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Abstract

The rising concerns in medical industries and environmental remediation have prompted increased
research in nanotechnology specifically green-synthesized silver nanoparticles (AgNPs) which use
commonly available plant species for synthesis. This is environmentally friendly and sustainable, giving
solutions to the current problems. This study investigates AgNP synthesis using Epipremnum aureum
leaves (Golden, Neon, Jade, Marble-Queen, and Manjula), highlighting their promising applications
by evaluating the antioxidant, photocatalytic, and antibacterial qualities. The synthesis under different
temperatures and time showed optimum conditions as 60°C for 60 min. The scanning electron microscopy
analysis showed 70 nm to 90 nm cubic Marble Queen AgNP, Energy-dispersive X-ray analysis showed
74.1% Ag at 3 keV, zeta potential showed —25.3 mV, dynamic light scattering showed 74.61 nm and
polydispersity index of 0.278, and Fourier transform infrared showed functional groups necessary
for capping and stability of AgNPs. The photocatalytic impact of different concentrations of Marble
Queen AgNP was assessed using methyl red under different conditions: in the absence and presence of
sunlight and with the addition of the catalyst. Upon the addition of a catalyst, 4000 ppm Marble-Queen
demonstrated a rapid rate of degeneration of k = 0.1948 min~! and a slower degradation rate of 0.0752
min~! with 266 ppm. The determination of antibacterial activity was performed by Escherichia coli
and Staphylococcus aureus, in which higher activity was seen against Escherichia coli. The findings
highlight that Epipremnum aureum AgNPs hold promise in the advancement of eco-friendly approaches

1. Introduction

Currently, using green chemistry to improve and preserve our
environment has been of the utmost importance. Through the path of
nanotechnology, which arose in the mid-20th century from the principle
of sciences and engineering, a more promising approach to generating
new fields in biomedical sciences has been made possible in a variety
of research fields. It’s currently one of the most important areas for
investment in modern science due to the concepts' quick development
as well as the depth of their applications that impact every aspect of
human life [1]. Therefore, the subject of nanotechnology presents
opportunities for numerous industrial and medical exploits, particularly
in the areas of therapeutics, equipment, and health [2]. Nanoparticles
are microscopic particles that fall within the nanoscale (1 nm to
100 nm) [3], and they can be produced by different metals such as gold,
silver, copper, zinc and titanium depending on the necessity. Among
these metal nanoparticles, silver nanoparticles (AgNPs) with different
size ranges are commonly synthesised due to their wide range of
applications, such as in wastewater remediation, food packaging,
cosmetics and biosensors. The synthesis can be achieved by various
techniques such as physical, chemical, and biological/green [4,5].
Apart from their versatile applications, AgNPs are reported to have
a high surface-to-volume ratio, strong chemical reactivity, and unique
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in the medicinal industry, environmental remediation, and antibacterial therapy.

optical properties, which have led to their widespread use in recent
years [6]. Furthermore, AgNPs have also been shown to be less harmful
to mammalian cells than other nanoparticles [7].

The physical method utilizes the top-down approach where the
nanoparticles are synthesized from a source or a bulk material, and
the chemical and biological methods utilize the bottom-up method
where the nanoparticles are produced from their atomic state. The
physical and chemical method uses higher energy and produces toxic
by-products that cause harm to the environment [8]. Interestingly, using
ecologically friendly alternatives like microorganisms, enzymes, plants,
or their extracts is the most effective way to produce nanoparticles.
Green processing is quick, dependable, stable, and advantageous
economically [9,10]. This is particularly applicable for plant extracts,
which use their constituent biomolecules to reduce and stabilize
metal ions [11,12].

Epipremnum aureum (E. aureum), also known as Golden pothos,
belongs to the family Araceae and is native to Southeast Asia [13].
In Sri Lanka, this plant is a commonly grown houseplant as a hanging
basket crop and is identified to have different varieties such as Neon,
Marble Queen, Jade Pothos and N'Joy. This plant can become an invasive
species when introduced to other tropical countries such as Sri Lanka,
where it is not native. In Sri Lanka, this plant has not been used for
studies in the field of nanotechnology; instead, it is used for crop
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cultivation or agricultural studies [14—16]. Research on this plant has
documented the presence of phytochemicals or secondary metabolites
such as alkaloids, steroidal terpenoids, cardiac glycosides, proteins,
flavonoids, and phenols. These phytochemicals are responsible for
the various medicinal uses of the E. aureum plant, such as antimicrobial,
anti-inflammatory, and anti-cancer activities and detoxification [17,
18]. In the field of nanotechnology, E. aureum has shown growing
potential in the synthesis of nanoparticles due to its vast phytochemical
profile and medicinal uses. At present, E. aureum leaves have been
utilised to synthesise AgNPs for screening as a potential anti-cancer
agent [19-21], for copper sensing and antibacterial potential [22],
and for potential in DNA interaction mechanisms due to phytochemicals
present [23]. E. aureum leaves have been reported to also have potential
in other nanoparticles such as zinc oxide and copper oxide nanoparticles
[24-26]. These studies highlight the potential of E. aureum leaves in
forming nanoparticles aided by phytochemicals present in the plant.
Although previous studies have been conducted on AgNP synthesis
by E. aureum leaves and its potential in different fields of science,
research has not focused on different E. aureum leaf varieties. Therefore,
the present study focuses on the green synthesis of AgNPs by five
varieties of E. aureum leaves: Golden, Neon, Jade, Marble Queen and
Manjula, found commonly in Sri Lanka, to investigate the effects of
different phytochemicals on the AgNP synthesis process.

