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Bauhinia variegata mediated silver D
nanoparticles for destruction of foodborne
pathogens
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Abstract

Bauhinia variegata is a legume plant that is well known for its potential properties in ayurveda and traditional
medicinal system. The application of nanoparticles in food packaging represents advancement in the preservation
and safety of food products. The current research was used to determine the ability of Bauhinia variegata leaf
extract to control food borne pathogens. In this study we have synthesized silver nanoparticles using Bauhinia
variegata leaves (BvNPs) and to test its antibacterial potential in food borne pathogens namely in Enterobacter kobei,
Enterobacter clocae, Klebsiella oxytoca, Enterobacterbugandensis, Enterobacter chuandaensis, Enterobacter huaxiensis.
Synthesis of BYNPS was confirmed by UV visible spectroscopy showing the absorbance peak at 420 nm. Alcohol,
alkyne, alkane, carbohydrates are the functional groups present in the Bauhinia variegata leaf extract was identified
by FTIR. The average size of the synthesized BvNPs was identified as 301.6+12.3 nm (mean+SD, n=3) by using
DLS. The ZETA potential analysis identified the surface charge as -15.2 mV. FESEM presents spherical nanoparticles
with sizes ranging from 18.23 nm to 29.82 nm. The toxicity level of synthesized nanoparticles was studied by

using Danio rerio embryos which showed non-toxic nature of BvNPs. Anti-bacterial activity was performed in food
borne pathogens, and the MIC values were found between 1.256 pg/ml — 6.25 ug/ml, the maximum MBC values
were observed at 25 pg/ml. Action mechanisms of BVvNPs in food borne pathogens were more effective than the
antibiotics by inducing leakage of proteins, sugars and oxidative stress. Based on the observed antimicrobial activity
of BvNPs, these nanoparticles have the potential to be incorporated into food packaging materials to enhance food
safety and preservation. Future studies are needed to evaluate their effectiveness in inhibiting microbial growth
and extending the shelf life of food products.
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Introduction

Nanotechnology is a well-developed technology that
can be utilized in the applications in food packaging sys-
tems, despite its widespread use in electrical, mechanical,
medical, agricultural sectors and many more. Nanotech-
nology provides an innovative solutions into a variety of
processes associated with food supply chain including
development, production, fabrication, packaging, storage
and distribution (Biswas et al. 2022). Nanotechnology has
enabled alternative food processing methods by improv-
ing physicochemical properties and enhancing nutrient
stability and bioavailability (Patra et al. 2018). Nanotech-
nology is applied in the food industry to improve food
security across the entire supply chain from farm to fork.
For example, nano sensors can detect spoilage or con-
tamination during manufacturing, processing, packing,
storage, and transportation, ensuring higher food safety
and quality (Shi et al. 2021).

The distinct chemical, optical, thermal, mechanical,
and biological properties of silver nanoparticles have
made them a prominent type of metal nanoparticles
over the last 20 years (Ahn et al. 2019). Silver nanopar-
ticles are demonstrated to have high biocompatibility,
catalytic activity, and therapeutic potential even at lower
concentrations (Fahimirad et al. 2019). The antibacterial
and anticancer effects of Ag NPs are extensively sup-
ported by research (Haggag et al. 2019). The synthesis of
silver nanoparticles using environmentally benign meth-
ods is referred to as green synthesis. Because of a one
step process that can readily be extended for large scale
production and does not need any hazardous chemi-
cals, temperature, energy and high pressure (Zhang et
al. 2016). Plants, fungi and micro-organisms can be uti-
lized as bio reducing agents in this green synthesis of
nanoparticles. Plant-based green nanoparticles synthesis
utilizes phytochemicals such as flavonoids, tannins, and
saponins, as reducing and stabilizing agents to synthesize
nanoparticles with desirable properties. An eco-friendly
foundation for the synthesis of nanomaterials is estab-
lished by using agricultural fruits and vegetables, seeds
as well as the other parts of the plants including stems,
roots, and leaves for many therapeutic purposes. The
plant based synthesized nanoparticles show potential
range of utilizations due to their biocompatibility, easily
modifiable physicochemical properties, and sustainable
source (Adeyemi et al. 2022).

Bauhinia variegata, also known as the Orchid Tree,
is a species of flowering plant that belongs to the family
Fabaceae. The origin of Bauhinia variegata is in the trop-
ical and subtropical regions of Asia. Bauhinia variegata
in India is the medium sized deciduous tree that grows
up to 1500 m. Tribal communities in India have been
traditionally using the various parts of Bauhinia varie-
gata for medicinal purposes. In Ayurveda and Siddha,
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the bark, leaves, flowers, and roots are used for treating
wounds, diabetes, and inflammation. In Unani medi-
cine, the bark and flowers are mainly employed for their
astringent and anti-inflammatory effects, while in home-
opathy, the flowers are used to prepare tinctures for man-
aging inflammation, ulcers, and skin disorders. Bauhinia
variegatacontains a variety of phytochemicals includ-
ing cardiac glycosides, terpenoids, tannins, saponins,
and flavonoids. Bauhinia variegata is used extensively
in traditional medicine to cure a wide range of diseases,
including diabetes, infections, pain and inflammation.
Bauhinia Variegata has strong antioxidant activity in its
leaves, bark, flower and other parts (Shahana et al. 2017).
Bauhinia variegata contains natural antioxidants, which
may improve the overall health and enhances the func-
tioning of when included in the diet (Abdel-Tawab et
al. 2011). Bauhinia variegata was chosen for this study
because it contains a wide range of bioactive compounds
including flavonoids like kaempferol and quercetin,
phenolic tannins, saponins, steroids, reducing sugars,
anthraquinones, and other identified compounds such
as 2,5-dimethylpyrrole, 2,3-diphenylcyclopropyl, methyl
phenyl sulphoxide, and benzonitrile m-phenethyl which
provide strong antioxidant and antimicrobial properties,
making it suitable for the green synthesis of nanoparticles
and their evaluation in biomedical applications. Notably,
the hydroxyl (-OH) groups which are present in the phy-
tocompounds play a key role in reducing silver nitrate
during nanoparticles synthesis.

