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This research investigates the green synthesis of gold nanoparticles (Au NPs) using a biodegradable and natural reducing
agent, arabinoxylan mucilage from Plantago major seeds. UV-Vis spectroscopy revealed a characteristic surface plasmon
resonance peak at 550 nm, with an energy band gap of 3.45 eV, confirming Au NP formation. FTIR analysis revealed
peaks corresponding to alcohol, carbonyl, and other functional groups, along with a distinct metal-oxygen bond signal,
demonstrating the participation of the groups in NP stabilization. SEM revealed globular-shaped particles (78 nm), while
EDX analysis confirmed the elemental composition. XRD patterns verified the crystalline NPs with a face-centered cubic
structure. The Au NPs exhibited effective microbicidal potential against Escherichia coli (ZOI 25 + 0.66 mm), Bacillus
cereus (ZOI 18 + 0.33 mm), and Enterobacter aerogenes (ZOI 11 + 0.98 mm). The significant minimum inhibitory and
bactericidal concentrations (MICs and MBCs) were investigated for bacterial strains, confirming the antimicrobial
potential of Au NPs. Furthermore, the Au NPs demonstrated remarkable photocatalytic performance with degradation
efficiencies of 89% for methylene blue (MB) and 81.19% for methyl orange (MO) under pseudo-first-order kinetics,
highlighting their potential for wastewater treatment.
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INTRODUCTION

Nanomaterials synthesized from plant materials
possess the advantage of adjustments in structure,
surface area, morphology, and size that can be
achieved through experimental conditions and the
choice of precursors.! Like other nanomaterials,
Au NPs are highly chemically stable,> widely
utilized in biomedical applications, such as the
detection of molecules, cancer phototherapy, drug
delivery, and biosensing.®* Au NPs are used for
biological, catalytic, and  environmental
applications due to  their electronic,
physicochemical, and optical characteristics.* Au
NPs have a large surface area, smaller sizes,
adjustable surface functions, and plasma resonance

properties that affect their stability and
functionality for several biomedical and
environmental remediation applications.’

Physical and chemical methods for producing
NPs involve toxic chemicals, such as a reducing
agent, yield harmful by-products, and require
further purification.® Green route synthesis
overcomes such limitations using biomolecules
from plant precursors.” Biological activities of Au
NPs are not only improved using a green synthesis
approach, but also influenced in terms of physical
and chemical properties, such as particle size,
shape, accumulation, surface modifications, and
concentration of NPs.® Green-synthesized NPs
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exhibited more surface functionalization due to the
binding of more phytochemicals from plant
materials, which increased stability and biological
activities.’

Various plant materials (extracts and
mucilages) utilized for reducing and stabilizing
NPs! as natural alternatives to synthetic
polymers!!  represent sustainable products.'?
Mucilages extracted from seeds have a branched
polysaccharide structure, containing galacturonic
acid, D-galactose, L-arabinose, and D-xylose, with
phenolic  contents,”* being biodegradable,'
renewable and  sustainable,’””  functionally
bioactive, and cost-effective materials.'® They can
be used in drug delivery,!” tissue engineering'®
contact lenses,"” agricultural and horticultural
applications,”® cosmetics and personal care
products,”® food industry for packaging, or
texturing component,?* electronics,” biosensing
and diagnostic applications,” environmental
remediation®® and reducing metal ions to NPs.2