Nowadays, oxidative stress-related diseases are becoming a major
health concern, such as diabetes, Alzheimer's and Parkinson's conditions
[27]. Oxidative stress is a condition that occurs when an excess of
oxidants, such as reactive oxygen or nitrogen species, disrupts the
balance between an organism's antioxidative defense mechanisms
and oxidants. The oxidants cause oxidative stress in cells, resulting
in damage and, ultimately, accelerating cellular death [28]. The most
significant class of oxidants, including radicals and non-radicals,
are reactive oxygen species [29]. However, oxidants are opposed by
antioxidants, which are natural or synthetic substances that may
prevent or delay cell damage caused by oxidants. AgNPs also have
the ability to act as an antioxidant, where according to the reaction
condition, the produced AgNPs may be able to quench free radicals
by either donating or accepting electrons. The chemical composition
of the extract used to produce the AgNPs can affect this property,
which typically gets improved as the AgNPs concentration rises.
Additionally, because of their ability to interact with phenolic and
flavonoid-rich extracts, AgNPs exhibit a significant radical-scavenging
activity [30-32].

Antibiotic-resistant microbes have emerged as a result of the
widespread use of antibiotics worldwide, contributing to an increasing
health concern. According to reports, the prescribed antibiotics do not
metabolize in the body, and when they are disposed of improperly,
they result in contaminated water sources. Antibiotic residues encourage
the development of bacterial resistance during wastewater treatment
[33]. As a strategy to handle this antimicrobial resistance, the application
of nanoparticles in a variety of sectors, including medical and food
packaging, has been researched [34]. It has been reported that AgNPs
derived from plants can broadly regulate the growth, reproduction,
and pathogenicity of both gram-negative (G-) and gram-positive (G")
bacteria without causing resistance in them. [35]. They disrupt the
bacterial cell wall by pore formation or diffusion through porins and
induce oxidative stress, killing the bacteria inside out, and these
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multiple attack pathways prevent bacteria from adapting to them and
building resistance [36,37].

In addition to this health matter, untreated azo dye discharge from
paper, leather, cosmetics, and food-processing industries is a growing
environmental problem. These dyes are characterised by the presence
of one or more azo groups (-N=N-) in their structural composition
[38—40], and common examples of frequently utilised azo dyes include
methylene blue, methyl red, methyl orange, and congo red [41]. These
dyes have high stability, resistance to light, and high chemical versatility,
which affects their degradation process [42]. In particular, methyl red
(MR) is classified as an acidic or monoazo dye having a molecular
weight of 269.3 g'mol™!, low water solubility, a carboxyl functional
group connected to a benzene ring, and one chromophore group
(-N=N-) [43]. Finding safe and efficient methods for its environmental
degradation is crucial given its toxicity and persistence in the environment
[44]. Microbial degradation is one of the proposed degradation methods.
However, this method's effectiveness depends on many parameters
such as pH, temperature, and type of dye [45]. The need for the most
ideal conditions and the production of toxic aromatic amines in the
degradation process can cause acute toxicity to humans via the routes
of oral or inhalation. Therefore, a sustainable degradation method
should be developed to degrade these toxic azo dyes into non-toxic
by-products and help minimise the impact on human health [46-48].
Metal nanoparticles such as coconut coir copper oxide nanoparticles
[49], bamboo copper oxide nanoparticles [50], water hyacinth zinc
oxide nanoparticles [51], and Peepal leaves cerium oxide nanoparticles
[52] are known for their ability to degrade these dyes under the influence
of light irradiation. Compared to other traditional techniques, AgNPs
and their composites have a larger surface area than other toxic nano-
particles, are more effective as catalysts in the dye degradation processes
and produce non-toxic byproducts [53]. Specifically, their surface
plasmon resonance (SPR) phenomenon, which produces radicals,
can target the azo bonds, enabling photocatalytic dye degradation [54].

The purpose of this study is to evaluate the antioxidant, photo-
catalytic, and antibacterial properties of AgNPs synthesized using five
different types of E. aureum leaf extracts. The evaluation of antioxidant
activity will be conducted by Total Flavonoid Content (TFC), Total
Phenolic Content (TPC), and Total Antioxidant Content (TAC) assays.
The photocatalytic activity will be investigated under various conditions
using MR dye, while its antibacterial activity will be examined against
Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative
Escherichia coli (E. coli). Comprehensive characterization of AgNP
will be carried out using a scanning electron microscope (SEM), Energy-
dispersive X-ray (EDX) spectroscopy, dynamic light scattering (DLS),
zeta potential and Fourier transform infrared (FTIR) analysis. This study
aims to contribute to the development of eco-friendly and sustainable
AgNPs using a commonly grown houseplant in Sri Lanka and to provide
valuable insights into the potential of Sri Lankan-grown E. aureum
leaf nanoparticle synthesis. These findings will help us understand how
different plant types of the same species with varying phytochemical
compositions can produce nanoparticles with varying properties in
both environmental and biomedical applications.

2. Experimental

2.1 Sample collection
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Figure 1. Five leaf types of E. aureum and their code names; (a) Golden (GOL),
(b) Neon (NEO), (c) Jade (JAD), (d) Marble Queen (MAR), and (¢) Manjula
(MAN).

Five varieties of E. aureum plant leaves were collected from the
Wattala and Mount Lavinia areas, Sri Lanka (Figure 1).

