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Abstract: We report on the antimicrobial activity of a cream formulation of silver nanoparticles
(AgNPs), biosynthesized using Withania somnifera extract. Aqueous extracts of leaves promoted
efficient green synthesis of AgNPs compared to fruits and root extracts of W. somnifera. Bio-
synthesized AgNPs were characterized for their size and shape by physical-chemical techniques
such as UV-visible spectroscopy, laser Doppler anemometry, transmission electron microscopy,
scanning electron microscopy, atomic force microscopy, X-ray diffraction, and X-ray energy
dispersive spectroscopy. After confirming the antimicrobial potential of AgNPs, they were incor-
porated into a cream. Cream formulations of AgNPs and AgNO, were prepared and compared
for their antimicrobial activity against human pathogens (Staphylococcus aureus, Pseudomonas
aeruginosa, Proteus vulgaris, Escherichia coli, and Candida albicans) and a plant pathogen
(Agrobacterium tumefaciens). Our results show that AgNP creams possess significantly higher
antimicrobial activity against the tested organisms.

Keywords: Withania somnifera, green synthesis, silver nanoparticles cream, antimicrobial
activity

Introduction

Nanotechnology and nanotools have gained much attention due to their wide range
of applications in physics, chemistry, biology, material science, and medicine.! Metal
nanoparticles like silver, gold, and copper have been used for diagnosis and treatment
of disease because of their catalytic, optical, electronic, antimicrobial, and magnetic
properties.? Silver nanoparticles (AgNPs) are generally synthesized by physical and
chemical methods such as electrochemical reduction and thermal evaporation,® but
these methods are time-consuming and difficult to scale up. Furthermore, these methods
are environmentally unsafe due to the use of toxic chemicals. A method that could
avoid all the above-mentioned limitations is the ideal choice for preparing AgNPs.
Recently, it has been shown that several plant extracts can undergo highly controlled
and hierarchical assembly, which makes them suitable for the development of a reli-
able and ecofriendly process for metal nanoparticle synthesis.* !

Withania somnifera (L.) Dunal, (Solanaceae), commonly known as ashwagandha or
winter cherry, is a well-known medicinal plant in Ayurvedic medicine. The principal active
compounds include several withanolide-type compounds.'*!* Due to the nontoxic and
high medicinal value of W. somnifera (WS), this plant is widely used all over the world.
Roots, and less often leaves and fruits, have been used as phytomedicines in the form of
decoction, infusions, ointment, powder, and syrup.'*'* Nowadays, this plant is cultivated
as a crop to support the high demand of biomass and a sustainable quality for the needs
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of pharmaceutical industry.'® In this study, we biosynthesized
AgNPs using WS extract and identified the compounds respon-
sible for the formation of AgNPs. To demonstrate the potential
pharmaceutical and industrial applications of the synthesized
AgNPs, we developed a cream formulation for AgNPs and
evaluated antimicrobial activity in a range of microorganisms.

Materials and methods

Preparation of WS plant extract

WS plants were collected from Pondicherry Botanical Garden
(Pondicherry, India). Leaves, fruits, and roots were dried
under shade at 25°C and powdered. WS aqueous extracts
(2%, 4%, 6%, and 8%, w/v) were prepared by boiling leaves,
fruits, and root biomass separately in 500 mL Erlenmeyer
flasks containing 100 mL of sterile distilled water for
1 hour. Aqueous extracts were obtained by centrifugation at
10,000 rpm for 10 minutes followed by filtration.

Synthesis of silver nanoparticles

We screened several WS extracts for the formation of AgNPs.
First, 10 mL of 1 mM AgNO, solution was added to 500 UL
aliquots of different concentrations (2%, 4%, 6%, and 8%,
w/v) of aqueous WS extracts of roots, leaves, and fruits. The
reaction was allowed to take place in 25 mL volumetric flasks
at room temperature; solutions were vortexed (5 minutes) thrice
daily and continuously monitored for color changes, which is
an indication for AgNO, conversion into AgNPs. Simultane-
ously, aliquots were taken and analyzed for absorbance at
300-700 nm in a UV-visible (UV-vis) spectrophotometer.
After the formation of AgNPs, the solution was centrifuged at
20,000 rpm for 15 minutes and the supernatants were discarded.
Nanoparticles were washed with 10 mL of deionized water,
centrifuged again, and the supernatant was discarded. Finally,
AgNPs were redispersed in 10 mL of deionized water.

