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This study adopted a green synthesis method to produce silver nanoparticles (Ag NPs) using arabinoxylan mucilage from
Plantago major seeds, which naturally functions as a reducing and stabilizing agent. Different characterization techniques
like UV-Vis spectroscopy, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), energy
dispersive X-rays (EDX), and X-ray diffraction (XRD) were used to determine the morphology, composition, and surface
functionality of the synthesized nanoparticles. The formation of Ag NPs was indicated by a color change from light brown
to dark brown and a characteristic absorption peak at 420 nm, with increased absorption over time due to the enhanced
production of NPs. FTIR analysis confirmed Ag NP formation with characteristic bands in the 400-600 cm ™ range. SEM
analysis revealed flower-shaped Ag NPs, while XRD confirmed the face-centered cubic crystalline structure. Dynamic
light scattering (DLS) analysis showed stable Ag NPs with a slightly negative surface charge (-0.1 mV). The synthesized
Ag NPs exhibited effective antimicrobial activity against Escherichia coli, Enterobacter aerogenes, and Bacillus cereus,
demonstrating superior inhibition zones, minimum inhibitory concentration (MIC), and minimum bactericidal
concentration (MBC) values compared with the positive control, rifampicin. Additionally, Ag NPs demonstrated
significant photocatalytic potential in water purification, degrading crystal violet (87.12%) and safranin dye (83.87%)
following pseudo-first-order kinetics. The findings highlight the potential of Ag NPs as eco-friendly alternatives to
synthetic wastewater treatment agents and antibiotics.
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INTRODUCTION

Polysaccharide-based mucilages from plants
(seeds, leaves, and roots), Protista and marine
algae are useful for storing food, thickening
membranes, and facilitating seed germination.!”
The plant families rich in mucilage are
Brassicaceae, Plantaginaceae, Linaceae, and
Acanthaceae.* Polysaccharides in the mucilages
mainly include pectin and hemicelluloses.! Plants
produce biocompatible, non-toxic, and
biodegradable mucilages that can serve as
additives to make low-fat, prebiotic foods.?
Mucilages swell in water with a higher water
holding capacity due to the hydrophilic functional
groups (-OH, NH,, -COOH, -CONH;), cross-
linking, and porosity in the polymer structure.
Mucilages are widely used in medicinal,

environmental conservation, and commercial
applications, including tissue engineering, wound
healing, drug delivery, wastewater treatment,
cosmetics, agriculture, pharmaceuticals,
horticulture, engineering, and diapers.’ Mucilage-
based polysaccharides respond to stimuli such as
temperature, pH, ionic strength, and solvents,®
enhancing their significance for sustainable drug
delivery systems.” The literature revealed the
utilization of smart mucilages from Mimosa pudica
and flaxseed for drug delivery applications.®

P major L. (plantain — broadleaf) is an
herbaceous plant with oval-shaped seeds that
extrude mucilage on drenching in water. Different
plant parts have been found to exhibit significant
antioxidant, antibacterial, immune-enhancing,
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anticancer, and anti-inflammatory  effects.’
Traditionally, the plant is used to treat ocular,
dermal, digestive, reproductive, ear and respiratory
diseases, and is considered to have wound-healing
effects.!” The extracts from various plant parts
have potential against stomach disorders (such as
swelling, intestinal infection, ulcers, constipation,
bleeding, hematemesis, stomach pain, and
diarrhea), neurological disorders (like epilepsy),
liver disorders, and uterine disorders (including
tumors, ulcers, heavy uterine bleeding, and
frequent menstrual disorders like
polymenorrhea).'" The plant acts as a diuretic drug
and is prescribed for bladder and kidney pain,
urinary infection, and hematocyturia.'? The plant is
effective against dermal infections and cures head
and face lesions, and skin ulcers."® Biodegradable
and biocompatible polysaccharide-based mucilage
from P. major seeds comprises monosaccharides
(xylose, glucose, galacturonic acid, galactose,
arabinose, and glucuronic acid), disaccharides
(sucrose), and a trisaccharide (planteose).'* The
mucilage was found to possess a high swelling
index, viscosity, water-holding capacity, and
mucoadhesive properties.”> Mucilage extruded
from seeds of P. major sustained the release of
propranolol hydrochloride in tablet formulations.'®