2.2 Water-based extraction

The collected samples were shade-dried and crushed using a
mortar and pestle. 2 g of dried sample was measured and mixed in
50 mL of distilled water (DW). The beakers were covered in aluminum
foil to prevent evaporation and incubated at 60°C for 20 min in the
drying oven. The sample was then cooled to room temperature (RT)
and filtered using Whatman filter paper no. 01 to obtain the respective
water extracts (WE) [23]. WEs were stored in a 50 mL Falcon tube in
a refrigerator at 4°C for future experiments.

2.3 Phytochemical analysis in WEs.

Each WE were tested for different phytochemicals such as saponins,
tannins, carbohydrates, amino acids, sterols, and alkaloids using standard
procedures [55-58].

2.4 Green synthesis of AgNP

A mixture containing 1 mL of each WE and 9 mL of 1 mM silver
nitrate solution was incubated at different temperatures and time
intervals to synthesize AgNPs; 60°C and 90°C for 15 min, 30 min, 45
min, and 60 min, room temperature (RT) for 24 h [59]. The synthesized
AgNPs were stored in the refrigerator at 4°C for future experiments.

2.5 Characterization of MAR_AgNP
2.5.1 UV-Visible spectroscopy

Uv-Visible spectra were recorded on WEs and synthesised AgNPs
using UV-1900 spectrophotometer JENWAY 3605) across 300 nm
to 520 nm using DW as the blank.

2.5.2 Scanning electron microscope (SEM) with Energy-dispersive
X-ray (EDX) analysis, Dynamic light scattering (DLS) and Zeta
potential

An aliquot of MAR_AgNP was centrifuged at 5000 rpm for 2 min.
After centrifugation, the supernatant was discarded. The procedure
was repeated until a prominent pellet was formed. Finally, the pellet
was left to dry at 40°C for 24 h and this was sent to the Sri Lanka Institute
of Nanotechnology (SLINTEC) for SEM analysis using HITACHI
SU6600 SEM, EDX analysis using Oxford instruments EDX with AZtec

software, zeta potential and DLS analysis using Malvern Zetasizer
Nano ZS Particle Size Analyser.

2.5.3 Fourier transform infrared (FTIR) spectroscopy analysis

For FTIR analysis using MB300-FTIR spectrometer (ABB,
Switzerland) in the mid-infrared region (4000 cm™ to 450 cm™) at
a spectral resolution of 16 cmi™!' with 64 scans averaged per spectrum.
The prepared samples of MAR  AgNP and MAR WEs were analysed
using the Attenuated Total Reflectance (ATR) method. Spectra were
processed using OriginLab® (Massachuserrs, USA) and peak assignments
were made by reference to established FTIR literature.

2.6 Dilution of synthesized AgNPs

The synthesized AgNPs of 1 mL at the concentration of 4000 ppm
were diluted with 14 mL of DW to obtain the 266 ppm AgNP solution
which was used for the following assays.

2.7 Antioxidant assay
2.7.1 Determination of TFC

Into 1 mL WEs and optimized AgNPs, 0.2 mL of 10% aluminum
chloride and 1 M potassium acetate was added. This mixture was
incubated at RT for 30 min. After incubation, absorbance was measured
at 420 nm using DW as the blank [60]. The results were represented
as pg of Quercetin (QE) equivalents per 100 g (ug/QE/100 g) using
the standard curve.

2.7.2 Determination of TPC

Into 1 mL of WEs and optimized AgNPs, 2 mL of sodium carbonate
and 2.5 mL of 10% Folin-Ciocalteu reagent was added. This mixture
was incubated at RT for 15 min. After incubation, absorbance was
measured at 765 nm using DW as the blank [60]. The results were
represented as g of gallic acid equivalents (GAE) per 100 g (g/GAE/100g)
using the standard curve.

2.7.3 Determination of TAC

Phosphomolybdenum reagent was prepared using 20 mM sodium
phosphate 4 mM ammonium molybdate, and 0.6 M sulfuric acid in
ratio of 1:1:1. Into 1 mL of WEs and optimized AgNPs, 1 mL of reagent
was added. This mixture was incubated at 95°Cfor 90 min. After
incubation, absorbance was measured at 695 nm using DW as the blank
[61]. The results were represented as g of ascorbic acid (AA) equivalents
per 100 g (g/AA/100g) using the standard curve.

2.8 Photocatalytic degradation of MR dye using MAR _
AgNP under conditions

The curve for | mM MR dye was plotted by measuring the
absorbance. Then the 1 mL of MR dye was treated with 0.1 mL of
0.2 M sodium borohydride and kept it under the sun light and dark
separately. The procedure was repeated with the addition of 1 mL of
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4000 ppm and 266 ppm of MAR _AgNP, separately [62]. The absorbance
of all experiments was measured at the range of 300 nm to 600 nm
using DW as the blank.

2.9 Determination of antibacterial activity

19 g of Muller Hinton agar was dissolved and heated in 50 mL of
DW and autoclaved for 15 min at 121°C. After the agar was cooled,
it was poured into labeled petri dishes, solidified, and kept under
UV light. Inoculums of . coli and S. aureus were dissolved in 0.9%
saline, and turbidity was compared and adjusted to 0.5% McFarland
standard, which was then streaked on respective agar plates using
cotton swabs. Three wells were created for S1, S2 and negative control.
Into S1 and S2 wells, dried WE and AgNP samples were dissolved
in 250 pL of saline and added, whereas positive and negative controls
consist of 30 ug gentamicin disks and 0.9% saline water, respectively.
Agar plates were incubated for 18 h to 24 h, and the zone of inhibition
(ZOI) was measured using a ruler [63].

