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Background: Abelmoschus esculentus (L.) Moench, an economically important malvaceous 
vegetable crop popularly known as okra, is used in various culinary preparations and is rich 
in vitamins, minerals, and nutrients. The biological properties of okra flowers in relation to 
nanoparticle synthesis have not yet been reported.
Materials and Methods: In the current study, silver nanoparticles (AgNPs) were synthesized 
using extracts of the flowers of A. esculentus. The characteristics of the AgNPs were studied 
using a UV-vis spectrometer, Fourier transmission infrared spectrophotometer (FTIR), X-ray 
diffractometer (XRD), scanning electron microscope (SEM), transmission electron microscope 
(TEM) and energy dispersive X-ray spectrometer (EDX). Antibacterial activity screening was 
performed using the agar well diffusion method, and cytotoxicity and cell viability studies were 
conducted using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Results: The synthesized AgNPs were spherical and ranged in size from 5.52 to 31.96 nm, with 
an average size of 16.19 nm, as determined by UV-vis spectroscopy, FTIR, XRD, TEM and 
EDX. A. esculentus flower extract-mediated silver nanoparticles (AME-AgNPs) exhibited 
excellent activities in vitro studies, particularly in vitro cytotoxic and antiproliferative studies 
against cancer cell lines, such as the TERT-4 and A-549 cell lines. The antibacterial effects on the 
Gram-positive pathogens Bacillus subtilis, Staphylococcus aureus, Staphylococcus epidermidis, 
and Streptococcus pyogenes and the Gram-negative pathogens Klebsiella pneumoniae, 
Escherichia coli, Pseudomonas aeruginosa, Proteus vulgaris, Salmonella typhimurium and 
Shigella sonnei were tested. The minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) values varied with the bacterial strain. The IC50 values of 
the synthesized NPs for the tested cell lines were close to that of a standard drug.
Conclusion: Compared to other NPs the NPs synthesized in this study were smaller in size and 
exhibited a higher level of antibacterial activity, cytotoxicity and apoptosis at minimal concen
trations, and this is the first study on okra flower-induced anticancer and antimicrobial activities.
Keywords: Abelmoschus esculentus, silver nanoparticles, okra green pods, cell lines and 
cytotoxicity

Introduction
Abelmoschus esculentus L., commonly known as “lady’s fingers,” “okra,” or “bhindi”, 
is an important vegetable crop cultivated in many countries. In the intensive search for 
a good biological agent for synthesizing metal nanoparticles, several biological entities 
from microbes to plants and animal products have been given much attention.1–3 

Among the different bio-tools used to produce nanoparticles, plant products are 
Correspondence: Mohamad S AlSalhi  
Email malsahi@ksu.edu.sa

International Journal of Nanomedicine 2021:16 3343–3356                                               3343
© 2021 Devanesan and AlSalhi. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress. 
com/terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By 

accessing the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly 
attributed. For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 24 February 2021
Accepted: 24 April 2021
Published: 14 May 2021

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-5897-9237
mailto:malsahi@ksu.edu.sa
http://www.dovepress.com/permissions.php
https://www.dovepress.com


given high priority.4–6 Green synthesis routes using various 
plants parts have produced active materials that have greater 
potential against gram-positive and gram-negative microor
ganisms and different cancer cell lines and exhibit higher 
antioxidant effects than those produced by chemical and 
thermal physical methods.7–9 Of the different plant products, 
the flowers of plants have received much attention for utili
zation. The synthesis of biomedically important NPs (nano
particles) using floral extracts has several advantages 
compared with other biological methods.10 Because of their 
unique chemical properties, NPs fabricated by a flower- 
mediated procedure are more efficient than those synthesized 
using other biological materials.11,12 The flowers of many 
plants contain diverse secondary compounds that function as 
reducing and stabilizing agents and as precursor molecules 
involved in the formation of NPs.13

Numerous studies have reported the production or synthesis 
of AgNPs by microwave-assisted, phase transfer, electrochemi
cal, and photochemical methods, but these synthesis steps 
require toxic chemicals. The green synthesis of AgNPs using 
medicinal plants does not require any toxic materials, is simple 
and ecofriendly, and produces NPs with high efficacy. Plants 
contain many phytoconstituents that give numerous benefits, 
including antimicrobial, anticancer, and antioxidant activities, 
and the synthesis of AgNPs with plant sources improves the 
efficacy with a smaller quantity. A previous report provided 
remarkable information on plant-mediated AgNPs.14,15

