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This is the first study that reports in vivo antifungal efficacy of cucumber-derived
green synthesized silver and gold nanoparticles (Ag and Au NPs) against root-rot
disease of mungbean caused by Macrophomina phaseolina. Numerous spectral
and morphological studies including UV-=Vis, FT-IR, TGA, DLS, TEM, SEM, and
EDX were performed that determine the successful preparation of Ag/Au NPs and
confirmed their particle size and crystalline structure. The biosynthesized NPs
were first tested under in vitro condition which showed 55%-74% mycelial
inhibition of M. phaseolina. In vivo experiment clearly demonstrated that both
the nanoparticles significantly controlled root-rot disease of mungbean.
Maximum control of disease (47%) was found with Ag NPs at 100 ppm with
significant improvement in the plant growth (38%-45%) and yield (59%). Au NPs
(100 ppm) also gave a satisfactory control of root-rot disease (42%) and increased
grain yield of infected plants by 49%. As the results of TGA revealed that Ag NPs
were thermally more stable than Au NPs, hence, additionally we explored the
impact of Ag NPs on thermally-activated delayed fluorescent (TADF) organic LED
performance to broaden their application potential. We found that incorporating
Ag NPs into hole-injection layer significantly enhances the performance of TADF
organic LED. This research not only demonstrates the potential of green-
synthesized Ag and Au NPs as effective nanofungicides for mungbean root-
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rot disease management, but also highlights their promising role in enhancing the
performance of advanced electronic devices such as TADF organic LEDs, thus
broadening their scope of application in both agriculture and optoelectronics.
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silver nanoparticles, gold nanoparticles, cucumber, mungbean, antifungal activity, TADF

organic LED

1 Introduction

Nanotechnology has emerged recently as very important tool to
boost the agricultural output through the use of nanoparticles either
by suppressing economically important plant diseases or by serving
as plant growth regulators. Nanoparticles (NPs) refers to atoms that
has a diameter in the range of 1 nm-100 nm (Auffan et al., 2009;
Parveen et al., 2022). NPs of some noble metals, e.g., silver, platinum,
gold, copper, zinc, magnesium, and titanium, have gained great
attention in recent years (Kanimozhi et al., 2022; Shubhashree et al.,
2022; Lal et al., 2021). “Green” synthesis of nanoparticles has gained
importance during past few years to attain sustainability in the
environment (Spinoso-Castillo et al., 2017). Although, chemical as
well as physical methods are available to synthesize NPs, yet at same
time they are accompanied with hazardous chemicals
posing toxicity.

In this instance, plant-mediated synthesis of the metal NPs is an
alternativedue to its low toxicity, environmental friendliness, short
time consumption and cost effectiveness (Gengan et al., 2013).
Furthermore, plants are easily available and serve as excellent
source of secondary metabolites including polyphenols,
alkaloids,

ketones, aldehydes, amines, and tannins, that perform as good

polysaccharides, flavonoids, proteins, terpenoids,
reducing, stabilizing and capping agents during formation of
metal NPs from the metal ions (Dhayalan et al, 2018;
Niluxsshun et al., 2021). Fruit extracts contain strong reducing,
stabilizing as well as capping agents (Jain et al., 2009). Some reports
are available in the literature showing synthesis of silver NPs by
using fruit extract of cucumber, European wine grape, bilimbi,
papaya and apple (Jain et al., 2009; Rimal Isaac et al., 2013; Roy
etal,, 2015) as well as synthesis of gold NPs by using the fruit extract
of bilimbi, red raspberry, strawberry, and blackberry (Rimal Isaac
et al.,, 2013; Demirbas et al., 2019).

Plant diseases pose a serious threat to cultivation of several
economically important crops (Khan et al, 2010; Shahid et al,
2023a; Shahid et al., 2023b; Shahid et al, 2024a). Hence, its
management is very necessary to prevent the losses (Khan et al,
2012; Shahid et al, 2023c; Shahid et al, 2024b). Plant disease
management using NPs is progressing increasingly throughout the
globe. Metal NPs specifically, have been widely explored and reported to
have strong antifungal characteristics, hence since few years they have
been utilized for the suppression of plant pathogenic fungi (Ahmed
et al,, 2016; Kong et al., 2020). Mungbean is an important legume crop
and its productivity is greatly affected by root-rot disease caused by
fungus, M. phaseolina which is a very destructive disease that causes
substantial losses to the crop (Shahid and Khan, 2016a; Tandel et al.,
2010). Current studies on management aspects of root-rot of mungbean
have shown that various methods have been used for controlling the
pathogenic fungus, but its management is very challenging because of
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the seed and soil borne nature of the pathogen which makes the disease
management very difficult. In the recent years, a lot of efforts have been
constantly conducted to find the alternatives to the chemical fungicides
used to control soil-borne infections because of the adverse effects of
chemicals on human and environment (Meena et al., 2020; Khan et al.,
2011; Khan et al., 2017; Ahmad et al., 2020). In order to overcome this
problem, use of nanoparticles can be served as an alternative method for
its management which is eco-friendly and effective. Although, efficacy
to control some of the plant diseases has been reported for a variety of
nanoparticles including silver NPs, gold NPs, magnesium NPs, copper
NPs, titanium NPs etc., (Dizaj et al., 2014; Abou-Salem et al., 2022;
Abdallah et al, 2022), but these NPs are still being explored for
numerous other important plant diseases against which these have
not been tested so far.

Even though some researchers have reported the antifungal
effect of only silver NPs (but not gold NPs) against M.
phaseolina only under in vitro condition, however, to date, there
is no data on testing the effect of biosynthesized silver and gold NPs
against root-rot disease of mungbean caused by M. phaseolina under
in vivo condition. In particular, very little is known about the
influence of gold NPs on the plant diseases. Hence in this paper,
we report for the first time the in vivo effects of green synthesized
silver and gold nanoparticles against root-rot disease of mungbean
caused by M. phaseolina.

