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Green synthesis of silver
nanoparticles from Eichhornia
crassipes and evaluates their
antimicrobial properties against
multidrug-resistant UTI pathogens
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Multidrug resistance is a rising concern for global public health. Antibiotic and antifungal resistance
infections demand new antimicrobial approaches. This is the first time Silver Nanoparticles (Ag NPs)
were biosynthesized using Eichhornia crassipes leaf extract as a natural reducing and stabilizing

agent in Bangladesh. The Ultraviolet-Visible (UV-vis) spectra observed at 468 nm and 454 nm,

with a maximum absorbance of 1.516 for the 1:2 ratio (60 min) and 0.546 for the 1:2 ratio (30 min),
respectively. Fourier Transform Infrared (FTIR) spectra indicated that functional groups, including
3333.11 cm™ (51.06% T) for carboxyl, 2191.23 cm™ (97.27% T) for alkyne, 1632.58 cm™1 74.89% T) for
carbonyl, and 627.08 cm™ (91.6% T) for chlorinated groups in the leaf extract, probably contribute to
the reduction of metallic ions and the formation of nanoparticles. The antibacterial effectiveness of the
synthesized Ag NPs was evaluated against antibiotic-resistant bacterial strains obtained from patients
with Urinary Tract Infections (UTIs) at Kushtia Sadar Hospital, as well as against fungal infections.
The disk diffusion technique is used to evaluate the antibacterial and antifungal activity, as well as
the Minimum Inhibitory Concentration (MIC) and the Minimum Bactericidal/Fungicidal Concentration
(MBC/MFC) tests. Notably, the synthesized Ag NPs exhibited significant antimicrobial activity against
MEBTN 4(EF) and MEBTN 6(EF), with inhibition zone diameters ranging from 6 £0.1 to 13+ 0.1 mm.
The MIC and MBC values against MEBTN 6(EF) were 15 pg/mL and 60 pg/mL, respectively, indicating
strong bactericidal activity. Antifungal assays revealed a MIC value of 18 pg/mL. The findings revealed
substantial antimicrobial efficacy of Ag NPs against Multidrug-Resistant (MDR) UTI pathogens

and pathogenic fungi, underscoring their broad-spectrum effectiveness in a new era of treatment.
Future research should prioritize comprehensive in vivo toxicity assessments, elucidation of the
underlying mechanisms, investigation of anti-cancer properties, including ROS-mediated effects, and
optimization of large-scale production processes.
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Nanotechnology is the ability to manipulate materials at the atomic level through engineering techniques of
particles that vary in size from 1 to 100 nm!. Metal nanoparticles possess unique physicochemical properties,
including strong optoelectronic and thermal behavior, high catalytic efficiency, and a large surface-to-volume
ratio, along with tunable morphology and crystallinity®.

Silver nanoparticles (Ag NPs) can be synthesized using physical, chemical, or biological approaches. However,
physical and chemical methods often involve long preparation times, high costs, elevated temperatures and
pressures, substantial energy consumption, and limited environmental sustainability**. The physical approach,
using techniques such as gas-phase deposition, laser ablation, and mechanical grinding, ofters simplicity and high
purity but generally produces larger nanoparticles than chemical or biological methods*. The chemical method
uses reducing agents, such as sodium citrate or sodium borohydride, to convert Ag* to Ag® and stabilizing
agents to prevent nanoparticle aggregation®S. Synthesized nanomaterials must retain their biocompatibility’,
as chemically synthesized materials can exert adverse effects on both human health and the environment®!!.
These inherent limitations, therefore, highlight the need to develop alternative methods that are safer for Ag
NPs synthesis. Biological techniques mitigate several of these limitations by synthesizing silver nanoparticles
via diverse biological agents, including yeasts, enzymes, bacteria, polysaccharides, algae, oligosaccharides, fungi,
DNA (Deoxyribonucleic Acid), and human cell lines'2.. Ag NPs are among the most prominent nanomaterials
in the field of nanotechnology. At low concentrations, they exhibit minimal toxicity to human health. Ag NPs
are widely applied across various sectors, including textiles and apparel, food packaging, medical and cosmetic
formulations, water, wastewater, and air treatment systems, as well as in pesticides and general household
products.

The use of plant extracts is more advantageous than using microorganisms, owing to reduced costs, since it
eliminates the need for specialized culture and isolation procedures, and it can be readily scaled for large-scale
nanoparticle synthesis™!®. The use of plants and their extracts in the green synthesis of metal nanoparticles
is advantageous due to their abundance, non-toxicity, pollution-free, environment-friendly, economical,
sustainable, ease of handling, and diverse array of metabolites that may facilitate the reduction process'>. Green
synthesis represents a bottom-up methodology analogous to conventional chemical reduction, but it substitutes
costly chemical reducing agents with extracts derived from natural sources such as leaves of various plants,
crops, or fruits, to facilitate the formation of metal or metal-oxide nanoparticles'®. Plant extracts may function
as both reducing and stabilizing agents for metal nanoparticles. The process of reduction and stabilization
involves the combination of biomolecules, including proteins, amino acids, enzymes, polysaccharides, alkaloids,
flavonoids, tannins, phenols, saponins, terpenoids, and vitamins®. Nonetheless, the dimensions, morphology,
and antibacterial properties of nanoparticles generated through plant sources are influenced by the specific type
and concentration of phytochemicals in the plant, the temperature during synthesis, and the duration of the
reaction.

The application of plant extracts presents numerous benefits, as the resulting by-products are typically
biocompatible, eco-friendly, and exhibit a lower risk of contamination!>!®. Ag NPs have previously been
synthesised using various medicinal plants, including Artemisia nilagirica, Ocimum sanctum, Catharanthus
roseus, Cynodon dactylon, Azadirachta indica, Aegle marmelos, Hibiscus cannabinus, Aloe vera, Zea mays, Vitex
negundo, Medicago sativa (Alfalfa), Capsicum annuum, Camellia sinensis, Magnolia kobus, Origanum vulgare,
Cinnamomum camphora, Moringa oleifera, Eucalyptus hybrida, Piper nigrum, and Coriandrum sativum'’-%°.