Since AgNPs were efficiently formed in 6% w/v aqueous
leaf extract, we chose this extract for further standardiza-
tion of AgNO, concentration. Briefly, different concentra-
tions of AgNO, (0.1, 0.5, 1, and 2 mM) were prepared and
10 mL of each concentration was added to 6% w/v leaf
extract, and the nanoparticle formation was recorded. As the
combination of 6% leaf extract and I mM AgNO, was found
to be the optimum, AgNPs synthesized with this combination
were used in all further experiments.

Physical characterization of AgNPs

Particle size and zeta potential analysis

The size and zeta potential of AgNPs were determined by
laser Doppler anemometry using a Zetasizer (Zetasizer nano

Z8S; Malvern Instruments, Malvern, UK). Briefly, 100 uL of
nanoparticles was diluted to 1 mL with deionized water. An
electric field of 150 mV was applied to observe the electro-
phoretic velocity of the particles.'® All measurements were
made at room temperature. Three independent samples were
run, in triplicate.

Electron microscopy analysis

Morphological characterization of the AgNPs was done by
transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) analysis. For the TEM analyses, the
AgNPs were negatively stained with 1% solution of sodium
uranyl acetate and analyzed using TEM (JEOL-1400, 902A;
JEOL, Tokyo, Japan).!” For the SEM analysis, samples were
prepared by dropping nanoparticle suspension onto aluminum
stubs and allowing them to air dry. The air-dried particles
were sputter coated with gold under vacuum by using a
Fiscon Instrument SC 502 and observed by SEM (Leica
Cambridge S 360; Leica Microsystems, Wetzlar, Germany)
for imaging. X-ray energy dispersive spectroscopy analysis
was conducted with the same instrument to confirm the
elemental composition of the sample.

Atomic force microscopy

The surface morphology of the AgNPs was studied by atomic
force microscopy. A drop of the AgNPs was placed onto a
2x2 mm? glass slide and left until the liquid had evaporated.
Images were recorded using tapping mode in air on a multi-
mode NanoScope Ila instrument equipped with a J scanner
(Veeco Instruments, Santa Barbara, CA, USA) and silicon
nanoprobes (NCHV; Veeco Instruments). All images
(600 nm wide) were fitted to a plane using the 1 degree
flatten procedure included in the NanoScope software
version 4.43r8.

X-ray diffractometry analysis

An X-ray diffraction study of AgNPs was performed using
an X-ray diffractometer (Philips PW1710; Philips Co.,
Amsterdam, the Netherlands) with a horizontal goniometer.
The samples were placed in the sample holder and scanned
at a rate of 1° per minute from 0° to 70°.

Chemical characterization of AgNPs

AgNPs and leaf aqueous extracts of WS were analyzed
by high-performance liquid chromatography with diode
array detector (HPLC-DAD) (Merck Hitachi LaChrom
Elite; Merck KGaA, Darmstadt, Germany).'® Briefly, 2 mL
of AgNPs were centrifuged and the pelleted AgNPs were
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extracted with 1 mL of 50% methanol. The extract solution
of AgNPs and leaf extracts of WS were filtered (Nylaflo
membrane 0.45 uM) prior to the HPLC analysis. Aliquots
of these samples (20 uL) were directly injected in HPLC
system. Chromatographic separations were carried out at
30°C on a LiChrospher RP-18e column (Merck KGaA) using
0.1% acetic acid in water (solution A) and 0.1% acetic acid
in acetonitrile (solution B) as the mobile phases at a flow
rate of 0.7 mL/min. The following gradient was used: from
0 to 30 minutes, mobile phase was decreased from 55% to
10% of A. Data were recorded in the range 200-520 nm,
and chromatograms were recorded at 235 and 350 nm.
Compounds present in the sample were quantified by using
external standards of catechin, p-coumaric acid, luteolin-
7-glucoside (Sigma-Aldrich Co., St Louis, MO, USA), and
withanolides (Natural Remedies, Bangalore, India).