In addition, the effect of Ag NPs was also examined on the
performance of advanced electronic devices such as thermally-
(TADF) organic LED through
incorporation of Ag NPs into hole-injection layer in order to widen

activated  delayed  fluorescent

their application potential. Hence, this study also aimed to evaluate the
influence of Ag NPs on the optical and electrical properties of TADF
OLED:s, focusing on parameters such as luminance efficiency, current
density, and external quantum efficiency (EQE). By leveraging the
plasmonic effects of Ag NPs, enhancements in charge injection, light
extraction, and recombination efficiency were anticipated (Liang et al,
2024; Georgiopoulou et al, 2024; Lee et al, 2023). Comparative
simulations were conducted with and without Ag NPs to assess their
impact, providing insights into the potential of nanoparticle
incorporation as a strategy for optimizing next-generation OLED devices.

2 Materials and methods

2.1 Collection of cucumber fruits
and chemicals

The freshly harvested fruits of cucumber were collected from the
experimental fields of ICAR-Indian Agricultural Research Institute
(TIARI), New Delhi, India. The extract of cucumber (Cucumis
sativus) fruits was used for green synthesis of nanoparticles. For
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FIGURE 1
Freshly harvested cucumber fruits collected from IARI fields.

FIGURE 2
Pure culture of M. phaseolina on PDA.

preparing the fruit extract, fresh and clean cucumbers were selected
(Figure 1). Silver nitrate (AgNO;) and chloroauric acid (AuHCl,)
required for the synthesis of NPs were purchased from Sigma-
Aldrich, India Ltd. and were of analytical grade. All the other
chemicals that were used during the synthesis of NPs were used
as such without further purification. Triple distilled deionized water
(H,O) was used throughout the synthesis.

2.2 Isolation of the pathogen
The root-rot fungus, M. phaseolina was isolated from mungbean

plants showing symptoms of wilting and rotting from IARI fields.
The fungus was identified through cultural and morphological
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characters (Dhingra and Sinclair, 1978), and the species was
confirmed. Thereafter, the fungus was sub-cultured on Petri
plates poured with Potato Dextrose Agar (PDA) and pure culture
was maintained (Figure 2). Koch’s postulates were followed to
confirm the root-rot

pathogenicity of the fungus on

mungbean plants.

2.3 Green synthesis of Ag NPs and Au NPs

To prepare the cucumber (Cucumis sativus) fruit extract, fresh
cucumbers (~100 g) were cut into small pieces and then crushed by
means of a grinder. The crushed material was thereafter filtered and
centrifuged for 5 min at 5,000 rpm. After centrifugation, a clear soup
of cucumber extract was obtained. 0.01 M of aqueous solution of
AgNO;/AuHCl, was prepared for the synthesis of Ag/Au NPs. To
reduce Ag+/Au+ ions present in AgNOs/AuHCl, solution,
cucumber fruit extract (100 mL) was added drop wise to each
solution. The reacting mixtures were put under incubation at
25°C-30°C and after few hours, characteristic colour change in
the solutions was observed. On completion of the reaction, each
mixture was centrifuged for 40 min at 10,000 rpm which lead to
separation of the colloidal particles from other components of the
reaction mixture. The supernatant of the centrifuge tube was
discarded and the precipitate which was accumulated at the
bottom was redispersed in 10 mL of triply distilled deionized
H,O. The centrifugation of the formed suspension was done
again for 20 min at 5,000 rpm to get complete removal of the
residue. Finally, the formed pellet inside the centrifuge tube was
collected and dried completely to obtain the powdered form of
nanoparticles. The biosynthesized silver and gold NPs were then
characterized through different instrumental analytical techniques
to confirm the formation of nanoparticles.

2.4 Characterization techniques

2.4.1 Ultraviolet—visible spectroscopy (UV-Vis)

The UV-visible spectra of cucumber synthesized Ag NPs and
Au NPs was recorded on a UV-visible spectrometer (Lambda
25 PerkinElmer UV Win Lab 6.0.4.0738/L) at room temperature
in the range of 200-600 nm in a quartz cuvette using distilled water
as a solvent with scan rate of 600 nm/min.

2.4.2 Fourier transforms infrared (FT-IR)
spectroscopy
FT-IR spectra of the cucumbersynthesized Ag NPs and Au NPs
Perkin  Elmer
Germany

were recorded on a Spectrum  Version
10.4.00 pellet.  The

measurements were done in between 400 and 4,000 cm™.

spectrometer, using KBr

2.4.3 Dynamic light scattering (DLS)

The particle size of Ag NPs and Au NPs synthesized from
cucumberand its distribution were confirmed by spectroscatter
201 instrument. The samples of NPs are ultrasonicated for
30 min and the analysis was carried out at constant temperature
(20°C) for both the samples of NPs at central instrumentation facility
(CIF), Jamia Millia Islamia, New Delhi, India.
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2.4.4 Transmission electron microscopy (TEM)
The morphology and microstructure of the particles were
studied by high resolution transmission electron microscope. A
TEM JEMI1011JEOL, Japan, 2013
microscope with photographic systems at IARI, New Delhi was
used to ascertain the size and shape of the cucumber synthesized Ag
NPs and Au NPs. The powdered nanoparticles were dissolved in

instrument, electron

sterilized distilled water and sonicated for 30 min in a sonicator. It
was deposited on a copper coated grid at room temperature and the
grid was allowed for drying before the TEM measurement was done
to confirm the formation of Ag NPs and Au NPs, and to study their
sizes and shapes.

2.4.5 Scanning electron microscopy (SEM)

The morphological analysis of Ag NPs and Au NPs synthesized
fromcucumber was carried out using a JSM-6510, SEM Version
1.0 at an accelerating voltage of 15 kV, to ascertain the morphology
of the NPs derived from cucumber.

2.4.6 Energy-dispersive X-ray analysis (EDX)

EDX analyse the types and the quantity of elements at the
nanomaterial surface or in the vicinity of surface to provide
specimen map. EDX spectra shows the chemical composition of
the nanoparticles which confirms the formation of Ag NPs and Au
NPs synthesized from cucumber.

2.4.7 Thermal gravimetric analysis (TGA)

The thermal stability of Ag NPs and Au NPs was investigated by
thermogravimetric analysis (TGA) using thermal analyzer-V2.2A
DuPont 9,900. The samples of the NPs were heated from
300°C-800°C in the nitrogen atmosphere at the flow rate of
200°C /min.