Eichhornia crassipes (Water hyacinth) is a freshwater aquatic plant belonging to the family Pontederiaceae and
is abundant in Bangladesh and the South Asian region. Water hyacinth remains the most widely distributed and
vicious aquatic weed*’. Water hyacinth extracts have shown many medicinal functions, including antimicrobial
and antifungal activities*®*3?. Bioactive compounds like flavonoids, alkaloids, phenols, terpenoids, tannins,
ferulic acid, and B-stigmasterol are found in the leaf extract of E. crassipes**~42. These compounds play a key role
as reducing and capping agents during the synthesis procedure of Ag NPs. But the green synthesis of Ag NPs
using Eichhornia crassipes in Bangladesh remains largely unexplored, and their antimicrobial efficacy against
clinically relevant bacterial and fungal pathogens has not been comprehensively evaluated.

The primary objective of this study was to synthesize biologically active silver nanoparticles (Ag NPs) using
Eichhornia crassipes leaf extract (Fig. 1), an abundant, low-cost, and environmentally sustainable botanical
resource®®. To the best of our knowledge, this is the first report from Bangladesh on the synthesis of Ag NPs
mediated by E. crassipes leaves. The nanoparticles were characterized using Ultraviolet-visible (UV-vis)
spectroscopy and Fourier transform infrared (FTIR) spectroscopy to confirm their formation, physicochemical
properties, and associated functional groups. In addition, the study evaluated the antibacterial and antifungal
activities of the E. crassipes-derived Ag NPs, with a particular focus on Multidrug-Resistant (MDR) uropathogens
associated with Urinary Tract Infections (UTIs). These studies have demonstrated that extracts from this plant
are capable of producing Ag NPs with antimicrobial properties. Nevertheless, the available information on this
process remains limited**.

Materials and procedures

Materials

Mature, disease-free, the verdant foliage of Eichhornia crassipes was used as the plant material in this study.
The reagents and substances employed in this investigation were all of analytical grade. Ethanol was bought
from Merck, Germany. Sodium chloride (NaCl) and silver nitrate (AgNO,) 99.99% were procured from Sigma,
Germany. AgNO, and 70% ethanol were employed for biochemical assays and sterilization. Culture media
preparation included MacConkey agar cultures, providing a bacterial habitat rich in nutrients. Falcon tubes,
Eppendorf tubes, an inoculating loop, and a pipette were used for sample handling and quantification. Every
experimental operation was conducted in a Laminar Air Flow cabinet equipped with BSL-2 for aseptic conditions
to prevent contamination. Before characterizing the silver nanoparticles, UV-Spectroscopy and FTIR were used.
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Fig. 1. Study area map showing the sample collection from the Islamic University, Kushtia, Bangladesh.

Before experimentation, surfaces and instruments were sterilized using UV light (Ultraviolet light). Bacterial
growth and density were quantitatively assessed using measure the zone of inhibition, and statistical analysis.

All chemicals and culture media used in this study were of analytical grade. Sodium chloride (NaCl;=>99%
purity) and silver nitrate (AgNO,;>99% purity) were procured from a certified commercial supplier.
Double-distilled water and deionized water were used throughout the synthesis to ensure the absence of ionic
contaminants. The Eichhornia crassipes leaf extract was prepared from freshly collected, thoroughly washed
plant materials without any chemical additives.

Microbiological media and biochemical reagents, including MacConkey agar, blood agar, citrate, urea, lysine
decarboxylase, coagulase reagent, novobiocin disks, motility medium, optochin disks, CAMP reagents, esculin
medium, and Mueller-Hinton Agar, were of microbiological grade and supplied by standard manufacturers
following CLSI-recommended quality specifications. Potato Dextrose Agar (PDA) used for antifungal assays was
also of microbiological grade. All materials were used as supplied, without further purification.

Procedures

Processing of plant material and extract

The mature, healthy, and disease-free leaves of Eichhornia crassipes were collected in December 2023 from a
freshwater body located on the campus of the Islamic University, Kushtia. The plant material was taxonomically
identified and authenticated by the Department of Biotechnology and Genetic Engineering, and a voucher
specimen was deposited under the accession number IU/BGE 022,024 for future reference. To ensure the
removal of all surface contaminants, the collected leaves were initially rinsed with filtered water to eliminate
adhered soil and particulate debris, followed by thorough washing with double-distilled water. After cleaning,
the leaves were weighed at 4 g, air-dried at room temperature to remove excess moisture, and then cut into small
pieces using sterilized scissors to increase the surface area for efficient phytochemical extraction.

The processed leaf material was transferred into a 500 mL borosilicate beaker containing 200 mL of double-
distilled water. The mixture was gently stirred to ensure uniform dispersion and subsequently heated to a boil
for 25 min using an electric heater. This thermal extraction facilitated the release of essential phytoconstituents,
such as phenolics, flavonoids, and other reducing agents, responsible for nanoparticle synthesis. After heating,
the mixture was allowed to cool naturally to room temperature, ensuring minimal thermal degradation of heat-
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labile biomolecules. The extract was then filtered through Whatman No. 1 filter paper to remove fibrous residues
and particulate material. The resulting clear filtrate was collected in a 250 mL Erlenmeyer flask and stored under
refrigeration for subsequent synthesis and characterization steps.

Silver nitrate solution preparation

To prepare a 1200 mL 1 mM AgNO, solution, 0.204 g of AgNO, powder was added to 1.2 L of double-distilled
water (Fig. 2). The solutions were adequately combined for reuse. Stored in a dark cabinet in tightly sealed, dark-
colored (amber) glass bottles to prevent light-induced decomposition.