Contamination of food by foodborne pathogens poses
a significant risk and can lead to serious illnesses, includ-
ing infections, toxico-infections, and food intoxications.
Outbreak of foodborne pathogens can result in increased
mortality and morbidity. Foodborne illnesses are caused
by consuming contaminated food, and the pathogens
responsible can be human-specific (anthroponotic),
zoonotic, or environmental in origin. Klebsiellaspecies
is one of the foodborne pathogens that can cause septi-
cemia, diarrhea and liver abscesses in humans. In search
of alternatives to control these food borne pathogens,
nanotechnology plays a major role in developing novel
nano materials by using Bauhinia variegata plant extract.
Plants, fungi and micro-organisms can be utilized as bio
reducing agents in this green synthesis of nanoparticles.
These can be used as an alternative source for antibiotics
and chemicals that are commonly used in food products
to inhibit the bacterial growth (Nadaroglu et al. 2017).
Food packaging has historically been thought of as a pas-
sive barrier that delays the impact of environmental influ-
ences on the product that is packaged. Current trends
are shifting in favor of developing packaging materials
that actively contribute to food preservation by interact-
ing with their environment. As an alternative the green
nanoparticles incorporated food packaging material can
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be developed with potent antifungal and antibacterial
activity. Nanoparticles incorporated in food packaging
materials can control the outbreak of foodborne patho-
gens that cause many diseases. In addition, novel pack-
aging material can act as a nutrient enhancer as well as
the shelf life of the packed food can also be extended by
inhibiting the bacterial growth. Hence, this study aims to
synthesize silver nanoparticles using Bauhinia variegata
leaf extract (BvNPs) and to assess their antimicrobial
activity in selected foodborne pathogens, exploring their
potential as an eco-friendly and effective alternative for
controlling microbial contamination.

Materials and methods

Collection of Bauhinia variegata leaf extract and
phytochemical analysis

The fresh leaves of Bauhinia Variegata were collected
from the campus of BS Abdur Rahman Crescent Insti-
tute of Science and Technology, Chennai in the month of
November 2024. Disease free leaves were collected only
once during the study. The phytochemical profile of the
leaves may vary in different seasons and in geographic
locations. Collected leaves were washed thoroughly
under running water, and the foreign materials were
removed. 50 gm of thoroughly washed and finely ground
Bauhinia variegata leaves were mixed in 500 ml Of dis-
tilled water, and the mixture was boiled for 5 min. The
debris was removed by filtration using What man grade
1 filter paper. The phytochemical screening of Bauhinia
variegate leaf extract was performed to determine the
presence of tannins, steroids, proteins, tannins, alkaloids,
amino acids, phenolic compounds and saponins. Stan-
dard qualitative tests based on Harborne’s method were
employed to detect these phytocompounds (Harborne
1998).

Biosynthesis of BvNPsby using Bauhinia variegate leaf
extract

The leaf extract was added into with solution of AgNO,
(0.169 mg of AgNO; powder in 1000 ml distilled water)
and incubated at room temperature. The colour change
of the solution from light brown to reddish brown indi-
cates the formation of BvNPs (Gopinath et al. 2012).
After confirming the synthesis of BvNPs, nanoparti-
cles were collected by using centrifugation techniques
(20 min at 15,000 rpm). Collected pellets of BvNPs were
washed with ethanol to obtain pure nanoparticles for
research studies.

Characterization of synthesized BvNPs

UV - visible spectroscopy was employed to perform
spectral scanning between 200—800 nm with 1 nm reso-
lution was employed to observe the strong SPR peak of
BvNPs. The functional groups present in the synthesized
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nanoparticles were examined by using FTIR spectrom-
eter. By using the Dynamic light scattering method, the
size of the BvNPs was determined (Ahmed and Ikram
2015). The surface charge of the BvNPs was determined
by Zeta potential analysis. The micro-structure image
of the BvNPswas determined by Field emission scan-
ning electron microscope (FESEM). EDAX was used to
determine the elemental composition of the synthesized
nanoparticles (Ghasemi et al. 2024). XRD analysis was
used to confirm the crystalline structure of synthesized
BvNPs.

Toxicity studies of BvNPs in embryos of Danio rerio

The toxicity level of BvNPs was observed by treating
the Danio rerio embryos with different concentrations.
The embryos were exposed to various doses of BvNPs
(1, 3.125, 6.25, 12.5, 25, 50, 75, and 100 pg/ml), whereas
controls were left untreated. The death rate was assessed
after 98 h of treatment (Kumar et al. 2024).

Evaluation of biomedical applications of BvNPs

Detection of antioxidant property of BvNPs

To evaluate the antioxidant properties of synthesized
BvNPs, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
was employed to assess their free radical scavenging
activity. The BvNPs were compared with the standard,
ascorbic acid, at concentrations of 12.5, 25, 50, 75, and
100 pg/mL.