2.10 Statistical analysis
Antioxidant results were statistically analyzed using Microsoft

Excel version (16.73) for one-way ANOVA and SPSS (version 28.0.0.0)
for Pearson’s correlation.

3. Results and discussion

Research focused on biosynthesis of AgNP has documented
promising antibacterial and mosquitocidal activities, cytotoxicity,
antitumor properties against human breast cancer cells (MCF-7),
synergistic actions with antibiotics, and photocatalytic degradation
of dye [64,65]. The purpose of this study is to synthesize AgNP from
E. aureum leaves, perform comprehensive characterization and evaluate
its antibacterial, photocatalytic, and antioxidant properties.

3.1 Green synthesis of E. aureum leaf AgNP

The successful synthesis of AgNP involves the bioreduction of
Ag" ions to Ag atoms, known as the activation phase, facilitated by
phytochemicals such as flavonoids, phenols, alkaloids, and polyphenols,
which act as reducing agents. The synthesis process also involves a
growth phase in which silver ions undergo nucleation, expansion and
reduction, Ostwald ripening, and subsequent accumulation of small
nanoparticles. The final shape and size of the AgNP is influenced by
certain parameters such as concentration of precursor (silver nitrate),
temperature, time, and pH [66,67]. The presence of phyto-constituents
in the five varieties of E. aureum leaves; saponins, alkaloids, tannins,
carbohydrates, amino acids, sterols, and triterpenoids (Table 1), which
is also reported in research on E. aureum leaves phytochemical profiling
will act as reducing and capping agents to form stable nanoparticles
with specific shape [68-71].

Table 1. Phytochemical test results in E. aureum leaves WEs (v denotes presence; X denotes absence).

Phytochemical GOL JAD NEO MAR MAN Observation
Saponin X v v v v
Tannin v v v v v
Carbohydrate v v v v v
Amino acid v v v v v
Sterol X v X v X
Alkaloid v v v v v

Table 2. Optimization of E. aureum leaf silver nanoparticle at 90°C, 60°C, and RT (v indicates as synthesized; X indicates as not synthesized).

Sample RT 60°C 90°C

1D 24 h 60 min 45 min 30 min 15 min 60 min 45 min 30 min 15 min
JAD v v v v v v v X X
MAR X v v v v X v X X
MAN v v v v v v v v v
NEO v v v v v X X X X
GOL X v v v v X X v X
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Figure 2. A distinctive colour shift from pale yellow before incubation (a) to dark
yellow after incubation, and (b) confirming the formation of silver nanoparticles.

The synthesis of AgNPs is influenced by various factors such
as volume of plant extract, concentration of silver precursor (silver
nitrate), temperature, pH, and incubation time [72]. Therefore, optimal
conditions for E. aureum AgNP synthesis should be established by
modulating certain parameters. In this study, the influence of temperature
and time parameters (Table 2) while keeping the volume of extract
and silver nitrate concentration constant was studied.

3.1.1 Visual confirmation of E. aureum leaf AgNP

The rapid production and nucleation of AgNPs is generally
indicated by the change from light yellow to brownish yellow. The
absence of a significant color change during the synthesis of AgNP
(Figure 2(a-b)) could be caused due to pH, which directly influences
the size and the shape of the AgNP produced, which in turn affects
the SPR and the intensity of visible light being reflected [73]. DW was
used as the medium for extraction since it was proven to show a high
percentage yield of phytochemicals compared to other solutions such as
ethanol and ethyl acetate [74].

3.1.2 UV-Vis spectrophotometric confirmation of E. aureum leaf
AgNP

In addition to confirmation of AgNP synthesis by colour change
from yellow to yellow-brown, characteristic absorption peak between
380 nm and 460 nm can also be used. It is due to an optical property
of nanoparticles resulting from SPR, which is strongly related to size
and dimensions relative to nanoparticles [75]. This states that the free
outer electrons present in AgNPs interact with light photons, forming
localized plasmons, and oscillate at a specific wavelength of light.
The intensities of absorption and scattering are much higher than those
of the same particles without plasmonic features [76—78].

The WEs absorbance spectra did not show any peaks between
340 nm to 520 nm. However, the characteristic SPR band of the
synthesized nanoparticles appeared at 440 nm (Figure 2(c)), which
suggests the complete reduction of elemental silver to AgNPs [23] and
AgNPs synthesized at 60°C for 60 min were chosen as the optimized
sample. Similar research conducted on AgNP synthesis using leaves of
E. aureum has reported that at temperatures between 40°C and 60°C,
peak absorbance is observed between 411 nm and 462 nm. This research
also reports that the optimum conditions for synthesis of E. aureum
leaf AgNP are 10 mL to 15 mL of plant extract, 0.001 M and 0.1 M
silver nitrate concentration, and a temperature of 60°C [22].

In general, an increased temperature will lead to a higher rate of
reaction due to kinetic energy, resulting in small AgNPs. However,
excessively high temperatures (~80°C/90°C) could lead to the breakdown

of plant phytochemicals, which prevents the reduction and stabilization
process [79]. Research has reported that as the temperature increases
from 50°C to 90°C, there is a decrease in reaction absorbance beyond
70°C [80-82]. Also, research has confirmed that higher incubation
time has shown successful nanoparticle synthesis due to the increased
number of nanoparticles produced [83]. These findings support the
observation of unsuccessful AgNP formation from most leave varieties
of E. aureum at 90°C in this study (Table 2).