The extract of jasmine flowers has been reported to act as 
a capping and stabilizing agent in NP synthesis.16 Flower- 
derived AgNPs exhibit good antibacterial, antioxidant, and 
insecticidal properties for different applications.12 Silver, 
zinc and gold nanoparticles produced with the flower extract 
of Rhanterium epapposum are effective cytotoxic and antifun
gal agents.17 However, no reports on the production of silver 
NPs using the flowers of okra (A. esculentus (L.) Moench), 
which belongs to the family Malvaceae, are available. Okra, 
known as lady’s fingers in English, bhindi in Southeast Asia 
and bamia in the Middle East, is a vegetable plant with rich 
medicinal properties. Okra is a vegetable with a good table 
value merged with medicinal and pharmacological 
applications.18 Gold nanoparticles synthesized using the pulp 
extract of A. esculentus were reported to have good anticancer 
and antimicrobial effects.19 A. esculentus-based cadmium 
oxide nanoparticles exhibited good antimicrobial activity.20 

Okra plant extract-mediated biosynthesized nickel oxide nano
particles showed cytotoxicity and had antibacterial 
properties.21 The different parts of okra, including the flowers, 
fruits and seeds, contain polyphenolic compounds, catechins, 

flavanols, tannins and many minerals.22 The novelty of this 
study is that it is the first report of the synthesis of AgNPs 
using okra flowers, and minimal NP sizes were achieved. 
A minimal quantity of AME-AgNPs (5 µL) was used as the 
initial concentration, and their effects against the tested organ
isms were good, with more than 60% of the tested organisms 
dying. The okra flower is widespread, and the flowers of 
A. esculentus, which are rich in reducing agents, remain 
unstudied; therefore, it was chosen as a biogenic agent for 
synthesizing AgNPs in this study.

Materials and Methods
All the experimental chemicals used were purchased from 
Sigma-Aldrich (authorized dealer Saudi Arabia) and had 
a high purity level (the purity and quality of the chemicals 
were always a focus when purchasing the chemicals).

Preparation of Silver Nanoparticles
Currently, Saudi Arabia encourages small farmers to switch 
to organic farming to cultivate vegetables and other food
stuffs. Fresh A. esculentus flowers were collected in the 
morning from an organic agriculture farm in Al-Kharj, 
Riyadh Province, Saudi Arabia. Plant authentication and 
nomenclature studies were performed at the Herbarium of 
King Saud University. Further study approvals were not 
required according to regional guidelines. The freshly col
lected flowers (250 grams) were dried at room temperature, 
and the dried flowers were blended as a fine powder. Five 
grams of the powder was soaked in 100 mL of double 
distilled water (DH2O) for 24 h. The collected aqueous 
flower extract (AME) was filtered using Whatman No 1 filter 
paper, and the extract was dark black in color. Then, 1 mM 
silver nitrate (AgNO3) was added to 250 mL of double 
distilled water and thoroughly mixed until AgNO3 was dis
solved. Then, 5 mL of AME was added and thoroughly 
mixed. The mixed solution was observed, and the colorless 
solution turned dark brown in color in 72 h, indicating the 
formation of AME-AgNPs (Supplementary Figure 1). This 
change may be due to the excitation of the surface plasmon 
resonance of the synthesized AgNPs. Then, the color- 
changed aqueous solution was collected in sterilized 50 mL 
centrifuge tubes and centrifuged at 15000 rpm for 15 min
utes. The process was repeated 3 times with distilled water to 
maintain the purity of the synthesized AME-AgNPs. The 
precipitate was placed in a biosafety shaking incubator at 
38°C, and the NPs were collected once completely dried. The 
remaining flower extract was stored at 4°C for further 
investigation.
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Characterization of Synthesized Silver 
Nanoparticles
A UV-vis spectrophotometer (Perkin Elmer, LS 55) was 
used to characterize the synthesized AME-AgNPs. The 
components in the extract were characterized using 
a Shimadzu FTIR Prestige 21 spectrophotometer 
(Shimadzu Corporation, Kyoto, Japan) in the KBr phase 
(1:100).1,2,5 The spectrum was recorded in the range of 
400–4000 cm-1. The XRD pattern of the synthesized 
AME-Ag NPs was constructed using spectral data col
lected with a Philips PW-1830 X-ray diffractometer. 
A scanning electron microscope (SEM) (JEOL, Japan) 
and energy dispersive X-ray spectroscopy system (EDAX 
Inc.) were used. The AgNPs were observed by transmis
sion electron microscopy (TEM) (JEOL, Japan).

