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Introduction: Viola betonicifolia is a rich source of numerous secondary metabolites, such as
alkaloids, flavonoids, tannins, phenolic compounds, saponins, triterpenoids, and so on, that are
biologically active towards different potential biomedical applications. To broaden the potential use
of Viola betonicifolia in the realm of bionanotechnology, we investigated the plant’s ability to
synthesize gold nanoparticles (Au NPs) in a green and efficient manner for the very first time.
Methods: The gold nanoparticles (VB-Au NPs) were synthesized using the leaves extract of
Viola betonicifolia, in which plant’s secondary metabolites function as both reducing and
capping agents. The VB-Au NPs were successfully characterized with spectroscopic techni-
ques. The antimicrobial properties of the VB-Au NPs were further explored against bacterial
and mycological species. Additionally, their antioxidant, cytotoxic, and cytobiocompatibility
properties were examined in vitro against linoleic acid peroxidation, MCF-7 cancer cells, and
human mesenchymal stem cells (hMSCs), respectively.

Results: Results demonstrated that VB-Au NPs presented excellent antibacterial, antifungal,
and biofilm inhibition performance against all the tested microbial species compared to plant
leaves extract and commercially purchased chemically synthesized gold NPs (CH-Au NPs).
Moreover, they also exhibited significant antioxidant potential, comparable to the external
standard. The VB-Au NPs displayed good cytobiocompatibility with hMSCs and demon-
strated excellent cytotoxic potential against MCF-7 cancer cells compared to CH-Au NPs.
The current work presents a green method for synthesizing VB-Au NPs with enhanced
antioxidant, antimicrobial, cytotoxic and biofilm inhibition efficacy compared to CH-Au NPs
might be attributed to the synergistic effect of the nanoparticle’s physical properties and the
adsorbed biologically active phytomolecules from the plant leaves extract on their surface.
Conclusion: Thus, our study establishes a novel ecologically acceptable route for nanomaterials’
fabrication with increased and/or extra medicinal functions derived from their herbal origins.
Keywords: Viola betonicifolia, gold NPs, antimicrobial, biofilm inhibition, antioxidant

Introduction

Nanobiotechnology is a combination of biology and nanotechnology that focuses
on biocompatible manufacturing, environmentally safe and biogenic nanomaterials,
nanoparticles, and their biological applications.'* Among all noble metal nanopar-
ticles, gold nanoparticles have received considerable interest in recent years due to
their tunable surface plasmon resonance (SPR) and unique optical and electrical
characteristics,” and their potential applications in the fields of chronic disease
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diagnostics and pharmaceuticals for the development of

therapeutic  agents, medical nanoengineering and
biosensors.* As is the case with all other metal nanoparti-
cles, Au NPs are produced through physical, chemical, and
biological processes. However, the physical and chemical

synthesis of Au NPs causes significant environmental

issues owing to the usage of hazardous chemicals, the
release of toxic compounds, and the high cost.>® As
a result, it has become a responsibility to emphasize
a more cost-effective and ecologically beneficial alterna-
tive synthetic method. The recent development of green
synthesis techniques for the biosynthesis of metallic
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nanoparticles has garnered considerable interest. In these
green synthesis techniques, the synthesis of nanoparticles
from plant leaf extracts is an especially promising option
since leaf extract is easy to produce, cheap, stable, and
scalable in contrast to other biomolecules.” Plant-mediated
synthesis of Au NPs using a leaf extract was developed for
the first time by Shankar et al using lemongrass leaf
extract.®

Additionally, plant leaf extracts have been utilized as
reducing and capping agents in the production of NPs. It
has been shown that phytochemical components of plants,
such as alkaloids, polyphenols, flavonoids, and terpenoids,
promote metal ion reduction and the subsequent produc-
tion of metal NPs.”'® Furthermore, it is believed that
biogenic phytomolecules may enhance the intrinsic prop-
erties of nanoparticles, such as antioxidant, antibacterial,
and anticancer activities, via their absorption onto the
nanoparticle surface.'' ' Thus, green synthesis utilizing
plant leaf extracts improves the biocompatibility of nano-
particles and is responsible for the synergetic effect.'*

Numerous plants and their components, such as stems,
leaflets, flowers, seeds, and buds, have been utilized to
synthesize various kinds of metallic and metal oxide
nanoparticles.'*'® Among the plants utilized, some are
either non-bioactive or bioactive but poisonous. For
instance, many researchers have utilized Stevia leaf extract
to synthesize various nanoparticles. However, in 2019, the
FDA issued an import warning for leaves and crude
extracts from the plant, citing concerns about its safety
for use in meals or supplements and the potential for
toxicity.'” Thus, nanoparticles for biological applications
must be produced using biologically active plants with no
harmful consequences.
of Viola
betonicifolia leaves extract as a source, this work aims to