Detection of anti-inflammatory activity of BvNPs

To assess the anti-inflammatory potential, BvNPs at con-
centrations of 100, 50, 25, and 12.5 pg/mL, along with the
standard diclofenac, were prepared in triplicate in 96-well
plates, to which bovine serum albumin (BSA) was added.
The plates were incubated at 50 °C for 37 min, followed
by heating at 57 °C for 3 min. After cooling, a buffer solu-
tion was added to make up the volume. Absorbance was
measured at 417 nm.

Anti-bacterial potential of BvNPsin food borne pathogens
The antibacterial assays were performed on the following
bacterial strains Enterobacter kobei, Enterobacter clocae,
Klebsiella oxytoca, Enterobacterbugandensis, Entero-
bacter chuandaensis, Enterobacter huaxiensis. Bacterial
strains were revived and fresh log phase cultures were
used for all the antibacterial and biofilm assays. These
organisms were isolated from spoiled fruits and vegeta-
bles. Accession numbers of the organisms are as follows
E. kobei (MZ245730), E. cloacae (MZ246448), K. oxytoca
(MZ246548), E. bugandensis (MZ246580),E. chuanda-
ensis (MZ246629),E. huaxiensis (MZ246628).

Determination of minimum inhibitory concentration
of ByNPs The minimum inhibitory concentration was
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determined by visually monitoring the bacterial growth
after24hrsof incubation at 37°C. Antibacterial property
of BVNPs were evaluated in microtiter plate assay to
determine the minimal inhibitory concentration in each
of the tested strains. Each well was filled with 100 pl of
LB broth. BvNPs (1 mg/ml) were serially diluted. 2 pl of
culture was inoculated to each well containing100 pl of
LB broth. Wells inoculated with strains alone were used
as control. The wells containing only LB broth were con-
sidered as blank. The typical standard antibiotics against
bacterial strains was 25 pg/ml of ampicillin (Ranjani and
Hemalatha 2023; NajeerAhamed et al. 2023). The mini-
mum inhibitory concentration of BvNPs in Enterobacter
and Klebsiella species was determined by visually inter-
preting the bacterial growth based on turbidity.

Determination of minimum bactericidal concentration
of BYNPs The (MBC) minimum bactericidal concentra-
tion was determined using the minimum concentration
of BvNPs necessary to prevent the formation of colonies
on agar platesi.e. killing of the organism. Following MIC
determination, one microliter of cultures from each well
treated with BvNPs was inoculated onto LB agar plates.
After 24 h, plates were monitored for bacterial growth and
the concentration that completely eradicated the growth
of organism was considered as MBC of BvNDPs.

Measurement of growth kinetics Similar to the MIC
assay, the growth kinetics of the tested bacterial strains
were evaluated by measuring their growth (OD at 600 nm)
at 12, 24, 36, and 48 h following treatment with BvNPs and
ampicillin, and results were compared to the untreated
control. The growth rate was measured by measuring
the absorbance at 600 nm and the graph was plotted to
study the effect of BvNPs in the growth of tested bacterial
strains.

Biofilm formation assay Using the 96-well plate method,
formation of biofilm was estimated by using staining tech-
nique. Similar to the MIC assay, the biofilm formation
of tested bacterial strains was studied by measuring the
formation of bacterial biofilm at 48 h of treatment with
BvNPs, ampicillin and compared with control. The plates
were thoroughly cleaned and allowed to dry. Plates were
incubated for 15 min after adding a 0.1% solution of crystal
violet. Following the incubation period, the crystal violet
was discarded, and the plate was washed under running
water. After washing, 100 pl of glacial acetic acid solution
(30%)was added to the plates. After 5- 10 min spectropho-
tometric measurement was recorded at 580 nm (Ranjani
and Hemalatha 2023; NajeerAhamed et al. 2023). The for-
mation of biofilm in both untreated and treated bacterial
cells was quantified.
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Assays to analyze the mechanism of action of BvNPs in food
borne pathogens

All the following experiments were carried out with con-
trols (respective bacterial cells alone), Ampicillin treat-
ment (positive control), BvNPs treatment as test.

Estimating the leakage of sugars and proteins Bacte-
rial strains were treated with sub-MIC concentrations of
BvNPs and ampicillin. Strains were incubated at 37 °C
for 6 h. The bacterial cells were centrifuged after incuba-
tion at 10,000 rpm for 30 min. Leaky cellular components
which were present in the supernatant were collected and
frozen at -20 °C for 4 h. Total sugars and proteins were
analyzed by using the Anthrone method and the Bradford
method, respectively. Quantifying the released cellular
components can provide insights into how BvNPs affects
the stability and the integrity of the bacterial cell mem-
brane. Experiment was carried out with control (bacte-
rial cells alone), Ampicillin treatment (positive control),
BvNPs treatment as test.

Measurement of MDA Bacterial strains were treated
with BvNPs and ampicillin, then mixed with SDS (10%)
and thiobarbituric acid. After 60 min of incubation at
95 °C the solution was cooledat ambient temperature. At
5000 rpm the treated cells were spun for 10 min. After
collecting the supernatant, the absorbance was measured
using a spectrophotometer at 530 nm. Measuring MDA
levels in bacterial strains can reveal the presence of oxida-
tive stress and lipid peroxidation levels.

