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The rising incidence of fungal infections combined with the emergence of resistance to existing antifungal drugs
highlight the urgent need for novel, safe, and eco-friendly therapeutic options. Green nanotechnology provides a sustainable
way to build such alternatives. The present study reports an inexpensive, environmentally acceptable, and
non-toxic green method for the biosynthesis of silver nanoparticles (AgNPs) utilizing aqueous seed extract of
Trachyspermum ammi (TA). The biosynthesized 7. ammiAgNPs (TA-AgNPs) were characterized using several
sophisticated analytical techniques, and their antifungal efficacy was studied. The formation of AgNPs was visually
represented by a shift from a light brown to a dark or red-brown color and confirmed by the surface plasmon resonance
band at 419 nm. The particle size, polydispersity index, and zeta potential of AgNPs were found to be 101.5 nm, 0.270, and
— 41.7 mV respectively. Studies using a transmission electron microscope (TEM), energy dispersive X-ray spectroscopy
(EDX), selected area electron diffraction (SAED) spectrum, and X-ray diffraction (XRD) confirmed that the biosynthesized
AgNPs were spherical, contained elemental silver, and had a crystalline structure. The TA-AgNPs showed distinctive
antioxidant potential, biocompatibility, and promising antifungal activity against Candida species and Aspergillus niger.
The disc diffusion method demonstrated that TA-AgNP's gel had more pronounced antifungal activity than the
commercially available Silverex'" ionic (silver nitrate 0.2% w/w) gel. In conclusion, the present work showed that TA seed

extract mediated AgNPs gel could be the potential therapeutic agent for human fungal infections.
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Fungi, which were previously considered to be non-
infectious to humans, are now found in greater
numbers among opportunistic pathogens. Due to their
flexibility to a huge range of environmental
conditions, these fungi became dangerous to the lives
of immunocompromised patients'. Over 150 million
serious fungal infections take place worldwide each
year, resulting in 1.7 million fatalities®. Currently,
there are approximately 80 types of antifungal agents
used in clinics. The major groups of clinically used
antifungal agents are B-glucan synthesis inhibitors
(echinomycin), ergosterol synthesis inhibitors (azoles,
and morpholines), and agents that alter the function of
the fungal cell membrane (polyenes), pyrimidine
analogs, and allylamines®. However, in recent years
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the resistance of opportunistic pathogens has
increased due to the overuse of these antifungal
agents4. As a result, new treatment strategies are
required to address this problem, as well as to
overcome the side effects, toxicity, and medication
interactions associated with currently available
antifungal drugs, all of which may restrict therapy
effectiveness’.

In recent years, nanotechnology has evolved as one
of the interesting strategies to overcome the
problems and to increase the potency and efficiency
of conventional antifungal agents’. Metallic
nanoparticles are already proven as ideal candidates to
control a variety of pathogens. Among the metallic
nanoparticles, silver nanoparticles (AgNPs) have a
variety of applications in the biomedical field.
Though AgNP’s are non-toxic to animal cells, their
toxicity towards bacterial cells makes them an
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effective and safe bactericidal agent. AgNPs are also
known to have antioxidant, anti-inflammatory, anti-
bacterial, anti-viral, anti-fungal, and anti-cancer
properties’. Nanoparticles are typically produced
using one of three methods: physical, chemical, or
biological synthesis. The physical method requires a
large amount of energy and sophisticated laboratory
equipment, which makes it costly, whereas chemical
synthesis usually requires the use of highly toxic
chemicals. Biological or green synthesis, which
makes use of microorganisms such as bacteria, algae,
fungus and plants,is favored over physical and
chemical processes due to its low environmental
impact and affordability’. Plant (Phyto) mediated
fabrication of AgNPs has gained popularity among
the other green approaches since it is easily available
in large quantities, contains secondary metabolites,
and has negligible cross-contamination between plant
extracts’. Hence in the present study, Trachyspermum
ammi was selected for fabrication of AgNPs.

Trachyspermum ammi (TA) popularly known as
Ajwain is a highly valued medicinal seed spice
belonging to the Apiaceae family. It is a well-known
ayurvedic medicine for its anti-diarrheal, anti-
microbial, anti-fungal, anti-viral, anti-spasmodic,
broncho-dilating, anti-ulcer, hepatoprotective, anti-
hypertensive, anti-hyperlipidemic, detoxification,
anti-oxidant and digestive stimulant activity®.
The bioactive secondary metabolites found in plants,
such as phenols, flavonoids, quinones, coumarins,
xanthones,  saponins, alkaloids, polypeptides,
terpenoids, and essential oils are responsible for
antifungal activity’. The seeds of the plant were
reported to contain thymol, para cymene, o and
B- pinene, o and y- terpinene, carvacrol, glycosides,
tannins, saponins, and flavones'”. Among these, the
major active phytoconstituents thymol (35-60%)
which is a phenol derivative of natural mono-
terpenoid reported to have antifungal, antispasmodic,
and germicidal properties®.