Antimicrobial activity studies

Screening of AgNO,, WS leaf extract, and AgNPs for
antimicrobial activity

The preliminary antibacterial potential of AgNPs and the
components used in the synthesis (AgNO, and WS leaf
extract) was tested against Escherichia coli by disc dif-
fusion method. Briefly, 100 uL aliquots of E. coli culture
were spread on Petri dishes containing agar-solidified
Luria broth (LB) medium. Sterile paper discs (5 mm
diameter) impregnated with equivalent concentrations
of AgNPs (20 uL), WS leaf extract, and AgNO, solution
were placed on the medium. Paper discs impregnated
with water (20 uL) were used as control. The plates were
incubated at 37°C for 24 hours and the inhibition zones

were measured.

B 3
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Cream preparation using AgNPs and its antimicrobial
activity

Cream formulation with AgNPs was prepared with Croda
Base CR2 (EMFAL, MG, Brazil). Briefly, CR2 was prepared
at a concentration of 15% (w/v) in ultrapure water (control)
or in a solution containing 1% AgNO, (AgNO, cream) or
equivalent AgNPs (AgNPs cream).

The antimicrobial activities of the creams were evaluated
by colony forming unit method. Briefly, to 950 UL of grown
microbial cultures (Staphylococcus aureus, Pseudomonas
aeruginosa, Candida albicans, Proteus vulgaris, E. coli,
Agrobacterium tumefaciens), 50 UL of cream (AgNO,,
AgNPs, or cream containing only water) was added at vari-
ous dilutions and kept at 37°C. Cultures with 50 UL of water
served as positive control. After 24 hours, 100 uL from each
treatment and control was plated on LB agar medium using
a sterile T-spreader. The colony forming units in each plate
were counted after overnight incubation. All the experiments
were done in quadruplicate.

Results and discussion

Green synthesis of silver nanoparticles

Among the different concentrations of WS extracts and
AgNO, used for the synthesis of nanoparticles, 6% w/v WS
and 1 mM AgNO, showed better reaction profiles and were
selected for further studies. When AgNO, was added, leaf
aqueous extract changed into reddish color (Figure 1A),
whereas fruit and root extracts did not change their color
within 7 days. UV-vis absorbance at 430 nm confirmed the
reduction of silver ion to silver metal due to the reaction
with the components present in the aqueous leaf extract of
WS (Figure 1B). It was evident that the WS leaf extract

7 days

5 days

24 hours

0
300

Figure | Biosynthesis of AgNPs.
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500
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Notes: Photograph showing the formation of AgNPs using Withania somnifera extract and visual observation of color changes (A). UV-vis spectra of AgNPs synthesized using
6% wiw Withania somnifera aqueous extract with | mM AgNO, at different time intervals (B).
Abbreviations: AgNPs, silver nanoparticles; OD, optical density; UV-vis, ultraviolet-visible.
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contains compounds suitable for green synthesis, whereas
root and fruit extracts do not. Recently, the photosensi-
tized synthesis of AgNPs via using WS leaf powder was
reported."”

Characterization of AgNPs

Particle size and size distribution are important characteristics
of nanoparticles, as they determine their biological fate, toxic-
ity, targeting ability, and stability. The synthesized AgNPs
had a size ranging between 70 and 110 nm, as confirmed by
laser Doppler anemometry analysis (Figure 2A). The zeta
potential was found to be —30.0=1.8 mV, indicating the
stability of the formulation.

>

-
o
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Size distribution by intensity

The TEM, atomic force microscopy, and SEM images
of AgNPs correlate with dynamic light scattering data and
showed particles with a spherical shape (Figure 2B-E).
AgNPs were brighter and easily identified by backscattered
light in SEM images, since metals like silver show higher
secondary electron emission (Figure 2D-E). X-ray energy
dispersive spectroscopy spectrum of synthesized AgNPs
(Figure 2F) clearly exhibited the presence of elemental silver
metal. The sharp signal peak of silver confirmed the reduction
of silver nitrate to silver by nanoparticles.

