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Introduction: Protein-derived biogenic syntheses of inorganic nanoparticles have gained 
immense attention because of their broad spectrum of applications. Proteins offer a reducing 
environment to enable the synthesis of nanoparticles and encapsulate synthesized nanopar
ticles and provide them temporal stability in addition to biocompatibility.
Methods: In the present study, Benincasa hispida fruit proteins were used to synthesize 
silver nanoparticles (AgNPs) at 37 °C over five days of incubation. The synthesis of AgNPs 
was confirmed by UV-Vis spectroscopy, TEM, zeta potential, and DLS analyses. Further, 
these NPs depicted antibacterial and antibiofilm effects. Additionally, the anticancer activ
ities of nanoparticles were also tested against the lung cancer cell line (A549) with respect to 
the normal cell line (NRK) using MTT assay. Further, the estimation of ROS generation 
through DCFH-DA staining along with a reduction in mitochondrial membrane potential by 
Mito Tracker Red CMX staining was carried out. Moreover, nuclear degradation in the 
AgNPs treated cells was cross-checked by DAPI staining.
Results: The average size of AgNPs was detected to be 27 ±1 nm by TEM analysis, whereas 
surface encapsulation by protein was determined by FTIR spectroscopy. These NPs were 
effective against bacterial pathogens such as Escherichia coli, Staphylococcus aureus, 
Salmonella enteric, and Staphylococcus epidermis with MICs of 148.12 µg/mL, 165.63 
µg/mL, 162.77 µg/mL, and 124.88 µg/mL, respectively. Furthermore, these nanoparticles 
inhibit the formation of biofilms of E. coli, S. aureus, S. enteric, and S. epidermis by 71.14%, 
73.89%, 66.66%, and 64.81%, respectively. Similarly, these nanoparticles were also found to 
inhibit (IC50 = 57.11 µM) the lung cancer cell line (A549). At the same time, they were non- 
toxic against NRK cells up to a concentration of 200 µM.
Discussion: We successfully synthesized potentially potent antibacterial, antibiofilm and 
anticancer biogenic AgNPs.
Keywords: AgNPs, green synthesis, Benincasa hispida, antibacterial, antibiofilm, anticancer

Introduction
The demands of inorganic nanomaterials have been growing massively, and their 
production will continue to reach 13.7 billion US dollars by 2026.1 The broad- 
spectrum role and applications of nanomaterials have contributed immensely to 
macroeconomic industries. Their demand will continue to rise in developed and 
developing countries. The production of silver nanoparticles (AgNPs) plays a huge 
role in this phenomenon. Particularly as a broad-spectrum antimicrobial agent,2 

AgNPs are currently the most commercialized nano-products. The use of AgNPs 
has increased a lot in commercial consumer products, such as deodorants, shower 
gels of NIVEA, and bandages like Elastoplasts for their improved antimicrobial 
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properties. The silver-based brands of wound dressing are 
also readily available in the market with different compo
sitions, such as Acticoat™, Mepilex® Ag, Aquacel®, 
Flaminal®, Biatain® Ag, SILVERCEL™ and Allevyn® 

Ag.3 They have been used commercially in various seg
ments, including personal care products, antimicrobial 
socks, household cleansers, food storage containers, 

laundry additives, home appliances, paints, and even 
food supplements.4 Physical and chemical methods use 
severe conditions and toxic chemicals to synthesize nano
particles since they have their limitations in biological 
applications.

Thus, the development of eco-friendly methods is the 
need of the hour. However, using non-toxic reagents to 
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produce monodispersed, biocompatible, desired size, and 
custom functionalized nanoparticles is not an easy task.5 

Chemically synthesized hydrazine, hydrogen peroxide, 
sodium borohydride, and sodium citrate mediated AgNPs 
have antibacterial and anticancer activity but are still not 
biocompatible and are toxic to the environment and human 
health.6–8 Massive trials have been carried out to accom
plish this task by using different types of green types of 
machinery, including plant-based materials, algae, yeast, 
fungi, bacteria, and enzymes.9 The phytochemicals in 
these plants can serve as a dual function of reducing and 
stabilizing agents in synthesizing metal nanoparticles. 
Functionalized nanoparticles act as a drug carrier or as 
antibacterial agents.10,11 Nanoparticles are also used to 
deliver photo thermal agents. They are used as nanoparti
cles themselves or as photo thermal ligands bioconjugated 
over the surface of nanoparticles.12 Graphene-based nano
particles exhibit antibacterial activity against 
Streptococcus mutans bacteria.13 The biogenic particles 
have broad-spectrum applications, including eco-friendly 
and economical production values. Their biological, phy
sical, and chemical properties offer a widespread range of 
applications such as easy and stable functionalization, high 
biocompatibility, well-described morphologies, and ease 
of production and scaling.11 Numerous biogenic inorganic 
nanomaterials have been produced using fungi, including 
Penicillium fellutanum,12 Aspergillus fumigatus, 
Cladosporium cladosporioides, and Coriolus versicolor,13 