Antimicrobial Study
Bacterial Strain Preparation
Different concentrations of the synthesized extract- 
mediated AgNPs (5, 10, 25, 50 and 100 μL) were tested 
against gram-positive bacteria, such as B. subtilis (MTCC 
441), S. aureus (ATCC 29213), S. epidermidis (MTCC 
3615) and S. pyogenes (ATCC 29213), and the gram- 
negative pathogens K. pneumoniae (G455), E. coli (ATCC 
25922), P. aeruginosa (ATCC 27584), P. vulgaris (ATCC 
8427), S. typhimurium (ATCC 14028) and S. sonnei.

Agar Well Diffusion Method
The antibacterial activity of the AME-AgNPs against the 
selected bacterial strains was determined using the agar 
well diffusion method. A subculture of each bacterial 
strain, 200 µL, equivalent to 106 CFU/mL, was homoge
neously spread on the surface of a Petri dish containing 
Mueller-Hinton agar (MHA) (Merck, Germany) using 
a sterile cotton swab with the help of a sterile gel borer. 
Six wells with a 10 mm diameter were made on the 
Mueller-Hinton agar with the bacterial strains. The wells 
were loaded with different doses (5, 10, 25, 50 and 100 
μL) of the aqueous extract of the AME-AgNPs diluted 
from the stock (100 μg/mL) with sterile water. The plates 
were incubated at 37°C for 24 h, and then, the zone of 
inhibition was measured around the wells after incubation. 
The positive control used was ciprofloxacin (1 mg/mL).

The MIC and MBC of the AME-AgNPs were deter
mined following the CLSI standard.23 For the MIC, 
a microdilution method using Mueller Hinton broth med
ium (MHB) was used. The MIC of the AME-AgNPs 
against the test bacteria was determined by resazurin 

staining in a 96-well microtiter plate. Ten microliters of 
the overnight-grown culture (106 CFU/mL) was inoculated 
into each well of a 96-well microtiter plate, and the control 
well contained ciprofloxacin. The cultures were then 
allowed to grow overnight in a bacteriological incubator. 
The concentration associated with no color change was 
taken as the MIC.

MBC estimation was performed using Mueller-Hinton 
agar medium (MHA). The concentrations of the bacterial 
inocula were adjusted to 106 CFU/mL. One hundred 
microliters of a stock solution of 500 μg/mL AME- 
AgNPs was diluted twofold. Ten microliters of the over
night-grown culture (106 CFU/mL) was inoculated in each 
well of a 96-well microtiter plate containing the twofold- 
diluted AME–AgNPs and the control group. For MBC 
determination, the test suspension from each well of the 
microtiter plates was placed on an MHA plate. The plates 
were incubated at 37°C for 24 h. The lowest concentration 
with no visible growth on the MHA plate was taken as the 
MBC value.

