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Purpose: The present study investigates the phytosynthesis of silver nanoparticles (AgNPs)
using Perilla frutescens leaf extract, which acts as a reducing agent for the conversion of
silver ions (Agt) into AgNPs. P. frutescens leaf synthesized AgNPs (PF@AgNPs) were
evaluated for biomedical properties including antibacterial, antioxidant and anticancer
activities.

Materials and Methods: PF@AgNPs were synthesized using P. frutescens leaf extract and
silver nitrate solution. The morphology and physical properties of PF@AgNPs were studied
by spectroscopic techniques including, UV-Vis, FTIR, TEM, XRD, DLS, and TGA.
Antibacterial activity of PF@AgNPs was evaluated by disk diffusion assay. Antioxidant
activity of PF@AgNPs was checked by 2.2-diphenyl-1-picrylhydrazyl (DPPH), and 2.2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) free radical scavenging assays.
Anticancer activity of PF@AgNPs was checked by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide assay. Cytotoxic effects of PF@AgNPs on most susceptible cancer cell
lines were observed by phase contrast microscopy.

Results: PF@AgNPs showed surface plasmon resonance peak at 461 nm. XRD pattern
showed that the PF@AgNPs were face-centered cubic crystals with a mean size of 25.71 nm.
TEM analysis revealed the different shapes (spherical, rhombic, triangle, and rod) of
PF@AgNPs. Zeta potential value (—25.83 mV) indicated that PF@AgNPs were long-term
stable and not agglomerated. A low polydispersity index value (0.389) indicated the mono-
dispersity of PF@AgNPs. TGA revealed the high thermal stability of PF@AgNPs.
PF@AgNPs exhibited maximum inhibition against Escherichia coli, followed by Bacillus
subtilis and Staphylococcus aureus. PF@AgNPs showed maximum inhibition of 68.02 and
62.93% against DPPH and ABTS-free radicals, respectively. PF@AgNPs showed significant
anticancer activity against human colon cancer (COLO205) and prostate adenocarcinoma
(LNCaP). PF@AgNPs exhibited apoptotic effects on LNCaP cells including cell shrinkage,
membrane blebbing, chromatin condensation, fragmentation of nuclei, and formation of
apoptotic bodies.

Conclusion: The present study reports the successful synthesis of PF@AgNPs using
P. frutescens leaf extract. The synthesized PF@AgNPs are FCC crystals, monodispersed,
long-term stable, and non-agglomerated. The observed antibacterial, antioxidant, and antic-
ancer activities demonstrate the potential biomedical applications of PF@AgNPs.
Keywords: Perilla frutescens, silver nanoparticles, antibacterial activity, antioxidant

activity, anticancer activity, LNCaP
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Introduction
Owing to their unequivocal properties and promising features,
nanomaterials will play essential roles in the future.
Nanomaterials are used in drug delivery to increase the bioa-
vailability, solubility, and half-life of drugs, and they have
been widely employed for targeted and controlled release of
drugs in cancer chemotherapy. Noble metals such as gold,
platinum, silver, titanium, and palladium have been used
extensively to synthesize nanomaterials.' > Metallic nanopar-
ticles, particularly silver nanoparticles (AgNPs), have gained
importance because of their unique properties, including elec-
tronic, thermal, optical, magnetic, and catalytic attributes.* >
AgNPs have been widely used as bio-labeling materials,
polarizing filters, biosensors, signal enhancers, optical recep-
tors, and biocatalysts, and as antibacterial, antioxidant, antic-
ancer, antiviral, antinociceptive, larvicidal, and insecticidal
agents.”” AgNPs have been widely employed in the prepara-
tion of medical kits, diagnostic kits, wound dressings, antisep-
tic creams, hand wash liquids, and bandages in the medical
field because of the innate antimicrobial nature of silver.* '
The antimicrobial properties of AgNPs render them suitable
for infusion into tissue/cartilage/bone grafting materials such
as collagen, polycaprolactone, and hydroxyapatite.'>'> The
deodorant properties of AgNPs have been utilized in fabrics,
sports shoes, and other sporting equipment.'* AgNPs have
been widely used in the coatings of walls, windows, timber
furniture, glass, and countertops of hospitals to reduce the
growth of bacteria and fungi.'>'® The antioxidant and anti-
microbial properties of AgNPs have been particularly useful in
the preparation of food packing materials to increase the shelf
life of foods and food ingredients.'”"'®