algae such as Sargassum wightii Greville,14 microbial 
enzymes like acetyl xylan esterase, cellobiohydrolase D, 
glucosidase and β-glucosidase,1 nitrate reductase,15 plant 
extracts like Lysiloma acapulcensis, and Euphorbia 
wallichii,14 the leaf extract of Scoparia dulcis, Bacopa 
monnieri,15 and enzymes such as bromelain,16 trypsin17 

and papain.18

Benincasa (Cucurbitaceae) is a monotypic genus 
with a single species Benincasa hispida. It is cultivated 
more or less throughout India and also in warm coun
tries. Traditionally, the fruit of B hispida is used as 
a diuretic, and the seeds have been documented to 
exhibit antiangiogenic effects on prostate cells.19 The 
mature fruits of B. hispida is an extremely good source 
of dietary fibers, proteins, enzymes, sterols, flavonoid 
C-glycoside, phenolic acids, sugars, and trace minerals 
terpenes, flavonoids, including quercetin, rutin, alka
loids, glycoside (arbutin), coumarin (umbelliferone), 
vitamin (A, B1, B3, C), amino acids (phenylalanine, 
tyrosine, and tryptophan) and many more.20 The protein 

includes the osmotin like protein, a member of patho
genesis-related protein,21 and two other proteins from 
the seed, a chitinase with lysozyme activity,21 and 
a biological serine proteinase inhibitor that inhibit 
important molecules such as trypsin, human leukocyte 
elastase, and cathepsin G.22 The amount of protein is in 
the range of 0.3 to 0.5% of an edible portion of fruit 
pulp. Total protein and free amino acids have concen
trations of 216.400 and 92.549 mg/100 g fresh weight, 
respectively.23 It exhibits a wide range of biological 
activities, such as anti-inflammatory, antipyretic,24 

neuromodulatory,25 anti-aging,26 immunomodulatory, 
hepatoprotective, antidiabetic,27 anti-obesity,28 anti- 
ulcer,29 anti-oxidant,30 angiotensin-converting enzyme 
inhibitory,31 diuretic, nephroprotective,32 5α-reductase 
inhibitory/anti-androgenic, anti-angiogenesis33 and 
antimicrobial.34 It also inhibits the mRNA expression 
level of monocyte chemoattractant protein-1 (MCP-1), 
interleukin-8 (IL-8), and ed NF-κB activation by block
ing the phosphorylation and degradation of its inhibitory 
protein, IκB-α in human.35 Here, a facile method of 
green synthesis of AgNPs using B.hispida pulp protein 
extract has been used for the first time. The proteins 
simultaneously reduced capped agents (s) and produced 
highly stable and biocompatible AgNPs. The physical 
characterization (UV-Vis spectroscopy, TEM, zeta 
potential, and DLS) confirmed that the nanoparticles 
were highly effective against biofilm synthesis along 
with antibacterial activities against Escherichia coli, 
Staphylococcus aureus, Salmonella enterica, and 
Staphylococcus epidermidis. They showed promising 
anticancer potential against lung cancer cell line A549. 
Though, AgNPs were significantly non-toxic against 
normal cell line NRK.

Methods
Extraction of B. hispida Fruit Protein
A total of 5 g of B. hispida fresh fruit were taken and 
washed meticulously with distilled water to remove dust 
particles. They were then finely ground using liquid nitro
gen. Tris HCl buffer (0.1 M, pH 7.5) was used to homo
genize the powdered samples. The clear and transparent 
solution was subjected to 95% ammonium sulfate precipi
tation to obtain the maximum extracted proteins. The 
given equation was used to calculate the exact amount of 
ammonium sulfate salt for the deluge of proteins:
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Weight gð Þ ¼
Gsat S2 � S1ð Þ

1 � PS2ð Þ

P ¼
Sp:Vol:xGsat

1000 

Where Gsat denotes the weight (in gm) of ammonium 
sulfate in one of the saturated solutions, S1 & S2 are the 
fractions of complete saturation.36 The ammonium sulfate 
precipitation was carried out by adding a calculated 
amount of salt, pinch by the pinch (to avoid an increase 
in local concentration), into the fixed volume of protein 
solution. The whole process was performed in ice-cold 
condition with continuous stirring, and the solution was 
permitted to retain at 4°C overnight. The protein extract of 
B. hispida fruit was centrifuged for 20 min at 20,000 rpm 
after complete precipitation, and the acquired residue was 
dissolved in 400 µL of PBS (50 mM, pH 7.5, 4 °C). Now 
the purified protein extract was used for the synthesis of 
AgNPs. Bradford assay was used to determine the protein 
concentration, and the purified proteins were analyzed on 
7.5% SDS-PAGE and stained with Coomassie brilliant 
blue stain.

