mean ± SD
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The 111, 200, 220, 311, and 222 crystallographic planes 
have XRD peaks at 38.17°, 44.31°, 64.44°, and 77.34°. 
Similar peak values showed that bio-organic crystallization 
occurred on silver nanoparticles [73]. The composition of 
silver metals is observed to be the major component present 
in silver nanoparticles at about 59%. The presence of metal-
lic silver was indicated by the strong peak at 3 keV. This also 
demonstrates that F. indica extracts could be employed to 
successfully produce AgNPs [74]. The figures showed that 
there were well-defined spherical SNPs without any aggre-
gation. The average particle size in the TEM image of the 

selected site was 50 nm, which is within the nano-range. 
Similarly, A. nilagirica leaf extract–mediated silver nano-
particles reported by Vijayakumar et al. [75]. According to 
the TEM image, the fabricated AgNPs had a size range of 
50–200 nm, and the majority of them had a spherical struc-
ture. The average AgNPs size was 24 nm, with particle sizes 
ranging from 50 to 190 nm [76]. Interestingly, Dogiparthi 
et al. [77] investigated that phytochemical mediated pro-
duced AgNPs had an average nanoparticle size of 20–50 nm.

The current study found that the maximum antibacterial 
activity was an 18-mm diameter zone of inhibition exhibited 

Fig. 8   Algae growth percentage of C. vulgaris exposed to different 
concentration of AgNPs. a) and b) Content of chlorophyll a, b) MDA 
content analysis, c) GST assay. A single asterisk (*) indicates a sig-

nificant difference between the positive control (ascorbic acid) and 
test samples at P < 0.01., double asterisk (**) at P < 0.001. Values are 
mean ± SD
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against V. cholerae, followed by a 17-mm diameter zone of inhi-
bition observed against S. aureus when compared to the refer-
ence chloramphenicol. Metallic silver would also be a strong 
antibacterial agent with high potential activity. The high reac-
tivity and maximum binding affinity with proteins are achieved 
by modifying the structure of the bacterial cell wall and nuclear 
membrane, resulting in cell disintegration and damage. AgNPs 
with a diameter ranging from 20 to 100 nm exhibited strong 
bactericidal action against Gram positive and negative bacteria 
[78]. When bacteria were exposed to AgNPs for 6 h at their 
respective MBC concentrations for both strains, bactericidal 
activity steadily increased, and the whole bacterial population 
was destroyed during this time. According to the results of our 
investigation, silver nanoparticles effectively inhibited bacterial 
growth in a dose-and time-dependent manner.

The growth curves of bacteria exposed to AgNPs showed 
that it might prevent bacterial growth and reproduction [79]. 
The broth culture of selected bacteria was utilized to meas-
ure the MIC values of biogenic AgNPs. AgNPs displayed 
higher bacterial growth inhibitory action against S. aureus 
and E. coli (MIC 6.25 and 3.12 µg/mL) than V. cholerae and 
K. pneumoniae (MIC 5.23 and 6.20 µg/mL). The absorb-
ance (λmax600) decreased with nanoparticle concentration 
for all bacterial strains [1]. In the case of treatment with 
AgNPs, the drug concentration was found at a stage where 
no observable growth was visible on the agar plate. When 
loaded with AgNPs, the MBC values of S. aureus (4.2 µg/
mL) and E. coli (8.2 µg/mL) were the highest, followed by 
other strains [51].

AgNPs-treated bacterial cells released nearly as much 
protein as control cells at the start of the experiment. After 
3 h, treated cells leaked 35–43 mg/mL protein. Interestingly, 
Balakumaran et al. [52] reported that the silver nanoparti-
cles tested against E. faecalis, P. aeruginosa, and B. subtilis 
cells showed the highest amount of protein leakage (99 µg/
mL) followed by (90 µg/mL) and (89 µg /mL) at 6 h after 
treatment. The increase in OD at (260 nm) signifies a loss 

in membrane integrity and is caused by the leakage of intra-
cellular nucleic acids. According to the earlier report [71], 
AgNPs may cause cytoplasmic membrane pores by causing 
the leakage of intracellular components. Overall, these find-
ings strongly imply that silver nanoparticles directly interact 
with bacteria since the membrane shape was significantly 
altered [80].

A DPPH scavenging and ferric reducing assay was used 
to evaluate the antioxidant activity of the aqueous extract 
and fabricated AgNPs. The data implies that naturally 
produced AgNPs had superior antioxidant activity than 
extracts. Furthermore, a dose-dependent increase in inhi-
bition percentage (%) was found for the lowest concentra-
tion (50 µg/mL) of aqueous extract (5.34%) and for 250 µg/
mL (18.62%). However, for AgNPs, the percent inhibition 
values at 50 and 250 µg/mL concentrations were 46.32% 
and 88.28%, respectively. Earlier, Parveen et al. [81] inves-
tigated the Fraxinus excelsior leaf extract–mediated syn-
thesized AgNPs showed prominent antioxidant properties 
at the lowest concentration. Synthesized AgNPs showed 
promising DPPH free radical scavenging activity compared 
to ascorbic acid. Similarly, Netala et al. [82] demonstrated 
55% inhibition in a DPPH radical scavenging assay at 50 µg/
mL employing AgNPs manufactured by endophytic fungi. 
Biological systems may defend themselves from reactive 
oxygen species (ROS) such as hydrogen peroxide, singlet 
oxygen, or hydroxyl radicals via antioxidants [83]. AgNPs 
produced from Vigna mungo seed extract showed in vitro 
antioxidant efficacy against DPPH radicals with the highest 
inhibition of (75%), respectively [84]. Additionally, Saratale 
et al. [85] observed that Punica granatum leaf synthesized 
AgNPs demonstrated DPPH scavenging capacity with an 
IC50 value of 67.1 µg/mL.