MTT Assay
The cytotoxicity of the synthesized nanoparticles was 
assessed by an MTT assay following the method of 
Mosmann et al24 with modifications. For the MTT assay, 
three cancer cell lines were obtained from ATCC (USA). 
The chosen cell lines included the lung cancer cell line 
A-549 and mesenchymal cell line TERT-4. The cell lines 
were grown in DMEM supplemented with fetal bovine 
serum (10%), sodium bicarbonate (0.2%), and an antibio
tic-antimycotic solution (1 mL/100 mL of medium). In 
brief, the A-549 and TERT-4 cells (500 cells/well) were 
seeded in 96-well tissue culture plates and incubated over
night in a CO2 incubator for attachment. Then, the medium 
was aspirated and replaced with media containing different 
concentrations (1–100 µg/mL) of the synthesized nanopar
ticles. The cells were treated for 24 h. Then, MTT (10 µL/ 
well containing 100 µL of the cell suspension; 5 mg/mL of 
the stock in PBS) was added to each well and incubated 
for 4 h. Then, the reaction mixture was carefully removed, 
and 200 μL of DMSO was added to each well by pipetting 
up and down several times until the contents were homo
genized. After 10 minutes, the color was read at 550 nm 
using an ELISA reader. The untreated control was also run 
simultaneously under identical conditions and served as 
a control. The IC50 value for the AME-AgNPs was also 
determined.
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Morphological Changes in the Cells
To determine the morphological changes in the cells, the 
cells (TERT-4 and A-549) were seeded in a 92-well plate at 
a concentration of 1×104 cells/well and incubated for 24 
h. When the cells were completely attached, the cells were 
washed with phosphate-buffered saline (pH 7.4). Then, dif
ferent concentrations of AME-AgNPs (1–100 µg/mL) were 
added to each corresponding well. The plate was incubated 
for 48 h, after which the supernatant was aspirated. The cells 
were then washed with PBS (pH 7.4). After that exposure, 
the morphological changes in each group of cells induced by 
the nanoparticles were observed with a phase contrast 
inverted microscope at 20× magnification.

Statistical Analysis
The average size of the NPs was determined from the 
TEM images using the ImageJ software. We used 
GraphPad to calculate the MTT cell viability (EC50) and 
standard deviation. The statistical analyses were per
formed with a significance of p<0.05.

Results and Discussion
The formation of AgNPs was visually noted by the devel
opment of a dark brown color in the conical flask containing 
the AME–AgNPs (Figure 1A–C)). The color also changed 
during the synthesis of AgNPs using different plant extracts 
in our previous studies.1,2,4,6 UV-Vis absorption spectro
scopy was used to characterize the optical properties of the 
AME-AgNPs. The absorption spectrum exhibited a peak at 
430 nm in 24 h to 72 h (Figure 2A–D), confirming the 

formation of silver nanoparticles. The UV-vis spectra were 
monitored at different time intervals of 24 h, 48 h and 72 
h. Using a mass mathematical model,25 the particle size of 
the synthesized NPs was found to be 13.45 nm. A previous 
report provided evidence of the formation of AgNPs using 
the flower extract of Zephyranthes rosea.26

The FTIR results indicated the presence of different 
functional groups in the extract that acted as reducing and 
stabilizing agents during the synthesis process of the NPs. 
The FTIR spectra of the AME extract and AME-AgNPs are 
shown in Figure 3A and B, respectively. The AME extract 
exhibited bands at 1054.13, 1329, 1635.12 and 2925 cm−1, 
whereas the AME-AgNPs exhibited bands at 1066.42, 1232, 
1641.17, 2368.21 and 2918 cm−1. Huge differences were 
observed between the relative intensities of the AME extract 
and the AME-AgNPs, and the spectrum shoulder was 
slightly shifted. In the AME-AgNPs spectrum, the peak at 
1066.42 cm-1 was attributed to the stretching vibration of 
the C-O functional group in alcohols/phenols. The absorp
tion band at 1032 cm−1 indicated the presence of phenolic 
groups. The absorption peak observed at 1641.17 cm-1 was 
attributed to C=C bond stretching and indicated the forma
tion of alkenes and aromatic rings. The sharp spectral peak 
at 2368.21 cm-1 indicated the presence of NH2+/NH3+ in the 
peptide bonds of protein molecules. The spectral peak at 
2918.35 cm-1 was assigned to a medium single-bonded 
C-H alkane group. The FTIR spectra confirm the presence 
of active biomolecules in the plant extract, which acted as 
capping and reducing agents, reducing Ag+ to Ag0.8,27