In vitro Synthesis of Silver Nanoparticles
A 3 mL reaction mixture in PBS (50 mM, pH 7.5) con
sisting of numerous concentrations of B. hispida fruit 
proteins (0.33, 0.5, 1, 1.5 and 2 mg), and 1.0 mM silver 
nitrate salt at different temperatures (37, 40, 60, 80, and 
100 °C) was incubated at different time intervals (1, 2, 3, 
4, 5 days). Desired-sized nanoparticles were attained at 37 
°C and 0.33 mg/mL protein concentration after five days 
of incubation. Centrifugation was performed at 30,000 
g for 30 min after the termination of the reaction to collect 
and wash the AgNPs twice in Milli Q water. Ultimately, to 
precipitate unbound protein and impurities present in the 
reaction mixture 50% v/v ethanol was used, and the result
ing AgNPs were used for further analyses.37

Characterization of Bioengineered Silver 
Nanoparticles
Optical Properties Determination by UV-Visible 
Spectroscopy
UV-Visible spectroscopic measurements were made in 
a quartz cuvette with a resolution of 1 nm using 
A Shimadzu dual-beam Spectrophotometer (model UV- 
1601 PC). The absorption spectra were collected at 

wavelengths ranging from 200 to 800 nm. The sample’s 
optical densities were measured and graphically studied.

Hydrodynamic Size Determination by Dynamic Light 
Scattering (DLS)
A DLS particle size analyzer (Zetasizer Nano-ZS, Model 
number: ZEN3600, Malvern Instruments Ltd, Malvern, 
UK) was used to determine the average particle size of 
AgNPs. The sample was placed in a 1.5-mL low-volume 
disposable cuvette (DTS0112) and calibrated to a 0.5% wt/ 
vol concentration in deionized water before sonication for 
1 min. The average of three measurements per sample was 
used to calculate the mean particle size.38

Size Determination by Transmission Electron 
Microscopy (TEM)
TEM was performed using carbon-coated TEM copper 
grids and a drop of AgNPs solution. The Tecnai TM G2 
Spirit BioTWIN (FEI Company) running at an accelerat
ing voltage of 80 kV was used for TEM.38

Charge Determination by Zeta Potential
The zeta potential of nanoparticles in a solution is 
a measure of their colloidal stability. Zeta potential can 
also determine the concentration distribution of nanoparti
cles and the shielding/exposure of charged groups as they 
either set or carry the charge of their capping agent. It was 
performed with the help of the Zetasizer Nano-ZS (Model 
ZEN3600, Malvern Instruments Ltd, Malvern, UK).38

Surface Characterization by Fourier-Transform 
Infrared Spectroscopy (FTIR)
The FTIR technique reveals information on protein–nanopar
ticle associations. In both native and bioconjugated proteins, 
FTIR can provide a comprehensive evaluation of functional 
groups. The purpose of FTIR was to determine how much 
light was absorbed by the samples at each wavelength. 
Therefore, it confirms the presence of protein on nanoparticles.

Determination of Antibacterial Activity of Silver 
Nanoparticles
The agar well diffusion technique was performed to assess 
the biogenic nanoparticles initial antibacterial activity against 
S. aureus, E. coli, S. enteric, and S. epidermis.39 The bacterial 
isolates were grown in nutrient broth for 24 h at 37 °C with 
180rpm agitation. Wells were bored with PBS (as a control) 
and AgNPs, as a preliminary qualitative test. The plates were 
checked for the inhibitory effect of AgNPs on bacterial 
growth after 24 h of incubation at 37 °C, as demonstrated 
by a clear area surrounded by the well.
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Determination of Minimum Inhibitory Concentration 
(MIC)
The MIC of AgNPs was further determined by using the 
broth dilution method against S. aureus, E. coli, S.enteric, 
and S. epidermis.40 Bacterial strains in a mid-logarithmic 
phase were collected and diluted to 2 × 105-forming units 
per mL (CFU/mL) in PBS with 0.03% Luria-Bertani (LB) 
broth. The AgNPs were repeatedly diluted in 100 µL of 
LB medium in 96-well microtiter plates following the 
method reported elsewhere.39 The MIC-50 and MIC-75 
were accredited to the low concentrations of AgNPs that 
reduced microbial growth by 50% and 75%, respectively. 
For each experiment, autoclaved water was used as 
a negative control.