Estimation of catalase activity PBS was used to wash
the bacterial pellet, and the cellular components were
dissolved by suspending it in buffer. Samples were placed
in a 96-well plate and analyzed for OD at 240 nm. After
measuring the original absorbance at 240 nm, the sam-
ples were treated with hydrogen peroxide (H,O,) and
measured again at 240 nm. At 240 nm catalase activity of
bacterial strains treated with ampicillin and BvNPs was
assessed, which reflects rate of catalase activity in break
down of H,0,.

Estimation of superoxide dismutase activity The bac-
terial pellet was suspended in buffer after washed with
PBS. The reaction mixture was prepared by mixing EDTA,
methionine, and NBT in phosphate buffer. The bacte-
rial cell pellet was added to the reaction mixture after
dissolving it in PBS and incubated for 15 min in dark.
Absorbance at 560 nm indicates the reduction of (NBT)
nitroblue tetrazolium by superoxide radicals during the
process. Superoxide dismutase, an enzyme that detoxi-
fies superoxide radicals within bacterial cells which are
responsible for the reduction reaction.
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Estimation of GSH BvNPs and ampicillin treated bacte-
rial cells were centrifuged at 10,000 rpm for 30 min. The
pellets were washed and lysed to extract cell components.
Ellman's reagent was utilized to estimate the GSH level
in bacterial cells. The levels of GSH was quantified by
measuring the absorbanceat 412 nm (Nunes et al. 2020).
Absorbance levels of measured GSH levels indicate the
antioxidant capability of bacterial cells on treatment with
BvNPs (NajeerAhamed et al. 2023; Soundharajan and
Srinivasan 2025; Yuan et al. 2017).

Statistical analysis

All experiments were performed in triplicate (n=3). Sta-
tistical analysis was conducted using Student’s T-Test.
Significance levels were defined as P<0.05 (*), P<0.01
(**), and P<0.001 (***).

Results and discussion

Phytocompounds screening in Bauhinia variegate leaf
extract

Plants contain natural compounds, such as phytochemi-
cals, which have been shown to provide various health
benefits. Fresh leaves of Bauhinia variegate were col-
lected (Fig. 1a) and subjected to extraction. Fresh extract
contains phytochemical components namely carbohy-
drates, triterpenoids, phenol, flavonoids, saponins, pro-
tein, tannins, and glycosides. The stability of the BvNPs
was maintained by phytochemicals, which served as a
capping and reducing agent when Ag is reduced into
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Ag'*ions (Harborne 1998). Silver (Ag) can be produced
by reducing silver nitrate (AgNO,) by the hydroxyl (-OH)
group of tannins and phenols. -OH groups of phenols
and tanninsforms the -O-Ag group when it reacts with
silver ions from a silver nitrate solution. Phenols have
anti-inflammatory and cardiovascular protective prop-
erties and are associated with other health benefits.
Because of their anti-inflammatory and immunosuppres-
sive properties, steroids are essential for the growth of
plants and defense and are also used in pharmaceuticals.
Because of the antioxidant qualities, tannins may protect
against inflammation and heart disease. Health benefits
of saponins include lowering cholesterol and regulating
the immune system (Nunes et al. 2020).

Synthesis and characterization of synthesized BvNPs
Bauhinia variegata leaf extract mediated BvNPs were
synthesized by mixing leaves extract with a silver nitrate
solution. The synthesis of BvNPs was indicated by a
colour shift from light brown to reddish brown (Fig. 1b).
By using UV—uvisible spectroscopy the presence of sil-
ver nanoparticles was confirmed and displayed a peak
at 420 nm (Fig. 1c). AgNPs clearly display an SPR peak
around 200-800 nm wavelength (Almatroudi 2020).
Hence BvNPs displays the peak at 420 nm. Furthermore,
the spherical shape of BvNPs was revealed by the peak at
420 nm.

The functional groups present in BvNPs were analyzed
by FTIR spectroscopy (Fig. 1d) (Table 1) Alcohol, alkane,
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Fig. 1 Synthesis and characterization of BvNPs: (a) Fresh leaves of Bauhinia variegate (b) Colour change from orange to reddish brown confirms the syn-
thesis of BVNPs (c) UV visible spectrum of BvNPs (d) FTIR analysis of BvNPs (e) FESEM analysis BvNPs (f) EDAX spectrum of BvNPs
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Table 1 FTIR footprints of synthesized BvNPs

S.No Frequency (em™) Bond Functional group
1 3700.53 Alcohol O-H stretching

2 327743 Alkyne C-H stretching

3 292163 Alkane C-H stretching

4 232573 Carbohydrates ~ O=C=0stretching
5 2109.74 Alkyne C=Cstretching

6 1636.3 Alkene C=Cstretching

carbohydrates and alkenes are functional groups found in
BvNDPs. By converting Ag into Ag" ions, these functional
groups are crucial in determining the stability and the
charge of the nanoparticles. Silver nitrate (AgNO,) was
reduced to silver (Ag) by the (-OH) group of phenols and
tannins. Both the leaf extract and BvNPs showed signs of
OH stretching. The peak in the BvNPs FTIR spectrum
at 3700.53 cm™' represents O—H stretching of alcohol.
The peak at 3277.43 cm™!confirms the presence of C-H
stretching of alkyne, while the O-C-O carbohydrates
stretching are represented by the peak at 2325.73 cm™.
Silver nitrate splits into Ag" and NO;- ions upon dis-
solution in water. -OH groups of phenols or tannins
donate H* ions and acquire a negative charge. Ag* ions
were reduced by the electrostatic interaction between
the negative functional group of tannins and phenols. Ag
that was present in the free metallic state, Ag’, to synthe-
size BvNPs. The FTIR spectrum of BvNPs showed the
-OH stretching of alcohol. One possible explanation for
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the peak at 3700.53 cm~'was hydrogen bond breakdown,
which contributes to the formation of silver nanoparti-
cles from the reduction of silver ions.