Arabinoxylan-rich mucilage from P. major
seeds consists of monosaccharides, such as
arabinose, xylose, galacturonic acid, glucose, and
rhamnose, along with other sugars, and has diverse
applications.?” The mucilage offers sustained drug
delivery because it works as a drug-binding agent,
while controlling drug release patterns.?® Such
mucilage is effective for wound healing due to its
water retention capacity and gelling properties that
develop a humid environment near the affected
area and enhance tissue regeneration, wound
resurfacing, and cell transfer for wound recovery.”
Additionally, P. major also possesses anti-
inflammatory properties that decrease
inflammation and promote tissue regeneration,
which is significant for wound healing.*® The
cosmetic sector uses it for face masks, as well as
conditioners and moisturizers.’! Mucilage is also a
promising candidate in wastewater treatment,
water filtration systems, and for the synthesis of
biodegradable polymeric products due to its water-
absorbing and gelling properties. The mucilage
shows potential for food processing and the
development of dietary supplements with
thickening and stabilizing properties, being used as
texturing, gelling and thickening agent.*> P. major
mucilage enhances fabric fibers and their texture
strength in textile production to produce
biodegradable fabrics, replacing typically used
synthetic textile additives. In agriculture, P. major
mucilage functions as protective soil insulation for
improved farm yields, pesticide protection, a bio-
stimulant to bolster plant germination and root
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development, and has antimicrobial properties that
protect plants from fungal and bacterial
pathogens. 3

Direct discharge of textile wastewater
containing dyes and other pollutants without
proper disposal causes water pollution, with
serious consequences for ecosystems.>> This not
only contaminates drinking water resources, but
also severely affects water bodies and wildlife
through toxic chemicals, exhibiting severe effects,
even with low concentrations of these pollutants.3¢
Textile dyes, including MO and MB, are
carcinogenic and are widely used in products
across textiles, pharmaceutical, food, cosmetics,
and agricultural sectors for various purposes.’’
Both MO and MB can cause health issues,
including vomiting, diarrhea, skin infections, eye
damage, and cyanosis. Still, MB causes more
harmful effects than MO (anionic dye) because of
its cationic nature.®® Different methods were used
to remove dyes from wastewater, including
photocatalytic destruction, osmosis, flotation, ion
exchange, chlorination, adsorption, and
electrochemical transformation; however, these
methods required more complex apparatus with
less significant removal efficiency. Photocatalytic
dye degradation through green-synthesized NPs is
not only a cost-effective and eco-friendly approach
for dye removal, but also provides reusability with
effective removal.*

A few studies are available on P. major seed
mucilage and the evaluation of its reduction and
stabilizing potential for metal ions to NPs. The
present study approaches the eco-friendly,
sustainable, and cost-effective synthesis of Au NPs
from the arabinoxylan-rich mucilage of P. major
seeds. The NPs were characterized through UV-Vis
spectroscopy, FTIR, SEM, EDX, and XRD to
confirm the formation, structure, morphology,
chemical composition, and size. Various uses of Au
NPs for biomedical and environmental
applications were evaluated through antibacterial
activity and photocatalytic degradation of textile
dyes for wastewater treatment.

EXPERIMENTAL
Materials

Gold chloride (AuCls) (99% purity), methylene blue
(Ci6H1sCIN3S) (Dye content, >82%), and methyl orange
(Ci14sH14N3NaOsS) (Dye content, 85%) were purchased
from Merck (Sigma-Aldrich). P major seeds were
procured from a local market and confirmed by a
botanist at the Government College University Lahore,
using a voucher specimen (GC. Herb. Bot. 4382), as



being P. major Linn., of Plantaginaceae family.
Bacterial strains (E. coli, B. cereus, and E. aerogenes)
were acquired from the Microbiology Laboratory,
Government College University Lahore.

Mucilage extraction

The hot water extraction method was used for
mucilage extraction. For this purpose, washed and
cleaned seeds were mixed with deionized hot water (70
°C, 90 min). When seeds extruded mucilage, the
extracted mucilage was separated from the seeds by a
cloth before drying at 80 °C. The fine, dried powder of
seed mucilage was stored carefully for further use.

Au NPs synthesis

A gold chloride (AuCls) suspension (20 mM) and a
1.0% suspension of seed mucilage were prepared by
adding AuCls (0.06 g) and mucilage (0.1 g) in deionized
water (10 mL) separately. Both suspensions were mixed
and stirred (2 h, 60 °C) until the color of the mixture
changed to purple, demonstrating the formation of Au
NPs. The Au NPs mixture was then centrifuged (20 min
at 4500 rpm) to purify by eliminating non-reacted gold
ions, excessive organic compounds, and mucilage
residue. The purified Au NPs were washed with
deionized water and ethanol and subjected to drying at
60 °C. Au NPs in powder form were characterized using
spectroscopic techniques and stored carefully for further
biological applications.