Determination of Anti-Biofilm Potential of Silver 
Nanoparicles
The AgNPs antibiofilm potential efficacy was analyzed as the 
biofilm formation by 96 well plate microtiter methods.41 Each 
microtiter plate well is filled with 190 µL of nutrient broth 
media and 10 µL of freshly prepared bacterial culture of 
S. aureus, E. coli, S. enteric, and S. epidermis. The IC-50 
and IC-75 concentrations of AgNPs are added to the mixture 
of each respective bacteria. The substance of each well is 
discarded and washed two times with PBS of pH 7.2 to 
evacuate planktonic bacteria after the incubation of the plate 
at 37 °C for 24 h. The biofilm arrangement around the walls of 
a plate by adherent sessile organisms, fixed by sodium acetate 
of 2.5%, w/v, and 0.25%, w/v of crystal violet dye, is used to 
stain the biofilm, which is rinsed with Milli-Q water to eradi
cate the surplus stain and incubated at room temperature for 
drying. Later, 100 µL of DMSO was added to each dried well, 
and the absorbance was measured at 620 nm on an ELISA 
plate reader (Multiskan® EX, Thermo Scientific, Finland). The 
absorbance values obtained are used as the indicator of adher
ing bacteria around the surface of the wall of each well for the 
biofilm formation. The percentage inhibition of biofilm was 
calculated by using the below equation. Each experiment was 
done in triplicate, and the AgNPs free cultures of each bacter
ium served as a positive control.

AgNPs biofilminhibition%

¼ 1 �
Absorbance of SNPstreatedcells at 620nm

Absorbance of untreatedcontrolcells at 620nm

� �

� 100 

Evaluation of Anticancer Potential of Silver 
Nanoparticles
A549 and NRK cells were seeded (5 × 103 cells) in 
each well of 96 well plates and incubated for 24 h in 

a humidified CO2 (5%) incubator at 37 °C. Ultimately, 
the cells were treated with various concentrations of 
AgNPs (25, 50, 75, 100, 125, 150, 175, µM) in tripli
cate and further incubated for the next 24 h. Later, 
after the incubation, the media was discarded and 10 
µL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- 
tetrazolium bromide] (5 mg/mL in PBS), was added 
to each well. Further, the plate was incubated for 2 
H in a 5% CO2 incubator. Moreover, formazan crystals 
were solubilized in 100 µL DMSO (Dimethyl sulfox
ide), and their optical densities were measured at 570 
nm wavelength by utilizing an ELISA reader 
(Microplate Reader (BIORAD-680).

Study of Cytomorphological Changes of Silver 
Nanoparticles Treated A549 Cells
The A549 cells were pre-treated with numerous concen
trations (IC25, IC50, and IC75) of AgNPs at 37 °C in a CO2 

(5%) environment for 24 H. The net morphological varia
tions of treated cells were studied under an inverted phase- 
contrast microscope (Nikon ECLIPSE Ti-S, Nikon 
Corporation, Tokyo, Japan).

Study of Variations in Nuclear Morphology of Cells
The effect of AgNPs on the genetic materials of A549 
cells was examined with the help of fluorescent nuclear 
dye DAPI. The cells were incubated with 4% parafor
maldehyde for 10 min after washing the seeded cells 
with PBS buffer. Ultimately, these treated cells were 
permeabilized with permeabilizing buffer (3% parafor
maldehyde and 0.5% Triton X-100) and stained by 
fluorescent dye DAPI. The fluorescence microscope 
was used to capture the images of the stained cells. 
The cells with fragmented and condensed nuclei had 
been considered apoptotic cells.

Estimation of Mitochondrial Membrane Potential 
Under Mito Tracker Red Staining
The change in mitochondrial membrane potential under 
AgNPs over A549 cells was examined by Mito Tracker 
Red CMX Ros dye. Briefly, AgNPs were incubated with 
A549 cells (5 × 103 cells/well) for 24 h at IC50 and again 
further incubated for 24 h. Ultimately, the media was dec
anted, and cells were incubated with 200 µL (300 nM) Mito 
Tracker dye for 45 min at 37 °C in the dark, followed by three 
times washing with PBS. The fluorescence microscope 
(evosFLc) with a texas red filter having an excitation wave
length of 579 nm and an emission wavelength of 599 nm was 
used to carry out the imaging of the cells. The fluorescence 
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intensity of mitochondrial content was quantified using 
Image-J software.