Different morphologies (nano-powder, nano-
crystals, and nano-clusters) and sizes of NPs (1-
100 nm) exhibited a wide range of applications.'”
Nanomaterials have been developed for new
industrial trends and advancements in novel
products,'® catalysis,'® biological sensing, drug
delivery,®®  pathogen  detection,®® tissue
engineering,?? and wastewater treatment.?* Textile
and other industries discharge heavy metals®* and
dyes into water, contaminating water resources.”
Wastewater remediation is critical because of the
carcinogenic nature of dyes. Different physical,
biological, and chemical methods for wastewater
treatment®® do not adequately remove dyes.?’” NPs
(Cu, Au, Pd, Ag, and Fe) used as photocatalysts
degrade dyes, such as methyl orange, methylene
blue, and crystal violet, primarily due to their
higher absorption capacity, larger surface area, and
faster equilibrium rates.”® Ag NPs, due to their eco-
friendly, non-toxic, and biodegradable nature, are
considered the most effective for dye degradation.

Metallic NPs exhibit catalytic activity due to
their specific size and shape, and are widely used
as catalysts for organic and inorganic reactions.”
Biosynthesized metallic NPs are diversely used to
remove organic pollutants and dyes*® due to their
lower cost and significant environmental
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remediation abilities.’! Ag NPs also exhibited
significant optical properties in visible and near-IR
regions due to their nano size and shape.’? Ag NPs
exhibit greater chemical stability and are good
electrical conductors, thereby enhancing their
physicochemical properties for use as sensors and
conductors.*® Further applications of Ag NPs
include the degradation of organic, inorganic,
aromatic, and carcinogenic dyes for wastewater
treatment, as well as their use as antibacterial
agents.>

In this work, we synthesized Ag NPs using P,
major seed mucilage, which serves as both
reducing and stabilizing agent. The synthesized
NPs were characterized using scanning electron
microscopy (SEM) for morphology, X-ray
diffraction (XRD) for structure determination,
energy-dispersive X-ray spectroscopy (EDX) for
elemental composition, UV-visible spectroscopy
for absorption, and Fourier-transform infrared
spectroscopy (FTIR) for surface interaction. The
antimicrobial activity of the Ag NPs was evaluated
against Gram-positive and Gram-negative
bacterial strains (E. coli, E. aerogenes, and B.
cereus) by measuring the zone of inhibition (ZOI),
minimal inhibitory concentration (MIC), and
minimum bactericidal concentration (MBC).
Moreover, the prepared Ag NPs were used for
photocatalytic dye degradation.

EXPERIMENTAL
Materials

Silver nitrate (AgNO3) was purchased from Merck,
Germany, and P. major seeds were purchased from a
local market. B. licheniformis, E. coli, and Aeromonas
strains were obtained from the Microbiology
Laboratory in the Department of Zoology, Government
College University, Lahore. Highly pure chemicals or
reagents were used for this study.

Mucilage extraction

After cleaning the seeds, mucilage was extracted
using deionized water using the hot-water extraction
method. In this method, water is preheated to a specific
temperature, seeds are added, and the mixture is heated
until the mucilage is extracted. The extracted mucilage
is separated from the seeds by muslin cloth, spread on
Petri dishes, and dried in an oven at 80 °C for further
use.

Ag NPs synthesis

The silver nitrate solution (1.0 mM, 10 mL) and the
mucilage suspension (1.0%, 10 mL) were prepared
separately and mixed before exposure to sunlight to
observe the color change (Fig. 1). A dark brown color
was obtained, indicating the formation of Ag NPs. The



color intensity changed over time as more silver ions
were reduced and stabilized to Ag NPs. Ag NPs were
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Figure 1: Schematic illustration showing the synthesis of Ag NPs from mucilage and AgNO3

Characterization of Ag NPs

Different spectroscopic techniques, UV-visible
spectroscopy (Agilent Cary 60), with a wavelength
range of 800-200 nm, and FTIR spectroscopy, using an
FTIR spectrophotometer (Agilent Cary 630) in the
wavenumber range of 4000400 cm™!, were used to
characterize and investigate the possible functional
groups involved in the surface modification and
stabilization of Ag NPs. SEM (Nova Nano SEM 450)
and XRD were used to determine the morphology and
crystalline structure of Ag NPs. SEM equipped with
EDX at 10 kV was used for elemental analysis, and
XRD was performed by placing the thin sample layer on
a glass substrate using the Proto AXRD LPD X-ray
diffractometer. The stability and size distribution of Ag
NPs were further investigated by DLS and Zeta
potential measurements using a Litesizer 500 (Omega
cuvette, Mat. No. 225288).