Synthetic dyes are used in many items, including paper, 
textiles, glues, cosmetics, food, ink, and pharmaceuticals 
[86]. A heterocyclic azo dye called methylene blue (MB) 
is frequently discharged into the environment by the textile 

Fig. 9   C. vulgaris microscopic 
view of a) control algae; b) 
treatment of AgNPs at 250 µg/
mL. Red arrow indicates ‘cell 
injury’
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industry. It reduces the amount of oxygen on the surface of 
bodies of water, which has an impact on aquatic vegetation, 
wildlife, and human toxicity. To the best of our knowledge, 
the current study, the first report on the MB photocatalytic 
activity of biosynthesized AgNPs. After the addition of 
the nanoparticle, the MB solution changed color clearly. 
At first, the color of the MB solution was deep blue, but 
after the addition of nanoparticles, it turned dark green. 
The degree of MB degradation was determined to be cen-
tered at 550 nm. The sun-exposed control MB solution did 
not alter color. Additionally, the MB absorption band was 
shown to decrease significantly in the presence of AgNPs. 
The maximum percentage of nanoparticle-fabricated MB 
dye degradation was observed to be 95% at 150 min. Simi-
larly, Kadam et al. [87] observed the synthesized AgNPs 
from cauliflower waste exhibited methylene blue degrada-
tion at 97% at 150 min. The result that AgNPs mediated a 
considerable reduction in phenol demonstrates that AgNPs 
increase photocatalytic degradation. The methylene blue 
molecule interacts in a liquid state to produce degradation 
products, according to the Eley–Rideal mechanism, which 

is an indirect method of reaction. The production of hole-
electron pairs in the valence band and conduction band as 
a result of irradiating the catalyst is however taken into 
consideration in this process. The production of the OH 
radical and H+ is caused by the water molecule binding 
the gap created in the catalyst’s valence band. The molecu-
lar oxygen traps the photoexcited electron in the conduc-
tion band, forming superoxide anion, which can set off a 
sequence of reactions to generate HO radicals. Finally, the 
OH radicals attack the methylene blue molecule and yield 
intermediates and end products [88]. Additionally, Sivara-
makrishnan et al. [89] studied the synthesized AgNPs from 
Leucas aspera revealed the degradation of optilan red and 
lanasyn blue absorption peaks were found to be 246 and 
626 nm. Similarly, Ganapathy Selvam and Sivakumar [90] 
demonstrated that solar light decolored methyl orange more 
quickly than alternative irradiation methods, as seen by 
a drop in peak intensity after 10 h. Figure 10 shows the 
schematic for the entire synthesis of biogenic AgNPs, their 
characterization, and capping confirmation using various 
methods in combination with V. trifolia aqueous extract.

Fig. 10   Illustrations for the productions of biogenic AgNPs, their characterization, and capping evaluations using various protocol in combina-
tion with V. trifolia aqueous extract
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5 � Conclusion

The present study demonstrates an effective green 
approach for producing AgNPs employing V. trifolia leaf 
extract as the bio-reductant. Physical measurements sug-
gested that the synthesized nanoparticles were very small 
in size and highly pure in nature, where plant products 
such as polyphenols, flavonoids, and proteins served as 
capping and stabilizing agents. Multidrug-resistant patho-
gens were used to evaluate the antibacterial activity of the 
nanoparticles. It was demonstrated that AgNPs showed 
antibacterial activity and higher effectiveness was found 
against S. aureus and E. coli. The bacterial killing mecha-
nism damages the cell membrane, followed by a protein 
leakage assay. This nanomaterial is another option for the 
treatment of multidrug-resistant bacterial infections. The 
synthesized AgNPs demonstrated a promising ability to 
diffuse the damaging free radicals and might be used as a 
food additive as well as in the nutraceutical and bio-phar-
maceutical industries. Moreover, the biomolecule capped 
AgNPs revealed that the nanoparticle strongly degrades 
the industrial organic coloring stain such as methylene 
blue. In summary, in this study, we demonstrate the abil-
ity of AgNPs to reduce the growth rate, alter the photo-
synthetic pigments, and their antioxidant enzyme in C. 
vulgaris. Overall, the obtained data demonstrated that syn-
thesized AgNPs from V. trifolia could be used as potent 
nanodrugs against human clinical pathogens, free radical 
scavenging, and to efficiently degrade the organic dye from 
the textile industry and remove environmental pollution 
in the future.
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