Using a FESEM the shape, size, and morphology of
BvNPs was observed as spherical nanoparticles at a
resolution of 500 nm and with magnification of 80.2 kx
(Fig. 1le). On comparison of results with previous find-
ings[19]the size of the silver nanoparticles found below
100 nm. The size of nano particles below 100 nm is
important for its antibacterial action. Strong correla-
tion has been observed between the size and the SPR
peak of BvNPs. A significant elemental peak at 3 keV
was determined (Fig. 1f) in the EDAX analysis of BvNps
which corresponds to the silver ions in the nanoparticles
and demonstrated the higher concentration of silver in
BvNPs. In terms of weight and atoms, silver displayed
a higher percentage. Other elements including carbon,
oxygen, and chlorine, were also found in the BvNPs
(Ghasemi et al. 2024).

The DLS analyzer identified the BvNPs PDI, hydro-
dynamic size, and surface charge (Fig. 2a). BvNPs
were found to have a particle size with the diameter of
301.6 nm and a polydispersity index (PDI) value of 24.2%.
The surface charge of BvNPs was found as —15.2 mV, as
shown in (Fig. 2b). Repulsion between particles can be
induced by negative charge dispersion, effectively pre-
venting the BvNPs from aggregating. (Fig. 2c) shows
the peaks of BVNPs observed using XRD analysis. The

—— e S
1000 00 100.0 2000

Zeta potential distribution [mV]

c A

|

WL.J

] l

| { |

T T T

T T T

2Theta) (Cop

Fig. 2 Characterization of BvNPs: (a) DLS analysis of BvNPs depicts the particle diameter of 301.6 nm (b) Zeta potential analysis shows the surface charge
of BYNPs —15.2 mV. (c) XRD diffractogram of BvNPs denotes the 2 © values of 57.63, 67.60, 76.88, respective to the (383), (158), (395) planes of silver

nanoparticles
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2 © values of 57.63, 67.60, 76.88 were respective to the
(383), (158), (395) planes of silver nanoparticles. The
peaks confirm the crystalline structure of BvNPs. These
findings are respective with the previous studies of silver
nanoparticles synthesized from Bauhinia variegata (Soli-
man et al. 2024).

Toxicity study of BvNPs in Danio rerio embryos

The survival rate of D. rerio embryos at 24 h, 48 h, 72 h
and 96 h was observed as 78%, 67%, 56%, 44% respec-
tively upon the treatment with50 pg/ml of BvNPs. Mor-
tality rate and morphological malformations in D.rerio
embryos were compared to the control which indicate
the degree of cytotoxicity of BvNPs in the embryo as
seen in (Fig. 3a). No morphological alterations were seen
in the D. rerio embryo treated with BvNPs (Fig. 3b). All
the embryos including control and treatment were main-
tained at room temperature.

All BVvNPs concentrations caused noticeable develop-
ment in the tested embryos, confirming that the BvNps
were not toxic. Numerous developmental abnormalities
brought on during embryogenesis by heavy metals expo-
sure can ultimately reduce the survival rate. These abnor-
malities include developmental malformations, delayed
or premature hatching and higher mortality rate among
the embryos. On comparing the toxicity study of plati-
num-based nanomaterial synthesized from Allium sati-
vum (Kumar et al. 2024) BvNPs, however, did not exhibit
any anomalies during treatment. The toxicity study of
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BvNPs in Danio rerio embryos indicates that BvNPs
capped with phytocompounds did not exhibit observable
toxicity under the tested conditions.

Multipotent application of BVvNPs

Antioxidant activity of BvNPs

The antioxidant activity of BvNPs was assessed using
the DPPH radical scavenging assay and was found to be
comparable to that of the standard antioxidant, ascor-
bic acid, which efficiently scavenges free radicals. In
this assay, BvNPs exhibited scavenging percentages of
20.60%, 34.13%, 42.22%, 51.32%, and 60.17% at concen-
trations of 12.5, 25, 50, 75, and 100 pg/ml, respectively.
Under the same experimental conditions, ascorbic acid
(used as positive control at same concentrations in the
same solvent and incubation conditions) showed antioxi-
dant activity of 58.65%, 68%, 71.17%, 76.99%, and 80.78%
for 12.5, 25, 50, 75, and 100 pg/ml, respectively (Fig. 4a).
These results indicate a dose-dependent increase in anti-
oxidant activity of BvNPs. Similar antioxidant effects of
silver nanoparticles have been reported (Madhumitha et
al. 2023)

Evaluation of anti-inflammatory properties of BvNPs

BvNPs anti-inflammatory properties were evaluated and
compared with those of the standard drug diclofenac
sodium using the protein denaturation inhibition assay.
Both BvNPs and diclofenac sodium showed an increase
in the percentage inhibition of protein denaturation

o
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72 hrs 96 hrs
= Control w1 pugml 2 3.125 pg/ml
6.25 pug/mi u12.5 pg/mi =25 pg/mi
m 50 pg/mi u75 pg/ml =100 pg/mi
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Fig. 3 Toxicity studies of BvNPs in Zebrafish embryos: (a) Morphological observations of BVvNPs treated Danio rerio embryos (b) Survival rate of Danio rerio

embryos upon treatment with BvNPs
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Fig. 4 a Anti-oxidant activity of BvNPs (b) Anti-inflammatory activity of BvNPs