The available literature reports few studies on the
biosynthesis of silver'’, gold'> and selenium
nanoparticle'® using TA leaves and seed extract. Most
of these studies are focused either on size-controlled
synthesis of stable AgNPs'* or evaluation of
antimicrobial'®, anticancer'®, anti-rheumatic'®, biofilm
inhibition, and catalytic reduction activities'’.
However, none of the studies reported the anti-fungal
activity of AgNPsphyto-fabricated with aqueous seed
extract of TA. Hence the main objective of the present
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research work is to biosynthesize AgNPs using
TA seed aqueous extract and characterize them using
ultraviolet-visible (UV-Visible) spectroscopy, Fourier
transform infrared spectroscopy (FTIR), zeta sizer,
transmission electron microscope (TEM), energy
dispersive X-ray spectroscopy (EDX), selected
area electron diffraction (SAED) spectrum, and
X-ray diffraction (XRD). The synthesized AgNPs
were tested for in vitro anti-oxidant, anti-fungal, and
cytotoxic activities. Finally, the AgNPs were
incorporated into a topical gel base and evaluated for
their antifungal activity against four different fungi by
comparing it with the commercially available
Silverex™ ionic (silver nitrate gel 0.2% w/w).

Materials and Methods
Materials

Silver nitrate (AgNO;) and sodium hydroxide
(NaOH) were provided by S.D. Fine Chem. Limited,
located in Mumbai, India. Fluconazole, Brain Heart
Agar (BHA), and Sabouraud Dextrose Agar were
acquired from Hi Media Laboratories Pvt. Ltd. in
Mumbai, India, respectively. Carbopol-934 and
triethanolamine were obtained from LobaChemPvt.
Ltd. in Mumbai. Methyl and propylparaben were
purchased from Sigma Aldrich, Bangalore, India. TA
seeds were procured from a nearby market situated in
Belagavi, Karnataka, India. Milli-Q ultrapure water
was used for all the experiment.

Preparation of aqueous seed extract of TA

The TA seeds were washed with milli-Q water to
remove any remaining dust and then air-dried before
being ground into a powder in an electric grinder. Ten
grams of seed powder was taken in a conical flask
containing 100 mL of Milli-Q water, stirred
thoroughly, and heated at 100°C for 15 min. The
cooled extract was filtered through muslin and then
Whatman no. 1 filter paper. The obtained extract was
then stored at 4°C. The qualitative phytochemical
analysis of the plant extract was performed using
standard experimental methods to identify the various
phytoconstituents contained in the extract'®.

Green synthesis of 7. ammisilver nanoparticles (TA-AgNPs)
The prepared aqueous TAseed extract (5 mL) was
mixed with 45 mL of 2 mM aqueous AgNO; solution
and the pH of the reaction mixture was brought
up to 9 at room temperature (25 + 2°C) by using
1 % w/v NaOH solution with constant stirring. The
reduction of Ag' ions to AgNPs was confirmed by a
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color alteration from pale yellow to dark brown.
The prepared AgNP’s were centrifuged for 25 min at
10,000 rpm at 4°C. The pellet obtained was washed
and resuspended in the Milli-Q water and subjected to
centrifugation again. This purification step was
repeated three times to remove any residues of the
extract. Finally, the purified AgNPs obtained as the
pellet was dried (40°C) into a fine powder and used
for further characterization'’. The schematic diagram
showing the green synthesis of AgNPs using aqueous
TA seed extract is shown in (Fig. 1).

Characterization of TA-AgNPs
UV-Visible spectroscopy

The process of reducing silver ions to nanoparticles
was studied by recording the absorption spectra of
AgNPs in the 200-800 nm range with a UV-visible
spectrophotometer (UV-3200, Labindia Analytical,
India)".

FTIR

The FT-IR spectra of synthesized TA-AgNPs and
aqueous TA seed extract powder were obtained using
an FT-IR spectrophotometer (IR  Affiity-18S,
Shimadzu, Japan)"’. The samples were thoroughly
mixed with potassium bromide (KBr) and FT-IR

spectrums  werecollected in the range of
4000 — 400 cm™.
XRD

An X-ray diffractometer (Bruker, Germany) with a
Cu-Ka radiation source, operating at 40 kV voltage
and 40 mA current, with a 20 range of 20° to 80°, was
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used to produce the X-ray diffraction pattern of the
biosynthesized TA-AgNPs'®.

TEM, EDX, and SAED

The morphological properties, including the size
and shape of TA-AgNPs, were examined using a
transmission electron microscope (TEM) that operates
at an accelerating voltage of 300 kV. Following 5 min
sonication, the sample was placed on carbon-coated
copper grids to air dry. Images were taken at different
magnifications. EDX and SAED were used to
determine the elemental composition and crystalline
structure of synthesized AgNPs respectively'.

Particle size, polydispersity index (PDI)and zeta potential (ZP)

The synthesized TA-AgNPs' particle size, PDI, and
ZP were determined by a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., U.K.). The size
and ZP of TA-AgNPs were measured by using the
Dynamic light scattering method (DLS) and the M3-
PALS (phase analysis light scattering) technique,
respectively. For determination, the synthesized
AgNPs were dispersed in Milli-Q water, bath
sonicated for 5 min and measurements were carried
out at ambient temperature'®.