2.5 Antifungal effect of Ag NPs and Au NPs

2.5.1 In vitro efficacy of Ag NPs and Au NPs against
the root-rot pathogen, M. phaseolina

In vitro test is necessary before conducting the experiment under
in vivo condition to ensure the efficacy of the tested NPs. Antifungal
activity of Ag NPs and Au NPs under in vitro condition was
investigated using poisoned food technique (Dhingra and
Sinclair, 1985). Each of the two nanoparticles was prepared at
concentrations of 25, 50, and 100 ppm (pg/mL). The different
concentrations of each NPs were separately amended with
sterilized PDA medium and then pouring was done in petri
plates of 9 cm diameter. Thereafter, the fungus was inoculated in
the amended PDA plates. A 5 mm disc was cut from 7 days old
culture of M. phaseolina and placed centrally in the Petri plate. A
PDA medium without nanoparticles served as a control. Each
treatment was replicated three times. The plates were then
incubated at 25°C + 2°C. The mycelial growth of the fungus was
measured when the linear growth of the control colony had been
completed (after 7 days).After incubation, the diameter of the fungal
colony was measured and the percent growth inhibition was then
calculatedaccording to Vincent’s formula (Vincent, 1947):

PI = [(C-T)/C] x 100,
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FIGURE 3
Mass culture of M. phaseolina on sorghum seeds.

Where, PI = Percent growth inhibition.
C = Diameter of colony of the test pathogen in control (mm).
T = Diameter of colony of the test pathogen in treatment (mm).

2.5.2 In vivo efficacy of Ag NPs and Au NPs on the
root-rot disease of mungbean inoculated with the
root-rot pathogen, M. phaseolina

The in vivo experiment was conducted at the Division of Plant
Pathology, IARI, New Delhi, India. Pots of 12-inch diameter were
filled with a mixture of steam sterilized loam soil + farmyard manure
in ratio of 3:1. The pots were organized in a completely randomized
block (CRD) design.

The pathogen inoculum was mass culturedon sorghum seeds in
500 mL conical flasks by inoculating with mycelial discs of 3 mm
diameter cut from 5 days old culture of M. phaseolina (3 discs/flask)
and incubated for 7 days at 25°C + 2°C (Figure 3). The fungus
colonized sorghum seeds were then grinded along with distilled
water using a mixer grinder. 20 mL of this suspension (having
inoculum level of 5 gM. phaseolina colonized seeds/kg soil) was
added in the pots filled with soil and mixed thoroughly. The
inoculation was completed 2 days prior to seed sowing.

The seeds of mungbean (Vigna radiata) cv. T-44 were sown in
each of the pot and at same time, 50 mL of each nanoparticle
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concentration (25, 50, and 100 ppm) was added to the pots each
alone. Before the incorporation into the soil, the suspension of each
nanoparticle was sonicated for 30 min with the help of sonicator.
Pots without NPs and fungus served as control (uninoculated), while
pots without NPs but having fungus served as control (inoculated).
There were total 14 treatments and 3 replications/treatment in the
experiment.

Plant growth parameters were estimated at harvesting time,
i.e., after 3.5 months of sowing. For calculating the grain yield/plant,
the pods were summed up from three individual harvests since
harvesting of the pods was done three times in a season (2.5, 3.0, and
3.5 months). Disease severity in terms of root-rot index was
recorded at harvest on a 0-5 scale (0: No rotting, 1: 1%-20%
rotting, 2: 21%-40% rotting, 3: 41%-60% rotting, 4: 61%-80%
rotting and 5: 81%-100% rotting).

2.6 Statistical analysis

Data recorded from 3 replicates for each of the treatment were
averaged and the mean value was presented in the tables and graphs.
R statistical software (R Development Core Team, 2011) was utilized
for analysis of the collected data. Least Significant Difference (LSD)
was calculated for all the variables for comparing the mean
differences of individual treatments at P < 0.05 (Dospekhov,
1984). Single factor ANOVA was performed for collected data on
root-rot severity, while two factor ANOVA was done for the data
onplant growth and yield. The F-values were also calculated and
standard errors has been calculated and marked in the figures.

2.7 OLED simulation methods

The simulation of thermally activated delayed fluorescent
(TADF) organic light-emitting diodes (OLEDs) was performed to
investigate the impact of silver nanoparticles (Ag NPs) on device
performance. Two distinct device configurations were modelled.
The first configuration, without Ag NPs, consisted of the following
layers: ITO/PEDOT:PSS/TCTA/mTDBA-vDBNA/TmPyPb/LiF/Al
In this structure, ITO served as the transparent anode, PEDOT acted
as the hole injection layer (HIL), TCTA was used as the hole
transport layer (HTL), mTDBA was the TADF emissive layer,
TmPyPb functioned as the electron transport layer (ETL), and
LiF/Al formed the electron injection layer (EIL) and cathode.
This standard configuration served as the baseline for comparison.

The second configuration incorporated Ag NPs into the PEDOT
layer, forming a composite hole injection layer. The resulting
structure was ITO/PEDOT:PSS/TCTA/mTDBA-vDBNA/
TmPyPb/LiF/Al. The integration of Ag NPs was aimed at
leveraging localized surface plasmon resonance (LSPR) effects to
enhance charge injection, light extraction, and recombination
efficiency. These plasmonic effects were anticipated to improve
the overall optical and electrical performance of the TADF OLED.

Both configurations were analysed using advanced simulation
tools to model their optical and electrical properties. Optical
simulations were conducted to study the influence of Ag NPs on
light management, focusing on outcoupling efficiency and the
modification of internal optical modes due to LSPR effects.
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Electrical simulations evaluated charge transport dynamics,
examining parameters such as current density, recombination
rates, and energy loss mechanisms. The comparative analysis of
these simulations provided a detailed understanding of how the
incorporation of Ag NPs affects the performance of TADF OLEDs,
highlighting  their
OLED designs.

potential to optimize next-generation

3 Results

3.1 Characterization of the synthesized Ag
NPs and Au NPs

The silver and gold nanoparticles synthesized from cucumber
through green synthesis approach were confirmed through their
characterization in terms of their size, shape, and morphology using
the following techniques.