Table 2 Determination of MIC and MBC of BvNPs in E.kobei,
E.clocae, K.oxytoca, Ebugandensis, E. chuandaensis, E.huanxiensis
strains

S.No Bacterial strains MIC(pug/ml) MBC(ug/ml)
1 E. kobei 1.56 12.50

2 E. clocae 313 25

3 K. oxytoca 6.25 6.25

4 E. bugandaensis 313 12.50

5 E. chuandaensis 313 313

6 E. huaxiensis 1.56 6.25

that was dependent on concentration. At 12.5, 50, 75,
and 100 pg/ml of concentrations, diclofenac sodium
was determined to have47.93%, 66.9%, 67.54%, and
69.63%activity. At the concentration of 12.5, 50, 75 and
100 pg/ml the anti-inflammatory level of BvNPs were
determined to havel4.6%, 22.13%, 33.45% and 51% of
protein denaturation inhibition activity (Fig. 4b) While
diclofenac sodium consistently exhibits higher inhibi-
tory percentages across all doses, the results indicate that
BvNPs demonstrated a strong anti-inflammatory impact,
which may be attributed to their bioactive components.
In a previous study (Raju et al. 2024), the anti-inflam-
matory activity of silver nanoparticles synthesized from
Azadirachta indica (neem) and Swertia chirata (kirata)
was evaluated using BSA as the standard. At concentra-
tions of 10, 20, 30, 40, and 50 yl, the nanoparticles exhib-
ited anti-inflammatory activities of 35%, 50%, 55%, 60%,
and 70%, respectively (Raju et al. 2024).

Efficacy of BVvNPs in controlling the growth and biofilm in
food borne pathogens

Minimum inhibitory concentration of BvNPs in E.kobei
was 1.5625 ug/ml, E.clocae was 3.125 ug/ml, Koxytoca
was 6.25 ug/ml, E. bugandensis was 3.125 ug/ml, E.
chuandaensis was 3.125 pg/ml, E. huaxiensis was

1.5626 pg/ml represented in (Table 2). After a 24-h treat-
ment, the minimum bactericidal concentration of BvNPs
in E.kobei was 12.5 pg/ml, E.clocae was 25 pg/ml, K. oxy-
toca was 6.25 pg/ml,E.bugandensis was 12.5 ug/ml, E.
chuandaensis was 3.125 pug/ml, E. huaxiensis was 6.25 pg/
ml represented in (Table 2).

After 24 h of treatment with BvNPs and ampicillin,
growth percentage was significantly lower for BvNPs
treated cells. Following treatment with BvNPs and ampi-
cillin at their respective MICs, the percentage of growth
in E. kobeiwas 18%, E.clocae was 15%, K.oxytoca was
47%, E.bugandensis was 34%, E.chuandaensis was 29%,
E.huanxiensis was 46% (Fig. 5a). Similarly, the bacte-
rial growth for ampicillin treated strains were found
as 67.80%, 80.77%, 63.33%, 76.56%, 73.70%, 70.58% for
E.kobei, E.clocae, K.oxytoca,E. bugandensis, E. chuan-
daensis, E.huaxiensis respectively. BYNPs treatment has
a dose-dependent impact in tested bacterial strains. On
comparing the results of (Ranjani et al. 2022) minimum
inhibitory concentration of E.kobei and K.oxytoca were
25 pg/ml and 12.5 pg/ml respectively and the minimum
bactericidal concentration of E.kobei and K.oxytoca were
25 pg/ml for both strains. The growth rate of bacterial
strains falls when BvNPs concentration rises. BvNPs
antibacterial activity in food borne pathogens was dem-
onstrated by observing the growth. These findings indi-
cated that BvNPs are more effective than antibiotics in
strongly preventing and killing the food borne pathogens.
By determining the MIC and MBC in tested E.kobei,
E.clocae, K.oxytoca, E.bugandensis, E.chuandaensis,
E.huanxiensis, BYNPs was more effective than ampi-
cillin, where synergism of phytocompounds and silver
ions plays a crucial role. By targeting many sites, the
phytocompounds and silver ions work together to pre-
vent bacterial growth and ultimately kill the bacterial
cells. By comparing the MIC and MBC values of BvNDPs,



M et al. Journal of Materials Science: Materials in Engineering

*

Growth at 24 hrs (%)

o

100
*k
*
80 " * .
60 .
I
40 * -
I
. &
20 *k
&L
0

SFV1 SFV2 SFV3 SFV4 SFV8 SFV9

Food borne pathogens
u Control = Ampicillin = BvNPs

(2026) 21:104

Page 9 of 13

? 1 00 ek
t — * * **
c 80 ok *
° - -
= * ok
© _ ke - *
£ 60 ; ’
L
£ 40
=
L
m 20

0

SFV 1 SFV2 SFV3 SFV4 SFV8 SFV9

Food borne pathogens
m Control = Ampicillin = BvNPs

Fig. 5 Antibacterial activity of BvNPs in food borne pathogens: (@) Growth of food borne pathogens treated with BvNPs and compared with ampicillin
treatment and control at 24 h (b) Percentage of biofilm formation in food borne pathogens treated with BvNPs and compared with ampicillin treatment
and control. Error bars representing means + standard deviation. * Denotes T-test (* P<0.05, ** P<0.01, *** P<0.001)

the tolerance levels for E.kobei, E.clocae, K.oxytoca,
E.bugandensis, E.chuandaensis, E.huanxiensis were
determined as 0.125, 0.125, 1, 0.25, 1, 0.2516 respectively.
So, the tolerance of 0.125 depicts bactericidal property.
Hence, the BvNPs proved to have bactericidal poten-
tial. AgNPs were shown to have high capacity to damage
bacterial cell membrane by producing reactive oxygen
species (ROS) interfering with replication, and killing
bacterial cell. The spherical BvNPs can readily enter the
bacterial cell and interfere with its normal activity. BYNPs
have a larger surface area than volume, which makes
them more effective at presenting biological membranes.