X-ray diffraction (XRD) is one of the most extensively 
used techniques for the characterization of NPs. The X-ray 
diffraction pattern of 0.01 mol/L AME-AgNPs exhibited four 
distinct diffraction peaks at 38.24°, 44.13°, 77.55.11° and 
84.32° corresponding to the 111, 200, 220 and 311 planes, 
respectively (Figure 4). The sharp peak at 38.24° related to the 
111 plane shows that the sample was pure without any major 
impurities. This Bragg reflection plane corresponds to the 
face-centered cubic (fcc) phase of silver, as previously 
reported.28 The characteristics of the XRD spectrum of the 
NPs referenced to the JCPDS (Joint Committee on Powder 
Diffraction Standards - Card No. 05–0667) showed that the 
material had a crystalline nature. Because the crystallite size is 
reflection of the coherent diffraction domain, it is not neces
sarily the same as the particle size.29 The crystallite size was 
calculated using Scherrer’s formula, D=Kλ/β cos θ,30 and the 
average size of the AME-AgNPs was 20.12 nm based on the 
intense peak corresponding to the 111-plane located at 38.24°, 
as reported earlier for silver nanoparticles.31,32

Figure 1 Photograph showing the change of colour due to AME-AgNPs formation. 
(A) AME flower extract, (B) mixed aqueous solution of AME flower extract and 
AgNo3 and (C) formation of AgNPs.
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An SEM—EDX analysis of the surface morphology of 
the AME-AgNPs synthesized using the flower extract of okra 
(Figure 5) revealed the presence of nanoparticles with differ
ent morphologies, although a predominance of spherical- 

elliptical NPs of different sizes was observed. Some aggre
gation was also detected, and most of our analysis results 
showed separate particles with spherical shapes. Few parti
cles attached to each other, because the sample preparation 

Figure 3 FTIR spectrum recorded for (a) AME-flower powder and (b) AgNPs synthesized using AME flower extract.

Figure 2 UV-vis spectrum of 1 mM AgNPs with different interval times 24 to 72 h. (a) AME flower extract spectra, (b) 24 h spectra of record for mixed aqueous solution of 
AME flower extract and AgNo3, (c) 48 h spectra of record for mixed aqueous solution of AME flower extract and AgNo3 and (d) 72 h spectra of record for mixed aqueous 
solution of AME flower extract and AgNo3.
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Figure 4 XRD spectrum of AgNPs synthesized using AME-flower extract.

Figure 5 SEM micrograph of AgNPs synthesized using okra flower extract (right top corner) and energy dispersive X-ray spectrum of AME-AgNPs (bottom).
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resulted in NPs with rough surface areas, or the region 
selected for analysis had NPs with rough surfaces.33,34 The 
elemental composition analyzed by EDX spectroscopy indi
cated the presence of C, O, K, Cl, Cu, and Ag, and their mass 
percentages were 22.52, 18.17, 9.33, 3.69 and 46.28, respec
tively. Of the elements, silver exhibited the highest perfect 
peak, indicating that the synthesized silver nanoparticles 
were pure.

TEM images of the AME-AgNPs indicated that the 
nanoparticles were spherical in shape with a size range 
between 5.52 and 24.65 nm (Figure 6A–D) and an average 
particle size of 18.24 nm, which was close to the size of 
the NPs calculated from the XRD result. The TEM image 
showed the agglomeration of small grains and dispersed 
nanoparticles with the face-centered cubic (fcc) crystalline 
structure of metallic silver, as previously reported.34,35

Antibacterial Action of the AME-AgNPs
The activities of the synthesized AME-AgNPs against six 
Gram-negative and four Gram-positive bacterial pathogens 
were evaluated by the agar well diffusion method (Table 1, 

Figures 7 and 8). Different doses of the AME-AgNPs, viz., 
5 µL, 10 µL, 25 µL, 50 µL, and 100 µL, were taken from 
a stock solution with a concentration of 100 µg/mL. The 
antibacterial action was found to be dose dependent and 
varied for the different bacterial strains. The inhibitory 
effect of the NPs on the gram-negative bacteria was 
more pronounced than that on the Gram-positive 
bacteria.36 At a dose of 100 µL, P. vulgaris was the most 
inhibited LBS Gram-negative bacterium (16 ± 1.0 mm), 
followed by K. pneumoniae (14 ± 0.5 mm) and S. sonnei 
(14 ± 0.7 mm). The inhibition activity of the AME-AgNPs 
against E. coli, and P. aeruginosa at a 100 µL dosage of 
AME-AgNPs (11.0 ± 1.0 mm) was low. Among the Gram- 
positive bacteria, S. aureus and S. pyogenes exhibited the 
maximum inhibition zone diameter (13.0 ± 1.2 mm) at 
a dose of 100 µL. The Gram-positive bacteria S. subtilis 
and S. epidermis were minimally inhibited (12 ± 1.0 mm). 
According to Xuan et al, an antibacterial ring diameter of 
less than 5 mm indicates weak resistance, and a diameter 
of greater than 10 mm corresponds to strong resistance.37 