The crystalline nature of AgNPs was confirmed by X-ray
diffraction analysis (Figure 3). The intensity of peaks reflects
the high degree of crystallinity of the AgNPs. The distinct
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Figure 2 Morphological characterization of AgNPs.

Au
T et

2 4 6 8 10
Range (keV)

Notes: Particle size distribution (A), TEM image (B), AFM height image (C), SEM primary image (D), backscattered image (E), and X-ray energy dispersive spectrum (F),

of AgNPs.

Abbreviations: TEM, transmission electron microscopy; AgNPs, silver nanoparticles; AFM, atomic force microscopy; SEM, scanning electron microscopy.
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Figure 3 XRD patterns of the synthesized AgNPs with aqueous leaf extract of Withania Somnifera.

Abbreviations: XRD, X-ray diffraction; AgNPs, silver nanoparticles.

diffraction peaks at 38.06, 44.23, and 67.43 were indexed with
planes (111), (200), and (220). The intense X-ray diffraction
pattern clearly showed the formation of AgNPs (JCPDS card
no 04-0783, 1991).2° Amutha et al reported the same pattern of
diffraction peak at 32.16 and indexed with plane (101) in bio-
synthesized AgNPs at room temperature. In the same way, we
got a peak at 32.20 which was indexed with plane (101).!

WS compounds responsible for green

synthesis of AgNPs
Although green synthesis of AgNPs has been reported using
extracts from different plant species, the knowledge con-
cerning the phytocompounds responsible for green synthesis
is still lacking. It was proposed that phenolics like catechin
may act as a reducing, stabilizing, and capping agent.?>?
In order to identify the WS compounds participating in
green synthesis of AgNPs, we performed HPLC analysis. We
identified several withanolides in WS leaf extract based on
their characteristic UV-vis spectra (Figure 4A—D; Table 1).
In addition, HPLC analysis of AgNPs revealed that some of
the phenolic compounds present in the WS leaf extract were
selectively trapped in the nanoparticles (Figure 4C and D).
These compounds, based on their characteristic UV-vis spec-
tra and further confirmation by coeluting with pure standards,
were identified as catechin, p-coumaric acid, and luteolin-7-
glucoside (Figure 4C and D and Table 1). These substances
were masked by other major compounds (peaks) present in the
WS extract, namely withanolides; the compounds catechin,
p-coumaric acid, and luteolin-7-glucoside were noticed in
chromatograms of AgNPs as they were selectively trapped

in AgNPs, and the other compounds were removed when the
nanoparticles were washed. In addition, a major compound
(peak 4) was found in AgNPs that was not identified in the
original WS leaf aqueous extract. This compound had UV-vis
spectra similar to other withanolides found in the leaf aqueous
extract (peaks W2, W5, and W6) but with a different retention
time and showing a bathochromic effect on its spectra. Taking
this into consideration, this compound might be a derivative
that originated from the interaction of some withanolide
derivative with silver ions. So, we can conclude that the
formation of AgNPs involved the interaction of silver ions
with both selected phenolics and withanolides present in the
WS aqueous leaf extract. Recently, the relevance of phenolic
compounds for the green synthesis of metal nanoparticles
from Eucalyptus globulus bark was reported.*

Antimicrobial activity of AgNPs

It is well known that a number of chemical forms of silver
exhibit antimicrobial activities.”> AgNPs showed a wider
bacterial inhibition zone than AgNO, in all the analyzed
bacteria (E. coli, P. aeruginosa, and A. tumefaciens)
(Figure SA—C). The interaction of AgNPs with E. coli cells
were studied using SEM analysis (Figure 6). The AgNPs
treated cells (2 hours and 4 hours) showed increased
disruption in the cell wall of E. coli cells with increased time
interval. No disruption was seen in untreated cells, clearly
indicating the enhanced antibacterial activity of AgNPs
(Figure 6A—C). The results from colony counting method
showed that the AgNPs significantly reduced the number
of E. coli cells from 10°to 1.3+0.9 CFUs/mL, while the
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Figure 4 HPLC chromatograms of aqueous leaf extract of Withania somnifera and green synthesized AgNPs.
Notes: (A and B) HPLC chromatogram of aqueous leaf extract of Withania somnifera recorded at 235 and 350 nm. W 1-Wé are whitanolide-type compounds. (C and D)
HPLC chromatogram of AgNPs recorded at 235 and 350 nm. Peak | indicates catechin; peak 2 indicates p-coumaric acid; peak 3 indicates luteolin-7-glucoside; and peak 4

indicates a whitanolide-type compound.