Quantification and Detection of Production of 
Reactive Oxygen Species (ROS)
Generation of ROS in AgNPs treated A549 cells were 
determined under the fluorescence microscope. The 
observation was based on the following factors such as 
fluorescence of a fluorogenic marker, 5-(and 6)-carboxy 
-2′,7′-dichlorodihydrofluorescein diacetate (carboxy- 

H2DCFDA) in viable cells. The cells (5 × 103 in each 
well) were seeded into 24-well culture plates and incu
bated for 24 h inside the CO2 (5%) incubator at 37 °C. 
Later, the cells were incubated with AgNPs for 24 
h. Ultimately, cells were incubated with H2DCFDA (10 
µM) for 30 min at 37 °C, and other cells were supple
mented with 200 µL of phosphate buffer saline (PBS) in 
every well. These plates were kept on a shaker for the 
next 10 min at room temperature. The fluorescence of 

Figure 1 Schematic representation of the mechanism of B. hispica fruit proteins mediated synthesis of biogenic AgNPs and their roles in anticancer, antibacterial, and 
antibiofilm agents.
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cells was determined by using a magnifying lens (fluor
escence microscope evosFLc). Quantification of cellular 
fluorescence from fluorescence microscopy images was 
performed by ImageJ software.

Statistical Analysis
As described previously, all statistical analyses were carried 
out using the Origin 6.0 software (USA), as described 
previously.42

Results and Discussion
Synthesis of Fruit Derived Bioengineered 
Silver Nanoparticles
Proteins are significantly bigger to encapsulate the nano
particles and provide them with stability. Apart from size, 
the native charge of proteins also plays a key role in 
nanoemulsion stability, providing a specific charge to par
ticles and dictating their internalization mode, which is 
critical in drug delivery systems (Figure 1). The proteins 

Figure 2 Characterization of B. hispida fruit proteins mediated synthesis of AgNPs by physical techniques: (A) UV-visible spectrum, (B) TEM Micrograph with light gray 
protein Corona mark by an arrow, (C) size distribution by DLS (D) zeta potential (E) surface characterization by FTIR spectrum.

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S330763                                                                                                                                                                                                                       

DovePress                                                                                                                       
7717

Dovepress                                                                                                                                                            Baker et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


undergo conformational changes due to the rapid exchange 
of electrons among protein(s) and metal ions while synthe
sizing the nanoparticles. Here, with the progress of synth
esis, the silver ion (Ag+) changes into a neutral (Ag0) form, 
restoring the native conformation of proteins. However, in 
some proteins, few secondary and fewer tertiary structures 
cannot be restored. The AgNPs were synthesized by incu
batinghispida fruit proteins (0.33 mg/mL protein) with 1.0 
mM silver nitrate salt at 37 °C for five days. Numerous 
reactions in the combinations of different temperatures 
(size of AgNPs increase with decrease instability by 
increasing the reaction temperature)37 and other incubation 
times were done to standardize the synthesis of desired 
sized AgNPs. In an aqueous medium, fruit protein extract 
develops sufficient reduction potential, reducing 
theAgNO3with oxidation state “+1” to Ag oxidation state 
“0”. This reduction of AgNo3 to Ag is due to the synergistic 
effect of various proteins and reducing enzymes such as 
serine proteases and angiotensin-converting enzyme 
(ACE)45 present in the fruit protein extract. A reaction 
without salt confirmed the efficacy of fruit protein extract 
during the synthesis of AgNPs. Moreover, when fruit pro
tein extract was incubated alone with distilled water, it 
displayed no distinct assimilation peak(s) for AgNPs. The 
characteristic surface plasmon resonance (SPR) bands of 
AgNPs and fruit proteins have been noted in absorption 
spectra and found at 423 nm and 280 nm, respectively 
(Figure 2A). TEM analysis has been used to determine 
the average size of NPS, which was found to be 27 ±1 
nm (Figure 2B) and distinctly separated from each other. 
A Gatan Digital Micrograph was used to analyze further the 
TEM micrographs, which exhibited that synthesized 
AgNPs are almost spherical shaped. DLS confirms the 
single population of NPs, and hydrodynamic radii of these 
NPs were found to be 57.03 nm (Figure 2C). Zeta potential 
measurements can gauze the long-term stability of NPs. 
The value of zeta potential for AgNPs was –19.7 ±0.2 
mV (Figure 2D). The negative value indicates the presence 
of negatively charged species on the surface of AgNPs 
generates repulsive forces between particles and restricts 
the chances of aggregation. It was noticed that these NPs 
were highly stable because NPs with mediocre zeta poten
tial can be stable due to the lower value of the Hamaker 
constant.43 Fourier transform infrared spectral analysis 
(Figure 2E) of AgNPs exhibited peaks centered at 

1642.77 cm−1 characteristics of C=O of amide groups of 
the amide I linkage. The bands of amides I exist due to 
carboxyl stretch and N-H deformation vibrations in the 
amide bond of the proteins, which encapsulated 
AgNPs.44,45 Additionally, the peak at 3431.01 cm−1 con
firms the N-H stretching vibration. This vibration mode 
does not depend on the backbone conformation but is 
very delicate to the strength of a hydrogen bond. Due to 
various secondary metabolites, a peak at 2106.24 cm−1 

represents the C≡C stretch of alkynes.