In this study, the antibacterial action of the synthesized 

Figure 6 Micrograph showing the TEM image of AME-AgNPs with different magnifications 100 and 50 nm. (A) 100 nm without labels, (B) 100 nm labeled with particles 
sizes, (C) 50 nm without labels and (D) 50 nm labeled with particles sizes.
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NPs strongly inhibited all the tested bacterial strains. The 
minimum inhibitory concentration of the AME-AgNPs 
against the selected bacterial strains (Table 1) was max
imal for B. subtilis (180 μg/mL), and the minimum MIC 
value was observed for P. vulgaris (45 μg/mL). The MBC 
of the AME-AgNPs that killed 100% of the bacterial 
population, which did not exhibit any viable bacterial 
growth, was 220 μg/mL for B. subtilis, and the minimum 

was observed for P. vulgaris (56.5 μg/mL). The varying 
levels of the MIC and MBC values may be due to the 
intrinsic tolerance levels of each bacterial strain, as pre
viously reported.38

As previously reported, the antibacterial properties of 
NPs are caused by the partial dissolution of the bacterial 
cell wall due to charge effects between the negatively 
charged cell wall and the positively charged silver 

Table 1 Inhibitory Effect of AME-AgNPs with Different Bacterial Strains (Six Gram Negative and Four Gram Positive) and Control 
Drug for Ciprofloxacin

Diameter of Zone of Inhibition in mm (Mean ± SD) for Different Doses (µg/mL) AME-AgNPs

Bacterial strains Control 5 10 25 50 100 MIC[µg/mL NPs] MBC[µg/mL NPs]

K. pneumoniae 18 4± 1.2 6±0.5 10±0.5 11±0.5 14±0.5* 105±3.0 180±6.0

E. coli 20 5 ±1.0 7±0.8 8± 1.0 10 ± 0.9 13 ±1.6* 65.5±5.6 110±10.0

P. aeruginosa 21 6±1.0 8± 1.0 9±0.7 10±0.7 11±1.0* 75.5±6.0 105±8.0
P. vulgaris 20 6± 0.5 8± 1.0 9±1.8 13.1±1.0 16±0.5* 45.5±5.0 56.5±5.0

S. typhi 14 5± 1.0 8±0.7 9± 1.0 11±0.5 12±1.5* 150.0±8.0 212±10.0

S. sonnei 18 7 ±0.5 8±0.6 10±1.2 11± 0.7 14±0.7* 90.0±6.0 100±5.0
B. subtilis 20 4± 1.0 5±0.6 7±0.8 9±1.0 12 ±1.0* 180±9.0 220±3.0

S. aureus 17 5 ±1.0 8± 1.0 10±0.7 12±0.5 13 ±1.0* 85±5.0 90±7.0

S. epidermis 18 5±1.0 7±0.7 8±1.0 10±1.0 12±1.2* 150±5.0 165±4.0
S. pyogenes 20 5±1.0 6±1.0 8±1.0 10±1.0 13±1.2* 150±5.0 59±2.0

Note: *Indicates significant at different concentration levels p<0.05.