Considering the enormous potential
develop a green technique for synthesizing gold nanopar-
ticles as an alternative to traditional methods. The leaf
extract of Viola betonicifolia (L.), a member of the family
Violaceae, was utilized to bioconvert gold ions to nano-
particles in this study. Viola betonicifolia (L.) grows wild
in several countries, including Pakistan, India, Nepal, Sri
Lanka, China, Malaysia, Myanmar, and Australia.?° This
plant has been extensively used as a purgative, astringent,
diaphoretic, anticancer, and antipyretic. It has been used to
treat various conditions, including nervous disorders, epi-
lepsy, cough, skin disorders, blood disorders, sinusitis,
diseases, bronchitis, and

pharyngitis,  kidney

pneumonia.’*?! Numerous studies have shown that the

of Viola
a significant amount of biogenic phytomolecules, includ-

whole leaves extract betonicifolia has
ing alkaloids, flavonoids, tannins, phenolic compounds,
saponins, and triterpenoids, among others, with a variety
of biological applications.”*** Nearly 200 naturally occur-
ring active chemicals have been extracted and identified
from different Viola species.”* Numerous plants have been
used in the green synthesis of Au NPs nanoparticles;
however, no report on the use of Viola betonicifolia exists
(L.). As a result, we report for the first time the green
synthesis of Au NPs utilizing the leaf extract of Viola
betonicifolia (L.). Considering the health advantages of
Viola betonicifolia leaves extract in the biomedical
domain, the antibacterial, antifungal, anticancer, antioxi-
dant, and biocompatibility activities of biologically pro-

duced Au NPs were investigated in this study.

Materials and Methods

All the chemicals used in this work were purchased from
Sigma Chemicals Co (St. Louis, MS, USA) and Merck
(Darmstadt Germany) and were analytical grade. The com-
mercially available Au NPs functionalized with dodeca-
nethiol (catalogue no. 660434) were purchased from
Sigma-Aldrich with 3-5 nm size for comparative biologi-
cal analysis. These nanoparticles are known as CH-Au
NPs synthesized nanoparticles.

Collection of the Plant Material

Fresh Viola betonicifolia leaves were collected near
Lahore, Pakistan, and identified by Dr. Zaheer
(Department of Botany, GC University, Pakistan). The
plant’s voucher specimen (Viola betonicifolia: GC. Herb.
Bot.
Department of Botany, GC University, Lahore, Pakistan,

213) was deposited at the herbarium of the

and further study permission is not required under regional
guidelines.

Preparation of Leaves Extract of Viola

betonicifolia

The leaves extract of Viola betonicifolia was prepared by
taking 20 g of fresh leaves of Viola betonicifolia. The
leaves were thoroughly washed with deionized (DI)
water to remove any impurities and dust and air-dried at
30 °C. The dried leaves were cut into small pieces, pulver-
ized with the help of a commercial blender, and the result-
ing plant’s leaves powder was transferred to a 500 mL
beaker. The 150 mL of DI water was then added and

International Journal of Nanomedicine 2021:16

7321

Dove:


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

Wang et al

Dove

stirred at 60 °C for 60 minutes. Afterwards, the obtained
leaves extract of Viola betonicifolia was cooled down to
room temperature and then filtered. The filtrate was col-
lected and stored at 4 °C in an airtight glass bottle for
further use (Figure 1).

Green Synthesis of Gold Nanoparticles

For the green synthesis of gold NPs, one mM of
HAuCl;.3H,O was added to 25 mL of leaves extract of
Viola betonicifolia (Figure 1). The resulting mixture was
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heated at 40 °C for 60 minutes with continuous stirring.
When the colour of the reaction solution changed from
yellow to ruby red, the formation of gold NPs was revealed.
The gold NPs synthesized were separated by centrifugation
at 3000 rpm for 30 minutes from the reaction mixture. After
centrifugation, the obtained NPs were washed with DI/etha-
nol three times, dried in an oven at 40 °C and calcined in
a muffle furnace at 200 °C for 3 hours. Finally, the green
synthesized gold NPs were stored in a glass bottle for further
characterization and named VB-Au NPs.
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Figure | Schematic demonstration and possible synthesis mechanism for the green synthesized VB-Au NPs with the leaves extract of Viola betonicifolia.
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Characterization of Green Synthesized

VB-Au NPs

X-Ray Diffraction

The crystalline nature and phase purity of the VB-Au NPs
were determined using the powder X-ray diffraction spec-
troscopy (XRD), which was carried out in a Bruker D2
PHASER with LYNXEYE XE-T detector (Haidian,
Beijing, China) at a wavelength (A) of 0.154 nm. The
XRD spectra were recorded in the 20 range 4-90°, with
a scanning rate of 1¢/min and a slit width of 6.0 mm.

Energy-Dispersive X-Ray (EDX Spectroscopy)

The chemical composition of synthesized VB-Au NPs was
performed with an energy-dispersive X-ray (EDX) spec-
troscopy using Thermo Fisher Scientific Ultradry

(Madison, WI, USA) attached with SEM.

Transmission Electron Microscope (TEM)
Transmission electron microscopy (TEM) images of the
VB-Au NPs were obtained using a Tecnai F 12 micro-
scope (FEI/Philips Tecnai 12 BioTWIN, Baltimore, MD,
USA) operating at an acceleration voltage of 200 kV.®> For
TEM analysis, the samples were dissolved in methanol
and sonicated at 25-30 °C, and then deposited onto
a carbon-coated copper grid. The copper grid was set
aside for drying for 5-10 min after removing the excess
solution.

Zetasizer Dynamic Light Scattering (DLS)

The stability and the particle size distribution of the
synthesized VB-Au NPs were measured using a dynamic
light scattering particle size analyzer (Malvern Zetasizer
Nano ZS, Worcestershire, WR14 1XZ, UK) from 1 to 100
nm at 25-30 °C.%

UV-Visible Spectrophotometric Analysis

Optical properties of the green synthesized VB-Au NPs
were investigated using UV-Visible spectroscopy. For the
UV-Vis experiment, the samples were firstly dissolved in
DI water. The dissolved samples were then sonicated for 5
minutes at 25-30 °C, the spectra were recorded as
a function of wavelength on a Shimadzu 1700 spectro-
photometer (Shimadzu, Columbia, Maryland, USA) from
200 to 800 nm at 25-30 °C.