3.2 Characterization of E. aureum leaf AgNP
3.2.1 SEM and EDX analysis of E. aureum leaf AgNP

The morphology of MAR AgNP was analyzed using SEM, which
provides information on the size and the shape. This analysis reveals
a direct correlation between the size and shape of nanoparticles and
their attributed properties [84,85]. This analysis confirmed the presence
of cubic MAR _AgNPs in the size range of 70 nm and 90 nm (Figure 4).
A similar study done using 7. trilobatum leaf extract, which also belongs
to the Araceae family, showed spherical oval-shaped AgNPs with
the size range of 70 nm and 90 nm [86]. The size and shape of AgNPs
can be controlled by optimizing conditions such as the plant sample,
temperature and composition of the extract. Hence, it is expected that
E. aureum leaf AgNP synthesized at different temperatures might
result in different nanoparticle sizes [87].

60°C for 60 min

Absorbance
o o
=N [=)}

340 390 440 490
Wavelength (nm)

JAD MAR MAN NEO GOL

Figure 3. UV-visible spectrum of E. aureum leaf silver nanoparticles synthesized
at an optimized condition of 60°C for 60 min.

e
500nm

Figure 4. SEM analysis images of MAR_AgNP at 15.0 kV 9.4 mm x 60.0 k
at 500 nm.
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Figure 5. EDX analysis images of MAR_AgNP; (a) SEM image, (b) EDS layered SEM image, (c¢) C mapping, (d) O mapping, (¢) Cl mapping, (f) Ag mapping,
and (g) EDS spectrum.
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Furthermore, the purity and chemical composition of an analyte
such as an AgNP suspension can be obtained by EDX analysis. It gives
the silver percentage compared to other chemical elements, which is
shown by an optical absorbance peak at 3.7 keV due to the SPR effect
[88-90]. EDX analysis of MAR AgNP shows the presence of silver as
cubic shapes (Figure 5(a)), uniform silver dispersion with other elements
distribution (Figure 5(b)) and a highest peak at 3keV (74.1%), along
with minor peaks for chlorine, carbon and oxygen in the EDX spectrum
(Figure 5(g)).

3.2.2 DLS and zeta potential analysis of E. aureum leaf AgNP

Zeta potential analysis confirms the colloidal stability of a suspension
and DLS analysis confirms the average hydrodynamic size of the
AgNP. This is performed by light scattering using Brownian motion
of particles to analyze the distribution and hydrodynamic size of the
suspension [91]. Additionally, DLS provides a polydispersity index
which confirms homogenous suspensions. Zeta potential values more
than £30 mV and polydispersity index less than 0.3 indicate mono-
dispersed stable colloidal suspensions caused by repulsions between
individual particles preventing agglomeration in the suspension [92,93].

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -253 Peak 1: -253 100.0 6.56
Zeta Deviation (mV): 6.56 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0288 Peak 3: 0.00 00 0.00

Result quality :

Zeta Potential Distribution

Total Counts

Apparent Zeta Potential (mV)

Figure 6. Zeta potential distribution of MAR_AgNP at 60°C for 60 min.

Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 74.61 Peak 1: 1053 948 5033
Pdi: 0.278 Peak 2: 12.99 52 3.067
Intercept: 0.856 Peak 3: 0.000 00 0.000
Result quality : Good
Size Distribution by Intensity
Qe e e e e e .
L T . S 5
- P S
o T HE .
&/ . .
T R D SRR RS !
z 0 : :
L T T Ly LT T B T
i~ L . .
R
0 + i
0.1 1 10 100 1000 10000

Size (d.nm)

Figure 7. DLS analysis of MAR_AgNP at 60°C for 60 min.

In this study, MAR_AgNP shows zeta potential of —25.3 mV
(Figure 6), average hydrodynamic diameter of 74.61 nm and poly-
dispersity index (PDI) value of 0.278 (Figure 7). These results are in
close agreement with the SEM analysis results and confirm highly
stable and monodispersed AgNP suspension. A recent study conducted
on E. aureum leaf AgNP has reported high stability with a zeta potential
of =349 mV [19].

3.2.3 FTIR analysis of E. aureum leaf AgNP

FTIR analysis provides information regarding the functional
groups present in the analyte; AgNP or WEs. According to the peak
sizes obtained, the number of functional groups can be analyzed [94].
FTIR analysis of MAR AgNP against MAR WEs demonstrates the
presence of various phytochemicals/bio-active compounds which
are responsible for AgNP stabilization.

From the FTIR analysis, MAR WEs showed significant vibration
peaks at different wavenumbers such as 3283.1401 cm™! for -OH
stretching, 2926.42512 cm™ for C-H stretching, 1451.54589 c¢m™! for
C=C bond stretching, 1310.91787 cm™! for C—N stretching, 1063.96135
cm! for -COO- (anhydride group) stretching, 2926.42512 cm™! for
C-H stretching of aromatics, and 1451.54589 cm™' N-H stretching
in the amide linkages of the proteins (Figure 8(a)). These functional
groups are responsible for capping and stabilization during AgNP
synthesis. The corresponding MAR AgNP showed primary functional
groups indicated by absorption peaks at 1314.78261 cm™!, 1217.3913
cm™!, 1033.04348 cm™!, 820.86957 cm™!, and 765.21739 cm™!. The
Ag—0 bond vibration was seen at 667.82609 cm™! (Figure 8(b)). When
comparison between WE and AgNP, comparatively low absorption
peak intensities were visualized and certain peaks shifted between
the two [20,22,95].