The AgNO, concentration (1 mM) was selected based on precedent in plant-mediated silver nanoparticle
synthesis and because it supplies sufficient Ag* to promote rapid nucleation while limiting excessive growth and
aggregation. To determine the optimal extract: AgNO, ratio, we screened ratios of 1:1, 1:2, and 1:4 (v/v) and
monitored nanoparticle formation by UV-vis spectroscopy (SPR), and preliminary antimicrobial activity. The
1:2 (v/v) ratio yielded the most pronounced and narrow SPR peak (indicative of uniform formation), a smaller
mean particle diameter, and superior antimicrobial efficacy; consequently, this ratio was used for all subsequent
characterizations and biological tests.

Silver nanoparticles (Ag NPs) synthesis

For the reduction of Ag* ions, 5 mL of Eichhornia crassipes leaf extract was added to 95 mL of an aqueous solution
containing 1 mM silver nitrate. The change of color from colorless to brown indicated that silver nitrate had been
reduced to silver ions (Fig. 3). Spectrophotometric analysis also verified the production of silver nanoparticles.
For 60 min, the completely diluted mixture was centrifuged at 10,000 rpm (Rotations Per Minute). Following
the disposal of the liquid supernatant, the resulting particle was re-dispersed in deionized water. To eliminate
any residual substances adsorbed onto the surface of the Ag NPs, the centrifugation process was repeated two
to three times*>°,

Assessment of the silver nanoparticle size
Different parameters affect the synthesis of silver nanoparticle size, including:
(a) The leaf extract (Ratio of silver nitrate):

Leaves

i ? Green Synthesis

(Plant Extract) AgN 03

Flavonoid
Alkaloid
Tannins
Phenols

Fig. 2. Procedure for synthesizing silver nanoparticles from Eichhornia crassipes plant leaves.
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Fig. 3. The color shift from colorless to brown indicated the synthesis of Ag NPs.

The different volumes of the ratio of silver nitrate affected the size of the synthesized Ag NPs with leaf extract
and were investigated at several volumes (leaf extract: silver nitrate), which are (1:2, 1:4, 1:6, and 1:10).

(b) Time of Reaction:

The duration of the reaction influenced the generation of Ag NPs at different times studied (30 and 60 min).

Evaluation of silver nanoparticle properties

UV=-vis spectra analysis

Periodically, samples were examined for Ultraviolet-Visible (UV-vis) spectroscopy examinations [UV-1800
spectrophotometer (Shimadzu, Japan)] at room temperature with a resolution of to observe the optical properties
of biosynthesized silver nanoparticles range between 200 and 1200 nm. The UV-vis spectra of the reaction
medium were measured after a tiny portion of the sample was diluted into deionized water in order to track the
reduction of pure Ag+ions. In a test tube, 1 mL of the substance was pipetted, mixed with 4 mL of deionized
water, and then allowed to sit at room temperature for examination®.

Fourier transform infrared spectroscopy (FTIR)

A Perkin Elmer spectrum and an FTIR spectrometer (Shimadzu FTIR-8400-S) with the universal Attenuated
Total Reflection (ATR) sampling accessory were used to measure the FTIR spectra to assess the functional
groups present within green-synthesized Ag NPs. The transmission mode used for the measurements has a range
of 4000-400 cm™! and a resolution of 4 cm™, ensuring that each sample under analysis has a total of 50 scans®’.

Antibacterial study

Isolation and identification of UTI isolates

Between April and December 2024, a total of 50 urine samples that tested positive for culture revealed the
presence of uropathogenic bacteria, including Escherichia coli (n=14), Klebsiella spp. (n=11), Pseudomonas spp.
(n=13), and Staphylococcus spp. (n=12). All isolates were clinical strains collected from patients with suspected
urinary tract infections at Kushtia Sadar Hospital in Bangladesh. Urine samples were taken midstream using
sterile plastic containers. The samples were immediately processed for multiple analyses, including culture,
Gram staining, and antibiotic susceptibility testing®® (Table 1). The samples were inoculated on MacConkey
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Samples | Tetracycline | Azithromycin | Cloxacillin | Levofloxacin | Doxycycline
N4 EF R S S S
N5 EF R S S N S
N6 EF R S S S S
N7 R R S S R
N8 R R N S R
N9 R R S S R

Table 1. Antibiotic sensitivity of six bacterial isolates. *Here, S represents Sensitivity and R represents
resistance.

agar and Blood agar within one hour of being sampled. Under the microbe type, the incubation of the plates
lasted 24-48 h at 37 °C under both aerobic and anaerobic conditions. Depending on whether the bacteria were
Gram-positive or Gram-negative, typical microbiological examinations were performed on the different isolates.
The Triple Sugar Iron (TSI) test, indole, citrate, urea, lysine decarboxylase, oxidase, and motility tests were used
to detect Gram-negative bacteria. However, tests using catalase, coagulase, novobiocin, optochin disk, Cyclic
Adenosine Monophosphate (CAMP), and esculin agar were performed for Gram-positive bacteria®. Clinical
strains of these microorganisms lack unique ATCC or accession numbers since they were extracted from patient
samples.

Antibacterial sensitivity assay

The disc diffusion assay was used to measure the antimicrobial action against MDR bacteria. Using sterile cotton
swabs, UTI pathogens were cultured overnight on the surface of sterile Mueller-Hinton agar plates. The solid
agar medium was covered with discs impregnated with varying quantities of silver nanoparticles (15, 30, 45, and
60 pg disc-1). Gently press and incubate for 24 h at 37 +2 °C*0.

Determination of MIC and MBC values

The antibacterial potential of the synthesized silver nanoparticles was further assessed through Minimum
Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) assays. MIC determination
was performed using the standard broth microdilution method. Briefly, bacterial isolates were grown overnight
and adjusted to a 0.5 McFarland standard (=1 x 108 CFU/mL). Serial two-fold dilutions of the silver nanoparticles
were prepared in sterile nutrient broth, followed by inoculation with the bacterial suspension. The tubes were
incubated at 37 °C for 24 h.