In vitro antioxidant assays
DPPH free radical scavenging activity

The DPPH free radical scavenging assay was
carried out following the method published in the
literature with slight modifications®™. Aliquots of
different concentrations (2.5, 5,10, 20, 40, and
80 ug/mL) of aqueous seed extracts of TA and
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Fig. 1 — Schematic diagram illustrating the green synthesis of silver nanoparticles from Trachyspermum ammi aqueous seed extract
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TA-AgNPs were mixed with 3 mL of methanol
containing 0.1 mM DPPH radicals. The reaction
mixture was incubated in a dark place for 30 min at
room temperature. Following incubation, 250 pL of
supernatant was transferred into 96 well microplate
and absorbance was measured at 517 nm using
ELISA reader. The DPPH solution without the
TA extract and TA-AgNPs was served as control and
methanol was used as blank. The standard utilized
was ascorbic acid. The following formula was used to
compute the radical scavenging activity, which is
evaluated as % inhibition. [(Absorbance of control-
absorbance of test)/Control absorbance] x 100.
A graph was plotted by taking concentration against
percentage inhibition and ICs, values were obtained
using Graph pad prism program.

Ferric reducing antioxidant power (FRAP) assay

Different concentrations of aqueous seed extracts
of TA and TA-AgNPs, ranging from 5 to 80 pg/mL,
were treated with a solution containing 2.5 mL of 1%
w/v potassium ferricyanide and 2.5 mL of phosphate
buffer (20 mM). The resulting mixture was then kept
for 30 min at a temperature of 50°C. To the
aforementioned solution, 2.5 mL of trichloroacetic
acid (10% w/v) and 0.5 mL of ferric chloride (0.1%
w/v) were introduced and allowed to incubate for
10 min. The absorbance measurement was conducted
using a UV-visible spectrophotometer at 700 nm.
The experimental standard used was ascorbic acid®.

Phosphomolybdenum Assay (PM)

Different concentrations of aqueous seed extracts
of TA and TA-AgNPs, ranging from 5 to 80 pg/mL,
were separately added to each test tube containing
a mixture of distilled water and Molybdate reagent
in a ratio of 3:1. The tubes were subjected to
incubation at a temperature of 95°C for 90 min. After
90 min, the tubes were allowed to return to ambient
temperature for the duration of 20 to 30 min,
following which the absorbance was quantified at
700 nm. The experiment included ascorbic acid as the
standard™.

In-vitro antifungal activity of TA-AgNPs

The antifungal activity of the synthesized TA-
AgNPs was evaluated against a variety of pathogenic
strains, including Candida albicans (ATCC10231),

Candida  parapsilosis  (ATCC22019), Candida
tropicalis  (ATCC750) and Aspergillus niger
(ATCC66275).
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Minimum inhibitory concentration (MIC)

To ascertain the MIC of TA-AgNPs against the test
fungal pathogens under investigation, a 96-well
microtitre plate was employed. A two-fold dilution of
the TA-AgNPs (ranging from 0.20 to 100 pg/mL) was
prepared using an autoclaved medium on a 96-well
microtitre plate. Each well was inoculated with 10 pL
of the 12 h developed culture, whereas the control
group, which did not include TA-AgNPs, was
incubated overnight. The visible turbidity of the tubes
before and after incubation is taken into consideration
when calculating the MIC*".

Minimum Bactericidal Concentration (MBC)

The micro broth dilution method was employed to
conduct the MBC test for TA-AgNP's. Two-fold
dilutions of different concentrations (0.20- 100
pg/mL) of the TA-AgNPs were made for treatment.
To ascertain the minimum bactericidal concentration
(MBC), cultures that had been cultivated for 12 h
were streaked onto agar plates containing different
concentrations of the TA-AgNPs. The MBC endpoint
is the lowest amount of an antimicrobial agent needed
to eradicate roughly 99.9% of the initial bacterial
population®’.

Agar well diffusion assay

The antifungal activity of the TA-AgNPs was
determined by the utilization of the agar well
diffusion test. The microorganisms were cultivated in
the nutritional broth overnight to achieve a colony-
forming unit (CFU) count of around ~10° per
milliliter. A volume of 100 pL from each fungal
culture was applied to the agar plates. The agar wells
(8 mm in diameter) were punctured using sterilized
micropipette tips and subsequently filled with
TA seed extract, AgNO; solution, a standard
antibiotic (fluconazole), and TA-AgNP's using
micropipette tips. The plates are thereafter placed in
an incubator and allowed to incubate for a period of
24 to 48 h at 37°C. The sizes of the inhibitory zones
were measured and recorded in millimeters (mm)®.

Hemolysis assay of AgNPs

The hemocompatibility of the TA-AgNPs was
assessed using a hemolysis assay, using a previously
reported protocol with minor adjustments™. A sample
of blood was obtained from a healthy donor in a
heparinized tube to prevent coagulation. The red
blood cells (RBC) were isolated with the addition of a
lymphocyte separation reagent (Hisep-LSM-1077),
followed by centrifugation at a reduced speed for 30
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min. The pellet of red blood cells (RBCs) was
thereafter rinsed multiple times with a Phosphate
buffer solution (PBS) at a pH of 7.4. Following this,
the RBCs were dispersed in 40 mL of PBS to create a
suspension for the hemolysis assay. A volume of 200
pL of RBC suspension was separately introduced into
varying concentrations of TA-AgNPs (5, 10, 50, and
100 pg/mL), as well as a 2% Triton-X solution
(serving as the positive control). The liquid portion
produced after subjecting a suspension of RBC
(without TA-AgNPs and Triton-X) to centrifugation
was designated as the blank. The samples are
incubated for 3h at ambient temperature. The
morphological alterations in red blood cells (RBCs)
were examined by applying a 10 pL sample of the
cells onto a glass slide that was free of grease, and
thereafter observing them using a microscope.
Following the incubation period, the mixture was
subjected to centrifugation at 5,000 rpm for 5 min at
4°C. The absorbance of the resulting supernatant was
measured at a wavelength of 560 nm using a
microplate scanning spectrophotometer (BIO RAD
iMark™). The experiment was conducted in
duplicate, and the percentage of hemolysis was
calculated using the following formula.