(a) MAR_WE
110
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\ T A
< 04 \ \
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p ‘
£ 804 o | A~
ol " g 1 \ |
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E 70 5 ] oo
@ g lo f2y [ %]
Z s 2l
5 p |8y J S
604 8 Bl w
]
3 u o
] 2
501 5 8
[,
40 a
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’')
(b) MAR_AgNP
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3
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8
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Figure 8. FTIR analysis of; (a) MAR_WE, and (b) MAR_AgNP at 60°C for
60 min.
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3.2.4 Band-gap energy analysis of E. aureum leaf AgNP.

In addition to morphology, UV-visible absorbance spectra are
used to examine the optical characteristics of the AgNPs. Bandgap
energy (E) is a key element in determining the conductivity of the
nanoparticles. It is the minimum energy required for electrons to
move from the valence band (VB) to the conduction band (CB) and
is characterized as semiconductors (<3 eV) or insulators (>4 eV) [96].
The optical edge of the synthesized AgNPs was observed at 440 nm.
The AgNPs synthesized from this research show semiconductor
property with an E value of 2.82 eV, calculated using the Tauc equation,
which is also reported by previous research with a value 0of2.17 eV
[22]. Research has proven that low band-gap energies can be observed
when particle size increases due to overlapping orbitals and a decrease
in distance between the VB and the CB, which is due to quantum
mechanism phenomenon [97]. This is observed from the results of this
study, in which particle size distribution is 74.61 nm with a bandgap
of 2.82 eV. Additionally, lower values of band gap energies have been
reported to show higher antibacterial activity [83].

3.3 Antioxidant activity of E. aureum leaf AgNP

The antioxidant potential of five selected varieties of E. aureum
AgNPs was confirmed by TFC, TPC, and TAC assays. The comparison
between WEs and AgNPs was also carried out to emphasize the
potential of AgNPs as antioxidants.

The TFC principle relies on the formation of an aluminum chloride
(AICls)—flavonoid complex with a C-4 keto group and either the C-3
or C-5 hydroxyl group, which can be detected as a yellow colour at
420 nm [98]. AgNPs contained a significantly higher TFC compared
to the WEs in the following order: GOL> JAD> MAR >NEO > MAN
(Figure 9) with a p-value of 5.91 E-06 (p<0.05).
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The principle of the TPC assay is the interaction of a redox agent,
Folin-Ciocalteu reagent, with polyphenols, which produces a blue
chromophore by the reduction of a molybdate-tungstate complex
detected at 765 nm [99]. In the following sequence, AgNPs had
significantly higher TPC than the WEs. AgNP; JAD > GOL > MAR
>MAN > NEO (Figure 10) with a p-value of 4.94E-05 (p<0.05).
This pattern is due to the electron-donating ability of these phenolic
compounds. Additionally, the quinoid compound formed by the
oxidation of the phenol group in phenolics can be adsorbed on the
surface of nanoparticles, explaining the stabilization of their suspension
[100].

The phosphomolybdenum assay is based on the reduction of
molybdenum (VI) to molybdenum (V) that leads to the formation of
a green complex with maximum absorption of 695 nm [35]. AgNPs
had significantly higher TAC compared to the WE in the following
order: MAN>JAD>GOL>MAR>NEO (Figure 11) with a p-value of
5.34E-08 (p<0.05). This finding is also supported by a previous study
[101], who state the antioxidant activity of AgNP may be due to the
bioactive compound on the surface of the AgNP, primarily phenols
and flavones.

Nevertheless, prior research on the antioxidant potential of E.
aureum AgNPs and their corresponding WEs has not been carried out
to validate the results of this study. To further understand the role of
flavonoids and phenols in the antioxidant potential of E. aureum,
Pearson correlation is performed. This measures the strength of the
linear relationship between two variables. In this study, all correlations
studied showed strong positive correlation; TAC-TFC = 0.96, TAC-
TPC =0.927 and TFC-TPC = 0.983. These findings also confirmed
that the flavonoid compounds that were majorly used to cap the
generated AgNPs were more crucial to the stabilization of the form
and reduction of the Ag(I) ions than phenols [102].
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Figure 9. Total flavonoid content of E. aureum expressed as pg/QE/100g; (a) leaf water extracts and (b) silver nanoparticles.
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Figure 10. Total phenolic content of E. aureum expressed as g/GAE/100g: (a) leaf water extracts and (b) silver nanoparticles.
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Figure 11. Total antioxidant content of E. aureum leaf water extracts and their respective silver nanoparticles expressed as g/AA/100g

3.4 Photocatalytic degradation of E. aureum leaf AgNP

Due to the rising concern of wastewater contamination by harmful
dyes from industrial effluents, the potential of synthesized AgNPs in
degrading these chemicals should be evaluated. The present study
evaluated the degradation rates of MAR_AgNP under different
conditions. The mechanism of photocatalytic degradation is based on
the production of electron holes and radicals that break down azo
bonds found in dye molecules. The electrons in the VB of AgNPs
become excited under the influence of visible and/or UV radiation and
move into the CB. This result in the formation of conduction electrons
in the CB and positive holes in the VB [103]. These photo-generated
species produce highly reactive radicals capable of degrading azo dyes
[104]. These radicals include hydroxyl radicals and superoxide radicals,
which attack the azo bonds, hence degrading them into simple, non-toxic
fragments like ammonium, carbon dioxide, nitrate, and water [105].