3.1.1 UV-vis spectroscopy of Ag NPs and Au NPs

The fruit extract of cucumber contains organic biomolecules
which are supposed to be effective reducing and capping agents for
synthesis of silver and gold nanoparticles. A couple of hours after the
extract addition, the reacting mixture turned into light brown from
colourless solution suggesting the formation of colloidal Ag
nanoparticles in the mixture. The colour intensified with reaction
time and became dark brown after 8 h of incubation. The formation
of Ag NPs was monitored gradually by scanning the mixture under
UV-Vis spectrometer at regular intervals. The peak absorbance of
AgNPs was observed at ~ 350-380 nm which may correspond to the
surface plasmon resonance (SPR) phenomenon of Ag nanoparticles
(Parveen et al., 2022). The appearance of broad peaks with very low
intensity was observed in the range of ~ 460-540 nm which may be
assigned to Au NPs of large diameter. UV-Vis spectroscopy showed
the spectra of Ag NPs and Au NPs (Figure 4). The possible chemical
reactions for the biological synthesis of the Ag NPs and Au NPs
respectively are as follows-

stirring at

AgNO; (aq) + Cucumis sativus Ag/Cucumis sativus
I

oom temp.

stirring at

HAuCl, (aq) + Cucumis sativus Au/Cucumis sativus

room temp.

3.1.2 Fourier transform infrared spectroscopy (FT-
IR) of Ag NPs and Au NPs

The recorded FTIR spectrum in transmittance mode of the dry
Ag and Au nanoparticles obtained from cucumber (Cucumis
sativus) is depicted in Figure 5. In order to identify the nature,
purity and possible biomolecules responsible for the reduction of the
metal precursors of the green synthesized NPs infrared study was
carried out. The IR spectrum consists of two main regions:
functional group and fingerprint. The organic compounds show
absorption band in the functional group region whereas the metal
NPs shows the absorption band in the fingerprint region. The
spectrum consists of around seven distinct peaks in the entire
range of recorded spectrum. From this analysis, it may be
concluded that the bioactive functional molecules like phenols,
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FIGURE 4

UV-vis spectrum of Ag NPs and Au NPs synthesized from cucumber (Cucumis sativus).
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FIGURE 5
FTIR spectrum of AgNPs and AuNPs synthesized from cucumber.

amines, etc. present in the fruit extract of cucumber might reduce
the silver ionsand stabilize the colloidal particles during interaction.
The FTIR spectra of Ag and Au NPs obtained from Cucumis sativus
extract recorded major and minor shifts of the peaks because of
reduction, capping, as well as stabilization of the synthesized NPs
(Parveen et al., 2022). In case of Ag NPs and Au NPs, strong bands

appeared at around ~ 3,416 at ~ 3,440 cm™' respectively may be

Frontiers in Nanotechnology

attributed to hydroxyl group of alcohols and phenols. This
prominent decrease in intensity may be due to the reduction of
AgNO; and AuHCl,. This small shift in absorption frequency
signifies the participation of the-OH group in the process of
reduction. The band appearing at ~1611 cm™' in the spectra of
Ag NPs is attributed to the possible involvement of the CO-(NH)

group in the reduction of Ag nanoparticles. Moreover, bands at

frontiersin.org


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2025.1572639

Shahid et al.

20]
a

v
:

1.0
S
e
)
[
:
g
[

0.0

lom 10nm 100nm lum

Radius (nm) ——»

FIGURE 6
DLS histogram of (a) Ag NPs and (b) Au NPs derived from cucumber.

~1,377 and ~1065 cm'correspond to aliphatic ~-CH stretching,
geminal methyl, and ether linkage respectively.

This data indicates that the synthesized Ag NPs and Au NPs using
the cucumber aqueous extracts is encompassed by organic materials like
proteins and other metabolites such as terpenoids having functional
groups of amines, ketones, alcohols, aldehydes, phenolic compound,
carboxylic acids and alkaloids which help in the formation of Ag NPs
and Au NPs. The —~OH groups of alcohols and carbonyl groups from the
amino acid residues and peptides of proteins have a strong affinity to
bind metals so that they can act as encapsulating agents and thus protect
the Ag and Au nanoparticles from agglomeration. Thus the FT-IR
spectrum reveals the successful formation of Ag NPs and Au NPs.

3.1.3 DLS measurement of Ag NPs and Au NPs
DLS is a reliable technique for determining particle size distribution
inaqueous solution. The DLS histogram of Ag NPs and Au NPs using
cucumber (Cucumis sativus) extract is shown in Figures 6A,B. Size of
NPs obtained from cucumber samples ranged 15-65 nm for Ag NPs
while in Au NPs it was around 20-70 nm respectively. The dynamic
light scattering (DLS) techniqueis used to determine the particle size
and particle size distribution profile of very small particles in the
suspension. In this technique a monochromatic light beam, such as
a laser, hits the moving particles and changes the wavelength of the
incoming light. This change is related to the particle size. Figure 6 shows
the average mean particle size of Ag and Au nanoparticles. The average
diameterof Ag NPs and Au NPs are of ~30 nm and ~35 nm respectively.

3.1.4 Transmission electron microscopy (TEM) of
Ag NPs and Au NPs

Transmission electron microscopy (TEM) was performed on
selected samples of nanoparticles in order to confirm the successful
formation of the nanoparticles as well as to study their sizes and shapes.
The TEM image as depicted in Figure 7 shows the morphology and
microstructure of the NPs and it has been clearly revealed that Ag NPs
are polydispersed having typical nanochain morphology connecting
spherical nanoparticles with an average diameter of about 30-40 nm,
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whereas the Au NPs are almost monodispersed which indicates no
agglomeration and have spherical shape with an average diameter of
about 35-45 nm, respectively. Furthermore, the Ag NPs showed a
tendency to join together with the adjacent ones to form the elongated
structures. The nature as well as distribution of NPs are significantly
different in both the NPs which may be attributed to the difference in
the size distribution and change in the reactivity of Ag and Au NPs.

3.1.5 Scanning electron microscopy (SEM) analysis
of Ag NPs and Au NPs

The shape and morphology of the green synthesized Ag NPs and Au
NPs were also characterized by scanning electron microscopy (SEM).
Figure 8 shows the micrographs of Ag NPs and Au NPs synthesized from
the extracted material of cucumber and they were found to be nearly
irregular pebbles like shape presumably because of high degree of
agglomeration. Further, it has been noticed that the agglomeration
occurred due to the intermolecular attraction among the silver and
gold nanoparticles is different for both the nanoparticles and an increase
in the size of the synthesized AuNPs has also been observed. It has been
taken into notice that the capping agent exhibits the stabilization of the
Ag NPs and Au NPs as these were not in direct association with the
aggregated form. As per the SEM analysis, the larger nanoparticles of gold
may be the result of aggregation of the smaller nanoparticles of gold
which is also evident from the SEM micrographs.