(a) MIC determination:

After incubation, the tubes were examined for turbidity. The MIC was defined as the lowest concentration
showing no visible turbidity, signifying complete inhibition of bacterial growth. When visual interpretation
was uncertain, absorbance was measured spectrophotometrically at 600 nm, and the concentration showing no
increase in optical density compared to the negative control was recorded as the MIC value.

(b) MBC determination:

To determine the MBC, samples from tubes showing no visible growth were streaked onto fresh Mueller—
Hinton agar plates and incubated at 37 °C for 24 h. The MBC was recorded as the lowest concentration
that produced no bacterial colonies, indicating bactericidal activity. This combined turbidity assessment,
spectrophotometric measurement, and plate count confirmation ensured reliable determination of MIC and
MBC values for all UTI isolates tested.

Antifungal study

Fungal strain isolation and identification

Fungus-infected portions of vegetables were collected and cultured on Potato Dextrose Agar (PDA) medium,
followed by incubation at 25 °C for approximately three days. Microscopic examination and morphological
characterization of the cultured phytopathogenic fungus after incubation identified it as Fusarium oxysporum.

Dose concentration and test plate preparation

The poisoned plate (poisoned food) technique was employed to evaluate the antifungal activity of the extracted
essential oil against the isolated Fusarium oxysporum. Ag NPs synthesized from Eichhornia crassipes leaf extract,
at concentrations ranging from 1 to 32 ug/mL, were incorporated to prepare the treatment dosages. Sterilized
Potato Dextrose Agar (PDA) medium was poured into sterile Petri dishes to prepare the test plates. After
solidification, a 0.5 cm diameter mycelial disc was aseptically transferred, inverted, to the center of each plate.
A control plate without any treatment was also maintained. The growth of the fungal colonies was observed at
24 h intervals during incubation at 25 °C until the control plate was completely covered with fungal growth. All
treatments were performed in triplicate.

Statistical analysis

All quantitative results, encompassing zones of inhibition, minimum inhibitory concentration (MIC), Minimum
Bactericidal/Fungicidal Concentration (MBC/MFC), and antifungal growth inhibition percentages, are reported
as mean * standard deviation (SD) derived from three separate samples (n=3). Variations among treatment
groups (e.g., varying concentrations of silver nanoparticles for each bacterial or fungal strain) were assessed
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using one-way analysis of variance (ANOVA) accompanied by Tukey’s post hoc test. Statistical significance was
defined as p <0.05. Statistical analyses were conducted utilizing SPSS version 20.0; IBM Corp., USA.

Specimen collection, identification, ethical approval, and legal compliance

Eichhornia crassipes (Mart.) Solms, an enormous and non-endangered aquatic species, was collected from
publicly available water bodies in the Islamic University, Kushtia-7003, Bangladesh; Global Positioning System
(GPS) coordinates: approximately 23.722734, 89.148202" E in November 2023. Since the species is invasive and
not under protection in Bangladesh, specific collection permits were not required. The plant was identified and
authenticated by Farjana Sultana Primu, Department of Biotechnology and Genetic Engineering, Faculty of Life
Science, Gopalganj Science and Technology University, Gopalganj-8100, Bangladesh, and a voucher specimen
(Specimen No. EC-01.11.2023) has been deposited in the herbarium of the Department of Biotechnology
and Genetic Engineering, Medical and Environmental Biotechnology Lab, Islamic University, Kushtia-7003,
Bangladesh, in November 2023. The species is an invasive and non-endangered aquatic plant, not listed under
the International Union for Conservation of Nature (IUCN) Red List of Threatened Species or the Convention on
International Trade in Endangered Species of Wild Fauna and Flora (CITES). Therefore, no special permission
was required for its collection. All sampling activities were conducted responsibly in accordance with the
TUCN Policy Statement on Research Involving Species at Risk of Extinction and the national environmental
regulations of Bangladesh. Furthermore, all procedures involving human-derived samples were carried out in
accordance with institutional and national ethical standards and the Declaration of Helsinki. The collection
and use of clinical samples were approved by the Ethical Review Committee of Kushtia Sadar Hospital, Kushtia,
Bangladesh. Written informed consent was obtained from all patients and their legal guardians before sample
collection. All data and samples were anonymized before use.

Result

Analysis of UV vis spectroscopy

Ag NPs formation was observed by a color change in the solution (from colorless to yellow to brown) when
combining leaf extract and silver nitrate (AgNO,) in different ratios (1:2, 1:4, 1:6, and 1:10). The Surface Plasmon
Resonance (SPR) peaks observed in Fig. 4 at 468 nm with an absorbance of 1.516 for the 1:2 ratio (60 min),
454 nm with an absorbance of 1.029 for 1:4, 467 nm with an absorbance of 1.132 for 1:6, and 465 nm with an
absorbance of 0.893 for 1:10 indicated silver nanoparticle formation, actual absornance values are stated in
supplementary file (Table S1). In Fig. 5, with peaks at 454 nm (0.546 absorbance) for 1:2, 476 nm (0.722) for
1:4, 483 nm (0.868) for 1:6, and 480 nm (0.856) for 1:10 at 30 min, the spectra were not fully specific, actual
absornance values are stated in supplementary file (Table S2). The Surface Plasmon Resonance (SPR) data and
absorbance results indicated that the 1:2 ratio with 60 min stirring produced the highest concentration and size
of Ag NPs.