sampleabsorbance-blankabsorbance

%Hemolysis= x100

positivecontrolabsorbance-blank absorbance

Preparation of TA-AgNPs gel

The TA-AgNPs gel was made by accurately
weighing the required amount of carbopol-934 and
dispersing it in a beaker containing 8 mL of distilled
water. The beaker was set aside overnight at 4°C to
facilitate the swelling of the polymer. The required
amount of TA-AgNPs was introduced into the
carbopol dispersion while swirling continuously until
the AgNPs were fully dispersed. Both methyl paraben
and propyl paraben were included in the
aforementioned dispersion. Subsequently, the volume
was adjusted to 10 mL using distilled water, and
triethanolamine was incrementally introduced into the
formulation to get the desired gel consistency™*.

Evaluation of TA-AgNPs gel

A wvisual examination was performed on the
TA-AgNPs gel to check for color, consistency, and
phase separation. The pH of the TA-AgNPs gel was
determined by placing the glass electrode in the gel
and taking a reading. The viscosity was evaluated at
25°C using a cone and plate Brookfield viscometer
(Brookfield Engineering Laboratories, USA) utilizing
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spindle No.1. With the help of the spatula, 0.1 g of gel
was deposited in the middle of the viscometer plate
directly below the spindle, and its viscosity was
measured while spinning at 50 rpm. The spreadability
of TA-AgNPs gel (g.cm/s) was assessed by placing
the formulation onto glass slides with a length of 6 cm
and applying a weight of 20 g. The time in seconds
taken for the slides to separate was then recorded. The
spreadability was determined by utilizing the
following formula®.

S = (WxL)/T

Where S is spreadability, W is the weight applied to
the upper slide, L is the length of the glass slide and
T is time in seconds.

In vitro antifungal activity of TA-AgNPs gel by disc diffusion
studies

The evaluation of the antifungal efficacy of the
TA-AgNPs gel was conducted using the agar well
disc diffusion method. The pure cultures of fungal
pathogens were sub cultured in brain heart infusion
broth (BHI). With the use of sterile cotton swabs,
each strain was evenly distributed over the separate
plates. Wells with a diameter of 5 mm was created on
the brain heart infusion agar plate. A micropipette was
employed to dispense 50 pL of the 0.2% TA-AgNPs
gel sample and the commercially available Silverex™
ionic (0.2 % w/w AgNO; gel) onto each well of all the
plates. The plates were subjected to incubation at
37°C for 24 h. After 24 h, the zones of inhibition were
measured”’.

Statistical analysis

Data was statistically analyzed using GraphPad
Prism (GraphPad Software Inc., CA, USA). In-vitro
antioxidant assay and agar diffusion anti-fungal assay
results were examined using two-way ANOVA with
Tukey’s multiple comparison test. The ICsy values
were computed using GraphPad Prism software by
logarithmic transformation of the inhibitor versus
response data. P-values below 0.05 were statistically
significant. The % haemolysis assay results were
analysed using one-way ANOVA with Sidak’s
multiple comparison test.

Results and discussion
Phytochemical analysis

The phytochemical analysis of aqueous TA seed
extract showed the presence of alkaloids,
carbohydrates, flavonoids, terpenoids, tannins,
inorganic acids, proteins, and amino acids (Table 1).
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Similar results were previously reported in the
phytochemical profiling of 7. ammi crude extract used
for the synthesis and bioactivity studies of gold
nanoparticles'?. Various biomolecules and secondary
metabolites such as proteins, carbohydrate, amino
acids, vitamins, terpenoids, flavonoids, polyphenols,
and alkaloids present in the plant extract plays a key
role in the green synthesis of AgNPs by acting as
reducing and stabilizing agent. These biomolecules
are responsible for donating electrons to reduce the
Ag' to Ag”and organize the Ag’ into AgNPs*.

Characterization TA-AgNPs
Visual observation

The formation of AgNPs is confirmed by visual
observation of color change from pale yellow to dark
brown (Fig. 2). The change in the color of the
aqueous TA seed extract from pale yellow to dark
brown after the addition of AgNO; solution is caused
by the reduction of silver ions to AgNPs. Similar
types of color changes were observed during the
green synthesis of AgNPs from Tectona grandis seeds
extract’’ and pomegranate leaf extract'’.