Silver nanoparticles may inhibit the formation of bio-
films by penetrating the bacterial cell wall, suppress-
ing the production of exo-polyasaccharide layers and
interfering with cell adhesion. AgNPs interfere with a
bacterial communication system that regulates biofilm
formation. Silver nanoparticles release silver ions that
have broad spectrum of antimicrobial activity by killing
bacteria and preventing biofilm formation. Upon treat-
ment with BvNDPs, the percentage of biofilm formation
was reduced to 62%, 55%, 74%, 64%, 55% in E. kobei, E.
clocae, K. oxytoca, E. bugandensis, E. chuandaensis, E.
huanxiensis respectively (Fig. 5b). Then upon treatment
with ampicillin the percentage of biofilm formation
were found as 90.43%, 63.26%, 79.41%, 84.13%, 81.39%,
80.35% for E. kobei, E. clocae, K. oxytoca,E. bugandensis,
E. chuandaensis, E. huaxiensis respectively. Based upon
the findings of nanoparticles synthesized from Colletotri-
chum siamense (Ranjani et al. 2022) E. kobei and K. oxy-
toca showed 50% reduction in biofilm formation when
treated with silver nanoparticles.

Action mechanism of BvNPs in food borne pathogens

Protein leakage in E. kobei, E. cloacae, K. oxytoca, E.
bugandensis, E. chuandaensis, and E. huanxiensis cells
were measured following treatment with BvNPs and

ampicillin and compared with the corresponding control
(Fig. 6a). In ampicillin-treated cells, protein leakage was
21.2+0.3, 20.5+0.4, 20.9+0.3, 21.6+0.2, 21.2+0.3, and
21.6+0.3 pg/mg, respectively. Following BvNPs treat-
ment, protein leakage increased to 22.1+0.4, 22.4+0.3,
21.8+0.3, 22.0+0.2, 22.8+0.3, and 22.8+0.3 ug/mg,
respectively. Compared with the control and ampicillin
treatments, BvNPs induced a progressive increase in pro-
tein leakage, with values of 18.8+0.2, 18.4+0.3,18.8+0.2,
21.2+0.3, 19.6+0.3, and 20.8+0.3 pg/mg, respectively
(Fig. 6a). BvNPs cause the cell wall to develop pits and
cause the cell's proteins to leak out. The permeability
of bacterial cell walls is increased by the BvNPs, which
makes more protein to seep out of the cells and results in
cell death (Wypij et al. 2021). The Ag+ion can also arrest
and disturb the structure of proteins by binding to amino
groups thiol present in the cell wall. BvNPs cause the
release of numerous intracellular proteins and enzymes
in addition to the cell wall protein. One of the previous
studies (Naik and Ramana Devi 2021) found that the
protein leakage in E.coli and S. aureus were 92 pg/ml
and 81 ug/ml after 8 h of treatment with their synthe-
sized nanoparticles. Compared to ampicillin, BvNPs were
more effective in inducing protein leakage in Klebsiella
and Enterobacter strains. Two significant factors contrib-
uting to cell death are the nanoparticles size and their
high surface-to-volume ratio. Nanometer-sized, spheri-
cally shaped BvNPs can readily damage cells and cause
the release of proteins (More et al. 2023).

Sugar leakage in E. kobei, E. cloacae, K. oxytoca, E.
bugandensis, E. chuandaensis, and E. huanxiensis cells
were measured following treatment with BvNPs and
ampicillin and compared with the corresponding control
(Fig. 6b). In ampicillin-treated cells, sugar leakage was
20.8+0.3, 21.6+0.4, 20.9+0.3, 21.5+0.2, 20.9+0.3, and
21.5+0.3 pg/mg, respectively. Following BvNPs treat-
ment, sugar leakage increased to 22.1+0.4, 22.9+0.3,
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22.9+0.3, 22.3+0.3, 22.3+0.3, and 22.8+0.3 pg/mg,
respectively (Fig. 6b). In E. kobei, E. cloacae, K. oxytoca,
E. bugandensis, E. chuandaensis, and E. huanxiensis,
the sugar leakage progressively increases in the BvNPs
treatment than with the control, ampicillin treatment.
According to the research, ampicillin causes bacte-
rial cells to release less sugar than BvNPs. The findings
imply that BvNPs have the capacity to adhere to the cell
wall, cause osmotic shock, penetrate the cell membrane
and then trigger the release of sugar molecules. The
present findings were consistent with previous research

demonstrating that AgNPs cause bacteria to significantly
disrupt the membranes and seep out sugar molecules
(Soundharajan and Srinivasan 2025).