Characterization

The freshly prepared Au NPs suspension was
characterized using a UV-Vis spectrophotometer
(Agilent Cary 60) to verify the NPs synthesis. The Tauc
relation was used to calculate the energy band gap (E,)
of Au NPs using Equation 1:

(ahv)™ = A(hv — E;) (1)

The absorption coefficient (a) calculated from the
UV-Vis spectrum was plotted as (ahv)™ vs photon
energy (hv), where m indicates the character of the
electronic transition.*’

Dried, finely ground powder of Au NPs was used for
FTIR analysis using an FTIR spectrophotometer
(Agilent Cary 630). For SEM (Nova Nano SEM 450)
and EDX with SEM at 10 kV analysis, dried NPs were
placed on the aluminium stub using double-sided carbon
tape and a thin layer of gold (as needed) to make the
sample conductive. The micrographs were captured at
different magnifications to observe particle shape,
aggregation, and approximate size distribution.
Calcined (450 °C, 3 h) and desiccated Au NPs were used
for XRD analysis by an X-ray diffractometer (Proto
AXRD LPD) to enhance crystallinity and peak
diffraction. Dried NP powder was deposited as thin
films on glass substrates, and diffraction patterns were
observed over a suitable 20 range (10-80°) in Cu Ka
radiation.

Polysaccharides

Antibacterial activity

The antimicrobial potential of Au NPs against the
three above-mentioned bacterial strains (E. coli, E.
aerogenes, and B. cereus) was evaluated using the agar
well diffusion method. Pre-inocula of pathogen strains
were prepared and adjusted according to a 0.5
McFarland turbidity standard and spread on Mueller-
Hinton agar plates using a sterile cotton swab. Five agar
wells (6.0 mm diameter) were completed on each agar
plate using a sterile cork borer. NP sprays were obtained
in ethanol-water (1:1, V/V) to achieve final
concentrations of 100, 50, and 25 pg/mL. The
concentration (100 pL) was transferred to different
wells with care. The positive control was rifampicin (50
pg/mL), and the negative control was ethanol-water
(1:1) without NPs. Each plate was incubated at 37 °C
for 24 h. During incubation, clear zones of inhibition
(ZOI) around the wells were measured with a digital
caliper in millimeters. All assays were performed in
triplicate for each NP type and concentration, and the
mean +SD was calculated.

MIC and MBC determination

MIC is the minimum concentration of Au NPs that
prevents microbial growth, and MBC refers to the
concentration of Au NPs to kill 99.9% of the initial
microbial inoculum. MIC values were determined for
the prepared Au NPs using 24-h-old cultures (E. coli, B.
cereus, and E. aerogenes) suspended in nutrient broth (3
mL in each test tube) for incubation (37 °C, 24 h).
Bacterial culture (30 pL) adjusted to a 0.5 McFarland
turbidity standard was added to tubes containing fresh
nutrient broth (3 mL), supplemented with varying
concentrations (5, 10, 15, 20, 25, and 30 pg mL™") of the
prepared compound. After an overnight incubation
period (37 °C), optical density (OD) was measured at
523 nm using a spectrophotometer. The test tube with
no increase in OD was taken as MIC. To find MBC,
MIC (100 pL) with a lower OD was placed on nutrient
agar plates before incubation (37 °C, 24 h).

After MIC determination, freshly prepared nutrient
broth (3.0 mL) was mixed in a sterile test tube and then
mixed with the bacterial culture (30 pL). The serial
concentrations of Au NPs (30-180 uL. mL") were mixed
in all test tubes, except the negative control. After
incubation (37 °C, 24 h), the OD was calculated at 523
nm. MBCs were determined by incubation for 24 h at
37 °C after spreading MICs (100 pL) on nutrient agar
plates.