Antibacterial activity

The antibacterial activity of synthesized Ag NPs was
analyzed against three bacterial strains (E£. coli, E.
aerogenes and B. cereus) using the Agar well diffusion
method. Initially, pathogen strains were prepared, with
the turbidity standard concentration adjusted to 0.5
McFarland. Five Mueller-Hinton agar plates were
prepared, and the strains were spread on them using
sterile cotton buds. Ag NPs at concentrations of 100, 50,
and 25 pg/mL were added to the wells, except for the
control. The rifampicin (50 ug mL™") served as a positive
control, while a mixture of ethanol and water (1:1) was
used as a negative control. Each experiment was
performed three times to ensure accuracy in results.

Determination of MIC and MBC

MIC:s of synthesized Ag NPs against the strains were
measured using 24-hour-old cultures. Nutrient broth
(3.0 mL) was prepared and added to a sterile test tube
before mixing the bacterial culture (30 pL) for each
sample. The serial concentrations of Ag NPs (5-30 ug
mL-!) were mixed in all test tubes, except the negative
control. Test tubes were incubated for 24 h at 37 °C. UV-

Vis was used to measure the optical density at 523 nm.
The samples for determining MICs were incubated at 37
°C for 24 h, and MBCs were determined by spreading
them (100 pL) on nutrient agar plates.

Photocatalytic activity of Ag NPs

The photocatalytic efficiency of Ag NPs was
analyzed using crystal violet and safranin dyes (50 mL,
diluted to 10 ppm from initial concentrations of 5-10
mg/100 mL, with reaction times ranging from 0 to 150
minutes). Dye samples were stirred after adding NPs,
then exposed to sunlight with a high UV index (10+) as
per the EPA global solar index for photocatalytic
degradation. The samples were taken from the mixture
at regular intervals to determine the maximum
absorption using a UV-visible spectrophotometer. The
baseline obtained with a dye solution without NPs was
compared to determine the maximum degradation
efficiency under optimized conditions. The percentage
degradation was calculated according to the equation
given below:

% Dye degradtion = %

(1)
t
where Cy is the initial concentration of the dye before
adding NPs, and C; is the final dye concentration after
being treated with NPs. Dye degradation kinetics were
assessed by following the equation:*’

In &= —Kt @)
Co

RESULTS AND DISCUSSION
Synthesis of Ag NPs

Arabinoxylan-based mucilage extracted from P,
major was mixed with silver nitrate solution before
exposure to sunlight. The hydroxyl groups of
mucilage reduced the silver ions to silver atoms,
which were further coated by the mucilage. The
color of the reaction mixture changed to dark
brown over time (10-50 min), confirming the
successful synthesis of Ag NPs (Fig. 2).
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Figure 2: Reduction and stabilization of Ag NPs

UV-visible spectra of Ag NPs

UV-Vis spectrophotometry helps identify,
characterize, and study NPs because metallic NPs
possess free electrons that can absorb radiation
through surface plasmon resonance. The electrons
of NPs exhibit vibrations that cause the resonance
of electrons with electromagnetic radiations of a
specific frequency. The NPs exhibited absorption
in the visible range (380-450 nm). In the present
work, Ag NPs showed a maximum absorption at
420 nm (Fig. 3 a), which is consistent with values
reported in the literature. The absorption bands in
the UV-visible spectra showed that absorption
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Figure 3: (a) UV-visible absorption spectrum of Ag NP

by the arabinoxylan (AX)-based mucilage from P. major

intensity increases over time (Fig. 3b). The color
of Ag NPs changed to reddish brown (Fig. 3c) in
about 50 minutes, supporting the increase in
absorption intensity over time (Fig. 3b). The UV-
visible absorption spectrum of Ag NPs after one
year exhibited a peak in the same region at 420 nm
(Fig. 3d), which demonstrates the stability of Ag
NPs even after a year of their synthesis. The
literature reported similar color changes during the
formation of Ag NPs from the marine alga
Ecklonia cava, and absorption peaks around 420-
250 nm for Punica granatum peel.*®