UV-Visible spectroscopy

UV-visible spectroscopy is an efficient technique
to confirm the formation of metal nanoparticles in
aqueous solutions. AgNPs are known to exhibit a
surface plasmon resonance (SPR) band in the range of
400-500 nm due to the excitation of free electrons in
response to the incident light”. The location of the
SPR band also provides information about the size of
the synthesized nanoparticles. A peak shift towards a
shorter wavelength (blue shift) or narrow absorption
peak indicates small-sized AgNPs whereas a shift
towards a longer wavelength (redshift) and a broader
peak indicates large-sized AgNPs>’. The UV-visible
spectrum of AgNPs synthesized from aqueous seed

Table 1 — Phytochemical analysis of aqueous TA seed extract

S. No Phytoconstituents Results
1 Alkaloids +
2 Carbohydrates +
3 Flavonoids +
4 Glycosides -
5 Steroids -
6 Terpenoids +
7 Tannins -
8 Inorganic acids +
9 Protein +
10 Amino acid +
‘+’ indicate presence of phytoconstituents, ‘-’ indicate absent
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extract of TA is shown in (Fig. 2). The spectrum
shows the characteristic SPR peak at 419 nm
confirming the formation of AgNPs with smaller size.
Similar types of peaks were observed previously for
Punica granatum® and Leea indica AgNPs™.

FTIR

FTIR is an efficient technique to identify the
phytoconstituents responsible for the reduction and
stabilization of AgNPs. The active functional groups
found in the phytoconstituents including the -OH,
-NH,, and -CHO were oxidized by the silver ions.
A small shift in the position or absence of bands is
regarded as the indication of the reduction of metal
ions and formation of nanoparticles’’. The FTIR
spectrum of aqueous TA seed extract powder and
TA-AgNPs are presented in (Fig. 3A). The FTIR
spectra of aqueous seed extract of TA shown peaks at
3376, 2931, 2123, 1655, 1407, 1049, and 864 cm’
corresponding to stretching vibrations of —OH of

5
A - - Silver nitrate (AgNO;), .... TA-AgNPs, —TA extract

B

——
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Fig. 2 — UV-Vis absorption spectra of TA-AgNP’s, (A) TA seed
extract and 2mM silver nitrate, and (B) Visual observation of

colour change of TA seed extract, silver nitrate, and TA-AgNPs in
solution
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Fig. 3 — FTIR spectra of aqueous (A) TA seed extract, and
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phenols, C-H of alkanes, C=C of proteins, C=0 of
flavone, C=C of alkyne, C-O and N-H of amines
respectively. Compared with aqueous TA seed
extract, the TA-AgNPs spectrum (Fig. 3B) showed a
small shift in the peaks (3376 -3280 cm™, 2931- 2924
cm’, 1655- 1653 cm’, 1407-1399 cm™ and 1049 to
1044 cm™). Further, the peaks at 2123 and 865 cm’
were completely disappeared. These results suggest
that —OH, C-H, C=0, C=C, and N-H groups present
in the phytoconstituents were accountable for the
reduction of silver ions and the formation of AgNPs.
These results are in good agreement with previous
studies that reported the involvement of -OH in the
formation of AgNPs using the green synthesis
method. The -OH group of phenols donates an
electron to reduce Ag+ and hence act as a reducing
agent and the carbonyl and primary amine group of
protein can bind the metal surface. Hence, they act as
capping and stabilizing agent".
XRD

XRD pattern analysis was used to confirm the
crystalline structure of the synthesized AgNPs. The
XRD spectrum of TG-AgNPs is shown in (Fig. 4).
Four diffraction peaks were observed at 26 values of
38.11°, 46.92°, 65.20° and 77.70° that were indexed

400

300

Intensity (cps)
N
(=4
(=]

(1) (200)

100
(220) (311)

0

0 10 20 30 50 60 70 80

40
20 (deg)

Fig. 4 — XRD pattern of AgNP’s synthesized by TA aqueous
extract
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to (111), (200), (220) and (311) planes respectively.
The presence of diffraction peaks and their reflection
planes indicated that the synthesized TA-AgNPs were
crystalline with a face-centered cubic (FCC) structure.
The present findings were in good agreement with
the previous studies for AgNPs synthesized using
Perilla frutescens leaf extract®™ and Tectona grandis
seeds extract™.

TEM, EDX and SAED

TEM is used to analyze the size, shape, and
morphological characteristics of the synthesized Ag-
NPs. The TEM image of TA-AgNPs is shown in
(Fig. 5A). The synthesized AgNPs were predominantly
spherical, with a size ranging from 15-26 nm, and well
dispersed with few traces of clusters. Our TEM results
were consistent with previously published reports®.
EDX is employed to ascertain the elemental
composition and purity of the AgNPs. The EDX
spectra (Fig. 5B) of TA-AgNPs depicted a sharp peak
located at 3 keV confirming the presence of silver in
the synthesized AgNPs. The Ag element accounted
for 9640 % of the total weight composition.
EDX also revealed the presence of some minor peaks
corresponding to other elements such as oxygen (O)
and nitrogen (N). These may be due to the presence of
moieties of phytoconstituents which are involved in the
capping and stabilization of AgNPs. Similar results
were obtained for AgNPs synthesized using aqueous
fruit shell extract of Tamarindus indica®. In addition to
XRD, the SAED pattern is also used to determine the
crystalline structure of AgNPs. The SAED pattern
displayed four circular bright rings indexed to (111),
(200), (220), and (311) are the characteristic reflection
of the face-centered cubic crystalline structure of silver
(Fig. 5C). The findings of the present study comply
with other published reports™.