Fourier Transform Infrared (FTIR) Spectroscopic
Analysis

FT-IR spectroscopy of the green synthesized VB-Au NPs and
plant extracts were taken on a Perkin Elmer Spectrum 100

FT-IR Spectrophotometer (Bridgeport Avenue Shelton, CT
064844794, USA). The FT-IR spectra were collected in the
frequency range of 450 to 4000 cm ™ 'at 25-30 °C.

Antibacterial Propensity of Green
Synthesized VB-Au NPs

The antibacterial propensity of the green synthesized VB-
Au NPs was evaluated on four bacterial species, which
include Bacillus subtilis (ATCC® 6051TM), Pseudomonas
aeruginosa (ATCC® 27853TM), Escherichia coli (ATCC®
25922TM), (ATCC®
23235TM). In general, the strains of bacteria were seeded

and  Staphylococcus  aureus
onto separate blood agar plates and then cultured for 24
hours at 37 °C.°° After several bacterium colonies were
grown on the plates, they were diluted with phosphate
buffer saline (PBS). Their cell density was maintained to
1 x 107 colony forming units (CFU) per mL. Following
that, 10 pL of each bacterial culture was separately added
to the wells of a 24-well microtiter plate with 1.0 mL of
Mueller—Hinton broth (MHB). For each well, the final
concentration of each bacterium was 1 x 10° CFU/mL.
A 50 pL of each sample solution at 250 ug/mL concentra-
tion was then transferred to separate wells and incubated at
37 °C for 24 hours. The bacterial species were then
counted in the wells using the serial dilution plate counting
method. The antibacterial propensity was expressed in the
form of log;, reduction in bacterial growth and % killing
using the following formulas:

Log;o reduction = log;o (CFUyg,) - logyo (CFU,)),

% killing = (CFUg; —CFU,;)/ CFUpg,; x 100.

where CFUjp; and CFU,; are the CFU of bacterial
strains before and after 24 hours of incubation, respec-
tively, with the treatment of sample solutions.

Live/Dead Bacteria Staining Assay

Live and dead bacterial staining assays were carried out
using a confocal laser scanning microscope (CLSM, FV-
1200, Olympus, Tokyo, Japan) to confirm the antibacterial
activity of VB-Au NPs. The assay was performed following
the methods reported by.**%” Briefly, two nucleic dyes,
membrane-permeant SYTO-9 and membrane impermeant
propidium iodide (PI), were used for staining the live
(green) and dead (red) bacteria, respectively. Bacteria were
cultured in nutrient broth in an orbital shaker at 37 °C for 24
hours to reach the stationary phase (approximately 10°-10°
CFU/mL). After incubation, each bacterial strain was inocu-
lated onto a sterilized covered glass coated with poly-
L-lysine in a 24-well plate. Then, each was incubated for
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an hour for bacterial cells attached to the cover glass. The
suspended bacterial cells were then discarded, and each
cover glass was gently rinsed three times with a saline solu-
tion. For the treatment, each bacterium cell on the cover
glass was treated with 50 pL of VB-Au NPs at
a concentration of 250 pg/mL and then incubated at 37 °C
for 24 hours. According to the manufacturer’s instructions,
bacteria cells on cover glass were stained with an alive and
dead bacterial viability kit. Live and dead cells were ana-
lyzed with CLSM using an excitation wavelength of 483 nm
and 535 nm for SYTO-9 and PI and an emission wavelength
of 503 nm and 617 nm for SYTO-9 and PI, respectively. We
only considered VB-Au NPs for live/dead staining assay as
they presented excellent antibacterial properties in log;
reduction in bacterial growth.

Reactive Oxygen Species (ROS Generation
Investigations)

Further killing of bacterial species due to the intracellular
ROS generation was investigated using the CellROX™
Green, as reported before.*” In a typical method, bacterial
species (Pseudomonas aeruginosa and Staphylococcus
aureus) at 10° CFU/mL were treated with 50 pL of synthe-
sized VB-Au NPs at 250 pg/mL and incubated at 37 °C for
24 hours. Following that, the microbial cells were incu-
bated with CellROX®™ Green (5 uM) for further 30 minutes
at 37 °C. Afterwards, CLSM was used to take images at
485 nm absorption wavelength and 520 nm emission
wavelength. To evaluate the capacity of microbial cells
to produce ROS, the results of NPs treated cells were
compared to those treated with 1 mM H,O, (positive
control) and untreated cells (negative control).

Antifungal Activity of Green Synthesized

VB-Au NPs
The antifungal activity of the green synthesized VB-Au NPs
was estimated on four mycological species, which include
C. albicans (ATCC® 10231TM), A. fumigatus (ATCC®
13073TM), A. flavus (ATCC® 9643TM), and A. niger
(ATCC®™ 11414TM). The same antibacterial activity method
as stated before was performed, but the seeding was accom-
plished using a Sabouraud-gentamicin-chloramphenicol
(SGC) fungus agar plate, and the incubation temperature
was maintained at 30 °C.°° The antifungal activity was
expressed in the form of log( reduction in bacterial growth
and % killing using the following formulas:

Log;o reduction = log;o (CFUg)) - log;o (CFU,),

% killing = (CFUg; —CFU )/ CFUpg,; x 100.

where CFUp; and CFU,; are the CFU of mycological
strains before and after 24 hours of incubation, respec-
tively, with the treatment of sample solutions.