Antibacterial Activities of Silver 
Nanoparticles
The antibacterial activity of AgNPs has been determined 
against the four types of bacteria (Figure 3). The 
MIC50values were noted against E. coli (148.12 µg/mL), 
S. aureus (165.63 µg/mL), S. enteric (162.77 µg/mL) and 
S. epidermis (124.88 µg/mL), signifying its broad-spectrum 
nature. Peel extract of Benincasa hispida AgNPs has anti
bacterial activity.45 In contrast, in our research, pulp protein 
is used to synthesize AgNPs without toxic chemicals. Silver 
has enjoyed being the inorganic antibacterial agent of choice 
to fight against infections and spoilage since ancient times. 
The antibacterial properties of silver NPs, which make it an 
ideal biocidal agent, are thought to be due to the slow oxida
tion shown by silver following the liberation of monovalent 
silver ion (Ag+) into the environment.46 In general, the inter
action of AgNPs with bacterial cells occurs through several 
mechanisms, including generation ROS by AgNPs, which, 
when they come in contact with the bacteria, further damages 
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Figure 3 Graph showing the antibacterial potential of silver nanoparticles. All the 
data were expressed in mean ±SD of three experiments.
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the cell membrane. Their electrostatic interaction between 
negatively charged species is present on bacteria’s cell mem
brane, such as amino, carboxyl, and phosphate groups. They 
are also positively charged species on Ag+ ions and thus 
cause a change in the cell membranes’ structure and making 
it porous. Additionally, the AgNPs can interact with thiol 
proteins present on the cell wall and also form complexes 
electronic donors having nitrogen, phosphorus, oxygen, or 
sulfur atoms.

Additionally, AgNPs can cause a change in membrane 
fluidity, enhanced permeability, and membrane integrity loss 
by disturbing the trans/cis ratio of unsaturated membrane fatty 
acids. AgNPs can also interrupt the actin cytoskeletal network 

of bacteria and induce apoptosis in the bacterial cell.47 AgNPs 
can also bind with the 30S subunit of ribosomes, which results 
in the deactivation of the ribosome complex, and inhibit 
protein synthesis. Also, AgNPs can cause a reduction in the 
expression of proteins such as maltose transporter, fructose 
bisphosphate aldolase, succinyl coenzyme A synthetase, and 
30S ribosomal subunit proteins.48

It can also disturb RNA transcription, purines, pyrimi
dines, fatty acids, oxidase, and NADH-succinate dehydrogen
ase, of bacteria.49 They can modulate cellular signaling by 
dephosphorylating tyrosine residues and activate p53 protein 
to inhibit microbial growth.50 The most commonly known 
microbicidal mechanism of AgNPs is that they create pits in 

Figure 4 Image and graph showing inhibition of biofilm formation of silver nanoparticles. All the data were expressed in the mean ±SD of three experiments.
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the cell membrane, which results in the loss of subcellular 
materials. The Gram-positive (G+) and Gram-negative (G-) 
bacterial cells act differently when exposed to metal NPs.56 

The current mechanism known for generating “pits” in the cell 
membrane by AgNPs is that they target both primary and 
secondary (α-helix) structures of the cell wall by creating 
a connection to glycan and peptide ports of the bacterial cell 
wall. AgNPs connect to the β–1/4 bonds of 
N-acetylglucosamine and N-acetylmuramic acid of glycan 
strands, destroying their linkage and discharging them into 
the growing environment.51 The AgNPs use water-filled por
ins present in the outer membrane to penetrate the G-bacterial 
cell wall. The G-bacteria are more sensitive toward AgNPs 
due to the presence of negatively charged lipopolysaccharides.

The Anti-Biofilm Potential of Silver 
Nanoparticles
As per the National Institute of Health (NIH), 80% of 
infectious diseases are caused by microbial biofilm forma
tion. Both Gram-negative and Gram-positive bacteria can 
form biofilms.52 Biosynthesized AgNPs can hinder biofilm 
formation of various pathogenic bacteria, and among 
these, some of them, including S. aureus, E. coli, 
S. enteric, and S. epidermis, were tested. Bacteria were 
grown in 96 well plates for the biofilm formation with and 
without AgNPs for 24 h. There was no reduction in the 
biofilm formation found in the positive control (without 
AgNPs treatment).