Photocatalytic activity

The potential of Au NPs for degrading textile dyes
was evaluated using MB and MO dyes. Solutions with
varying concentrations (5-10 mg/100 mL) for both dyes
were diluted to 10 ppm (50 mL). The diluted dye
solution was stirred with Au NPs (1.0-5.0 mg) for 150
min in sunlight for photocatalytic degradation.
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A pure sample of dye was taken before adding NPs
as a baseline for comparison of degradation extent.
Approximately 10 mL of each sample was drawn at
regular 30-minute intervals to assess the maximum
degradation effectiveness. Samples were exposed to
UV-vis analysis, scanned in the UV-visible range of
700-300 nm to explore degradation efficiency using
Equation (2):

% Dye degradtion = %

2
t
where Cp and C; are the initial and final dye
concentrations before and after adding NPs. The
following Equation (3) assesses kinetics:

In &= —Kt 3)
Co

where Co and C; are dye concentrations at zero time and
after treatment with NPs at time t, and k is the rate
constant for the reaction.

RESULTS AND DISCUSSION
Characterization

The synthesized Au NPs were characterized
using spectroscopic techniques (UV-Visible, FTIR,
SEM, EDX, and XRD) to confirm formation,
morphology, elemental composition, and
crystalline structure of NPs.

UV-Visible spectroscopy

The UV-vis absorption spectrum of Au NPs
(Fig. 1) exhibits a SPR band at about 550 nm (Amax),
confirming the successful formation of NPs
through Au** ions reduction to metallic Au NPs. A
typical feature of spherical Au NPs dispersed in an
aqueous medium is the appearance of an SPR band
ranging at 520-530 nm. A slight (red) shift to 550
nm for Au NPs in this study indicated more
formation of NPs through reduction and
stabilization of NPs by the mucilage. The
absorption mechanism starts with the fall of
photons of equal energy on the surface of NPs; they
accelerate the oscillations of free conduction
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Figure 1: UV-Visible spectrum of Au NPs from P,
major seed mucilage as reducing and capping agent
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electrons via surface plasmons that induce
absorption. The resonant potential of NPs is
dependent on multiple factors, such as size,
morphology, and composition of the NPs. UV-vis
absorption wavelength is consistent with Au NPs
prepared with the hydrogel from seeds of Cydonia
oblonga.*!

The linear portion of the Tauc plot was
extrapolated to the energy axis, yielding a band gap
of 3.45 eV (Fig. 2). The energy band gap value
exhibited by Au NPs corresponds to the previously
reported value (3.41 eV) for Au NPs prepared
through a green method from a leaf extract of the
Wedelia trilobata plant.** Differences in NP size,
morphology, and the extent of surface
functionalization by the capping biomolecules can
be explained by minor changes in the band gap.
The gap between the quantized gold bands is
relatively large, suggesting strong quantum
confinement at the nanoscale.

FTIR analysis

The FTIR spectra of Au NPs and PM mucilage
(Fig. 3) were recorded for both simple mucilage
and dried, non-calcined NPs that retained
biomolecules of mucilage adhered to the surface of
NPs. Both spectra exhibited peaks corresponding
to different functional groups, including hydroxyl
and carboxyl, which reduced Au*" ions to Au
NPs.* The bands at 3250 cm™! agreed with the O-
H functional group present in the mucilage
structure. The absorption band at 1710 cm™ is due
to the stretching of the carbonyl group, and C-O
bond stretching peaks occur in the range of 1000-
1300 cm™.* The increase in peak intensity of Au
NPs compared to mucilage, with a new peak at 570
cm!, confirms that metal-oxygen interactions lead
to the formation of Au NPs.*
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Figure 2: Energy band gap (eV) of the Au NPs from

the Tauc plot
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Figure 3: FTIR spectra with functional group peaks for Au NPs (a) and PM mucilage (b)

Figure 4: SEM images of Au NPs at different magnifications (1, 2, and 4 pm, and 500 nm)