Biofilm Inhibition Efficiency of Green
Synthesized VB-Au NPs

The biofilm inhibition efficiency of the green synthesized
VB-Au NPs was investigated against the different bacter-
ium and mycological species in comparison to CH-Au NPs
and leaves extract of Viola betonicifolia.”*® In summary,
the biofilms of bacterium and mycological species were
grown in a 96-well plate at 1 x 10’ CFU/mL using TSB
and RPMI agar, respectively. Both microbial species were
incubated at 37 °C and 30 °C temperatures, respectively, for
24 hours. After removing the planktonic cells, each well
was washed with PBS thrice. 50 uL of each sample solution
at the 250 pg/mL concentration was then transferred to each
well and subsequently incubated to the well plate at 37 °C
for 24 hours. Then, each well was washed with PBS, and the
staining agents were added (10 pL of phenazine methosul-
fate and 90 pL of XTT). The microtiter well plate was then
kept in the dark for 4 hours at 37 °C. Finally, optical density
(OD) was measured at a wavelength of 492 nm, and further
biofilm inhibition efficiency in the form of percentage was
calculated with the following formula:

Biofilm inhibition (%) = [ODyr — OD#/ODy7] x 100,
ODyr and OD; are
of untreated and treated microbial species.

here, the optical density

Cytotoxic Potential of Green Synthesized

VB-Au NPs Against MCF-7 Cells

The cytobiocompatibility of the VB-Au NPs against the
MCEF-7 cells (commercially purchased from Sigma-
Aldrich, Germany) in comparison to the CH-Au NPs and
leaves extract of Viola betonicifolia was evaluated via the
MTT protocol as reported.®® The MCF-7 cells were kept in
Dulbecco’s Modified Eagle’s Medium (DMEM) in
a humidified atmosphere comprising 5% CO, and 95%
air at 37 °C. To obtain cell confluency of up to 5 x 10°
cells/well, the MCF-7 cells were cultured in 100 uL of
DMEM in a 96-well plate for 24 hours at 37 °C. After 100
pL of VB-Au NPs, leaves extract of Viola betonicifolia
and CH-Au NPs at a 120 pg/mL concentration was added
to each well separately, containing cultured MCF-7 cells,
the plate was further incubated for 24 hours at 37 °C.
Afterwards, the plate was centrifuged to remove the super-
natant and subsequently washed using phosphate buffer
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saline (PBS) solution. A total 15 pL of MTT labelling
agent (0.5 mg/mL) was then added to each well; the plate
was again placed in an incubator for incubation for 4 hours
at 37 °C, and subsequently, 150 pL of DMSO was added
in each well to solubilize the undissolved crystals of for-
mazan. The absorption maxima of formazan products in
each well were measured at 570 nm using a Varian Eclipse
spectrophotometer. The percentage of cell viability was
calculated using the following formula:

% Cell viability = OD 4,/OD copsror *100.

We next used a live/dead double staining kit to test the
viability of MCF-7 carcinomatous cells using the fluores-
cence staining method (viable cells stained with green and
dead cells with red). The exact process was conducted
until carcinoma cells were treated with various samples
(10 pL of 120 pg/mL) and incubated after treatment.
Following that, each well was incubated at 37 °C for 20
with  the (4 pg/mL).
Fluorescence microscopy was used to capture the photo-

minutes staining  solution
graphs (535/617 nm and 361/497 nm excitation/emission

wavelength for PI and Hoechst 33342).

Antioxidant Activity of Green
Synthesized VB-Au NPs in Terms of

Linoleic Acid Peroxidation Inhibition
The antioxidant activity of the VB-Au NPs was evaluated
according to the linoleic acid (%) inhibition method
reported.””*” For this purpose, 100 pg/mL concentration
of each sample (VB-Au NPs, leaves extract of Viola beto-
nicifolia, CH-Au NPs and BHT) was added to the solution
mixture of 99.99% ethanol (10 mL), 0.2 M sodium phos-
phate buffer (pH 7.0, 10 mL), and linoleic acid (0.13 mL).
The total volume of the resulting mixture was made up to
25 mL with DI and then incubated for 15 days at 40 °C.
The extent of oxidation was measured using the thiocya-
nate method. A 0.2 mL of each sample solution was taken
and added to 10 mL of ethanol (75%). Subsequently,
0.2 mL FeCl, (20 mM in 3.5% HCIl) and 0.2 mL of
aqueous ammonium thiocyanate solution (30%) was
added, and then the reaction mixture was stirred for 3
minutes. Measurements of the absorption maxima were
made at 500 nm wavelength. Percentage inhibition of
linoleic acid was calculated according to the following
formula:

% Inhibition = 100 — [(Absorbance of sample)/(absor-
bance of control) x 100].

Cytobiocompatibility Analysis of Green

Synthesized VB-Au NPs

The cytobiocompatibility of the VB-Au NPs against the
hMSCs in comparison to the CH-Au NPs and leaves
extract of Viola betonicifolia was evaluated via the MTT
protocol as reported.®® The hMSCs were kept in
Dulbecco’s Modified Eagle’s Medium (DMEM) in
a humidified atmosphere comprising 5% CO, and 95%
air at 37 °C. To obtain cell confluency of up to 5 x 10*
cells/well, the hMSCs were cultured in 100 pL. of DMEM
in a 96-well plate for 24 hours at 37 °C. After 10 pL of
VB-Au NPs, leaves extract of Viola betonicifolia and CH-
Au NPs at a concentration of 120 pg/mL was added to
each well separately containing cultured hMSCs and the
plate was further incubated for 24 hours at 37 °C.
Afterwards, the plate was centrifuged to remove the super-
natant and subsequently washed using phosphate buffer
saline (PBS) solution. A total 15 pL of MTT labelling
agent (0.5 mg/mL) was then added to each well; the plate
was again placed in an incubator for incubation for 4 hours
at 37 °C, and subsequently, 150 pL of DMSO was added
in each well to solubilize the undissolved crystals of for-
mazan. The absorption maxima of formazan products in
each well were measured at 570 nm using a Varian Eclipse
spectrophotometer. The percentage of cell viability was
calculated using the following formula:

% Cell viability = OD ;4,1e/OD opiror X100.