E. crassipes (60 min)

— 1:2(60 min)
—1:4 (60 min)
~ 1.6 (60 min)
1:10 (60 mn)

=3
o

AL A A B (NN A N AN AN A AN AN L NN AN AN A AN A A |

400 600 800 1000 120
Wavelength (nm)

Fig. 4. UV-vis spectra of the synthesized silver nanoparticle sample at 1:2, 1:4, 1:6, and 1:10 ratios at 60 min.
Here, 1:2 ratios produce the highest concentration and size of Ag NPs.
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E. crassipes (30 min)
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Fig. 5. UV-vis spectra of synthesized silver nanoparticle sample at 1:2, 1:4, 1:6 and 1:10 ratio at 30 min.
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Fig. 6. FTIR spectrum of Eichhornia crassipes extracts and Ag NPs.

Fourier transform infrared (FTIR) analysis

Figure 6 illustrates the FTIR spectra of the boiled Eichhornia crassipes plant extract and Ag NPs. The spectrum
exhibits several prominent absorption peaks corresponding to specific functional groups present in the sample.
3333.11 cm™! (51.06%T): This broad peak is indicative of the presence of an O-H stretch, likely from an alcohol
or carboxylic acid group. 2191.23 cm™! (97.27%T): This sharp peak is characteristic of a C=C stretch, suggesting
the presence of an alkyne functional group. 1632.58 cm™ (74.89%T): This peak is likely due to a C=0O stretch,
indicating the presence of a carbonyl group (e.g., in a ketone, aldehyde, or ester). 627.08 cm™ (91.6%T): This
peak is indicative of a C-Cl stretch, suggesting the presence of a chlorinated compound. The spectrum also
shows several other peaks of varying intensities, which could be attributed to different functional groups or
molecular vibrations. For improved clarity and cross-reference, the major FTIR absorption peaks of the dried
Eichhornia crassipes leaf extract and the synthesized Ag NPs are summarized numerically in Table 4, actual
absornance values are stated in supplementary file (Table S3). The spectrum includes a note indicating that the
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quality checks did not report any warnings for the sample. This suggests that the spectrum is of good quality and
can be reliably used for further analysis.

Bactericidal activity of Ag NPs

Table 1 shows the antibiotic sensitivity results of six bacterial samples isolated from medical waste against
tetracycline, azithromycin, cloxacillin, levofloxacin, and doxycycline. The bactericidal efficacy of green-
synthesized Ag NPs was evaluated by measuring the zone of inhibition (in mL) around bacterial cultures after an
incubation phase. The results are presented in Table 2, comparing the effects of Ag NPs at different concentrations
on MDR bacterial strains MEBTN 4(EF), MEBTN 5(EF), and MEBTN 6(EF) alongside the positive and negative
controls. No bactericidal effects were observed in either the positive or negative control.

In Table 2, no bactericidal activity was observed in the positive control (P) and negative control (N), as the
zone of inhibition for both was 0 mm. The zone of inhibition increased with increasing Ag NPs concentration,
indicating a dose-dependent bactericidal effect, which means that the growth of individual MDR bacteria can be
inhibited by Ag NPs, depending on the quantity used. The higher the dose of concentration, the bigger the zone
of blockage. At 60 pg/ml, the maximum inhibition was observed: 10 +0.1 mm for MEBTN 4(EF), 11 +0.118 mm
for MEBTN 5(EF), and 13+0.1 mm for MEBTN 6(EF) (Figs. 7 and 8).

MEBTN 6(EF) was the most sensitive strain, with the largest zone of inhibition (13 £ 0.1 mm) ata concentration
of 60 pg/ml of Ag NPs. The sensitivity to Ag NPs was also notable in MEBTN 5(EF) and MEBTN 4(EF), with
inhibition zones of 11+0.118 mm and 10+ 0.1 mm, respectively, at the highest Ag NPs concentration of 60 pg/
ml (Figs. 7 and 8). The MIC for all bacterial strains MEBTN 4(EF), MEBTN 5(EF), and MEBTN 6(EF) was
determined to be 15 ug/ml, with corresponding zones of inhibition of 3+0.153 mm MEBTN 4(EF), 7+0.1 mm
MEBTN 5(EF), and 6+ 0.1 mm MEBTN 6(EF).

The results indicate that green-synthesized Ag NPs demonstrate substantial bactericidal properties against
MDR bacteria in a concentration-dependent manner. The most effective concentration for inhibiting bacterial
growth was 60 pg/ml, particularly against the MEBTN 6(EF) strain, which displayed the largest zone of inhibition.
These findings highlight the potential of Ag NPs as an effective antimicrobial agent against antibiotic-resistant
bacterial strains (Fig. 9).

Determination of antifungal activity
The fungal colony diameters were measured after 3 and 5 days of incubation, and the percent growth inhibition
of the fungal mycelium was calculated using the following formula:

Inhibition of mycelial growth, I (%) = C—T/C x 100
where the inhibition percent C is colony diameter in control (cm), and T is colony diameter in treatment (cm).

Determination of antifungal activity using the poisoned food method

The poisoned food method is a laboratory screening technique used to evaluate how strongly a substance
(plant extract, essential oil, nanoparticle, or chemical) inhibits fungal growth when incorporated into a nutrient
medium.

The antifungal activity of citronella oil was assessed by measuring the zone of inhibition in centimeters
(Table 3) with a transparent scale, followed by adequate incubation. The MIC was assessed as 18 ug/mL, which
represents the lowest concentration at which complete fungal growth inhibition was carried out. The fungal
growth resumed below this concentration (Tables 4, 5). These experiments were conducted using the poisoned
food technique. Therefore, silver nanoparticles synthesized from Eichhornia crassipes leaf extract, exhibiting
an MIC of 18 ug/mL, can be considered effective fungicides. The antimicrobial profiles of the synthesized
compounds against both bacterial and fungal pathogens are summarized in the comparative Table 6. Overall, the
compounds exhibited a broad-spectrum activity, with particularly high potency observed against Gram-positive
strains compared to fungal isolates.