SEM analysis

SEM analysis established the morphology of
Au NPs at different magnifications (1, 2, and 4 pm,
and 500 nm) (Fig. 4). SEM images describe the
globular shape with orbicular clusters of NPs,
agglomeration of homomorphic globular particles,
and the macro-scale framework coincides with the
mucilage polysaccharidal substances that reduce
and stabilize NPs. The synthesized Au NPs were
implanted in the mucilage matrix instead of being
solely distributed, due to which particles remain
enclosed in a polysaccharidal network.*

The average diameter of the NPs evaluated
using Imagel] software was 78 nm. Similar
morphology and sizes were observed for Au NPs

synthesized from quince seed mucilage in the
literature.*’

EDX analysis

EDX analysis was conducted to evaluate the
elemental composition of the synthesized Au NPs.
The EDX spectrum (Fig. 5) of Au NPs reveals
distinct indications of Au, C, O, Na, Mg, Si, Cl, K,
and Fe. Carbon and oxygen in the EDX spectrum
appeared from the mucilage on the surface of NPs.
Metal ions other than gold in the EDX spectrum
might be trace inorganic minerals in the mucilage
capping the NPs. The appearance of silicon might
be interfering from the glassware used during the
EDX spectroscopy.*® Therefore, EDX analysis
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exhibited a composition with a major gold
constituent, while the formation of NPs was

confirmed in conjunction with the UV-Vis, XRD,

and SEM results.

. Spectrum 1

Figure 5: EDX spectrum of Au NPs
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Figure 6: XRD diffraction of Au NPs with peak planes at 20 angles

XRD analysis

The purity and crystal structure properties of
the synthesized Au NPs were evaluated by XRD
analysis. The XRD diffraction pattern in Figure 6
reveals the crystalline nature of Au NPs.
specifically, the diffractogram indicates the
presence of several peaks, which are attributed to
the face-centered cubic structure of Au NPs. At
angles of approximately 38.6, 44.4, 64.58, 77.55,
and 81.8° (exact indexing is dependent on the
calibration of the instrument used), reflections
corresponding to planes (111), (200), (220), (311),
and (222) are observed compared to their standard
JCPDS files (ICDD/JCPDS PDF Card No. 04-
0784). The occurrence of these typical fcc
reflections ascertains that the cores of the
biosynthesized NPs are crystalline Au. Other weak
peaks may result from residual organic
constituents of the mucilage or small crystalline
impurities. The XRD pattern shows that the green
approach yields well-crystallized Au NPs, similar
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to those obtained via less conventional synthesis
pathways.®

Antibacterial activity

For the investigation of the antibacterial
activity of Au NPs, three pathogenic strains were
used (E. coli, E. aerogenes, and B. cereus) (Fig. 7).
Au NPs showed maximum inhibition activity
against E. coli. Au NPs revealed ZOI with values
of 25+ 0.66, 18 £0.33, and 11 = 0.98 mm against
E. coli, B. cereus, and E. aerogenes, respectively.
Thus, Au NPs are more effective against Gram-
negative bacteria. This is in agreement with other
findings from the literature for Au NPs formed
from Melbury leaf extract, which were also active
against Gram-negative bacteria.’® Similarly, Au
NPs formed by C. oblonga seed hydrogel exhibited
higher antibacterial potential against Gram-
negative bacterial species, as it provided the
maximum ZOI (18 mm) against E. coli bacterial
strains.*!



Also, the results indicated that E. coli had an
MIC of 5.0 and an MBC of 10; B. cereus had an
MIC and MBC of around 10; and E. aerogenes had
the lowest MIC/MBC of 5.0 (mg mL"), indicating
that it is the most susceptible strain. Differences
between species may be associated with variations
in cell wall structure, membrane composition, and
intrinsic defense mechanisms.
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Green route-synthesized Au NPs exhibit higher
antibacterial activity against bacterial strains for
which chemically prepared Au NPs do not show
significant activity. The potential of Au NPs may
arise from using plant parts as precursors for the
reduction of NPs,
inhibition potential.

thereby enhancing their
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Figure 7: Antimicrobial potential of Au NPs against three pathogen strains (a) E. coli, B. cereus, and E. aerogenes, (b)
zones of inhibition against different bacteria, and (c) MBC and MIC values

This is particularly evident for different
bacterial strains using plant extracts that have
significant antibacterial activity.”!