The physicochemical properties of AgNPs can be deter-
mined by their size, shape, surface area to volume ratio, and
crystalline nature."*> Various chemical and physical meth-
ods have been successfully employed for size- and shape-
controlled synthesis of AgNPs, including laser ablation,
thermal decomposition, lithographic, aerosol, UV-radiation,
y-irradiation, ultrasonication, microwave-assisted, photoche-
mical, sonochemical, electrochemical, polyvinyl pyrrolidine,
polyol, polyaniline, tollens process, and other chemical
reduction methods.*>'” However, chemical and physical
methods for synthesis of nanoparticles involve hazardous
chemicals and toxic radiations and require separate capping
agents. Furthermore, toxic chemicals on the surface of
AgNPs their
Environmentally friendly methods for biological synthesis

limit biomedical applications.*

of AgNPs, including enzymatic, microbial, and plant-

mediated synthesis, have become a new research avenue in
the nanotechnology field worldwide. Although enzymatic
methods are eco-friendly, they involve different steps,
including isolation, extraction, and purification of enzymes,
and are time-consuming, arduous, and expensive. Microbial
methods involve laborious culturing conditions, and the mis-
handling of microbes can lead to contamination and risk to
human health. Synthesis of non-toxic, clean, biocompatible,
and biofunctionalized AgNPs using plant extracts deserves
merit as a simple, rapid, cost-effective, eco-friendly, and safe
method beings.®2'2?

Plants contain secondary metabolites, such as phenolic
compounds, flavonoids, triterpenoids, alkaloids, quinines,
coumarins, glycosides, steroids, and anthocyanins, that
confer resistance to plants against pests, insects, drought
stress, and other stress conditions. These compounds
are very important for humans as they possess a wide
variety of bioactivities, including anticancer, antioxidant,
antidiabetic, anti-obesity, antibacterial, and antiviral
properties.>>** Over the last two decades, scientists have
successfully employed plant extracts and their secondary
metabolites for the production of different types of metal-
lic nanomaterials. In this simple, rapid, and cost-effective
process, plant metabolites act as bioreduction agents that
reduce the metal salts and metal oxides to their respective
metallic nanoparticles. The plant metabolites also stabilize
the nanoparticles by capping them.®'

Perilla frutescens is a herbaceous perennial plant
belonging to the family Lamiaceae. It is an important med-
icinal plant that is widely distributed in China, India, Korea,
Japan, and Southeast Asia.”> There are wild and cultivated
varieties in the northern, southwestern, and other regions in
China. The leaves of P. frutescens were used as a food
ingredient in China. Perilla leaves have a wide variety of
natural active substances including phenylpropanoids (ele-
micin, isoelemicin, myristicin, and methyl isoeugenol),
alkaloids (1H-indole-3-carboxylic acid and indole-3-car-
boxaldehyde), phenolic compounds (rosmarinic acid, pro-
tocatechuic acid, caffeic acid, vanillic acid, and ferulic
acid),26 (Takano et al, 2004), flavonoids (luteolin, apigenin,

scutellarein, and

2729

catechin, negletein, vicenin-2,

catechin), anthocyanins (shisonin, Cis-shisonin, and
malonyl shisonin), coumarins (esculetin and 6.7-dihydrox-
ycoumarin), carotenoids, neolignans, sesquiterpenoids,
fatty acids, policosanols, tocopherols, sitosterols, gluco-
peptides,

constituents.”***>" The leaves of P fiutescens showed

sides, benzoxepin derivatives and other

multiple biological functions due to the presence of
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abundant natural active substances. The biological func-

tions including antidiabetic activity (o-glucosidase

and aldose-reductase inhibitory activity of luteolin, api-

28,32

genin, and diosmetin), anti-hyperuricemia (xanthine

oxidase inhibitory activity of luteolin, negletein and
scutellarin),”’ antispasmodic effect of flavonoid vicenin,?
insecticidal activity of sesquiterpenoids,®® antiallergic
activity (hyaluronidase inhibition by rosmarinic acid, caf-
feic acid, and luteolin), anti-inflammatory activity of
phenylpropanoids,®® anti-depressant activity of luteolin
and apigenin, hepatoprotective activity of caffeic acid and
rosmarinic acid, antioxidant activity of flavonoids and poly-
phenols, anticancer and antimicrobial activities of triterpe-
noids, flavonoids, and polyphenols.3 134736 1 the present
investigation, we report the phytosynthesis of AgNPs using
P frutescens aqueous leaf extract, which acts as both
for AgNPs.
Characterization of AgNPs was achieved using a range of

a reducing and stabilizing agent
spectroscopic methods. The synthesized AgNPs were eval-
uated for antibacterial activities against gram-negative
(Escherichia coli) and gram-positive (Bacillus subtilis and
Staphylococcus aureus) bacteria using a disk diffusion
assay. The antioxidant activity of the AgNPs was checked
by 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2'-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radi-
cal scavenging assays. The anticancer activity of the
PF@AgNPs was evaluated against human colon cancer
(COLO205) and human prostate adenocarcinoma
(LNCaP) cell lines using an MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide) assay.