0.0

480
Wavelength (nm)

0.8
B8 06
g
0.4
0.2

50 min

500 600 700 800
Wavelength (nm)

300 400

s synthesized from P. major mucilage, (b) changes in absorption

maxima over time, (c) color changes over time, (d) UV-visible absorption spectrum of Ag NPs after 1 year

1036



3250

3230

Transmittance (%)

Biomass

—— Ag NPs
Mucilage

510

1750 1310

1280

1690

T T
4000 3500 3000

T
2500

T T T
2000 1500 1000 500

Wavenumber (cm™)

Figure 4: FTIR spectra of mucilage and Ag NPs synthesized using mucilage from P. major seeds

FTIR analysis of Ag NPs
FTIR spectroscopy is commonly used to assess
the possible surface interaction between

synthesized NPs and other molecules involved in
the stabilization of NPs. FTIR analysis explains
functional groups and bond types by particular
wave numbers. The broad peaks for stretching
vibration of O-H bonds appeared both for mucilage
and Ag NPs from 3250 cm™ to 3350 cm,
indicating the presence of sugars and phenolic
groups in mucilage, and the peaks at 1690 cm™ to
1750 cm™' revealed carbonyl group (C=0)
vibrations. The stretching vibrations at 1250 cm!
and 1306 cm™ are possibly due to C-O bonds.?’

The stretching vibration at 580 cm™' resembles the
Ag-O bonds in the Ag NPs spectrum (Fig. 4).3
The mucilage peaks slightly differ from those
in the Ag NPs spectrum. A significant difference
between simple mucilage and synthesized NPs lies
in the presence of Ag-O bonds (580 ¢m™), which
confirms the formation of Ag NPs. Although other
peaks appeared in a similar spectrum range, the
peaks of NPs slightly shifted to higher values,
indicating the interaction of functional groups
present in the mucilage on the surface of NPs. This
shift in NPs peaks demonstrates the significant
binding and stabilization of NPs by the mucilage.®

Figure 5: SEM images of Ag NPs scanned at scales of 1 pm (a), 2 pm (b), 4 um (c), and 500 nm (d)
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SEM analysis

Literature discovered typical circular, cubical,
triangular, elliptical, and pebble-like shapes of Ag
NPs.* In this study, SEM analysis of Ag NPs
showed a flower-shaped morphology at
magnifications of 1 pm, 2 um, 4 um, and 500 nm
(Fig. 5), with an average size of 110 nm. Ag NPs
from sapota fruit waste exhibited a spherical shape
(30 nm).*' Similarly, Ag NPs were synthesized
from purified apiin compound, extracted from
henna leaf,*? green tea, and C. sinensis extract.3
The Ag NPs are not uniformly distributed because
the shape and size of the NPs depend upon
interactions of the NPs with functional groups in
the biomolecules.

DLS analysis

The particle size distribution and charge of the
Ag NPs were measured using DLS. There are three
distinct peaks in the spectrum, representing the
particle-size distribution of Ag NPs (Fig. 6a). The
most prominent peak covers 64.62% of the Ag NPs
and has an average particle size of 132.27 nm. In
contrast, the second major peak covers 34.32% of
the total area of the nanoparticles, with an average
size of 1125.3 nm, and the larger NPs are due to Ag
NP aggregation. The smallest peak covers only 1%
of the area, with an average particle size of 5.62
nm. The polydispersity index (PDI) value of 0.27
confirms that the particles are not uniform, and the
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presence of different peaks in the spectrum
confirms a mixture of different particle sizes of the
Ag NPs.