In contrast, the treatment with AgNPs of concentration 
IC-50, IC-75 to each bacterial biofilm formation depicted 
a significant reduction of 70–90% (Figure 4). The cutbacks 
in biofilm formation were dose-dependent, and with an 
increase in the concentration of AgNPs, the biofilm forma
tion decreased. The AgNPs treated at a concentration of IC- 
50, IC-75 to S. aureus biofilm formation decreased by 
73.89%, 87.36%, E. coli biofilm formation decreased by 
71.14%, 88.85%, S. enteric biofilm formation decreased by 
66.66%, 79.41%, and in the case of S. epidermis biofilm 
formation decreased by 64.81%, 73.14%, respectively. The 
antibiofilm potential of AgNPs depends on various factors 
like the size and shape of nanoparticles, which affect the 
penetration limit and rely on the affinity between AgNPs 
and biofilms.53 Some other mechanisms are also accounta
ble for biofilm inhibition, such as biosorption and bacterial 
polysaccharides synthesis inhibition by AgNPs, which is 
involved in biofilm formation.41 The above result confirms 
that AgNPs have antibiofilm potential against biofilm 

produced by S. aureus, E. coli, S. enteric, and 
S. epidermis. This means that AgNPs are biofilm- 
distracting agents. It has been stated that more than 70 
species of Gram-negative bacteria communicate and con
trol their population density and mobility via the N-acyl 
homo serine lactones (AHLs) mediated quorum sensing and 
the represented AHLs acts as a potential target against 
biofilm formation.54 Inhibition of glucosyltransferase 
enzyme is also one of the ways to inhibit biofilm formation 
in different bacterial species. It is known that E. coli uses 
N-acetylneuraminate lyase (NanA), whereas S. aureus uti
lizes the surface protein G (SasG) for biofilm formation 
along with GlmU, a bifunctional enzyme with acetyltrans
ferase activity involved in the biosynthesis of Uridine 
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Figure 5 The cytotoxicity study graph of MTT assay for AgNPs treatment against 
(A) A549 cells and (B) NRK cells.
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diphosphate N-acetylglucosamine (UDP-GlcNAc), which 
is a key precursor of a β-1,6-N-acetyl-D-glucosamine poly
saccharide adhesin required for biofilm formation.55 

Similarly, S. enteric exploits the WrbA, a flavin mononu
cleotide-dependent NADH:quinone oxidoreductase from 
the same, and S. epidermis takes advantage of poly- 
N-acetylglucosamine (PNA) and polysaccharide intercellu
lar adhesin (PIA) for biofilm formation which works 
through icaADBC operon. Hence, the as-synthesized 
AgNPs were prominent inhibitors of the given molecules 
responsible for biofilm formation.

Anticancer Studies of Silver Nanoparticles 
Treated A549 Cells, NRK Cells, and Their 
Cytomorphological Changes
The AgNPs were highly active against A549 cells 
(Figure 5A), while they did not show any significant 
activity against NRK cells up to 200 µM (Figure 5B). 
The anticancer effect is dose-dependent and increases 
with an increase in the concentration of AgNPs. The 
IC50 values of AgNPs on A549 were found to be 57.11 
µM (Figure 5A). The morphological changes in A549 cells 

were seen after incubation with different concentrations 
(IC25, IC50& IC75) of AgNPs under phase-contrast micro
scopy (Figure 6) of untreated cells. The control cells were 
noticed to be uniformly spread and depicted no distinct or 
remarkable changes in morphology after 24 h of incuba
tion (Figure 6A). However, deformed morphologies were 
irregular, shrunken, necrotic, and detached from the well 
surface; some cells were noticed to keep their plasma 
membrane intact, depicting that apoptosis had started in 
A549 cells treated with AgNPs (Figure 6B–D).

The cytotoxic properties of AgNPs and silver- 
containing hybrid nanomaterials may rest on the cell 
types. AgNPs acts by stopping the cell propagation at 
subG1 cell cycle.56 The improved generation of ROS by 
exposure of these particles is shown to activate signaling 
pathways responsible for apoptosis.57 It can damage the 
mitochondrial membrane and further cause irrevocable cell 
damage. It has also been stated that the process of apop
tosis can be understood via the degradation of lysosomes 
during autophagy, increasing programmed cancer cell 
death. The activation of caspase-3 and condensation/frag
mentation of chromatin were also the manifestation seen in 

Figure 6 The cytomorphological study of AgNPs treated A549 cells (A) control, (B) IC25 (C) IC50, (D) IC75 at 20× magnification.
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AgNPs treated cells, which led to cell death due to the 
apoptotic process.58 AgNPs are the most capable anti- 
carcinogenic agents because of their low toxicity and 
highly significant anti-carcinogenic properties.