Discussion

The present study investigated the potential of Eichhornia crassipes leaf extract to synthesize Ag NPs and
their biomedical applications in controlling MDR bacterial pathogens through a green synthesis approach.
Subsequently, the antibacterial efficacy of the synthesized nanoparticles was evaluated against antibiotic-resistant

Zone of inhibition (mm; mean +SD, n=3)
Dose identification | Concentration | MEBTN 4(EF) | MEBTN 5(EF) | MEBTN 6(EF)
P Positive control | 0.00+0.00 mm | 0.00£0.00 mm | 0.00+0.00 mm
N Negative control | 0.00£0.00 mm | 0.00+0.00 mm | 0.00+0.00 mm
I 15 pg/ml 3+0.153mm | 7+0.1 mm 6+0.1 mm
II 30 pg/ml 5+0.577 mm 7+0.1 mm 8+0.115 mm
I 45 ug/ml 9+0.513 mm 10+0.1 mm 10+0.173 mm
v 60 pg/ml 10+£0.1 mm 11+£0.118 mm | 13+0.1 mm

Table 2. Bacterial efficacy of green-synthesized silver nanoparticles (Ag NPs). *Here, values are expressed as
mean = SD (n=3); “0” indicates no measurable inhibition in any replicate.
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Fig. 7. Antibiotic susceptibility of isolated bacterial strains. Susceptibility of MEBTN 4(EF) to MEBTN9
bacteria to Tetracycline, Azithromycin, Cloxacillin, Levofloxacin, and Doxycycline antibiotics.

Fig. 8. Petridishes with bacterial zone of inhibition N4(EF), N5(EF), N6(EF) represent the MEBTN 4(EF),
MEBTN 5(EF) and MEBTN 6(EF) respectively.

bacteria, particularly those associated with UTIs. Another objective of this work was to explore the possibility
of employing Eichhornia crassipes leaf extracts as an environmentally benign substitute for nanoparticle
manufacturing®~>%. The administration of antimicrobial treatment in hospital settings is constantly challenged
by MDR bacteria, which constitute a rising burden>*. The antibacterial properties of silver nanoparticles (Ag

NPs) make them useful for treating microbial illnesses*®.

Scientific Reports|  (2026) 16:11109 | https://doi.org/10.1038/s41598-026-41224-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

= 2
107 =
-
ke)
=
.'9 x Xz
=
c
S 5
)
=
(®)
N

O L] T T

Positive Negative 15 pg/mi 30 pg/mi 45 pg/mi 60 pg/mi

Treatment (AgNPs concentration, ug/mL)

B wvesmvs  wesns [ mesve

Fig. 9. The zone of inhibition for multidrug-resistant UTT isolates MEBTN4, MEBTN5, and MEBTN6 was
assessed following treatment with Eichhornia crassipes leaf-extract-mediated silver nanoparticles (Ag NPs)
at varying concentrations (15-60 pg/mL), alongside positive and negative controls. Data are presented as
mean+SD (n=3).

Treatment Colony diameter in cm +SD
36 ug/ml | 3.27+0.19 cm
18 pug/ml | 2.19+0.14 cm

12 ug/ml | 0 cm
Oil extract He

6ug/ml | 0cm
3pug/ml | 0cm
2ug/ml | 0cm

Table 3. Diameter of inhibition zone (cm) of Eichhornia crassipes leaf (oil) extract-derived Ag NPs (ug/ml).
*Here, values are mean = SD (n=3). 0 cm indicates complete inhibition of fungal growth (no visible colony) in
all replicates.

Peak position (cm™!) | Transmittance (%T) | Functional group assignment | Interpretation/notes

3333.11cm™! 51.06%T O-H Stretch Broad peak indicating the presence of alcohol or carboxylic acid O-H groups
219123 cm™! 97.27%T C=C Stretch (Alkyne) Sharp peak characteristic of alkyne functional groups

1632.58 cm™! 74.89%T C=0 Stretch Suggests the presence of a carbonyl-containing compound (ketone, aldehyde, ester)
627.08 cm™! 91.60%T C-Cl Stretch Indicates a chlorinated compound or halogen-containing functional group

Table 4. Summary of FTIR peaks.

Color change

The transformation of reaction mixture of AgNO, and leaf extract color was demonstrated to be the first evidence
of nanoparticle production®. Eichhornia crassipes plants have been shown to contain significant concentrations
of Quercetin, a potent antioxidant flavonoid. These chemical releases hydrogen from the molecule through
hydroxyl (-OH) groups that exhibit keto-enol tautomerism. It is thought that silver ions are reduced to a metallic
form by the free hydrogen®. Gradual changes in color from colorless silver nitrate solution to yellow to deep
brown were seen because of the excitation of surface plasmon vibrations (Fig. 3)*°. This hypothesis is supported
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Plant source Target bacteria | AgNP size (nm) | Assay method Antibacterial efficacy References
Eichhornia crassipes | E. coli Unidentified Agar well diffusion | IZ: 6.2-13.1 mm; MIC: 15 ug/mL | *This study
. g . e 1Z:17.7-18.7 mm .
Azadirachta indica | E. coli 33 Agar well diffusion MIC: 390780 pg/mL Chinnasamy et al. (2021)
Zingiber officinale | E. coli 200.5 Agar well diffusion | IZ: 20.83+0.53 ug/mL Ramzan et al. (2024)
. . U 1Z: 15 mm
Ocimum sanctum E. coli 55 Agar well diffusion MIC: 32-64 pg/mL Gautam et al. (2023)
. . 17:14-22.76 mm
Curcuma longa E. coli 5-25 Agar well diffusion MIC: 100 pg/mL Jayarambabu et al. (2019)

Table 5. Comparative antibacterial activity (mm for Zone of inhibition and pg/mL for Minimal inhibitory
concentration) of plant-mediated silver nanoparticles (nm). *IZ: Zone of inhibition; MIC: Minimal inhibitory

concentration.