Further, the stability of the Ag NPs was
assessed by zeta potential. The surface charge,
whether positive or negative, significantly controls
nanoparticle aggregation. The increase in charge
density reduces particle size. In contrast, zeta
potential distribution for Ag NPs (Fig. 6b) exhibits
a sharp peak at —0.1 mV, showing that Ag NPs have
a slightly negative surface and are stabilized by the
steric hindrance of mucilage molecules adsorbed
on the surface of Ag NPs.* Studies reporting
similar size distributions from DLS analysis of P,
major seed extract in the literature confirmed the
synthesis and stability of Ag NPs synthesized in
our study from seed mucilage.*

EDX analysis

EDX analysis was used for compositional and
elemental analysis of NPs. The EDX spectrum of
Ag NPs synthesized from PM mucilage shows a
significant peak of Ag (80.59%), along with O, C,
Ca, Si, and Na peaks (Fig. 7). The EDX spectrum
also showed elements such as carbon and oxygen,
owing to the polysaccharide nature of the
mucilage, which  contains arabinoxylans,
flavonoids, and phenolic compounds.
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Figure 7: EDX spectrum of Ag NPs showing silver as the main element
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Figure 8: XRD spectrum of Ag NPs showing their crystalline nature

Elements, such as Ca, Na, and Si, may be due
to impurities or to the apparatus used to prepare
and analyze samples. EDX analysis of Ag NPs
synthesized using flaxseed mucilage presented
similar elements, namely, carbon, oxygen,
calcium, potassium, and magnesium due to
polysaccharides, sugars, and minerals present in
the mucilage.*

X-ray diffraction analysis

The XRD spectrum of Ag NPs (Fig. 8) depicted
20 angles of 38.34°, 44.55°, 64.55°, 77.54°, and
81.60° corresponding to the crystalline planes
(100), (100), (111), (210), and (211). The faces
established the face-centered cubic structure of Ag
NPs, which is the same pattern as that synthesized
from the extract of P. lanceolate.*” Moreover, high-
intensity peaks in the XRD spectrum revealed the
crystalline structure of Ag NPs from the marine
alga Ecklonia cava, as confirmed by the planes
observed in the XRD pattern.*

Antimicrobial activity

Ag NPs attached to the cell wall and
cytoplasmic membrane through -electrovalent
attractions, inhibited  the growth of
microorganisms.*’ Moreover, Ag ions also showed
strong attraction to sulfur proteins. The channel
proteins, cation-selective porins, provide a
possible pathway for Ag ions to enter the cell. The
exposure of cells to Ag NPs generates intracellular
reactive oxygen species (ROS), which inhibit
respiratory enzymes and disrupt membranes and
DNA. 3 The antimicrobial activity of Ag NPs was

analyzed against three pathogen strains, such as E.
coli, E. aerogenes and B. cereus (Fig. 9a-c).

Ag NPs inhibited the growth of E. coli (ZO1
24+0.55 mm) more effectively, followed by B.
cereus (ZOI 21+0.66 mm) and E. aerogenes (ZOI
17£0.66 mm) (Fig. 9d). Ag NPs showed greater
potential against Gram-negative bacteria than
Gram-positive bacteria.

Previous studies showed that Ag NPs derived
from Citrus limon zest inhibit bacterial growth,
with a zone of inhibition ranging from 8 to 20
mm.>® The obtained MICs and MBCs against the
three pathogen strains are shown in Figure 9e. The
MIC values were 10, 15, and 5 pgmL™! for E. coli,
B. cereus, and E. aerogenes, respectively, while the
MBC values were 15, 15, and 10 ugmL™! for the
same species. MIC and MBC results showed that
green-synthesized Ag NPs provided greater
inhibition zones against the pathogenic bacteria
tested in this study at low concentrations.

Photocatalytic activity of Ag NPs

The crystallographic structure, shape, and size
of nanoparticles determine the photocatalytic
activity. The photocatalytic activity against crystal
violet and safranin dyes was assessed using Ag
NPs via UV-Vis analysis. The color disappearance
of dye solutions indicated the degradation of dyes.
Ag NPs demonstrated significant degradation (Fig.
11a, b, ¢) of crystal violet (87.12%) and safranin
(83.87%), with optimum NPs dosage (5 mg), dye
concentration (50 mL, 10 ppm diluted from 5.0
mg/100 mL), and sunlight exposure (150 min).
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Figure 9: Antimicrobial potential of Ag NPs against three pathogen strains, E. coli (a), E. aerogenes (b), and
B. cereus (c), zones of inhibition against different bacteria (d), and MIC and MBC values ()