3.1.6 Energy-dispersive X-ray analysis (EDX) of Ag
NPs and Au NPs

For analysis of the stoichiometric chemical composition of the
various elements of the green synthesized Ag NPs and Au NPs, EDX
analytical technique was implemented for confirmation of the
presence and distribution of dissimilar constituent elements
inside the nanoparticles. The qualitative compositions of the
synthesized nanoparticles obtained from the position of the
strong peak (keV) indicate the highest counts/second thereby
confirming the successful formation of Ag NPs and Au NPs,
respectively (Figure 9). EDX results confirm the intense peaks
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FIGURE 7
TEM images of Ag NPs and Au NPs synthesized from cucumber.

FIGURE 8
SEM images of (a) Ag NPs (b) Au NPssynthesized fromcucumber

relating to the elements such as Ag, Au, C and O respectively without
any unwanted signals which verifies the purity as well as formation
Ag NPs and AuNPs synthesized from cucumber.

3.1.7 Thermal gravimetric analysis (TGA) of Ag NPs
and Au NPs

The thermal gravimetric analysis (TGA) curve of the biosynthesized
Ag NPs and Au NPs is depicted in Figure 10 which gives the
information related to the percent weight loss of Ag upon increasing
temperature which has been recorded in the temperature range of
25°C-800°C. For heating purposes, ceramic crucible was utilized and the
measurements were carried out at a heating rate of 20°C min™" in a
nitrogen atmosphere. The initial weight loss was observed below 200°C
temperature which corresponds to the liberation of water content and
adsorbed moisture on the sample surface.

From the TGA graph it is observed that Ag NPs showed a two-step
random weight loss profile. This loss occurs in the temperature range of
~290-540°C that can be attributed to the loss of the plant residue and
almost no weight loss below 100°C and above 550°C. The TGA results of
Ag NPs markedly showed a significant increase in the decomposition
temperature in comparison to Au NPs, which indicate higher thermal
stability of the Ag NPs. The initial weight loss of ~5-7% may be
attributed to the loss of water molecules adsorbed on Ag NPs. The
overall weight losses of Ag NPs and Au NPs are ~70.5% and ~83% as
shown in Figure 10. Actually, it is a very important observation that
reveals that Ag NPs are more stable than Au NPs.
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3.2 In vitro efficacy of Ag NPs and Au NPs
against the root-rot pathogen, M. phaseolina

The antifungal effect of Ag NPs and Au NPs on the mycelial growth
of M. phaseolina under the in vitro condition was determined by
calculating the percentage of inhibition. Both the nanoparticles showed
inhibition of mycelial growth of the fungus at all the concentrations.
The suppression of mycelial growth in the petri plates with treatments
was calculated as a percentage compared to the fungus grown in the
petri plates without any treatments. The results from Figure 11 showed
that Ag NPs were highly inhibitory on M. phaseolina than Au NPs.
Maximum inhibition was observed with 100 ppm AgNPs (74%),
followed by 100 ppm AuNPs (68%) and 50 ppm AgNPs (66%) in
comparison with the control (Figure 11). The rate of inhibition was
directly correlated to the treatment concentration.

3.3 In vivo efficacy of Ag NPs and Au NPs on
the root-rot disease of mungbean
inoculated with the root-rot pathogen, M.
phaseolina

3.3.1 Disease severity

Mungbean plants inoculated with the root-rot pathogen, M.
phaseolina were stunted in growth (Figure 12B). They showed
symptoms of chlorosis at the seedling stage as well as wilting and
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drying at the flowering stage. The infected plants bear shrunken
pods showing necrotic lesions and contained deformed seeds. Major
part of the root was rotten and dark brown with almost no lateral
roots as well as root hairs.

The present results demonstrated strong antifungal activity of the
NPs against the mungbean root-rot pathogen, M. phaseolina under in
vivo condition. The results clearly revealed that the root-rot disease
severity in mungbean plants decreased due to treatments with both the
NPs. The mungbean plants inoculated with M. phaseolina scored
4.0 disease severity, in terms of the root-rot index on a 0-5 scale
(Figure 13). The highest efficacy in decreasing the root-rot index was
observed with Ag NPs at 100 ppm concentration which showed a
marked significant decline of 47% in the disease severity. Au NPs at
100 pm was next in effectiveness in reducing the disease severity (42%)
which is at par with 50 ppm Ag NPs (40%). Rest of the treatments
decreased the root-rot severity by 27%-30% (Figure 13).

3.3.2 Plant growth

In the pots not inoculated with M. phaseolina, treatment with both
NPs improved the growth parameters up to 18% indicating their ability
as plant growth promoters (Figures 12C,D). The 25 ppm concentration
of both the NPs caused only a little stimulating effect on growth
parameters of uninoculated plants (6%-10%, Table 1). Inoculation
with the root-rot pathogen led to 41% and 32% reduction in the lengths
of shoot and root of mungbean plants, respectively over the
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uninoculated control (P < 0.05, Figures 12A,B). Treatment with NPs
in the plants inoculated with M. phaseolina significantly improved plant
growth (9%-17%) over control. Ag NPs at 100 ppm had the greatest
impact on enhancing the shoot and root lengths (38%-45%,
Figure 12E), followed by 100 ppm Au NPs (35%-41%, Figure 12F).

3.3.3 Plant dry weight

Application of NPs significantly improved (8%-24%) the dry
weight of mungbean plants grown in non-infested soil over the
uninoculated control (P < 0.05). The root-rot pathogen reduced the
plant dry weight by 38%-43% as compared to control (Table 1). Ag
NPs at 100 ppm concentration caused highest increase in dry weight
of shoot (44%) and root (41%) of the infected plants. Plants exposed
to Ag NPs at 100 ppm showed significant improvements (P < 0.05)
in the shoot dry weight (38%) and root dry weight (36%).