Antimicrobial agent Target microorganism (s) | Method MIC (pug/mL) | Maximum inhibition observed | Key observation

Silver nanoparticles (SNPs) | MEBTN 4(EF) Agar diffusion 15 10£0.1 mm (60 pg/mL) Dose-dependent bactericidal activity
Silver nanoparticles (SNPs) | MEBTN 5(EF) Agar diffusion 15 11£0.118 mm (60 pug/mL) Moderate sensitivity

Silver nanoparticles (SNPs) | MEBTN 6(EF) Agar diffusion 15 13+0.1 mm (60 pg/mL) Most sensitive bacterial strain
Positive control Bacteria Agar diffusion - 0 mm No inhibition

Negative control Bacteria Agar diffusion - 0 mm No inhibition

Citronella oil Fungal isolate Poisoned food technique | 18 Complete growth inhibition Effective antifungal agent

SNPs (E. crassipes) Fungal isolate Poisoned food technique | 18 Complete growth inhibition Effective green fungicide

Table 6. Combine bacterial and antifungal results in a summarized comparative form; improve readability.

by a recent study by Peidaei and Farideh et al. (2025), which reported the transformation from green to dark
brown provide a clear indication of the formation of Ag NPs using Eichhornia crassipes extract.

It is important to notice that the coloring intensifies and darkens with increasing temperature and that this
rise is related to the reaction time. The huge changes from translucent to yellow and then to deep brown as
the concentration rises, as has been demonstrated by®®®!. No color change was recorded, suggesting that no
nanoparticles were synthesized using the incubation procedure at 37 °C in the dark. This study supports the
idea by Birla et al. (2013) that visible light is crucial for reducing silver ions, while its exact mechanism is yet
unknown®*%3,

UV-vis spectroscopy

The primary step in characterizing Ag NPs was to scan a UV-visible spectrum®. 1.2 solutions agitated for
60 min produced better silver nanoparticles and displayed the highest intensity and wavelength movement of
SPR peaks. Similarly, Venkatadri et al. (2020) reported the UV-visible spectra of Zingiber officinale and Curcuma
longa extracts, exhibiting absorption between 350 and 430 nm.

In our investigation, the spectrum analysis peak at 468 nm proves that the silver synthesized product is only
Ag NPs. It was found that there was a plasmon shift and that absorbance increased with time (30 and 60 min),
reaching a maximum absorbance at 60 min of reaction. Higher metallic silver concentrations have been linked
to increases in absorbance, although larger particles are primarily responsible for the highest peak shift toward
longer wavelengths*>. However, the maximum absorbance value stopped increasing when reaction durations
exceeded 60 min. The measurement of the highest peak amplitude revealed that the distribution of nanoparticle
sizes is polydisperse®>°. The reason behind this variation in the size of the synthesized nanoparticles is their
aggregation state and impurities®.

FTIR

When demonstrating the existence of biomolecule functional groups in an extract that act as capping and
reducing agents, FTIR spectroscopy is frequently employed®. Accordingly, all samples showed the same
number of distinctive peaks and intensity in the FTIR spectra of the dried extract and the synthesized silver
(Ag). In the Eichhornia crassipes leaf extract, the stretching vibration of hydroxyl (~OH) groups in terpenoids,
polyphenolic compounds with carboxylic chemicals, and alcohol functional groups is responsible for the wide
band at 3333.11 cm™! (51.06% T). The peak at 2191 cm™! (97.27% T) could be attributed to the (CH) stretching
band of the alkyne functional group®”, and the high-intensity peak at 1632.58 cm—1 (74.89% T) is related to
C=Cand C=0 vibrations of benzene rings and carbonyl groups of amino acids®®. The peak at 627 cm™ (91.6%
T) is related to the C-Cl stretching vibrations of the chlorinated compound®.

As aresult, the corresponding polyphenolic groups have been identified as the primary reducing agents in the
synthesis of Ag NPs”°. The complete disappearance of this band following the bio-reduction might be due to the
primary role of polyols and phenols in reducing Ag ions, which results in their oxidation to unsaturated carbonyl
groups, leading to the broad peak 1632.58 cm™ (74.89% T)”'. The reaction between AgNO, and alcoholic groups
(-OH) present in the Eichhornia crassipes leaf extract can be represented by”>.
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9Ag + NO; + ROH — 2Ag0 + RO + 2HNO;

According to FTIR studies, the carbonyl group of proteins and amino acids exhibits a greater affinity for Ag
NPs, allowing them to form a coating on their surface. As a result, the surface-capped biomolecules stabilize the
silver nanoparticles by preventing agglomeration. This implies that biological molecules may serve as agents that
reduce and stabilize silver nanoparticles”>”%.

Antimicrobial activity against UTI pathogens

It is widely recognized that Ag ions and compounds are inorganic nanoparticles of interest and have powerful
antimicrobial effects. Because of their resistance, new alternatives are needed to suppress some microbes”>. The
antibacterial efficacy of synthesized Ag NPs was evaluated against MEBTN4 (EF), MEBTN5 (EF), and MEBTN6
(EF), followed by the addition of different concentrations of Ag NPs, 15, 30, 45, and 60 ug/ml, respectively. Since
these strains exhibit multidrug resistance, they are mostly associated with hospital-acquired infections. Strain
MEBTN 6(EF) exhibited a significant zone of inhibition (13 +0.1 mm) at a concentration of 60 pig/ml of Ag NPs,
supported by Kasithevar et al. (2017) (Table 2).