Abbreviations: AgNPs, silver nanoparticles; HPLC, high-performance liquid chromatography.

reduction with AgNO;, treatment was to 258.6+£9.9 CFUs/
mL, and no reduction was observed with WS aqueous extract
treatment (Figure 7). These results further substantiate the
higher antimicrobial activity (~200 times more effective)

Table | Retention time of the compounds present in Withania
somnifera aqueous leaf extract and AgNPs

Peak Retention time (minutes) Compound
number  Aqueous leaf extract AgNPs

Wi 4.32 - Withanolide
W2 4.82 - Withanolide
W3 5.74 - Withanolide
W4 6.82 - Withanolide
W5 9.26 - Withanolide
Wé 11.94 - Withanolide

| - 2.98 Catechin

2 - 3.29 p-coumaric acid
3 - 4.23 Luteolin-7-glucoside
4 - 9.89 Withanolide

Abbreviations: AgNPs, silver nanoparticles; W, whitanolide.

of AgNPs compared with equivalent amounts of AgNO.,.
It has been reported that AgNPs show higher activity then
their AgNO, counterparts.*® Moreover, AgNPs biosynthe-
sized from plant extracts showed enhanced antibacterial
activity compared with chemically synthesized AgNPs.?’
The lethality of AgNPs can occur by mechanisms such
as damaging bacterial cellular proteins, disruption of cell
membrane, blocking the microbial respiratory chain system,
and penetration of nanoparticles into the cytoplasm.?? The
higher antibacterial activity of AgNPs, compared with AgNO,,
could also be due to the presence of WS phenolics in the
nanoparticles. It is well known that some phenolics possess
antimicrobial activities or potentiate the activity of antibiot-
ics, increasing their efficacy. Compounds like flavones and
catechin derivatives, structurally similar to the ones identi-
fied in WS and AgNPs, have been shown to exhibit little
antimicrobial activity.’*3! Several tea catechins in combina-
tion with oxacillin (B-lactam antibiotic) showed an increase
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Figure 5 Antibacterial activity of AgNPs analyzed by disc diffusion method.

Notes: Bacterial growth without treatments (1) or treated with equivalent amount of Withania somnifera aqueous extract (2), AgNO, (3), and AgNPs (4). The bacteria tested

were Escherichia coli (A), Pseudomonas aeruginosa (B), and Agrobacterium tumefaciens (C).

Abbreviation: AgNPs, silver nanoparticles.

inactivity up to 128-fold against several strains of S. aureus.’!
Some antimicrobial mechanisms of the phenolics are related
to efflux pump inactivation and cytoplasmic membrane
destabilization,® which might explain the observed effects
(SEM analysis) of AgNPs in bacterial cells (Figure 6) and
their higher activity compared with AgNO, or WS extract
alone (Figure 7).

Antibiotic creams are used to speed up the healing of
wounds and prevent infection. Antibacterial activity of creams
incorporated with AgNO, and AgNPs were compared with
an empty cream, against pathogenic clinical microbial iso-
lates of S. aureus, P. aeruginosa, C. albicans, P. vulgaris,
E. coli, and the plant pathogen A. tumefaciens. The results
showed that the cream with AgNPs significantly reduced
the number of colonies against all the tested pathogens
compared to the cream containing AgNO, (Table 2). These
results further substantiate the higher antimicrobial activity
of AgNPs cream against the Gram-positive bacteria, S. aureus
(~200 times more effective), compared with AgNO, cream.
Similarly, Gram-negative bacteria such as P. aeruginosa,

P. vulgaris, E. coli, and A. tumefaciens also showed a higher
reduction in CFUs when treated with AgNPs (31 times, 43 times,
28 times, and 13 times more, respectively, compared to AgNO,).
AgNPs also showed 20 times greater antimicrobial activity com-
pared with AgNO, in fungal species C. albicans. These results
pointed out that AgNPs have higher antimicrobial potential
against Gram-positive, Gram-negative, and fungal pathogens.