3.3.4 Yield

Treatments with the NPs in the non-infested pots significantly
increased the yield parameters of mungbean plants, being maximum
(19%-24%) with 100 ppm Ag NPs. Inoculation with the root-rot
fungus caused a marked decline in the pod formation (52%), seed
formation (29%) and grain yield by 56% (P < 0.05, Table 2). The NPs
treatments checked the suppressive effect of the pathogen leading to
significant enhancement in the yield of infected plants (P < 0.05). Ag
NPs at 100 ppm concentration was found to have highest antifungal
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TGA thermograph of Ag NPs and AuNPs synthesized from cucumber.
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effect and it significantly improved the pods/plant by 56% and seeds/
pod by 33% resulting in 59% improvement in the grain yield/plant.
Treatment with Au NPs (100 ppm)was next in effectiveness and it
resulted in 49% recovery of the grain yield with 43% and 27%
increment in the pods/plant and seeds/pod respectively over
inoculated control. Rest of the NPs treatments also provided
antifungal effects on mungbean yield over control, but to a lesser
extent (Table 2).
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3.4 Effects of nanoparticles (Ag NPs) on
organic TADF LED

To explore another application of sustainably synthesized
nanoparticles, the effect of Ag NPs was also examined on the
performance of advanced electronic devices such as thermally-
activated delayed fluorescent (TADF) organic LED through
incorporation of Ag NPs into hole-injection layer in order to
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widen their application potential. Since TGA analysis results
noticeably showed higher thermal stability of the Ag NPs than
Au NPs, therefore Ag NPs was selected for the incorporation into
hole-injection layer (HIL) of blue TADF organic LEDs. The effect of
Ag NPs on the characteristics of blue TADF organic LED was
investigated by designing and simulation of blue TADF organic LED
using two different hole-injection layers (HILs) with and
without Ag NPs.

Figure 14 displays the energy-level diagram of blue TADF
organic LED simulated by using two different HILs doped with
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and without Ag NPs. Energy-level diagram also demonstrates how
the alignment of energy-levels influences the charge injection and
transport. Indium tin oxide (ITO) is incorporated as an anode
having a work function of 4.9 eV. Initially, PEDOT: PSS, having
a HOMO level of 4.9 eV, was used as a HIL in proposed organic
LED. TCTA, having a HOMO level of 5.5 eV was incorporated as
hole transport layer. As observed, PEDOT: PSS based device has
higher hole injection barrier (0.6 eV), which may create charge
imbalance in emissive layer. To reduce hole injection barrier and
increase the conductivity of PEDOT: PSS, Ag NPs were doped into
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TABLE 1 Effect of Ag NPs and Au NPs at different concentrations on the plant growth of mungbean inoculated or not inoculated with M. phaseolina.

Treatments Shoot length Root length Shoot dry weight Root dry weight
Control (Uninoculated) 54.0° 20.0°¢ 9.1° 1.65°
25 ppm (Ag NPs) 59.0% 22.0° 10.5* 1.78*
50 ppm (Ag NPs) 61.5" 22.9° 11.0° 1.82
100 ppm (Ag NPs) 64.0° 23.6° 1.3 1.94°
25 ppm (Au NPs) 57.1% 21.2 10.4° 1.78%
50 ppm (Au NPs) 60.1° 22.5% 10.7* 1.82*
100 ppm (Au NPs) 62.5" 23 11.1% 1.87°
Control (Inoculated) 32.0¢ 13.58 520 1.03¢
25 ppm (Ag NPs) + M. phaseolina 40.1¢ 17.0 6.8% 1.26%
50 ppm (Ag NPs) + M. phaseolina 44.1% 17.9° 7.0% 1.36%
100 ppm (Ag NPs) + M. phaseolina 46.5¢ 18.6% 7.5 1.45°
25 ppm (Au NPs) + M. phaseolina 38.6" 16.0° 6.5 1.23¢
50 ppm (Au NPs) + M. phaseolina 4349 17.2¢ 7.0% 1.36<
100 ppm (Au NPs) + M. phaseolina 45.0% 18.2° 7.24 1.4
LSD (P < 0.05) 5.29 1.60 0.85 0.17

F values

Treatments (df = 6) 10.41* 14.23% 12.66* 7.08*
Fungus (df = 1) 353.73* 316.16* 601.34* 233.77%
Treatments x Fungus (df = 6) NS NS NS NS

Each value is a mean of three replicates. Values within a column followed by different alphabets are significantly different at P < 0.05. * Significantly different at P < 0.05, NS, Not significant at P
< 0.05.
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TABLE 2 Effect of Ag NPs and Au NPs at different concentrations on the yield of mungbean inoculated or not inoculated with M. phaseolina.

Treatments Pods/plant Seeds/pod Grain yield/plant
Control (Uninoculated) 484 10.34% 16.0°

25 ppm (Ag NPs) 51.3<¢ 10.3% 17.3%¢
50 ppm (Ag NPs) 53.3b% 11.3% 18.5%
100 ppm (Ag NPs) 58° 12.3* 19.8*
25 ppm (Au NPs) 51.0 10.3% 17.0%
50 ppm (Au NPs) 52.3¢ 10.7°¢ 18.0°¢
100 ppm (Au NPs) 56 11.7% 19.2%
Control (Inoculated) 23h 7.3t 7.0

25 ppm (Ag NPs) + M. phaseolina 30.0% 8.3" 9.1

50 ppm (Ag NPs) + M. phaseolina 32.3f% 9.3% 10.0%"
100 ppm (Ag NPs) + M. phaseolina 36.0° 9.7¢ 11.1°
25 ppm (Au NPs) + M. phaseolina 29.38 8.0™ 8.7

50 ppm (Au NPs) + M. phaseolina 31.3% 8.78" 9.78m
100 ppm (Au NPs) + M. phaseolina 33.0¢f 9.3% 10.4%
LSD (P < 0.05) 3.46 0.93 1.23

F values

Treatments (df = 6) 18.44* 12.20% 18.8%
Fungus (df = 1) 1,201.25% 184.69* 1,402.3*
Treatments x Fungus (df = 6) NS NS NS

Each value is a mean of three replicates. Values within a column followed by different alphabets are significantly different at P < 0.05. * Significantly different at P < 0.05, NS, Not significant at P

< 0.05.

PEDOT: PSS, which has HOMO level of 5.2 eV. Ag NPs doped HIL
displays reduced hole injection barrier of 0.3 eV, which enhances the
injection of positive charge carriers into HTL. mTDBA-Si and
v-DBNA are newly reported efficient host and emitter for
fabricating highly efficient blue TADF organic LEDs. TmPyPb
was incorporated as an electron transport layer, having a LUMO
of 2.7 eV, which is almost near the work function of
cathode (2.9 eV).