However, the dye is not rapidly degraded by this reaction. Using an
electron donor or reducing agent is required to fully facilitate the
degradation. The electron donor, sodium borohydride, releases electrons
to the dye, which then accepts them as electron acceptor [106]. When
AgNP is present in the solution, it aids in the "electron-shuttling" process,
which is more effective in transferring electrons from the donor
(NaBHa) to the acceptor (dyes). AgNPs' surface is altered by the electron
relay mechanism, which is visible as a blue spectral shift in the SPR
band [107]. The resonance band of AgNP overlaps the dye's absorption
peak as a result of the spectral blue shift. Thus, it is faster and smoother
for electrons to flow when a catalyst has an intermediate redox potential
between the acceptor and the donor [108]. For this reason, AgNPs
have been shown to rapidly break down organic dyes, and AgNPs
with band gap energy between 2 eV and 3 eV are reported to show
better excitation of electrons in the near-visible region [109,110].
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This pattern is also observed in this study; control experiments
of MR with just 0.1 mL of 0.2 M sodium borohydride under sunlight
and dark conditions yielded no degradation with time (Figure 12(a-b)),
and experiments with sunlight and MAR _AgNP showed no degradation
(Figure 13(a-b)), whilst the degradation rate increased with the addition
of sodium borohydride. In the presence of the catalyst, there is a
significant degradation within 75 min in 266 ppm of MAR AgNP
(Figure 14(a)) and complete degradation within 75 min for 4000 ppm
of MAR AgNP (Figure 14(b)).

Absorbance

320 370 420 470 520 570
Wavelength (nm)
—0min MR Omin 30min
60min —120 min  ——180min

Although this experiment requires the use of a reducing agent i.e.
sodium borohydride, the amount used for the experiment is lower
than the amount of AgNP in the system. This behavior is synergistic
effect of sodium borohydride and AgNP. Sodium borohydride acts
as an essential co-catalyst which gives stability to catalytic surface
and provides a continuous flow of electrons [111]. Previous research
which has performed photocatalytic degradation of azo dyes using
green AgNPs reports that photocatalytic degradation with only sodium
borohydride has shown low rates. However, this has increased with
the incorporation of AgNPs as sodium borohydride is a reducing
agent not a catalyst [112,113].
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Figure 12. Degradation of 1 mM methyl red dye under different conditions; (a) 0.1 mL of 0.2 mM NaBH, under sunlight, and (b) 0.1 mL of 0.2 mM NaBH,
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Figure 13. Degradation of 1 mM methyl red dye under different conditions; (a) 1 mL of 266 ppm MAR_AgNP with sunlight, and (b) 1 mL of 4000 ppm

MAR_AgNP with sunlight.
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Figure 14. Degradation of 1 mM methyl red dye under different conditions; (a)l mL of 266 ppm MAR_AgNP in the presence of sunlight and 0.1 mL of 0.2 M
sodium borohydride and (b) 1 mL of 4000 ppm MAR_AgNP in the presence of sunlight and 0.1 mL of 0.2 M sodium borohydride.
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The reaction kinetics of MR dye degradation in the presence of
MAR_AgNP and sodium borohydride under sunlight were also
evaluated to determine the rate of reaction. This was evaluated according
to Equation (1) following pseudo-1st order reaction kinetics.

¢
In C—(‘) =kt €))
where £ is the rate constant, Ct and Co represent the concentration
of MR dye at time interval ‘¢’ and at zero, respectively [107].

The kinetic model shows a good fit at 266 ppm MAR_AgNP
concentration (R? = 0.9719), which shows that degradation follows
pseudo-1st-order. However, at 4000 ppm MAR_AgNP concentration
(R?=0.8957), there is a moderate fit, suggesting a deviation to pseudo-
1st-order. This deviation can be caused by chemisorption where surface
saturation and decrease in active sites occur during the degradation
process [114]. Additionally, previous research states the depending
on the R? value, the degradation reaction with dye concentration
lower that the catalyst concentration follows pseudo-1st-order and
the reaction will follow pseudo-2nd-order when dye gets absorbed
onto the AgNP surface. These findings correlate to the observation in
this research experiment [115-117].

The rate constant, &, was determined using the linear regression slope,
which showed a value of k= 0.1948 min™' for 4000 ppm MAR_AgNP
(Figure 15(a)) and a value of k = 0.0752 for 266 ppm MAR_ AgNP
(Figure 15(b)). These results highlight that at a higher concentration
of E. aureum AgNP, faster degradation is obtained. The photocatalytic
degradation capacity is also influenced by several factors, such as
dye concentration, surface area, number of active sites, and light
penetration [118]. Modulation of these factors will show different
rates of reactions, as observed in this study. The photocatalytic potential
of E. aureumn AgNP has not been conducted; however, E. aureum zinc
oxide nanoparticles have shown 57.6% degradation of Congo red dye,
which has increased to 80.82% after optimization of conditions [26],
vanadium pentoxide needle-shaped nanorods synthesised using E.
aureum have shown excellent photocatalytic degradation of methyl
blue dye [119], morphology-Modified Bi2WOs Nanoparticles using
E. aureum has reported near complete degradation of Victoria Blue
and Auramine O dyes [120], and magnesium oxide nanoparticles —
composite synthesized using E. aureum leaf reported excellent
degradation capacity of 91% for Crystal violet and Reactive black

@),
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[121]. These findings highlight the potential of E. aureum leaf to act
as an efficient photocatalytic degradation capacity against azo dyes.