Materials and Methods
Preparation of P. frutescens Leaf Extract
and Phytosynthesis of PF@AgNPs

The leaves of P. frutescens were collected from croplands
near the North University of China, Taiyuan, Shanxi
Province, China. Initially, P frutescens leaves were
washed thoroughly with tap water and then rinsed with
distilled water for 10 to 15 min. Finally, the leaves were
cleaned with double distilled water (DDW) and then dried
completely under shade. The dried leaves were crushed
into a fine powder. Leaf powder (10 g) was added to
100 mL of DDW in a 250 mL flask and then boiled at
50°C for 30 min.>’>® Subsequently, the solution was
allowed to cool to room temperature and filtered by
employing simple filtration process through Whatman
No.1 filter paper. The filtrate, named as P. frutescens leaf

aqueous extract, was used for the phytosynthesis of
PF@AgNPs. This extract (10 mL) was added to 2 mM
AgNO; (90 mL), and the mixture was boiled at 50°C for
30 min and then incubated for 2 h in the dark.*’*® The
light yellow color of the solution became dark brown after
incubation.

Spectral Analysis of PF@AgNPs

To confirm phytosynthesis, the dark brown colloidal solu-
tion was analyzed using ultraviolet—visible (UV—Vis) spec-
troscopy (Perkin-Elmer Ltd) between 200 and 800 nm.*
After confirmation of phytosynthesis, the solution of
PF@AgNPs was centrifuged for 20 min at 15,000 x g.
The supernatant was removed and the pellet was redis-
persed in distilled water and centrifuged again for 20 min
at 15,000 x g. This procedure was repeated for three
times.*” Finally, the pellet was collected and dried into
a fine powder that was used for further analysis. Fourier
transform infrared (FTIR) analysis of PF@AgNPs was
carried out at 4000-500 cm™ ' using KBr pellets (Perkin-
Elmer Ltd).*' The x-ray diffraction (XRD) pattern of
PF@AgNPs was recorded in the 20 range of 10° to 90°
using Bruker D8 Advance powder XRD (Bruker AXS
GmbH, Karlsruhe, Germany).**> Thermogravimetric ana-
lysis (TGA) and derivative thermogravimetric analysis
(DTA) were performed using a TGA-1 analyzer (Mettler
Toledo, Switzerland).”> The shapes and sizes of
PF@AgNPs and the selected area electron diffraction
(SAED) pattern of PF@AgNPs were determined using
transmission electron microscopy (TEM).** The polydis-
persity index (PI) and zeta potential values were recorded
using dynamic light scattering (DLS; Brookhaven
Instruments).*’

Antibacterial Activity of PF@AgNPs

For this study, we selected both gram-negative (E. coli) and
gram-positive (B. subtilis and S. aureus) pathogens. Bacterial
cultures were activated 24 h prior to the assay. The antibac-
terial activity of PF@AgNPs was evaluated using a Kirby—
Bauer disk diffusion assay.*® First, 10 mL of Luria-Bertani
(LB) agar was added to Petri dishes under sterile laminar
airflow (LAF). Then, 150 pL of active bacterial suspension
was added to each LB agar plate. Thereafter, four sterile
paper disks saturated with dimethyl sulfoxide (DMSO; con-
trol), 10 uL of PF@AgNPs, 10 pL of pristine leaf extract
(PTLE), and 10 pL of streptomycin (standard antibiotic
drug) were transferred onto LB plates and then incubated

International Journal of Nanomedicine 2021:16

submit your manuscript 17

Dove


http://www.dovepress.com
http://www.dovepress.com

Reddy et al

Dove

at 37°C for 24 h. Inhibition zones were determined by
measuring the bacterial clearance around each disk in mm.

Antioxidant Activity of PF@AgNPs
Antioxidant activity of PF@AgNPs was evaluated using
DPPH and ABTS scavenging assays.*”*® Ascorbic acid
was used as the standard antioxidant. In DPPH assay,
PF@AgNPs (20, 40, 60, 80, and 100 pg) were dissolved
in 1 mL methanol in separate test tubes. Then, 2 mL
DPPH stock solution (1 mM/L) was added, and the tubes
were incubated in the dark for 45 min. Then, the absor-
bance values were recorded at 517 nm. In ABTS assay,
ABTS radical working solution was prepared prior to the
assay. ABTS radical working solution (0.9 mL) was
added to 0.1 mL of the different concentrations (20, 40,
60, 80, and 100 pg/mL) of PF@AgNPs, shaken well for
45 sec, and incubated in the dark for 15 min, followed
by measurement of the absorbance at 734 nm. DPPH/
ABTS scavenging activity was calculated using the
equation: % scavenging = [(control absorbance — test
compound absorbance)/control absorbance] x 100.