Table 1

Antimicrobial potential comparison of Ag NPs synthesized from different sources using a green approach

Extract/species used Pathogen Method Z0OI (mm) Ref.
Radish microgreen §. aureus Well diffusion (Agar) method 15 51
g E. coli g 15
E. coli 16
P. aeruginosa 21
.. M. luteus o 19
C. roxburghii B, subtilis Well diffusion (Agar) method 17 52
E. aerogenes 18
S. aureus 12
S. aureus o 9
Fenugreek E coli Agar well diffusion method 10 53
S. aureus 22
E. faecalis . e 15
Streptomyces sp. K. pneumonia Disc diffusion method 19 54
E. coli 17
Chlorella vulgaris E. co.l ! Agar well diffusion method 20 55
P.aeruginosa 21
E. coli 24
. . e Present
P. major mucilage E. aerogenes Agar well diffusion method 17
study
B. cereus 21
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Figure 11: Degradation of (a) crystal violet and (b) safranin by Ag NPs in sunlight; degradation of crystal violet and
safranin over time (c), and degradation kinetics (d)
Table 2
Dye degradation potential of Ag NPs reported in previous literature
Plant Part Time Light source Pollutant Degradation, % Ref.
Ruellia tuberosa Leaves 180 min Sunlight Crystal violet 87% 60
Radish Microgreen Plant 14 min Sunlight Crystal violet 96.90% 61
Carissa carandas Fruit 150 min Sunlight Crystal violet 93% 62
180 min Sunlight Crystal violet 90% 63
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Sanguisorba Leaves and

officinalis stem

Saussurea costus Root 72 h In dark
P. major mucilage Seeds 150 min Sunlight

Safranin 90%

Safranin 84.6% 64
Crystal violet 87.12%

Safranin 83.87% Present study

Crystal violet undergoes greater degradation in
the presence of NPs due to its triphenylmethane
structure, which contains more delocalized =-
electrons from aromatic rings.’” These electrons
enhance the binding of the dye to the surface of
NPs through rapid electron transfer, leading to
greater dye removal from wastewater and higher
degradation percentages than safranin, which has a
less aromatic structure and exhibits a lower rate.>®
The mechanism of dye degradation involves the
creation of an electron-hole pair when electrons are
excited from the valence to the conduction band,
leading to the formation of free radicals that
degrade the dye.”

Furthermore, to determine degradation kinetics,
the Langmuir-Hinshelwood model was used.
According to this model, the dye-degradation
reactions of crystal violet and safranin follow
pseudo-first-order kinetics (R? > 0.9) (Fig. 11d).
From the experiment, the rate constant K for
crystal violet is 0.012/min, and for safranin, it is
0.011/min.

CONCLUSION

Ag NPs were synthesized by a green synthesis
method from PM mucilage. The findings of the
study, namely UV-visible spectroscopy (Amax = 420
nm), with the time graphs illustrating color
changes from light to dark brown, FTIR analysis (0
=520, 1300, and 3392 cm™!), and SEM observation
(average diameter 110 nm), confirmed the
synthesis of Ag NPs. Elemental analysis by EDX
revealed the predominant presence of Ag (80.59%)
with trace amounts of other elements, and XRD
showed an FCC structure. DLS indicated stable Ag
NPs with a slightly negative surface. Reaction
progress was analyzed by observing color changes.
The synthesized Ag NPs exhibited significant
antimicrobial activity against B. licheniformis, E.
coli, and Aeromonas sp.

Furthermore, Ag NPs synthesized via this green
route from arabinoxylan mucilage were used
efficiently as eco-friendly photocatalysts for the
degradation of crystal violet and safranin solutions.
The process followed pseudo-first-order kinetics.
Ag NPs demonstrated good antioxidant potential
and were effective for dye degradation.
Furthermore, Ag NPs have the advantages of being
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small, stable, and having effective catalytic and
antibacterial activities. The reaction can be
controlled and experimental data can be
reproduced by maintaining similar reaction
conditions  (silver nitrate and mucilage
concentration, exposure time, and a fixed time of
day with similar light intensity), resulting in
consistent results.
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