Particle size, PDI and ZP
The particle size, PDI, and ZP of TA-AgNPs were
determined by a Zetasizer instrument. The DLS

B (==
S.No | Element Weight% | Atomic %
1 N 2.02 11.85

z » 2 o 1.58 7.78

| 3 Ag 96.40 80.37
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L 110nm™

Fig. 5— (A) TEM image, (B) EDX spectra, and (C) SAED pattern of synthesized TA-AgNPs
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technique is used for the measurement of
hydrodynamic size whereas the M3-PALS (phase
analysis light scattering) technique is used to
determine the electrophoretic mobility of AgNPs.
The size, PDI, and ZP of the TA-AgNPs were found
to be 101 nm, 0.270, and - 41.7 mV respectively
(Fig. 6A & B). The particle size obtained from
the Zetasizer was found to be bigger when compared
to the TEM. The difference in particle sizes measured
by TEM (15-25 nm) and DLS (101 nm) is a
commonly reported phenomenon in nanoparticle
characterization. TEM assesses the actual metallic
core diameter in its dried state, while DLS evaluates
the hydrodynamic diameter in suspension, comprising
the metallic core, surface-attached phytochemicals
from 7. ammi extract, and the associated solvation
layer. Furthermore, as DLS provides an intensity-
weighted distribution, larger particles or small
aggregates significantly influence the measurement
(because scattering intensity is proportional to the
sixth power of particle radius), thus overestimating
the mean hydrodynamic size. Even in minimal
proportions, these larger particles can obscure the
influence of smaller nanoparticles and increase the
average size. An additional factor contributing to
this discrepancy is the radius of curvature
effect: smaller nanoparticles, due to their higher
surface curvature, adsorb a greater quantity of
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phytochemicals, ions, and water molecules, resulting
in a thicker solvation/capping layer that increases the
hydrodynamic diameter measured by DLS in contrast
to the core size observed by TEM*'*2. The PDI value
0.270 indicates that the distribution of TA-AgNPs
was monodisperse. The ZP measurement gives
valuable information about the surface charge and the
ultimate stability of AgNPs. The ZP values greater
than + 30 mV or — 30 mV indicate the high stability
of AgNP colloidal dispersion. The TA-AgNP’s ZP
value of -41.7 mV specifies that synthesized
nanoparticles are extremely stable with no
aggregation due to strong electrostatic repulsive
forces between the particles. The present study
findings were consistent with the previous
reports where higher negative ZP values of
-67.2 mV", and -33.8 mV were obtained for AgNPs
synthesized from pomegranate leaf'’ and walnut green
husk extract’.

In vitro antioxidant assays

An overabundance of reactive oxygen species
(ROS) in the body has been implicated in numerous
disorders, including cancer, aging, cataracts, diabetes,
heart disease, and brain disorders. Antioxidants are
vital in disease prevention because of their radical
scavenging capabilities, which stop free radicals
before they damage cells and other biological

Size Distribution by Intensity
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Fig. 6 — Particle size (A), and zeta potential (B) of TA-AgNP’s



PERAM et al.: AIWAIN-MEDIATED SILVER NANOPARTICLES WITH ANTIFUNGAL EFFICACY

targets’’. Three separate assays, DPPH, FRAP, and
FM were conducted at concentrations ranging from
2.5 to 80 ug/mL, to provide a precise assessment of
the antioxidant capabilities of aqueous TA seed
extract and synthesized TA-AgNPs.

DPPH free radical scavenging activity

The most common method for testing the
antioxidant potential of plant extract or synthetic
compounds is to utilize DPPH, a stable nitrogen-
centered free radical”’. The DPPH scavenging activity
of the aqueous TA seed extract and TA-AgNPs is
depicted in (Fig. 7A). It is evident from the figure that
both aqueous TA seed extract and TA-AgNPs can
scavenge free radicals, and their inhibitory action is
concentration-dependent. The % inhibition was 81.16 £
0.98, 70.93 £ 0.32, and 52.32 + 0.31 for ascorbic acid,
TA-AgNPs, and aqueous TA seed extract at 80 pug/mL
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respectively. Compared to aqueous TA seed extract,
TA-AgNPs showed superior DPPH scavenging activity
(P< 0.001) at all the tested concentrations. One
possible explanation for this could be the selective
adsorption of antioxidant moieties found in the plant
extract onto the nanoparticle surface during the capping
and stabilization processes®®. Nevertheless, compared
to the standard ascorbic acid, the percentage inhibition
values for TA-AgNPs and TA seed extract were lower.
These results were similar to previously published data
where Alpinia katsumadai seed extract-mediated
AgNPs showed better DPPH scavenging activity than
that of Alpinia katsumadai seed extract™.
FRAP

The FRAP assay relies on the fast conversion
of Ferric cyanide (Fe’") to Ferro cyanide (Fe")
by the action of antioxidants found in the plant
extract. The reduction caused the test solution to