Anticancer Activity of PF@AgNPs

The anticancer activity of PF@AgNPs was evaluated by MTT
assay using human colon cancer (COLO205) and human
prostate adenocarcinoma (LNCaP) cell lines by the method
of Mossman (1983).*° The cells (5 x 10°) were seeded in 96
well plates, with each well containing 100 pL of medium.
After overnight incubation in a 5% CO, chamber at 37°C,
exactly 100 pL of different concentrations of PF@AgNPs
(10, 20, 40, 60, 80, and 100 pg/mL) were added. After 24 h,
the cell viability was checked by the addition of 10 uL MTT
per well and incubation for a further 3 h. The plates were
centrifuged for 10 min at 1000 x g. Thereafter, the medium
was discarded, and the formazan blue crystals formed were
dissolved in dimethyl sulfoxide (100 pL). Then, the absor-
bance values were recorded at 570 nm, and the percentage of
cell viability was determined. To study morphological
changes, further phase-contrast images were taken of the
most susceptible cell lines to PF@AgNPs at concentrations of
ICys, ICs, and ICy5 after 24 h of exposure.

Statistical Analysis

All the experiments were repeated for three times. Mean
values were represented with standard deviation.
Significance analysis between each group of data was carried
out under the condition of P<0.05. Statistical analyses

involved the use of SPSS version 22.0. We have employed

Origin 8.5 for the interpretation of UV-Vis, FTIR, TGA, and
XRD peaks. We have employed Prism 7.0 for drawing graphs.

Results and Discussion
Phytosynthesis of PF@AgNPs

In the present study, we investigate the phytosynthesis of
AgNPs using P frutescens leaf extract. This acts as
a reducing agent to convert silver ions (Ag") into nanosilver
(Ag"), named as P, frutescens leaf-synthesized silver nanopar-
ticles (PF@AgNPs). Phytosynthesis was initially observed by
a color change of the reaction solution (containing silver ions
and leaf extract) from a light-yellow color to dark brown color
(Figure 1) after 2 h of incubation in the dark. This color change
indicates the phytosynthesis of PF@AgNPs. Phytosynthesis
was further confirmed by UV—Vis analysis. The resultant UV—
Vis spectrum (Figure 2) showed a hyperbolic peak between
400 and 480 nm. This peak is a characteristic absorption peak
of AgNPs due to surface plasmon vibrations excited by the
silver metal lattice."*>* Phytochemicals such as flavonoids,
triterpenoids, glycosides, and polyphenolic components might
carry out the bioreduction of Ag" to Ag’. The schematic
diagram (Figure 3) depicts a possible mechanism of phyto-
synthesis of AgNPs that can be accomplished in three steps.
The first activation step involves the reduction of silver ions
(Ag") into metallic silver atoms (Ago). In the second step,
nucleation and growth phases occur during which small

Figure | Color change of the reaction solution from light yellow to dark brown
after 2 h indicates the formation of PF@AgNPs.
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Figure 2 UV-Vis analysis of P. frutescens leaf extract and PF@AgNPs. UV-Vis
spectrum of PF@AgNPs showed surface plasmon resonance peak at 461 nm.

adjacent metallic silver atoms coalesce into AgNPs of
a definitive size and shape. The final step involves the stabili-
zation process in which phytochemicals cap AgNPs, thus
preventing their agglomeration.

Phytosynthesis of AgNPs has become popular owing to
its economical, eco-friendly, and simple procedure.
Phytosynthesized AgNPs have many advantages over che-

mically synthesized AgNPs (CS-AgNPs). Phytosynthesized

"0 TN
Ul‘fmtm
(\/51% Reductlon

Phytochemicals
containing —-OH

Sllver lons

Silver nanoparticle

Growth

Stabilization

AgNPs do not require surface coating chemicals for stabili-
zation. In CS-AgNPs, these surface coating chemicals lead to
the formation of toxic and non-biocompatible AgNPs that
cannot be used for various biomedical purposes (drug deliv-
ery, tissue grafting, bone regeneration, wound dressings,
dental implants, diagnostic equipment, and other medical
devices) as they contain toxic/hazardous chemicals on their
surface. In contrast, phytosynthesis produces clean, non-
toxic, and biocompatible AgNPs that can be used for various

biomedical purposes.'*

FTIR Analysis of Phytosynthesized
PF@AgNPs

FTIR analysis was carried out to determine the major phy-
tochemicals involved in the phytosynthesis and capping of
PF@AgNPs. The FTIR spectrum (Figure 4A) of
P frutescens leaf extract showed peaks at 627, 821, 1048,
1381, 1608, 2386, 2926, and 3372 cm '. The FTIR spec-
trum (Figure 4B) revealed major peaks at 615, 1124, 1374,
1601,2913, and 3385 cm ™ '. The peaks at 627 and 615 cm™'
were due to the C-H group, which indicated the presence of
aliphatic and aromatic compounds. The peaks at 1048 and
1124 cm™
vibrations of aromatic compounds. The peaks at 1381 and