Statistical Analysis

All assays were performed for at least three biological
replicates. The data is presented as the mean standard
deviation (SD). The intergroup differences were estimated
by one-way analysis of variance. Values were considered
statistically significant at P < 0.05.

Results and Discussion
Synthesis Mechanism of Green
Synthesized VB-Au NPs

To fabricate VB-Au NPs, the leaf extract of Viola betonicifolia
was utilized as a reducing and capping agent. The formation of
VB-Au NPs was visually tracked by observing the colour
change caused by the addition of a metal salt precursor to
leaf extract. The reaction mixture’s colour shift from yellowish
green to ruby red indicated the formation of the required gold
NPs. This colour shift occurred as a consequence of the nano-
particle’s surface plasmon resonance action.”*>2® Several
reports demonstrate that the leaves extract of Viola
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betonicifolia is a rich source of several biogenic phytomole-
cules, including alkaloids, flavonoids, tannins, phenolic com-

e‘:(:.20,21

pounds, saponins, triterpenoids, During the
biosynthesis process, these polyphenols and flavonoids might
be functioned as reducing the gold ions to zero-valent species
via reduction and oxidation reaction with the production of
keto form products. Furthermore, other secondary metabolites
(surfactants, proteins, alkaloids, etc.) present in the leaf extract
of the Viola betonicifolia simultaneously stabilized and capped
the zero-valent species of Au0, leading to the formation of
nanoscale gold NPs (Figure 1). Similar synthesis mechanisms
for gold and silver NPs using plant leaf extract were also

reported by Khan et al and Hussain et al.2”*®

Characterization of Green Synthesized

VB-Au NPs
UV-Visible and FTIR studies of Viola betonicifolia and
green-synthesized VB-Au NPs were performed to identify

3000

the absorbance maxima and various functional groups of
secondary metabolites involved in reducing, stabilizing, and
capping, respectively. Figures 2A and B illustrate the UV-
Visible spectra of the leaf extract and the green synthesized
gold NPs, respectively. Two absorption bands at 228 and 265
nm were seen in the leaf extract of Viola betonicifolia, indi-
cating polyphenols and flavonoids as the literature demon-
strates that they absorb UV window light.*” The highest
absorption bands for VB-Au NPs were detected around 526
nm due to the surface plasmonic resonance phenomena. Khan
et al and Mata et al reported a similar absorption spectrum for
the green synthesized gold NPs.”** Figure 2C presents the
FTIR spectra of plant leaves extract and indicating the several
FTIR peaks of different molecular functionalities, including
2916 cm—1(C-H asymmetric stretch), 2842 cm—1
(C-H symmetric stretch), 1672 cm—1(C=C), 1392 cm—1
(C-N), 1178 em—1 (C-OH), 1064 cm—1 (C-O-C), and
869 cm—1 (aromatics).’'** On the other hand, VB-Au NPs
presented a similar FTIR signals pattern of different
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Figure 2 UV-Visible spectra of (A) leave extract of Viola betonicifolia and (B) green synthesized VB-Au NPs. FTIR spectra of (C) leave extract of Viola betonicifolia and (D)

green synthesized VB-Au NPs.
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functional groups to the plant extract with slight shifting in
intensity and wavenumbers (Figure 2D). Thus, our findings
established that green-synthesized VB-Au NPs are entirely
capped with biologically active secondary metabolites from
plant leaf extract containing such functional groups.

XRD analysis was further carried out to analyze the
crystallinity of the VB-Au NPs synthesized using the leaves
extract of Viola betonicifolia. Figure 3A shows an XRD
pattern of the VB-Au NPs. XRD pattern demonstrates five
distinguish peaks attributed to (111), (200), (220), (311), and
(222) crystal plane of VB-Au NPs (JCPDS no. 00-004-
0784).”2*** Moreover, the XRD pattern indicates that the
VB-Au NPs are highly crystalline, as evident from the
intensity of the peaks. Figure 3B presents the TEM images
of VB-Au NPs. The TEM image depicts that the synthesized
VB-Au NPs are spherical with homogeneous dispersity. The
particle size of the synthesized VB-Au NPs was estimated to
be 13 nm using DLS, as shown in Figure 3C. To determine

the chemical composition of the VB-Au NPs, the EDX
analysis was then conducted. Figure 3D shows the EDX
pattern. EDX spectra indicate four characteristic peaks cor-
responding to carbon, oxygen, nitrogen, and gold. Besides
gold, the EDX peaks (C, O, and N) were attributed to the
adsorption of secondary metabolites from Viola betonicifolia
leaves extract on the surface of VB-Au NPs. Thus, these
characterization findings confirmed the effective synthesis of
VB-Au NPs using a leaf extract of Viola betonicifolia.