Figure 7 Micrograph showing the diameter of zone of inhibition [mm] due to AME-AgNPs exposure to six Gram negative microbial pathogens. (A) K. pneumoniae, (B) 
E. coli, (C) P. aeruginosa, (D) P. vulgaris, (E) S. typhimurium and (F) S. sonnei.
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nanomaterial.39 It has also been reported that the interac
tion of silver nanoparticles with phosphorylated or sulfur 
proteins present in the cell wall of bacteria destabilizes and 
depolarizes the bacterial cell membrane, affecting the 
integrity of the membrane and leakage of H+.40

The antibacterial mechanisms of action of AgNPs may be 
their interactions with the microbial membrane, which could 
lead to the rearrangement of membrane-bound organelles, 
destruction of the membrane and death of microbial patho
gens. The mode of action of AgNPs against microbial patho
gens has not been fully explored thus far. Recent studies have 
revealed that the mechanisms of action against microorgan
isms depend on the size, shape, stability and affinity of the 
NPs.41 Four different possible routes were reported for the 
antimicrobial mechanisms of action of AgNPs. These include 
(i) interactions between the AgNPs and the surface of the cell 
wall and membrane, (ii) AgNP penetration into the cell and 
damage to intracellular organelles, (iii) AgNP-induced cellu
lar toxicity and oxidative stress caused by the generation of 

ROS and free radicals and (iv) AgNP regulation of the 
signaling pathways that inhibit proliferation.42

It has been reported that AgNPs attached to the bacterial 
cell wall release Ag+ through an oxidation process and react 
with phosphate, the thiol group of the amino acid cysteine, 
the amino acid glutamine, and carboxyl groups, causing 
bacterial death.43 Furthermore, the bacterial cell membrane 
could undergo oxidative changes induced by the AgNPs due 
to their possession of bioactive compounds, leading to cell 
death. The size of the AgNPs is also reported to influence the 
antibacterial action. In this study, the synthesized NPs were 
more or less spherical with an average size of 18.6 nm, 
which also influenced the antibacterial action, as previously 
observed.44 Because the AME-AgNPs exhibited good anti
bacterial activities, they could be used as broad-spectrum 
antibiotics. The small size of the NPs resulted in stronger 
interactions between the NPs and cells due to a larger sur
face area-to-mass ratio and greater versatility.45 Ultra-small 
and controllable NPs are effective for conducting 

Figure 8 Micrograph showing the diameter of zone of inhibition [mm] due to AME-AgNPs exposure to four Gram positive microbial pathogens. (A) B. subtilis, (B) S. aureus, 
(C) S. epidermidis and (D) S. pyogenes.
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antimicrobial operations and combating intracellular 
bacteria.46 The AgNPs synthesized in this study were 
small and could thus be used to develop effective and safe 
antibiotics.

MTT Assay
The cytotoxic effects of the nanoparticles on TERT-4 and 
A-549 cells are presented in Figure 9A and B. All the cells 
were treated with 1–100 μg/mL synthesized nanoparticles for 
24 h. The results showed that the synthesized nanoparticles 
decreased the viability of the A-549 and TERT-4 cells in 
a concentration-dependent manner. A cytotoxic response 
was observed even at low concentrations, ie, 2 μg/mL of 
the synthesized nanoparticles; however, more than 90% of 
the cells died at the highest concentration, ie, 100 μg/mL. 
The percent cell viabilities at 2, 5, 10, 25, 50 and 100 μg/mL 
of the synthesized nanoparticles were determined to be 59%, 
17%, 11%, 11%, 11% and 9%, respectively, for the TERT-4 
cells (Figure 9A) and 34%, 15%, 12%, 11%, 10% and 9%, 
respectively, for the A-549 cells (Figure 9B). For the three 
tested cancer cell lines, AME-AgNP concentrations of 25 and 
50 μg/mL significantly reduced the cell viability (P < 0.05), 

and cell death at a dose of 100 μg/mL was very significant 
(P < 0.001) compared with that of the control (Table 2).

The morphological changes observed in the TERT-4 
and A-549 cells are shown in Figure 10A and B). 
Concentration-dependent effects were observed on the 
morphologies of A-549 and TERT-4 cells treated with 
2–200 μg/mL synthesized nanoparticles for 24 h. At con
centrations of 2 μg/mL of the synthesized nanoparticles 
and higher, the cells became rounded and lost their typical 

Figure 9 Cytotoxicity assessment by MTT assay. (A) TERT4 cell line and (B) A 549 cell lines exposed to AME-AgNPs at 1–100 mg/mL for 24 h. Images were taken using 
phase contrast inverted microscope at 20x magnification.