£08
-&%&

Reduced metallic silver

represented C-O (carboxylic acid) stretching

Nucleation

33

@@

Aot

Figure 3 Schematic diagram represents the possible mechanism of plant-mediated synthesis (phytosynthesis) of AgNPs.
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Figure 4 FTIR analysis of (A) P. frutescens leaf extract and (B) PF@AgNPs.

1374 cm™ ! indicated C-N stretching vibrations of aromatic
amines.”’ The peaks at 1608 and 1601 cm ' signified the
secondary amide (-N-H) group of peptide bonds. The shift
in the peak from 627 to 615 cm ™ 'revealed the participation
of aromatic/aliphatic compounds in the synthesis of
PF@AgNPs. The shift in the peak from 1381 to
1374 cm ™" and shift in the peak from 1608 to 1601 cm ™'
revealed the involvement of proteins, which cap around the
AgNPs and act as stabilizing agents. Capped AgNPs are
non-agglomerated and very stable for long durations. The
stability of PF@AgNPs was further explained by DLS
studies. The peaks at 2926 and 2913 cm ™' were due to the
methylene (-C-H) group of aromatic/aliphatic chains.>* The
peaks at 3372 and 3385 cm ' corresponded to the
O-H (hydroxyl) group of flavonoids, triterpenoids, and phe-
nolic compounds. This is a critical shift that demonstrates
the involvement of polyphenolic compounds in the reduc-
tion of Ag" ions into AgNPs.>® The disappearance of some
peaks and shifting in the bands clearly demonstrate the
involvement of polyphenols and proteins in the synthesis
and stabilization of PF@AgNPs. Polyphenolic compounds
such as rosmarinic acid, caffeic acid, protocatechuic acid,

chlorogenic acid, vanillic acid, ferulic acid, gallic acid,
apigenin, and luteolin have been reported in the leaves of
P, frutescens, and it is plausible that these compounds may
be involved in the bioreduction process.>' Phenolic acids
possess a phenolic nucleus and a carboxyl group, and thus
form a resonance stable phenoxy radical nucleus. Oxidation
of phenolic acids leads to stable phenoxy radical
formation.”* Hence, oxidation of phenolic acids by
AgNO; produces stable phenoxy radicals and reduced
metallic silver atoms. The reduced metallic silver atoms
join together and form a stable silver nanoparticle.
A plausible mechanism of phytosynthesis and capping of
AgNPs is depicted in the schematic diagram (Figure 3). Our
FTIR results were consistent with previous reports, which
demonstrated that polyphenolic compounds are involved in
the bioreduction process and that proteins provide stability

by capping them.*!->' 4

XRD Pattern of Phytosynthesized
PF@AgNPs

The crystal nature of metallic nanoparticles is a key factor
affecting their proper biological functions. The XRD pat-
tern of PF@AgNPs (Figure 5) showed major diffraction
peaks at 38.11, 44.29, 64.39, and 77.32° that were indexed
to (111), (200), (220), and (311) diffraction planes, respec-
tively. The diffraction peaks and their respective planes
revealed that the phytosynthesized PF@AgNPs were crys-
talline with a face-centered cubic (FCC) lattice (JCPDS
File No. 4-0783). Crystallite size (nm) was determined
using the Debye—Scherrer equation: crystallite size
d=KA\/By scos, where K is the Scherrer constant ‘0.95', A
indicates source light wavelength (1.54 A°/0.54 nm), B s
indicates the FWHM (full width half maximum length),
and 0 is the Bragg angle (radians). Using the Gaussian
nonlinear curve fit (NLFfit), the FWHM of the nanocrystal
was determined as 0.34215°. According to the Debye—
Scherrer equation, the crystallite size (d) was 25.71 nm.
Our XRD results were consistent with those of previous
studies. AgNPs synthesized using Tithonia diversifolia,”
Artemisia turcomanica,” and Ziziphus Jujuba,>® are all
nanocrystals with FCC structure.