Photocatalytic dye degradation

The dye degradation potential of Au NPs
against MB and MO dyes was evaluated by
measuring absorbance spectra. The color changes
are shown in Figure 8. The absorption spectra of
MB and MO (Fig. 9) indicate the reduction in the
concentration of dyes over time. The peak intensity
decreases with increasing reaction time, indicating
the degradation of dyes by Au NPs. The colors of
the dyes had almost disappeared after a 150-minute
reaction in sunlight with NPs.

The maximum degradation of MB and MO was
89% and 81.19%, respectively, using optimized
conditions of NP dosage (5 mg), dye concentration

(50 mL), and sunlight exposure (150 min). The
absorption of light by NPs produces charged
species (positively charged) due to the excitation
of electrons. The interaction of these charged
species with water molecules generates hydroxyl
radicals by oxidation, and conduction band
electrons interact with molecular oxygen to
generate superoxide anions.”? These anions cause
the degradation of dyes and accelerate the
degradation process.”> MB exhibits a higher
percentage degradation due to its cationic nature,
which improves the dye adsorption on the oxide
surface. Therefore, a higher dye concentration on
the surface leads to more MB degradation than
MO, an anionic dye.>*

The literature revealed similar results for the
degradation of MB and MO dyes by green-
synthesized Au NPs. A higher degradation
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percentage was shown for MB (98.02%) than MO
(89.91%) for Au NPs synthesized from macroalgae
Halimeda macroloba extract.>> Au NPs formed by
a banana peel aqueous extract were used to degrade
MO and MB.*® Au NPs using the aqueous extracts

of Alpinia nigra leaves degrade MO with 83.25%
degradation.’” Au NPs produced using orange peel
waste led to a degradation percentage of 90% for
MO dye.?®
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Figure 8: Color change of MB and MO dye solutions through photocatalytic degradation reaction for 150 min with Au
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Figure 10: Kinetic plots (a) and degradation efficiency of MB and MO degradation (b) using Au NPs

Kinetic studies for the degradation of MB and
MO dyes were assessed using the Langmuir-
Hinshelwood model, which yields a linear
relationship between time and In (Co/C), as shown
in Figure 10a. The kinetic plot confirms that the
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degradation reactions followed the pseudo-first-
order kinetics, with rate constants (K) of -
0.011/min (MO) and -0.014/min (MB), and with
R?>>0.9 for MO (0.916) and MB (0.968). The



degradation percentage of the dyes increases over
time (Fig. 10b).

CONCLUSION

This study demonstrates the reduction potential
of P. major seed mucilage, a natural biomaterial for
the synthesis of Au NPs through a green route.
These NPs were successfully characterized,
confirming their formation, morphology, size,
nature, and elemental composition by
spectroscopic  techniques. The antibacterial
potential was also evaluated against three bacterial
strains, and the results exhibited a significant
growth inhibition capacity of Au NPs. Au NPs
offer remarkable effectiveness for photocatalytic
degradation of synthetic dyes, including MB and
MO, in wastewater treatment processes.

This research presents an eco-friendly approach
for synthesizing Au NPs that can be effectively
used for environmental and biomedical
applications. As a future perspective, by
considering the antibacterial activity of AuNPs,
their further antimicrobial-related applications can
be evaluated. They could also be effective in food
packaging because they can stop the growth of
microorganisms and increase the shelf life of food
products. However, more investigations are
required to evaluate the efficiency and safety of Au
NPs for biomedical applications, including drug
preparation for fungal infection diseases.
Moreover, different cytotoxic assays using cell
lines and controls, and investigation mechanisms
are demanded to demonstrate the biological safety
of gold nanoparticles.
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