0.29 [EB TA seed extract @8 TA- AgNPs Bl Ascorbic acid

B Hi
i

OD at 700 nm
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Fig. 7 — In vitro antioxidant activity of TA-AgNPs, TA-extract and Ascorbic acid by using (A) DPPH, (B) FRAP; and (C) PM assays.
Data are mean = SD of three independent experiments. Two-way ANOVA was used in the statistical analysis with Tukey’s multiple
comparison test. Significant difference indicated as *** P <0.001 between TA seed extract vs. TA-AgNPs, and; *#P <0.001 between TA
seed extract vs. ascorbic acid
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shift color from yellow to a range of blue and green
hues which was measured spectrophotometrically
at 700 nm®. As illustrated in (Fig. 7B), the reducing
power of aqueous TA seed extract and TA-AgNPs
increased with an increase in the concentration
which can be evident from the increase in the
absorbance values. However, a significant increase
in absorbance values for the TA-AgNPs compared
to aqueous TA seed extract at all tested concentration
indicate that TA-AgNPs have the highest reducing
power. The results were consistent with
previous investigations, which found that AgNPs
produced from Prosopis farcta fruit extract had a
much greater reducing power compared to the
extract itself®”.

PM

The PM technique was used to assess the total
antioxidant activity of the sample. This is a
calorimetric quantitative technique that evaluates the
reduction in Phosphate-Mo (VI) to Phosphate-Mo (V)
caused by the sample, resulting in the development of
a bluish-green colored Phosphate-Mo (V) complex.
As shown in Fig.7C, absorbance values were
increased with an increase in concentration from
2.5-80 pg/mL for TA seed extract, TA-AgNPs, and
ascorbic acid. However, the TA-AgNPs exhibited
significantly higher antioxidant activity than the TA
seed. Similar results have been reported in previous
literature™.

The enhanced antioxidant potential of the phyto-
fabricated AgNPs in all three distinct assays could be
attributed binding of phytoconstituents such as
flavonoids to the surface of AgNPs, their large

surface-to-volume ratio and crystalline surface
structure”.

In-vitro antifungal activity

MIC and MBC

The values of MIC and MBC of TA-AgNPs against
the test pathogens were mentioned in (Table 2). The
values of MIC of TA-AgNPs against test pathogens
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such as C. albicans, A. niger, C. tropicalis,
C. parapsilosis were found to be in the range of 0.4
to 1.6 pg/mL. Among all the tested fungi,
C. parapsilosis was more sensitive (MIC - 0.4 pg/mL)
to TA-AgNP’s. The pleomorphism and variations in
the structural organization of their cell walls could
explain the variation in MIC. Literature reports few
studies where green synthesized silver nanoparticles
from various parts of plant extract showed notable
antifungal activity against different fungal species.

The MIC values of AgNPs synthesized from
M. oleifera leaf extract’’” and Lycopersicon
esculentum extracts®® against C. albicans and

C. parapsilosis were found to be 6.25ug/mL and
8 nug/mL respectively. The MIC values of tulsi extract
mediated AgNPs against the C. albicans and
C. tropicalis were found to be 60 and 30 pg/mL
respectively®. Based on the MIC values mentioned
earlier, it can be inferred that AgNPs made from
aqueous TA seed extract have more efficacy against
the tested pathogens compared to AgNPs made from
other plant extracts. The MBC values of TA-AgNPs
were found to be in the range of 3.2 pug/mL to
50 pg/mL against C. albicans, A. niger, C. tropicalis,
C. parapsilosis. After taking the MIC and MBC
values into account, the optimal concentration for disc
diffusion studies was determined to be 50 pg/mL,
which can effectively kill the tested pathogens.

Agar well diffusion method

The TA-AgNP’s were analyzed for their antifungal
activity against C. albicans, A. niger, C. tropicalis,
and C. parapsilosis by disc diffusion method.
The results obtained are shown in (Table 2). By
comparing the zone of inhibition, it was observed that
TA-AgNPs showed a larger zone of inhibition than
TA seed extract and silver nitrate, which implies the
significant antifungal activity of TA-AgNPs on all test
pathogens. This may be attributed to the smaller size
to larger surface area ratio of AgNPs. Smaller AgNPs
(10 nm) had a greater lethal impact on microbes than

Table 2 — MIC and MBC of biosynthesized TA-AgNPs and zone of inhibition (mm) of TA-AgNPs, silver nitrate,
aqueous TA seed extract and fluconazole

S. No Fungi MIC (ug/mL) MBC (ug/mL)
1 C. albicans 0.8 6.25

2 C. Parapsilosis 0.4 50

3 C. Tropicalis 1.6 25

4 A. niger 0.8 3.2

Zone of Inhibition (mm)

TA-AgNP’s  Silver nitrate TA seed extract Fluconazole
12 10 R 30
15 13 R 35
15 12 R 40
18 10 R 25

MIC — minimum inhibitory concentration, MBC - minimum bactericidal concentration, TA-AgNPs - Trachyspermum ammi silver

nanoparticles, R- resistant
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larger ones (20-80 nm), according to earlier research.
Cell membranes can be easily penetrated by AgNPs
of lower sizes”. The AgNPs' antifungal action is
probably related to the generation and build-up of free
radicals and reactive oxygen species, which can harm
cell walls, metabolic pathways within cells, and
proteins on the surface of cells, or even nucleic
acids*""*. However, it is still necessary to investigate
the precise mechanism of AgNPs.