TEM and DLS Analysis of

Phytosynthesized PF@AgNPs

TEM micrographs (Figure 6A—E) revealed that the phyto-
synthesized PF@AgNPs in this study were 20-50 nm in
size with various shapes, including spherical, rhombic,
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Figure 5 XRD pattern of PF@AgNPs.

triangle, and rod. However, most AgNPs were spherical.
TEM micrographs also showed that PF@AgNPs were
monodispersed with no aggregation. The SAED pattern
(Figure 6F) of the nanocrystals showed clear Debye—
Scherrer rings of FCC crystal. Our TEM results were
consistent with those of previous studies. The sizes of
AgNPs synthesized using Artemisia turcomanica,>
Ziziphus  Jujuba,”®  Artemisia absinthium,’®  Berberis
vulgaris®” are 20-60 nm, 20-30 nm, 5-20 nm, and
30-70 nm, respectively, and all are spherical.

DLS studies showed that the PI value of PF@AgNPs
was 0.389, which indicated that PF@AgNPs are monodis-
persed. The stability of PF@AgNPs was further demon-
strated by zeta potential (ZP) measurement (Figure 7). The
ZP value of PF@AgNPs was —25.83 mV. This high nega-
tive ZP value revealed the repulsion between the AgNPs.
The repulsion indicated that PF@AgNPs are long-term
stable with no aggregation. TEM micrograph clearly
showed the non-aggregation of PF@AgNPs and is due to
capping of PF@AgNPs by proteins or phytochemicals of
P. frutescens leaf extract. Our DLS results were consistent
with those of previous reports. The PI and ZP values of

AgNPs synthesized using Pterodon emarginatus,”
Juglans regia,>® Punica granatum,”® were, respectively,
0.372, 0.4, and 0.54 for PI, and —23.9, —33.8, and —34.3
mV for ZP. The DLS results support the monodispersity
and long-term stability of phytosynthesized PF@AgNPs.

TG and DTG Analysis of

Phytosynthesized PF@AgNPs

TG and DTG plots (Figure 8) were studied to determine
the thermal stability of phytosynthesized PF@AgNPs. TG
and DTG plots revealed that phytosynthesized
PF@AgNPs were highly stable between 25 and 900°C
with very low weight loss. The TG plot of PF@AgNPs
revealed steady weight loss in the temperature range of
100-900°C. The DTG plot of PF@AgNPs showed that
three major weight losses of 0.14, 0.24, and 0.18% were
observed at 111.25, 180.75, and 328.75°C, respectively.
The observed weight loss might be due to the desorption
of weak conjugated phytochemicals with nanosilver. The
TG and DTG results revealed that phytochemicals capped
on the nanoparticles impart stability against temperature
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Figure 6 TEM analysis PF@AgNPs (A) TEM micrograph at 100 nm shows monodispersed AgNPs with different shapes including spherical, rod, triangle, and rhombic; (B)
rod-shaped, rhombic shaped, and spiral-shaped AgNPs observed at 50 nm scale; (C) triangle, rhombic and spherical shaped AgNPs at 50 nm; (D) rod-shaped and triangle-
shaped AgNPs at 20 nm; (E) spherical shaped AgNPs at 20 nm; (F) SAED pattern of AgNPs.

variations. These phytochemicals act as conjugated mole-
cules on the surface of AgNPs.

Antibacterial Activity of PF@AgNPs

The antibacterial activity of PF@AgNPs was evaluated by
a disk diffusion assay against E. coli, B. subtilis, and
S. aureus. PF@AgNPs exhibited effective antibacterial
activity against all the tested species and produced inhibi-
tion zones after 24 h of incubation. Figure 9 represents

that PF@AgNPs produced inhibition zones of 14.4, 10.6,
and 10.3 mm against E. coli, B. subtilis, and S. aureus,
respectively. Antibacterial activity of the pristine leaf
extract, PF@AgNPs, and streptomycin was compared by
measuring the diameter of inhibition zones (Figure 10).
Compared to pristine leaf extract, PF@AgNPs exhibited
2.5- to 3-fold greater antibacterial activity against all the
bacteria. There are three possible reasons for the antibac-
terial activity of PF@AgNPs, viz., the innate antibacterial
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nature of colloidal silver, the flavonoids, and polyphenols