Antibacterial Performance of Green
Synthesized VB-Au NPs

The antibacterial performance of VB-Au NPs was deter-
mined in terms of log;, reduction and % killing efficiency
of bacterial strains compared to leaves extract of Viola
betonicifolia and CH-Au NPs. The results are presented in
Figure 4A—C. The outcomes have been shown that the
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Figure 3 (A) XRD pattern, (B) TEM image, (C) size distribution, and (D) EDX pattern for the green synthesized VB-Au NPs.
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Figure 4 Antibacterial activity of VB-Au NPs in terms of (A) logl0 reduction (p < 0.0004) and (B) % killing efficiency of bacterial strains in comparison to leaves extract of
Viola betonicifolia and CH-Au NPs (p < 0.0004). (C) Representative images of control and treated E. coli and P. aeruginosa with VB-Au NPs.

synthesized VB-Au NPs displayed 4.14, 4.32, 4.50, and 4.65
logo reductions in CFU of S. aureus, B. subtilis, E. coli, and
P aeruginosa, respectively, with more than 82% Kkilling
efficiency. On the other hand, CH-Au NPs exhibited the
least antibacterial activity than VB-Au NPs, as shown in
Figure 4A and B. It is worth noting that the leaves extract of
Viola betonicifolia has demonstrated significant antibacterial
behaviour and percent killing performance against all bac-
teriological species tested. This indicates that the leaves
extract of Viola betonicifolia possesses pharmacologically
important phytomolecules capable of killing bacterial strains
effectively.?*> Moreover, statistical significance (p <
0.0004) was observed in the antibacterial activity results.
LIVE and DEAD staining assays were further used to
evaluate the interaction of synthesized VB-Au NPs with
bacterial cells and subsequent cell death upon labelling
with SYTO 9 and PI. The permeability of the bacterial
membrane to these dyes is dependent on the cellular mem-
brane’s potential, which allows for the differentiation of
alive and dead cells. SYTO 9 is a membrane-permeant
dye, while PI is a membrane-impermeant dye that permeates
only through dead cells’ perforated membranes.***’ As
illustrated in Figure S5A-D, the untreated B. subtilis,
S. aureus, E. coli, and P. aeruginosa cells stained green,
suggesting that they were intact and alive. At the same time,

VB-Au NPs treated cells fluoresced red. This revealed that
VB-Au NPs triggering cell death had an effect on the integ-
rity and permeability of the cell membrane.

Microbial strains have been demonstrated to be destroyed
by oxidative stress caused by intracellular ROS production.*®
Metal NPs interact with bacteria to generate reactive oxygen
species (ROS), which may cause oxidative stress inside the
cell, destroying organelles and biomolecules. Figure 6 shows
the results of the CellROX®Green test used to evaluate
oxidative stresses in microbial cells after treatment with
VB-Au NPs. In the control of both bacterial cells, no intra-
cellular ROS species were produced, while both bacteria
treated with VB-Au NPs generated ROS that was compar-
able to that produced by H,0,. These findings suggest that
one explanation for the produced VB-Au NPs’ outstanding
antibacterial activity is reactive oxygen species (ROS) pro-
duction, which causes bacterial cells to die.

The superior antibacterial action of VB-Au NPs can be
due to the synergy influence of the nanoparticle’s physical
characteristics and the adsorption of biologically active phy-
tomolecules from the leaves extract of Viola betonicifolia on
their surface.”?’***? The results further demonstrated that
the synthesized VB-Au NPs appeared more active towards
the Gram-negative compared to that of Gram-positive bac-
teriological species. This may be due to structural and
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Figure 5 CLSM images of B. subtilis (A), S. aureus (B), E. coli (C),
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and P. aeruginosa (D). Green and red represent alive and dead bacterial cells, respectively.

Figure 6 CLSM images of ROS generation in untreated (control) and treated bacteria with hydrogen peroxide (H202) and synthesized VB-Au NPs.

compositional variations between Gram-negative and Gram-
positive bacterial strains’ cell walls (Figure 7)."***** Gram-
positive bacteria have a dense coating of peptidoglycan to
which teichuronic and teichoic acids are covalently bound.
However, Gram-negative bacteria have a thin coating of
peptidoglycan with an exterior coating of negatively charged
lipopolysaccharides.”*** Due to such reasons, the synthe-
sized VB-Au NPs are seen to have a more significant inhibi-
tory effect on Gram-negative than on Gram-positive bacterial
species. Bindhu et al and Boomi et al were also reported the
same more inhibitory activity of gold NPs synthesized using

different plants.****

Antibacterial activity of metal nanoparticles has been
ascribed to their ability to cause oxidative or physical
damage to bacterial cells.**>* In this study, live/dead
staining and the intracellular ROS generation confirmed
that the destruction of the microbial cell membrane and
subsequent cell death induced by VB-Au NPs were
caused by the membrane permeabilization and production
of ROS species. The penetrated VB-Au NPs upon mem-
brane impairment and generated ROS species might be
further intercalated with different cellular organelles
(membrane proteins, DNA, mitochondria, ribosomes,

etc.), leading to their denaturation and arresting them
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from functioning (Figure 7).> However, studies have
demonstrated that gold nanoparticle’s antibacterial perfor-
mance is not due to ROS production.>® In our study, ROS
be attributed

adsorbed on the surface of the nanoparticles from the

generation might to phytomolecules
plant leaf extract.

Given the consistency and uniformity of the findings,
we suggest that the antibacterial performance of VB-Au
NPs is the consequence of the combined impact of physi-
cal and oxidative destructions and the following cellular
changes: (1) the interaction of VB-Au NPs with lipopoly-
saccharides and cell surface proteins results in the annihi-
lation of the cell membrane; (2) the disintegration of the
microbial cell membrane increased membrane permeabil-
ity, resulting in the seepage of intracellular biomolecular

proposed antibacterial mechanism of green synthesized VB-Au NPs. Created with

functionality; (3) the generation of intracellular ROS spe-
cies impairs the microscopic ability of the cell (Figure 7).