Silver-based products with antimicrobial properties are
employed in different industries like medical (eg, antibac-
terial creams), food (eg, antibacterial agents in packag-
ing), and textiles (eg, preparation of silver wools).>>* The
incorporation of silver as nanoparticles has been envisaged
as an alternative solution, making these industries more
environmentally safe.’* The biosynthesized WS AgNPs and
WS AgNPs cream showed a strong antimicrobial activity,
higher than their AgNO, counterparts (Figure 7 and Table 2).
Silver formulations (gels, creams, etc) are widely used in
health sector, namely in wound care.*>** The AgNPs cream
produced by the method described in this work might be
used for the same purpose with advantage; since it is more

Figure 6 SEM analysis of AgNPs and Escherichia coli interaction.

Notes: Cellular interaction of AgNPs and E. coli visualized by SEM analysis: control (A), after 2 hours (B), and 4 hours (C) incubation time.

Abbreviations: AgNPs, silver nanoparticles; SEM, scanning electron microscopy.
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Figure 7 Antibacterial potential of AgNPs by colony counting method.

Notes: Escherichia coli without treatment (just water) (A), E. coli treated with plant extract (B), E. coli treated with AgNO, (C), and E. coli treated with AgNPs (D).

Abbreviation: AgNPs, silver nanoparticles.

effective (antimicrobial), it can be used in lower doses and
with less toxicity for the patient, while at the same time being
more ecofriendly.

Conclusion

In conclusion, WS aqueous leaf extracts are suitable for the
green synthesis of AgNPs with potent antimicrobial activity.
This is highly relevant since the biomass of this plant is con-
sidered a waste product by the phytopharmaceutical indus-
try and hence can be used for further economic processes.

Moreover, the results showed that the compounds catechin,
p-coumaric acid, luteolin-7-glucoside, and a nonidentified
withanolide derivative present in the WS aqueous leaf
extract are responsible for green synthesis of AgNPs. The
antimicrobial study concludes that AgNPs are 200 times
more potent when compared to AgNO,. The AgNPs act by
disrupting the cell membrane of E. coli, as confirmed by SEM
analysis. These AgNPs and cream-incorporated AgNPs have
a potential application in many different industries including
medical, food, and textiles.

Table 2 Evaluation of antimicrobial potential of AgNPs-incorporated cream

Organisms Water (control) Empty cream AgNO, in cream AgNPs in cream
(CFU/mL) (CFU/mL) (CFU/mL) (CFU/mL)
Staphylococcus aureus 226.3+0.74 211.0£0.69* 123.340.74%+ 0.6£0.25%#¢+++
Pseudomonas aeruginosa 432.0+0.69 408.0+1.00* 267.610.67++* 8.610.48%rk++
Candida albicans 264.6+0.88 127.6+0.75%+* 33.3+0.68%** |.6+0.25% %%+
Proteus vulgaris 213.0+1.17 194.6+1.02 26.6£0.64+FF 0.6£0.25%#k++
Escherichia coli 471.0%1.39 441.3%£1.36 226.0%1.1 6% 8.0+0.66%
Agrobacterium tumefaciens 190.3+1.47 145.3+0.88* 35.0+ .02 2.66+0.58%#k+

Notes: Data were analyzed by nonparametric t-test using GraphPad Prism 5 software (GraphPad, La Jolla, CA, USA). Data are presented as mean + SEM of four replications.
Asterisks denote statistically significant difference from water control (*P<<0.05, ***P<0.001). Plus symbols denote statistically significant difference of AgNPs (*P<0.01,

“*P<0.001) compared with different concentrations of AgNO,.

Abbreviations: AgNPs, silver nanoparticles; SEM, scanning electron microscopy; CFU, colony forming unit.
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