Table 2 The Percent Cell Viability for Two Different Cell Lines 
on Exposure with Different Concentration of AME-AgNPs

Percent Cell viability ± SD Different cell lines

S. No. Concentrations µg/mL A-549 TRET-4

1 Control 100 ± 0.47 100 ± 2.91

2 1 µg/mL 101.7 ± 2.61 100.02 ± 3.66
3 2 µg/mL 34.4 ± 4.87 99.1 ±5.92

4 5 µg/mL 15.7 ± 2.11 88.7 ± 4.70

5 10 µg/mL 12.25.7 ±0.9 66.1 ±0.84
6 25 µg/mL 11.3 ± 0.81 49.0 ±1.95

7 50µg/mL 10.8 ± 2.46 30.7 ± 0.96

8 100 µg/mL 9.63 ± 0.56 9.3 ± 0.81
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morphology. A careful observation of the photomicro
graph of cells exposed to a 100 µg/mL dose showed 
hypertrophied cells with necrotic, condensed nuclei under
going pyknosis. The IC50 values of the synthesized AgNPs 
and the standard drug 5-fluorouracil against A-549 and 
TERT-4 (Table 3) confirmed the tumor-inhibiting effect 
of the synthesized nanoparticles.

The cytotoxicity of AgNPs to cell lines was reported to 
be due to the cellular uptake of nanoparticles through 
pinocytosis and endocytosis.47 It has been reported that 
a cell viability below 50% indicates that NPs are 
cytotoxic.48,49 The size of the nanoparticles and the plant 

extract surface coating promoted the cytotoxicity.50,51 

AgNPs trigger an increase in intracellular ROS, and reac
tive hydroxyl radicals damage DNA, which results in cell 
death.52 AgNPs coated with plant bioconstitutents induce 

Figure 10 Morphological alterations in (A) TERT4 cell line and (B) A 549 cell lines exposed to AME-AgNPs at 1–100 mg/mL for 24 h. Images were taken using phase 
contrast inverted microscope at 20x magnification.

Table 3 IC50 Concentration of AME-AgNPs and Standard Drug 
on Human Cell Lines

Cell 
Lines

AME- 
AgNPs

Control 
[5-Fluorouracil]

IC50 µg/mL/Cell 

Lines-NPs

A-549 1.74 µg/mL 0.763 µg/mL

TRET-4 1.65 µg/mL 0.781 µg/mL
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oxidative stress, leading to apoptosis via caspase-mediated 
and mitochondria-dependent pathways.53,54 Nanoparticles 
induce hydroxyl radical formation and are highly toxic to 
cancer cells.55,56

The interaction of AgNPs with cells induces the hyper
production of ROS, leading to mitochondrial dysfunction 
and degenerative changes in the expression of some anti- 
apoptotic (Bcl-2) and pro-apoptotic (Bax) genes and proteins 
present in the mitochondria. As a result, the pro-apoptotic 
mitochondrial protein Cyt C is released into the cytosol and 
induces apoptosis by activating the apoptotic proteins cas
pase-9 and caspase-3.57–60

Conclusions
In the intensive search for effective green synthesized nano
particles, several biological entities have been screened. In 
this study, extracts of the flowers of A. esculentus were used 
as a moderating agent to synthesize AgNPs. The synthesis of 
the AgNPs was confirmed by different characterizations. The 
morphological nature of the synthesized material was pre
dominantly spherical and less aggregated with an average 
size of less than 19 nm, as determined by TEM. The NPs 
exhibited antimicrobial properties against all the tested gram- 
positive and gram-negative microbial pathogens. However, 
gram-negative bacterial growth was more inhibited than 
gram-positive bacterial growth. The MIC value for 
P. vulgaris was less than that for the other bacteria. The 
MBC value was low for S. pyogenes. Tests of the impact of 
the synthesized AME-AgNPs on tumor cell lines revealed 
reasonable effects. The IC50 values of the NPs for A-549 and 
TERT-4 cells were compared with those of a standard drug. 
Cytotoxicity and apoptosis were studied by microscopically 
observing the synthesized nanoparticles, and necrosis, hyper
trophy, pycnotic nuclei and nuclear disintegration were 
detected. This study provides valuable information about 
the antibacterial and anticancer efficacy of okra flower 
extract-mediated AgNPs. The nanoparticles can be further 
subjected to toxicity assays.
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