of the plant leaf extract may also contribute antibacterial

activity and the ultrasmall size of nanoparticles, which

could easily penetrate the bacterial membrane and exhibit
their action.®®* A possible antibacterial mechanism of
PF@AgNPs is represented in the schematic diagram
(Figure 11). AgNPs cause disruption of the peptidoglycan
layer and lead to the formation of pores on the bacterial
cell wall, through which AgNPs can enter the cell and
exhibit their action. AgNPs interact with genomic DNA
and cause DNA fragmentation, resulting in loss of the
bacterial capacity for division/replication. AgNPs bind to
bacterial enzymes/proteins and cause their inactivation/
denaturation, which leads to the cessation of bacterial
metabolism. AgNPs bind to the 70S ribosomal-mRNA-
complex, which results in dissociation of ribosomal sub-
units and fragmentation of mRNA, thereby preventing
bacterial protein synthesis. Important ions or cytoplasmic
contents can be released through the pores on the bacterial
cell wall, which alters the proton motive force (PMF)/
electric potential of the bacterial membrane. Collectively,
these actions of AgNPs synergistically lead to bacterial
cell death. In a case study on the antibacterial effect of
nanosilver against E. coli as a model of gram-negative
bacteria, Sondi and Salopek-Sondi (2004) reported that
the antibacterial activity is a result of the AgNP-
generated cell wall pits, which increase the membrane
permeability and inactivate the respiratory chain.®® Jung
et al (2014) reported a common antibacterial mechanism
against both gram-negative and gram-positive bacteria, in
which AgNPs bind with carboxyl and phosphate groups of
the bacterial cell membrane, thereby altering the electric
membrane potential, which causes leakage of ions/mole-
cules and leads to cell death.®* Feng et al (2000) reported
that AgNPs interact with DNA and enzymes/proteins

Figure 9 Antibacterial activity of PF@AgNPs against (A) S. aureus, (B) B. subtilis, and (C) E. coli; PTLE indicates pristine leaf extract; Ab indicates antibiotic; DMSO indicates

dimethyl sulfoxide.
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Figure 11 Scheme represents the possible mechanism of antibacterial activity of
AgNPs.

bacteria.®® The results of the present study are supported
strongly by previous reports. Mohammed et al (2018)
reported that Phoenix dactylifera, Ferula asafoetida, and
Acacia nilotica leaf-synthesized AgNPs exhibit antibacter-
ial activity against both gram-positive (S. aureus) and
gram-negative (E. coli) bacteria.°® Elemike et al (2017)
reported that pathogenic bacteria such as S. aureus,
E. coli, B.

Pseudomonas aeruginosa were susceptible to phyto-

subtilis, Klebsiella pneumoniae, and

synthesized AgNPs using Costus afer.%” Oedera genistifo-
lia leaf-synthesized AgNPs exhibit effective antibacterial
activity against both gram-negative and gram-positive

bacteria.®

In vitro Antioxidant Activity of the
PF@AgNPs

The antioxidant activity of the PF@AgNPs was evaluated
using ABTS and DPPH scavenging assays. The radical
scavenging capacity of PF@AgNPs was concentration-
dependent and increased with increasing concentration of
PF@AgNPs from 20 to 100 pg/mL (Figure 12). PF@AgNPs
exhibited a maximum scavenging capacity of 68.02%
against DPPH radicals with an ICsq concentration of 54.52
pg/mL. PF@AgNPs also exhibited significant ABTS radical
scavenging activity with a maximum inhibition of 62.93%.
The ICs, concentration of PF@AgNPs against ABTS radi-
cals was 66.86 pg/mL. The antioxidant activity of
PF@AgNPs substantiates their applications in the biomedi-
cal and nutraceutical industries. AgNPs are widely used in
the preparation of food packaging materials because of their
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Figure 12 Antioxidant activities of PTLE, PF@AgNPs and ascorbic acid (A) DPPH radical scavenging activity, and (B) ABTS radical scavenging activity. All the data were
represented as mean  SD (n =3) in the form of bar graph. Data were analyzed by one-way analysis of variance (ANOVA, P < 0.05). Different lowercase letters above the

bars indicate significant differences (P < 0.05).
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antioxidant and antimicrobial activities. Various internal and
external factors cause oxidative stress through the produc-
tion of reactive oxygen species. Oxidative stress is asso-
ciated with different
cardiovascular, neurological, and aging-related diseases,

diseases, including cancer,
and antioxidants protect the body by reducing oxidative
stress.®” In recent years, scientists have focused on natural
antioxidants because of the unknown side effects of syn-
thetic drugs. Various phytochemicals such as polyphenols
and, flavonoids, are known to play a major role in the
synthesis and capping of AgNPs. Different polyphenols
and flavonoids including caffeic acid, rosmarinic acid, gallic
acid, ferulic acid, luteolin, apigenin, quercetin, and genistein
are already reported in the aqueous extracts of P. frutescens.
All of these molecules are natural antioxidants with strong
radical scavenging activities.*"’*”" Thus, the natural anti-
oxidant capacity of phytosynthesized AgNPs has become an
important property for their application in the biomedical,
nutraceutical, and pharmaceutical fields.