3.5 Antibacterial activity of E. aureum leaf AgNP.

Antibacterial activity of AgNP is proposed to have several
mechanisms. The interaction of the negatively charged bacterial cell
membrane and positively charged nanoparticles caused damage to
the cell membrane and increased its permeability. This is followed
by the production of reactive oxygen species, which will deactivate
important bacterial respiratory enzymes, interact with DNA and prevent
its replication, denature proteins, and also lead to oxidative stress.
Ultimately, these mechanisms lead to bacterial cell death [122,123].
This antibacterial potential of AgNP can differ depending on Gram-
positive and Gram-negative bacteria. Gram-positive bacteria have
a thick peptidoglycan cell wall, while Gram-negative bacteria have
a thin peptidoglycan cell wall and outer membrane composed of porins
and lipopolysaccharide. This additional feature in Gram-negative
bacteria promotes the entry of AgNP through porins and penetration.
On the other hand, in Gram-positive bacteria, incubation with AgNP
leads to destruction of the B-1,4-glycoside bond between the polymers
found in the peptidoglycan layer, which causes cleavage of the cell wall
and release of N-acetylglucosamine. Other research has documented
that the acid-base reactions between AgNPs and gram-negative bacterial
cells can also cause cell death [124]. In addition, since the Gram-
positive bacterial cell wall is negatively charged, it tends to bind with
more Ag", lowering the interaction of AgNPs with the plasma membrane
and protecting it from ROS generated by AgNPs. Another factor that
influences the potential of antibacterial activity by AgNPs is their size
and shape. Small-sized AgNPs have a higher surface-to-volume ratio,
allowing them to penetrate the cell membrane easily, while large-sized
AgNPs cause cell membrane damage [125,126].

To study the antibacterial potential of E. aureum AgNPs, model
microorganisms were used: E. coli (Gram-negative bacteria) and S.
aureus (Gram-positive bacteria). A higher antibacterial activity against
E. coli and S. aureus was shown by all AgNPs and some WEs in the
following order: E. coli AgNP: GOL>MAR=MAN=NEO>JAD, E. coli
WE: GOL>MAR=MAN>JAD, S. aureus AgNP: MAN>GOL>JAD>
MAR=NEQO, and S. aureus WE: MAR>JAD>NEO=GOL (Table 3).
Comparison of ZOIs between E. coli and S. aureus in this study shows
a higher antibacterial activity against E. coli.
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Figure 15. Reaction kinetics plot of degradation of methyl red in the presence of (a) 4000 ppm MAR_AgNP and sodium borohydride under sunlight and

(b) 266 ppm MAR_AgNP and sodium borohydride under sunlight.
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Table 3. ZOI against E.coli and S. aureus for silver nanoparticles and their respective water extracts.

Sample ID E.coli S. aureus

Average ZOI/cm Positive ZOl/cm Average ZOlI/cm Positive ZOI/cm
JAD_AgNP 1.45 2.6 1.2 2.8
MAR_AgNP 1.5 2.7 1 2.7
MAN_AgNP 1.5 2.7 1.75 2.7
NEO_AgNP 1.5 25 1 2.6
GOL_AgNP 1.75 25 1.25 2.75
JAD_WE 1.2 2.6 1.1 2.5
MAR_WE 1.5 2.6 1.6 2.6
MAN_WE 1.5 25 0 0
NEO_WE 0 0 1 2.8
GOL_WE 2 2 1 2.7
4. Conclusion References

This study explores a novel and green synthesis approach to
synthesize AgNPs using E. aureum leaf extract. The current research
proves that WEs obtained from the selected five varieties of E. aureum
leaves can be useful in AgNP synthesis, which has not yet been
carried out for this purpose. The optimized synthesis condition was
determined to be at 60°C for 60 min. The SEM analysis confirmed
cubic MAR_AgNP of 70 nm to 90 nm which was also confirmed by
DLS (74.61 nm average diameter), EDX confirmed high presence
of Ag, zeta potential confirmed high stability of —25.3 mV, and FTIR
confirmed the presence of several functional groups required for AgNP
synthesis. The conductivity study showed semiconductors property
(E=2.82 ¢V). The antioxidant activity was confirmed by higher TFC,
TPC, and TAC in AgNPs than WEs. E. aureum AgNPs displayed
a higher rate 0f 0.1948 min~! MR dye degradation at 4000 ppm and
addition of sodium borohydride along with a lower rate at 266 ppm
(k=0.0752 min™"). These findings suggest promising photocatalytic
potential of E. aureum leaf AgNPs, which can be used in environmental
remediation applications. Nevertheless, more investigation is required to
achieve optimal degradation conditions for optimal effectiveness. The
current study displayed a significant effect on bacterial growth inhibition
against S. aureus and E. coli. These findings on characterization,
antioxidant capacity, photocatalytic capacity, and antibacterial capacity
highlight the potential of E. aureum leaf AgNPs for various applications
such as medicinal, agricultural, and wastewater treatment. However,
further research should focus on understanding the mechanisms behind
these properties, optimizing the synthesis process and evaluation of
safety profile on animal models to enhance the performance of E.
aureum leaf AgNPs for practical use.
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