Figure 15 shows the comparison of charge carrier densities and
recombination rate in the blue TADF organic LED with and without
Ag NPs doped in hole-injection layer. Figure 15A displays that the
incorporation of Ag NPs in HIL significantly impacts the charge
carrier dynamics.

In Figure 15A, the charge carrier’s density is higher in the
blue organic LED, which indicates enhanced charge injection and
transport into emissive layer. This enhancement in the charge
carrier’s density may be attributed due to the improved
conductivity of HILs and localized surface plasmon effects of
the Ag NPs. As observed from Figure 15B, the recombination rate
in blue organic LED with Ag NPs is also higher, which suggest
that the improved positive charge carrier injection and transport
contribute to more efficient electron-hole recombination in the
emissive layer. Efficient hole-electron injection leads in higher
brightness and better performance as compared to the device
without Ag NPs.
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Figure 16 compares the stack contributions in blue TADF
organic LEDs designed and simulated (a) without Ag NPs and
(b) with Ag NPs, which highlights the impact of Ag NPs on LEDs
performance.

As observed from Figures 16A,B, in the presence of Ag NPs, the
organic LEDs exhibits enhanced surface plasmon mode, which
improve the interaction between electromagnetic field and
excitons in the emissive layer. This interaction leads to increased
efficiency and higher brightness. However, Ag NPs introduced the
absorption losses, as the metal nanoparticles can absorb the emitted
light and generate extra electron-hole pair. In contrast, Figure 16A
shows that the organic LED without Ag NPs experienced less surface
plasmon and Absorption losses. Additionally, this device exhibits
waveguide mode, leading to reduced performance as compared to
counterpart having Ag NPs.

4 Discussion

Nanotechnology offers promising as well as eco-friendly
strategies for the management of plant diseases (Shahid et al,
2024¢; El-Khawaga et al, 2024). Management of plant diseases
by the use of nanotechnology is evolving day by day across the
world. Metal nanoparticles like silver and gold are considered to be
one amongst the most reported as well as effective antifungal agents.
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Nowadays, special response has been given to plant-based or
greensynthesis of metal NPs (Shahid et al., 2024c). In the present
study, the same plant-based approach has been followed and fresh
cucumbers were used as base for green synthesis of silver as well as
gold nanoparticles. Green synthesis of NPs is considered a better
alternative over the chemical synthesis because it is more
environmental friendly, low in cost and easy to produce
(Spinoso-Castillo et al., 2017). In comparison to green synthesis,
chemical synthesis results in adsorption of several harmful
compounds on surface of synthesized nanoparticles (Rahimi
et al., 2019).

In the present study, silver and gold NPs have been successfully
synthesized from cucumbers through green synthesis. The synthesized

Frontiers in Nanotechnology

NPs have been confirmed and characterized in terms of their size,
shape, and morphology using several techniques ie., FTIR, UV-Vis,
TEM, SEM, TGA, DLS and EDX. Parveen et al. (2022) reported the
biogenic synthesis of silver and gold NPs from the leaf extract of Acacia
auriculiformis and characterized the NPs through spectral and
morphological studies viz., FTIR, UV-Vis, TGA, SEM, TEM and
EDX. Jeevitha et al. (2023) also utilized UV-visible spectroscopy, FI-
IR and SEM for the characterization of silver nanoparticles synthesized
from cucumber and our results are in conformity with it. Green
synthesis of silver nanoparticles from leaves of Ipomoea carnea and
its confirmation through the above characterization techniques have
also done by Islam et al. (2024). In the present study, UV-visible
spectroscopy showed the peak absorbance at ~350-380 nm which may

14 frontiersin.org


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2025.1572639

Shahid et al.
(a)
Without Ag NPs
1.0
N
- Surface Plasmon Mode
T 0.81
5
S 0.6+
3
2
‘|__' o 4- . Dy ey -
. Waveguide Mode |
3 0.2+ Absorbed Loss
2o.
[3} —_—
8 Outcoupling Mode
® 0.0 v v T
380 480 580 680 780
Wavelength (nm)
FIGURE 16

10.3389/fnano.2025.1572639

(b)
With Ag NPs
=10
X
= Surface Plasmon Mode
T 0.8+
&
= 0.6
=
2
£
£ 0.4-
o]
o
% 0.21 Absorbed Loss
3
0 0.0 . . ¥
380 480 580 680 780

Wavelength (nm)

Comparison of stacks contribution in blue TADF organic LED simulated (a) without Ag NPs and (b) with Ag NPs.

correspond to the surface plasmon resonance (SPR) phenomenon of
silver nanoparticles and confirmed the formation of Ag NPs (Raza et al,,
2013). The present results also reveal the successful formation of Au
NPs which are in consistency with the findings of Annamalai et al.
(2013) who have biologically synthesized eco-friendly Au NPs using the
leaf extract of Euphorbia hirta L and characterized the synthesized NPs
through different instrumental techniques such as FTIR, TEM,
and XRD etc.

The present in vivo experiment has shown the devastating effect
of the disease and the inoculated plants scored 4.0 disease severity on
a scale of 0-5 in terms of root-rot index. The present results on
disease severity are in consistency with the findings of Shahid and
Khan (2019). Tkram and Dawar (2014) has also reported the
destructive effect of M. phaseolina on mungbean plants.

Effective management for root-rot disease is extremely difficult and
farmers mostly rely on chemical fungicides. Although fungicides give a
good control of the disease (Shahid and Khan, 2016b), but at same time
it is very hazardous to the environment. In the current years, substantial
efforts have been madefor developing safe methods ofmanagement
whichare environmental friendly (Khan et al., 2022; Jabran et al., 2024).
Hence to limit the use of synthetic fungicides, the present study focussed
on the use of green synthesized nanoparticles for the management of
root-rot disease of mungbean which have not been tested earlier. In the
current study, different concentrations (25, 50, and 100 ppm) of silver
and gold NPs were evaluated against the disease. The present results
clearly revealed that silver NPs were more effective in comparison to
gold NPs, along with their corresponding concentrations under in vivo
as well as in vitro conditions. Ag NPs have comparatively greater
effectiveness than other NPs due to their unique characteristics. The
present results are in agreement with the findings of Derbalah et al.
(2022) who reported that Ag NPs inhibited the mycelial growth of M.
phaseolina under in vitro conditions and also reduced the disease
severity of charcoal rot on strawberry plants under in vivo
conditions. Aleksandrowicz-Trzcinska et al. (2018) also reported the
suppressive effect of Ag NPs and Cu NPs against Rhizoctonia solani,
Fusarium oxysporum and other pathogens.