Hemolysis assay

Blood can transport foreign substances to cells,
tissues, and organs. Hence, it is required to study the
nano-toxicity of AgNPs in blood, particularly on red
blood cells (RBC). Hemolysis assay was performed to
study the hemocompatibility nature of the
biosynthesized AgNPs. The percentage hemolysis of
TA-AgNPs at different concentrations (5, 10, 50, and
100 pg/mL) on red blood cells is presented in
(Fig. 8D). TA-AgNPs showed hemolysis activity in
dose dose-dependent manner. At a lower dose
(5 pg/mL) it showed 0 % hemolysis, at a dose
(10 pg/mL) it showed 2.12 %, at a dose (50 pg/mL) it
showed 7.31 % hemolysis and at a higher dose
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(100 pg/mL) it showed 19.19 % hemolysis. In order
to assess the hemocompatibility of a material, the
degree of hemolysis can be classified into distinct
groups, namely extremely hemocompatible (less than
5% hemolysis), hemocompatible (between 5% and
10% hemolysis), and non-hemocompatible (more than
20% hemolysis)®. Thus, the current study findings
indicate good hemocompatibility of TA-AgNPs. These
results were further supported by morphological
observations of RBC under microscope. Figure 8B
illustrates that the RBC shape is not adversely altered
by TA-AgNPs (100 pg/mL); instead, the membrane
remains intact, much like in the control cells (Fig.
8A). However, RBC treated with Triton X are
wrinkled and ruptured to liberate haemoglobin (Fig.
8C). Similar results were reported by previous study
where extract of crushed, wasted, and spent
Humuluslupulus stabilized AgNPs exhibited excellent
hemocompatability up to 500 pg/mL concentration®.
Evaluation of gel

The prepared gel was homogenous, clear and free
from any particulate matter, clumps and aggregates.
The formulated TA-AgNPs gel pH was determined to
be 6.7 which are near to the skin pH hence it is

-
1=
=

% % Haemolysis
3

10 50 100  Triton-X
Concentration (ug/mL)

Fig. 8 — Microscopic images of human RBC. (A) Untreated negative control; (B) treated with TA-AgNPs; (C) treated with Triton X 100;
and (D) % haemolysis assay of TA-AgNPs. One-way ANOVA was used in the statistical analysis with Sidak’s multiple comparison test.
Significant difference indicated as *** P<0.001 between TA-AgNP at different concentrations and Triton-X
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Fig. 9 — Agar diffusion anti-fungal assay of the TA-AgNPs
and Silverex™ gel on (A) C. albicans; (B) C. tropicalis;
(C) C. parapsilosis; (D) A. niger and comparative study of zone of
inhibition of TA-AgNP gel; and Silverex™ gel; and (E) in
different fungal strains. Two-way ANOVA was used in the
statistical analysis with Tukey’s multiple comparison test.
Significant difference indicated as *** P<0.001 between TA-
AgNP gel and Silverex™ gel

thought to be compatible with skin. The viscosity of
the gel reflects its consistency. The viscosity of the
prepared TA-AgNPs gel was found to be 279 + 2 cps
indicating good consistency. The spreadability value
TA-AgNPs gel was found to be 23.16 £ 0.51733
g.cm/sec demonstrating it uniform and faster
spreadability on to skin®.

In-vitro anti-fungal activity of TA-AgNPs gel

The in-vitro anti fungal activity of the prepared
TA-AgNP’s gel was performed by agar well diffusion
method. The Figure 9 A-E shows the images of zone
of inhibitions of TA-AgNP’s gel and marketed
formulation against C. albicans, A. niger, C. tropcalis,
C. parapsilosis. The zone of inhibition values for TA-
AgNPs gel was observed to be higher than that of the

INDIAN J. BIOCHEM. BIOPHYS., VOL. 62, DECEMBER 2025

commercial product (Silverex™). This may be
attributed to the good dispersion capability of TA-
AgNPs in the gel formulation which helps in the
better penetration of nanoparticles into the cell wall of
the fungi thereby showing good antifungal activity
than the commercial AgNO; gel*. Furthermore
in vivo studies in animal models need to be conducted
to validate the antifungal activity demonstrated
in vitro, which will provide stronger translational
relevance to our findings.

Conclusion

The present study successfully used aqueous TA seed
extract, an environmentally safe and eco-friendly
method, to phytofabricate silver nanoparticles. The
colour change and UV-Vis spectroscopy demonstrated
the AgNPs' production. The crystalline structure of the
nanoparticles is verified by XRD and SAED, while
EDX confirms the presence of the silver element.
According to FTIR data, the proteins, phenols, and
polyphenols present in aqueous TA seed extracts are
crucial for the reduction of silver ions. The TEM
analysis confirmed synthesized AgNPs were spherical
and has particle size of 15-26 nm. The higher ZP values
of -41.7 mV indicate the good stability of synthesized
AgNPs. DPPH, FRAP, and PM assays verified the high
level of antioxidant activity of TA-AgNPs. The lack of
toxicity towards red blood cells confirms the
hemocompatibility of
the synthesized TA-AgNPs. The gel loaded with
TA-AgNPs exhibits good spreadability and consistency.
The in vitro antifungal studies on different fungal strains
confirmed that the TA seed extract-mediated silver
nanoparticles and TA-AgNPs loaded gel demonstrated
significant  antifungal  action.  Future  studies
incorporating NMR analysis and in vivo animal studies
will provide deeper mechanistic insights and enhance
the translational significance of our findings.
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