Anticancer Activity of PF@AgNPs

The anticancer activity of the PF@AgNPs was evaluated
using the cell lines COLO205 and LNCaP. PF@AgNPs
showed anticancer activity in a concentration-dependent
manner. An increase in the concentration of PF@AgNPs
significantly reduced the cell viability of both COL0O205
and LNCaP (Figure 13). PF@AgNPs exhibited maximum
inhibition of 91.6 and 87.9% cell viability of LNCaP and
COLO205 cells at the highest concentration (100 pg/mL)
used in this study. The ICsy concentrations of PF@AgNPs
against COLO205 and LNCaP were determined as 39.28

100
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Figure 13 Dose-dependent cytotoxic effects of PF@AgNPs against human colon
carcinoma (COLO205) and prostate carcinoma (LNCaP) All the data were repre-
sented as mean + SD (n =3) in the form of bar graph. Bars with different super-
scripts indicate significant differences (P < 0.05).

and 24.33 pg/mL, respectively. Thus, LNCaP cells were
more susceptible than COLO205 cells to the PF@AgNPs.
Further morphological abnormalities in the most suscepti-
ble LNCaP cells were investigated under a phase-contrast
microscope. Cells treated with IC,s ICso, and 1C;s con-
centration of phytosynthesized AgNPs for 24 h showed
noticeable morphological changes in a concentration-
14).
abnormalities include cell shrinkage, membrane destruc-

dependent manner (Figure The morphological
tion, chromatin condensation, protrusion of microspikes,
fragmentation of nuclei, and formation of apoptotic
bodies. However, the control cells showed healthy mor-
phology with intact nuclei and no abnormalities. The
results were supported by previous  reports.
Phytosynthesized AgNPs using Mentha arvensis and
showed anticancer activity against colon cancer cell lines
by exhibiting apoptotic effects, cell membrane fragmenta-
tion, and cell cycle suspension.’? Phytosynthesized AgNPs
using Clinacanthus nutans showed cytotoxic effects
including membrane blebbing, nuclear fragmentation, and

chromatin condensation of oral squamous cancer cells.”

Conclusions

In the present study, we report the bioreduction of silver
ions into silver nanoparticles using P. frutescens aqueous
leaf extract, which acts as both a reducing and capping
agent for PF@AgNPs. The successful synthesis of
PF@AgNPs was indicated by the color change and UV-
Vis absorption peak. FTIR analysis demonstrated that
polyphenols, flavonoids, and proteins play a major role
in this bioreduction process. The physical properties of
PF@AgNPs, such as size, shape, crystallinity, dispersity,
surface charge, and stability were studied using a range of
spectroscopic techniques, including TEM, XRD, DLS, and
TGA. Different shapes of PF@AgNPs were detected,
including spherical, triangle, rhombic, and rod shapes.
The crystallite size was 25.71 nm with an FCC lattice.
The high negative surface charge (—25.83 mV) indicated
long-term stability with no aggregation. TEM micrograph
and lower PI (0.389) value revealed the monodispersity of
PF@AgNPs. PF@AgNPs were found to be thermostable
with very low weight loss even at high temperatures.
PF@AgNPs produced the maximum inhibition zone
against E. coli, followed by B. subtilis and S. aureus.
PF@AgNPs showed significant antioxidant activity by
quenching DPPH and ABTS-free radicals. PF@AgNPs
significantly reduced the cell viability of both COL0O205
and LNCaP cancer cell lines. The apoptotic effects of
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Figure 14 Anticancer activity of PF@AgNPs against LNCaP cell lines. The effects of PF@AgNPs on morphological changes of LNCaP cells were studied after 24 h exposure
at different concentrations. PF@AgNPs affected the cell viability by inducing apoptotic symptoms, including warping of cells, rounding of cells, membrane blebbing, and cell

shrinkage.

PF@AgNPs in the most susceptible LNCaP cells were
observed and revealed the morphological changes, includ-
ing rounded up cells, chromatin condensation, protrusion
of microspikes, fragmentation of nucleus, and formation of
apoptotic bodies. Thus, AgNPs were successfully synthe-
sized using P. frutescens aqueous leaf extract, and we
report their characterization, and antibacterial, antioxidant,
and anticancer activities. The possible mechanisms of the
bioreduction process and the antibacterial activity of green
synthesized AgNPs are explained.

Highlights of the Manuscript

e Perilla frutescens leaf extract act as reducing and
capping agent involved in the synthesis and stabiliza-
tion of silver nanoparticles.

e P frutescens leaf synthesized AgNPs (PF@AgNPs)
are irregular shaped, face centered cubic crystallites,
monodispersed, long term stable, and non-

agglomerated.

o PF@AgNPs showed antibacterial activity against

both gram-positive and gram-negative bacteria.

¢ PF@AgNPs exhibited significant free radical scaven-
ging activity on ABTS and DPPH radicals.

e PF@AgNPs exhibited significant anticancer activity
against human colon cancer and prostate
adenocarcinoma.

e PF@AgNPs showed significant cytotoxic effects
including nuclear fragmentation, membrane bleb-
bing, and chromatin condensation of prostate cancer

cells.
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