Several researchers have proved strong inhibitory effect of Ag NPs
against a range of fungal plant pathogens like Fusarium oxysporum,
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Macrophomina phaseolina, Sclerotinia minor, Alternaria alternata,
Colletotrichum gloeosporioides, Bipolaris sorokiniana etc. (Min et al.,
2009; Pandey et al., 2018), and they explained the reason behind this
that Ag NPs caused extensive damage to the hyphal wall and cell
membrane which finally led to hyphal death. On comparing the
different concentrations used in the present study, it was noticed
that on increasing the concentration to 100 ppm, the antifungal
effect of each NPs also increased. Ag NPs treatment at 25, 50, and
100 ppm concentrations inhibited mycelium development by 58%,
66%, and 74%, respectively. The fungal growth inhibition by silver
nanoparticles depends upon its concentration used (Min et al., 2009;
Aguilar-Mendez et al., 2011). Akpinar et al. (2021) also reported that
treatment of Ag NPs at 25, 37.5, and 50 ppm concentrations caused
50%, 75%, and 90% respective inhibitions in the mycelial growth of F.
oxysporum f. sp. radicis-lycopersici.

The obtained data clearly determines that treatment with the NPs
increased the plant growth as well as yield of mungbean in the plants
not inoculated with M. phaseolina which proved that nanoparticles
alsoacted as plant growth stimulators. Mirzal et al. (2022) reported that
nanoparticles enhanced the growth and yield of mungbean plants
which varied at different concentrations. Several researchers have
reported the role of Ag NPs as plant growth stimulators in
mungbean (Najafi and Jamei, 2014), fenugreek plants (Sadak, 2019),
and wheat (Razzaq et al., 2016) which causes improvement in their yield
also. The nanoparticles promote the photosynthetic activity through
increase in chlorophyll content as well as nitrogen metabolism, that
ultimately increases the growth and weight of plants (Farghaly and
Nafady, 2015; Latif et al., 2017). This supports the present findings that
silver is a good plant growth stimulator.

In the plants infected with M. phaseolina pathogen, the
nanoparticles treatments significantly improved the plant growthas
well as yield of mungbean plants, being maximum with silver NPs
at 100 ppm (38%-45% and 59%, respectively). The improved growth
and vyield of plants treated with nanoparticles was attributed to
reduction in the root-rot disease as well as plant growth promoting
activity of nanoparticles which stimulated the root growth increasing
the availability of certain nutrients to the plants (Sharon et al,, 2010).
The present results are consistent with the findings of Mahmoud et al.
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(2022) who reported the potential antifungal efficacy of silver
nanoparticles at a concentration of 100 ppm suppressing charcoal
rot of faba bean caused by M. phaseolina and increasing the growth
parameters of infected faba bean plants.

The present experiment demonstrated strong antifungal effect by
both Ag NPs and Au NPs, however, the former was comparatively more
inhibitory than the latter. Nanoparticles have been reported to directly
inhibit the growth of phytopathogenic fungi which might be because of
high surface to volume ratio of NPs that lead to an increase in ROS
(reactive oxygen species) production, including the free radicals. This is in
similarity with the reports of Dakal et al. (2016) who noticed that
induction of cell membrane damage by free radicals is caused by both
Ag NPs and Au NPs, and this cell membrane disruption permits the
movement of NPs into the cell cytoplasm, that causes DNA damage
leading to death of the microorganism. Karimi and Sadeghi (2019) also
observed that as the cell membrane disintegrates, death of cells occurs
because of damage in the membrane structure and loss of osmotic
balance, thereby collapsing antioxidant machinery and cellular virulence.

The simulation results revealed that the incorporation of Ag NPs into
the PEDOT:PSS layer significantly enhanced the performance of TADF
OLEDs compared to the configuration without Ag NPs. The plasmonic
effects of Ag NPs improved charge injection and recombination
efficiency, leading to higher current density and luminance (Deng
et al, 2018). Additionally, the light extraction efficiency was enhanced
due to localized surface plasmon resonance (LSPR), which reduced
optical losses and improved outcoupling (Chen et al, 2024). These
improvements resulted in notable increases in external quantum
efficiency (EQE) and device stability, demonstrating the potential of
Ag NPs integration to optimize the optical and electrical performance of
TADF OLEDs for advanced applications.

5 Conclusion

The present investigation has revealed the strong antifungal effect of
Ag NPs and Au NPs on the root-rot disease of mungbean under in vivo
condition which has not been reported earlier. This demonstrated the
importance of Ag and Au NPs in the management of this devastating
disease, as there is an urgent and increasing need to minimize the
environmental impact of chemical pesticides and to develop an
environment friendly alternative for its management. In this study,
Agand Au NPs have been successfully synthesized from fruit extract of
cucumber through green synthesis. The successful formation of the
biologically synthesized NPs was confirmed through UV-Vis, FT-IR,
DLS, TEM, SEM, TGA, and EDX. Both the nanoparticles were shown
to have promising antifungal potential. Ag NPs showed a more effective
impact than Au NPs. Besides showing antifungal efficacy, the NPs also
acted as efficient plant growth promoters. This study concluded that
100 ppm Ag NPs was the most efficient treatment for significantly
managing the root-rot disease of mungbean as well as improving its
plant growth and yield. Au NPs (100 ppm) also gave satisfactorily
control the disease at P < 0.05. In this respect, our findings substantiate
the use of silver and gold nanoparticles in the management of root-rot
disease, indicating the promising prospects of nanofungicides.
However, further trials are needed to be performed in farmer’s fields
at different locations before the commercial use of these nanoparticles
for root-rot management of mungbean. Moreover, incorporation of Ag
NPs in blue TADF organic LEDs enhances surface plasmon modes,
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leading to improved charge injection and recombination efficiency,
though it introduces additional absorption losses.
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