Antifungal Activity of Green Synthesized
VB-Au NPs

In contrast to leaves extract of Viola betonicifolia and
CH-Au NPs, the antifungal activity of synthesized VB-
Au NPs was determined in terms of log;o reduction and
% killing efficiency of mycological strains. Figure 8A
and B illustrate the findings. The results indicated that
the synthesized VB-Au NPs significantly reduced the
CFU of C. albicans, A. fumigatus, A. flavus,
A. niger by 3.32, 4.0, and 3.55 log;o reductions, respec-

and

tively, with an efficiency of more than 67%. CH-Au
NPs, on the other hand, demonstrated significantly
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Figure 8 Antifungal activity of VB-Au NPs in terms of (A) logl0 reduction (p < 0.0008) and (B) % killing efficiency (p < 0.0008) of fungal strains in comparison to leaves

extract of Viola betonicifolia and CH-Au NPs.

lower antifungal activity than VB-Au NPs, as shown in
Figure 8A and B. It is worth noting that the leaves
extract of Viola betonicifolia also demonstrated substan-
tial antifungal activity and percent killing efficiency
against all tested mycological strains. This indicates
that the Viola betonicifolia leaf extract contains biologi-
cally active phytomolecules that are particularly effec-
tive at destroying fungal strains.’’ Additionally, the
superior antifungal activity of VB-Au NPs can be due
to the synergistic impact of the nanoparticle’s physical
properties and the adsorbed biologically active phyto-
molecules from the leaves extract of Viola betonicifolia
[31-35].
Dananjaya et al, and Jayaseelan et al have also reported

on their surface Balasubramanian et al,
effective antifungal activity of gold NPs synthesized
using the extract of Jasminum auriculatum, Spirulina
maxima, Abelmoschus esculentus, respectively, against

different fungal strains.’® °°
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Biofilm Inhibition Investigations of Green

Synthesized VB-Au NPs

The biofilm inhibition activity of VB-Au NPs was evalu-
ated against infectious bacterial, and mycological species
in contrast to Viola betonicifolia leaves extract and CH-Au
NPs. Figure 9A and B illustrate the findings. The findings
indicate that the VB-Au NPs exhibited substantial biofilm
inhibitory activity, inhibiting the production of biofilms of
both bacterial and mycological strains. Although CH-Au
NPs inhibited the production of biofilms in both microbial
species, they were less than VB-Au NPs synthesized with
Viola betonicifolia leaves extract. Moreover, the Viola
betonicifolia leaves extract demonstrated good biofilm
inhibition performance, as evident from Figure 9A and
B. The remarkable biofilm inhibition efficiency of the
synthesized VB-Au NPs may result from the synergy
between their physical properties and the incorporation

B
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Figure 9 Biofilm inhibition performance of the synthesized VB-Au NPs against the (A) bacterial (p < 0.006) and (B) fungal strains (p < 0.004) in comparison to Viola

betonicifolia leaves extract and CH-Au NPs.
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of phytomolecules from Viola betonicifolia leaves extract
on the nanoparticle’s surface.

Cytotoxicity Activity of Green
Synthesized VB-Au NPs Against MCF-7
Cells

By comparing to Viola betonicifolia leaves extract, and
CH-Au NPs, the cytotoxicity efficacy of VB-Au NPs was
determined. The results showed that the therapeutic poten-
tial of all specimens was dose-dependent (Figure 10).
When all samples were concentrated up to 120 pg/mL,
the most significant cytotoxic impact on MCF-7 melanoma
cells was found. The VB-Au NPs demonstrated superior
cytotoxicity at all dosage levels than Viola betonicifolia
leaves extract and CH-Au NPs. The remarkable cytotoxic
effect of the synthesized VB-Au NPs may be a function of
synergistic effects between their physical properties and
the incorporation of phytomolecules from Viola betonici-
folia leaves extract on their surface. It is noteworthy that
the leaves extract of Viola betonicifolia was similarly
efficient against MCF-7 cancer cell lines. This demon-
strates that the leaves extract of Viola betonicifolia com-
prises pharmacologically significant phytomolecules
capable of effectively destroying malignant cells.
Moreover, CLSM was also utilized to validate the cyto-
toxic effects of the Viola betonicifolia leaves extract, CH-Au
NPs, and VB-Au NPs on MCF-7 malignant cells by per-
forming live and dead fluorescence labelling experiments.
Figure 11A-D shows MCF-7 malignant cells stained with
Hoechst 33342 and PI dye. Hoechst 33342 is a membrane-

120

permeant dye that can stain both living and dead cells
through DNA intercalating, while PI is a membrane-imper-
meant dye that penetrates only through ripped membranes
and can stain only dead cells. The results indicated that VB-
Au NPs seem to be the most lethal to MCF-7 cancer cells,
destroying nearly all cancerous cells. However, CH-Au NPs
showed a modest detrimental effect on MCF-7 cancerous
cells. It is essential to mention that leaf extract was equally
toxic to MCF-7 cancerous cells, indicating that Viola beto-
nicifolia leaves extract comprises phytochemicals with phar-
maceutical activity. These results are consistent with those
obtained from MTT studies.