Effect of Silver Nanoparticles on Nuclear 
Morphology of A549
The interaction of AgNPs with nuclear materials was 
examined with the help of fluorescent dye (4ʹ,6-diami
dino-2-phenylindole) DAPI. Hence, it also confirms the 
internalization of particles into the nucleus. It is a known 
fact that anionic nanoparticles follow caveolae-mediated 
endocytosis and reach into the nucleus without interacting 
with lysosomes. The AgNPs (IC50–57.11 µm) treated 

A549 cells were incubated for 24 h at 37 °C and stained 
with DAPI dye. The AgNPs treated cells were found to 
have an apoptotic impact on A549 cells (Figure 7A and B) 
compared with untreated cells. The ImageJ software was 
used to quantify treated and control cells; AgNPs produced 
more fluorescence than the untreated cells (Figure 8A).

Estimation of Mitochondrial Membrane 
Potential of Silver Nanoparticles Treated 
A549 Cells
The intrinsic apoptosis initiated the release of Cyt-c after 
the loss of mitochondrial membrane potential (ΔΨm). It 
was noticed that AgNPs could disrupt the ΔΨm of A549 
cells, and it was projected by potential-dependent dye 

Figure 7 Images observed for AgNPs treated cells under phase contrast microscope after 48 hrs of treatment for DAPI staining (A) control (B) treated cells; for Mito 
Tracker Red staining (C) control (D) treated cells and for DCFDA staining (E) control (F) treated cells.

https://doi.org/10.2147/IJN.S330763                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 7722

Baker et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Mito Tracker Red CMX Ros. The fluorescence intensity of 
AgNPs treated A549 cells at IC50 concentration was 
reduced (Figure 7C and D) in comparison to the control. 
The fluorescence of the treated and control cells was 
measured using the ImageJ software. AgNPs produced 
less fluorescence than the untreated cells at their corre
sponding IC50 (Figure 8B).

Estimation of Reactive Oxygen Species of 
Silver Nanoparticles Treated A549 Cells
The production of the intracellular ROS in the A549 cells 
after interacting with AgNPs was projected by utilizing the 
5-(and 6)-carboxy-2ʹ,7ʹ-dichlorodihydrofluorescein diace
tate (DCFHDA) (Figure 7E and F). The intensity of fluor
escence was relative to the measure of ROS generated in 
the cells. This investigation showed that AgNPs treated 
A549 cells (Figure 7F) demonstrated the production of 

greater intensity of fluorescence than the controls 
(Figure 7E). The biogenic AgNPs emitted brilliant fluor
escence with mutilated morphological structure due to 
stress disrupting impact in the compactness of plasma 
membrane caused by ROS produced. However, untreated 
cells did not reveal any consideration for fluorescence and 
held their native morphology. ImageJ software quantified 
the fluorescence produced by ROS; AgNPs-treated A549 
cells generated greater fluorescence than the untreated 
control cells (Figure 8C).

In general, anionic NPs internalize into the cells via 
caveolae-mediated endocytosis apart from diffusion.59 The 
AgNPs are released into the cytoplasm after the dissolution 
of caveosomes in the cells. The free NPs cause cytotoxicity 
by generating ROS (O2

−, H2O2, OH) due to their high surface 
energy, exchanging non-specifically with macromolecules.60 

Living cells can neutralize intrinsic ROS, but a high level of 
ROS generated after the internalization of nanomaterials 
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Figure 8 Graphical representation in terms of percent (A) nuclear condensation, (B) mitochondrial content, and (C) intracellular ROS generation. All the data were 
expressed in the mean ±SD of three experiments.
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causes severe damage to the cells.61 The internalized AgNPs 
can disturb the mitochondrial membrane after internalization 
and cause damage to the key enzymes such as NADPH 
oxidase (Figure 7C and D). This damage causes the release 
of caspase-3, which elicits the intrinsic apoptosis and kills the 
cells. Simultaneously, AgNPs internalize into the nucleus 
and causes cell death,62 which could be confirmed by DAPI 
(Figure 7A and B). It was also assessed that internalized 
AgNPs induced intracellular ROS production in A549 cells 
and elicited apoptosis (Figure 7E and F). The amount of 
production of intracellular ROS (estimated by the DCFDA 
method) in AgNPs treated cells increased with increasing 
concentration of NPs compared to control. However, an 
overall increase in ROS generation in mitochondria is 
responsible for the damage in the inner mitochondrial mem
brane inducing disruption.

Conclusion
We have developed a green protocol for synthesizing 
silver nanoparticles by using the Benincasa hispida fruit 
protein extract. The given silver nanoparticles were found 
to boost the potential of Benincasa hispida fruit protein in 
different bioactivities and showed effective antibiofilm, 
antibacterial, and anticancer activities. The mode of inter
nalization and interaction with bacterial as well as animal 
cells can be a subject of further studies. The toxicity 
studies of silver nanoparticles have also been a matter of 
concern. Therefore, a detailed study of toxicity of these 
particles can also be a good prospect of further studies.
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