An increase in incubation time and temperature resulted in an enhanced zone of inhibition with rising
concentrations of Ag NPs, indicating a dose-dependent bactericidal effect that varied with the bacterial strain.
In general, the diameter of the inhibitory halo expanded with increasing Ag NPs concentration until reaching
a maximum level. Notably, the greatest inhibition was observed at a concentration of 60 pg/mL of Ag NPs*.
Along with environmental variables, size, shape, aggregation, and condition of Ag NPs all affect pH and the
zone of inhibition. The suitability of nanoparticles for a specific antibacterial application is determined by the
required rate of Ag* ion release. For a given mass of silver nanoparticles, smaller particle diameters provide
a larger total surface area, thereby facilitating a more rapid ion release. When the cluster is coupled with a
particular substrate or the particles are unstable in solution, the available surface area and the rate of ion release
are reduced’®. Ag NPs exhibit antibacterial activity primarily through the generation of Reactive Oxygen
Species (ROS), including superoxide anions, hydroxyl radicals, and hydrogen peroxide””. These ROS disrupt
cell membrane integrity, oxidize intracellular proteins, and induce DNA damage, collectively contributing to
bacterial cell death”8. In our study, antibacterial efficacy was assessed using the zone of inhibition method, where
larger inhibition zones indicate greater susceptibility’®. The stronger activity observed against MEBTN 6(EF)
at 60 pg/ml may be attributed to its thinner peptidoglycan layer and higher membrane permeability, which
facilitate greater penetration of Ag NPs and higher ROS-induced oxidative stress’®. In contrast, the relatively
lower inhibition in MEBTN 4(EF) at 15 ug/ml may result from a thicker cell wall or more effective antioxidant
defense mechanisms®. The experiment unequivocally showed that gram-negative bacteria were more sensitive
to Ag NPs than gram-positive bacteria. The difference in their cell wall construction may be due to this
discrepancy”®. The surface of the Ag NPs generates ROS or free radicals that compromise the integrity of the cell
membrane by increasing its permeability, ultimately leading to cell death. Due to the strong peptidoglycan layer
in their cell membrane, gram-positive bacteria are less sensitive to Ag NPs. On the other hand, Ag NPs infiltrate
gram-negative bacteria due to the thin lipid layer in their cell membrane. The antibacterial activity of Ag NPs
has been elucidated through various mechanisms. The mechanism of action is not fully understood; it is thought
that these nanoparticles obstruct respiratory metabolic processes. They inhibit enzyme function by interacting
with sulfur-containing proteins found in the bacterial cell membrane. Otherwise, they are known to interact
with DNAs phosphorus moieties, which inactivate DNA replication®-®3. Findings suggest that the Ag ion’s
positive charge interacts with the cell membrane’s negative charge. Thus, Ag NPs accumulate in the membrane
and lead to cell death®!. Following treatment of the bacterial inocula with Ag NPs, the initially turbid yellow
culture became translucent, clearly indicating growth inhibition. The Ag NPs treatment exhibited inhibitory
effects on both Gram-positive and Gram-negative bacteria. The dose-dependent decline in microbial growth
further demonstrates the susceptibility of these pathogens to Ag NP exposure. By calculating their MIC values
against the corresponding bacterial inocula, the antibacterial activity was quantified. The MIC value is defined
as the minimal concentration of nanoparticles at which no bacterial growth is detected. The antibacterial and
antifungal activities of the synthesized AgNPs are summarized in a single comparative table (Table 5).

Our findings are consistent with earlier investigations that have demonstrated the antimicrobial potential of
silver nanoparticles synthesized using plant extracts like Peganum harmala L, Lysiloma acapulcensis, Aspergillus
flavus, and Ziziphus ziziphus®*$5-87. Although morphological and size characterization by SEM or TEM was not
performed in the present study, the novelty of Eichhornia crassipes—-mediated silver nanoparticles lies in their
green synthesis efficiency, phytochemical-mediated stabilization, and antimicrobial performance. Unlike many
previously reported plant-based Ag NPs that require prolonged reaction times or elevated temperatures, the
present synthesis achieved rapid nanoparticle formation under ambient conditions. However, the nanoparticles
in our study exhibited very effective antibacterial activity at a low concentration (60 pl/ml), likely due to the
unique chemical composition of Eichhornia crassipes leaves, which may enhance the antimicrobial properties
of the Ag NPs.

Conclusion

Silver nanoparticles (Ag NPs) were successfully synthesized via a green route using Eichhornia crassipes leaf
extract. Formation was confirmed by UV-vis spectroscopy and FTIR analysis, with the 1:2 extract to AgNO, ratio
identified as the optimal synthesis condition. The Ag NPs exhibited pronounced antibacterial activity against
Escherichia coli UTI isolates and significant antifungal activity against Fusarium oxysporum, with a clear dose-
response relationship between nanoparticle concentration and microbial inhibition. These results demonstrate
that E. crassipes, an abundant aquatic weed, represents a viable, low-cost, and environmentally friendly source
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for large-scale production of biologically active Ag NPs. This green-synthesis approach offers a promising
strategy for developing antimicrobial agents for biomedical and agricultural applications. Direct morphological
and size analysis using SEM or TEM and identification of individual phytocompounds by GC-MS were not
performed due to instrumental limitations. But FTIR analysis and supporting literature were used to propose
the nanoparticle formation mechanism. Furthermore, we did not examine other biologically pertinent activities,
such as antioxidant and anti-inflammatory effects, which would yield a more comprehensive understanding of
the potential therapeutic profile of these nanoparticles. And we also did not conduct microscopic investigations
(e.g., light or electron microscopy) to observe nanoparticle-induced morphological alterations in bacterial
or fungal cells, which could further corroborate the suggested antibacterial mechanism. The study ultimately
did not investigate the potential cytotoxic effects of these nanoparticles on mammalian cells or their in vivo
safety. On the other hand, the novelty of the work has been emphasized based on a synthesis approach, spectral
characteristics, reaction efficiency, and antimicrobial efficacy. Future work should focus on detailed SEM or
TEM, XRD, DLS, Zeta potential, GC-MS analysis, in vivo toxicity studies, mechanism elucidation, anti-cancer
activity, ROS-related effects, and scale-up optimization, etc.

Data availability
The experimental data and results that support the findings of this study are available in supplementary word
file (Table S1, S2, and S3).
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