Antioxidant Activity of Green
Synthesized VB-Au NPs

Antioxidant activity of the newly synthesized VB-Au NPs
was investigated compared to the leaves extract of Viola
betonicifolia, CH-Au NPs, and external standard (BHT).
Figure 12A illustrates the findings. The anti-linoleic acid
peroxidation activity of newly synthesized VB-Au NPs
was superior to that of Viola betonicifolia leaves extract
and CH-Au NPs, although a little less than BHT. On the
other hand, CH-Au NPs exhibited the lowest antioxidant
function, exhibiting the lowest percentage of anti-linoleic
acid peroxidation. Additionally, the leaves extract of Viola
betonicifolia demonstrated superior antioxidant function
by inhibiting linoleic acid peroxidation compared to CH-
Au NPs. These findings suggested that Viola betonicifolia
leaves extract contains a high concentration of natural

20,61

antioxidants. Furthermore, the inclusion of
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Figure 10 Cytotoxic potential in terms of cell viability percentage against MCF-7 carcinoma cells treated with Viola betonicifolia leaves extract, CH-Au NPs, and VB-Au NPs

(p < 0.0001).
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Figure 11 CLSM images of MCF-7 cells before (A) control and after incubating with (B) plant extract, (C) CH-Au NPs and (D) VB-Au NPs.

phytomolecules from Viola betonicifolia leaves extract on
the nanoparticle’s surface could be responsible for the VB-
Au NPs’ superior antioxidant activity. This is because the
phytomolecules (polyphenols, flavonoids, etc.) of Viola
betonicifolia leaf extract have various molecular function-
alities (-OH, -COOH, NH,, etc.) that allow them to con-
tribute electron pairs to electron-deficient centres or free
radical moieties.”> When VB-Au NPs were treated with
linoleic acid for 15 days, they significantly prevented
peroxidation by donating electrons from oxygen or nitro-
gen atoms with molecular functionalities (-OH, -COOH,
NH,, etc.) of Viola leaf

betonicifolia extract.

Consequently, fewer peroxide species are produced,
which combine with ferrous chloride to make ferric ions.
These ferric ions then react with ammonium thiocyanate to
form ferric thiocyanate (Red in colour). In summary, anti-
oxidant activity is inversely proportional to ferric thiocya-

. . 62,6
nate production and vice versa.®>%’

Biocompatibility Evaluation of Green

Synthesized VB-Au NPs

The biocompatibility of VB-Au NPs was assessed with the
hMSCs in vitro compared to the Viola betonicifolia leaves
extract and CH-Au NPs. The results are expressed as
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Figure 12 (A) Antioxidant activity of the newly synthesized VB-Au NPs in comparison to Viola betonicifolia leaves extract, CH-Au NPs, and external standard (BHT) (p <
0.0001). (B) Biocompatibility analysis of the newly synthesized VB-Au NPs with hMSCs compared to the leaves extract of Viola betonicifolia and CH-Au NPs (p < 0.0002). (C)
Inverted microscopic images of the hMSCs treated with plant extract, CH-Au NPs, and VB-Au NPs.

a percentage of cell viability, as shown in Figure 12B. The
findings indicated that CH-Au NPs had the lowest cell
viability percentage (79.63 £ 0.31%). On the other hand,
newly synthesized VB-Au NPs demonstrated a cell viabi-
(82.66 + 0.90%) with hMSCs.
Additionally, it is noteworthy to mention that the extract

lity percentage

of Viola betonicifolia leaves contains biocompatible sec-
ondary metabolites that demonstrated excellent biocom-
patibility (cell viability percentage 86.50 + 0.93%) with
hMSC:s. It has been reported that different solvent extracts
of Viola betonicifolia are safe to use and have no toxic
effects. 202264

We next used an inverted microscope to investigate the
differential expression in hMSCs treated with VBL-Au
NPs, plant extract, and CH-Au NPs at a 120 g/mL con-
centration. Figure 12C is an inverted micrograph of
hMSCs. The images show that the appearance of hMSCs
remained similar to that of control cells after treatment
with plant extract and VB-Au NPs. CH-Au NPs, but on the
other hand, induced toxicity in hMSCs by decreasing their
volume and cytoplasm and changing their structure. The
cell viability results were found to be compatible with the
inverted microscopy results. Consequently, it could be
deduced that phytomolecules present in Viola betonicifolia

leaves extract may indeed be liable for the VB-Au NPs’
improved biocompatibility.

Conclusion
The synthesized VB-Au NPs presented excellent antibac-
terial, antifungal, and biofilm inhibition performance
against all the tested microbial species compared to
plant leaves extract and commercially purchased chemi-
cally synthesized gold NPs (CH-Au NPs). The synthe-
sized VB-Au NPs displayed good cytobiocompatibility
with hMSCs compared to CH-Au NPs. Moreover, they
also exhibited significant antioxidant and cytotoxic poten-
tial compared to plant leaves extract and CH-Au NPs. The
enhanced antioxidant, cytobiocompatibility, antibacterial,
antifungal, and biofilm inhibition efficacy of VB-Au NPs
compared to CH-Au NPs might be attributed to the syner-
gistic effect of the nanoparticle’s physical properties, and
the adsorbed biologically active phytomolecules from the
leaves extract of Viola betonicifolia on their surface.
Thus, our work offers a unique environmentally sustain-
able technique for manufacturing nanomaterials bestowed
with enhanced and/or additional therapeutic properties
obtained from their herbal sources. Additionally, further
should be evaluate the

research performed to
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effectiveness and dosage response of VB-Au NPs for
clinical applications. The VB-Au NPs produced in this
study may be used to develop antimicrobial coatings for
medical equipments such as catheters, tubes, probes, and
dressings, thus decreasing the prevalence of bacterial
infections caused by biomaterials and biomedical devices.
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