Malondialdehyde is a biomarker that is produced in
bacterial cells by lipid peroxidation. (Fig. 7a) illustrates
how the cells treated with BvNps may change their cellu-
lar protein and other substances that are connected to the
synthesis of unsaturated aldehydes. The levels of malo-
ndialdehyde (MDA) were measured in E. kobei, E. cloa-
cae, K. oxytoca, E. bugandensis, E. chuandaensis, and E.
huanxiensis cells following treatment with ampicillin and
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BvNPs. In ampicillin-treated cells, MDA levels were 22.8,
13.3, 12.1, 10.4, 10.1, and 13.3 pM/ml, respectively. Fol-
lowing BvNPs treatment, MDA levels increased to 35.8,
21.6,17.9, 22.2, 14.1, and 19.9 uM/ml, respectively. Poly-
unsaturated lipids are important for oxidative stress. In
the bacterial strains, BvNPs treatment showed a greater
release of MDA levels in comparison to control and
ampicillin treatment. These results suggest that the treat-
ment of ampicillin and BvNPs may both raise MDA lev-
els, which could indicate the initiation of oxidative stress
and lipid peroxidation. Similarly, as per previous studies
(Basha et al. 2025) showed greater release of MDA lev-
elsin E. faecalis and S. mutans when treated with AgNPs.
Enzymes with thiol groups and their disulfide bonds play
a role in cellular metabolism, particularly in the respira-
tory cycle. Microorganisms experience cellular oxidative
stress and reactive oxygen species (ROS) as a result of the
silver ions rendering them inactive (Mikhailova 2020).

Silver ion-catalyzed H,O, breakdown produces a free
radical that increases ROS production and affects antiox-
idant activity. Catalase activity of bacterial strains treated
with BvNPs and ampicillin were measured and compared
to the control. Treatment of E. kobei, E. cloacae, K. oxy-
toca, E. bugandensis, E. chuandaensis, and E. huanxien-
sis with ampicillin resulted in decreased catalase activity
to 88.3%, 70.7%, 84.0%, 90.7%, 93.0%, and 83.0%, respec-
tively. In contrast, BvNPs treatment further reduced
H,O, levels in E. kobei, E. cloacae, K. oxytoca, E. bugan-
densis, E. chuandaensis, and E. huanxiensis to 59.3%,
51.7%, 70.0%, 84.3%, 87.0%, and 71.7%, respectively
(Fig. 7b). These findings indicate that BvNPs may have a
greater effect on catalase activity than antibiotic-treated
cells and control, which could have an effect on the pro-
cesses by which food borne pathogens respond to oxida-
tive stress (Yuan et al. 2017; Wypij et al. 2021). AgNps
affect Pseudomonas aeruginosa catalase and peroxidase
activities, according to previous report (Liao et al. 2019).
Catalase deficiency may hinder DNA synthesis and other
crucial molecules for cell viability (Liao et al. 2019).

SOD superoxide dismutase measurements in bacte-
rial cells treated with ampicillin and BvNPs showed sig-
nificant alterations as compared to the control. SOD
levels were shown to drop after receiving ampicillin and
BvNPs treatments as seen in (Fig. 7c). In E. kobei, E. cloa-
cae, K. oxytoca, E. bugandensis, E. chuandaensis, and E.
huanxiensis, ampicillin treatment decreased SOD levels
to 69.8%, 84.5%, 60.4%, 93.2%, 83.0%, and 79.0%, respec-
tively. In contrast, BvNPs treatment reduced the SOD
levels in these strains to 62.2%, 80.0%, 57.0%, 68.3%,
67.9%, and 67.0%, respectively. A study on nanopar-
ticles synthesized from Colletotrichum gloeosporioides
reported a decrease the SOD levels in E. coli strains fol-
lowing the treatment with nanoparticles, similar to the
effects observed in BvNDPs-treated cells. These findings
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suggest that BvNPs can modulate enzyme activity, result-
ing in reduced SOD levels. Consequently, lower SOD
activity may lead to an accumulation of reactive oxygen
species (ROS), contributing to oxidative stress in compar-
ison to untreated controls or cells treated with ampicillin
(NajeerAhamed et al. 2023; Soundharajan and Srinivasan
2025; Yuan et al. 2017).

In addition to preventing oxidative stress in cells,
thioredoxin and glutathione preserve the environment
between the cells. Measurements of glutathione (GSH)
levels were used to examine the effects of ROS produc-
tion. BvNPs cause oxidative stress in cells, which results
in a drop in GSH levels, and they also modify antioxi-
dant mechanisms. GSH levels in cells treated with ampi-
cillin were 54.4%, 54%, 53.33%, 51.06%, 58.2%, 55.43%
respectively for strains E. kobei, E. clocae, K. oxytoca, E.
bugandensis, E. chuandaensis, E. huanxiensis when com-
pared to control represented in (Fig. 7d). GSH levels in
strains of E. kobei, E. clocae, K. oxytoca, E. buganden-
sis, E. chuandaensis, E. huanxiensis treated with BvNPs
were 44%, 43.8%, 46.2%, 42.7%, 51%, 46.46% respectively.
These findings demonstrate that BvNPs treatment com-
pletely reduced the GSH levels (Fig. 7d). Compared to
food borne pathogens treated with ampicillin, BvNPs
treatment results in loss of cell survival and oxidative
stress due to the reduction in GSH levels. Endophytic
fungal based nanoparticles when treated with E. coli
cells showed comparable outcomes (Kumar et al. 2024;
NajeerAhamed et al. 2023). All of these results demon-
strated how AgNPs disrupt homeostasis and disturb the
antioxidant system of cells. According to previous report
(Yuan et al. 2017), there was 80% and 70% decrease in lev-
els of GSH in Pseudomonas aeruginosa and Streptococcus
aureus in cells treated with AgNPs. Therefore, BvNPs
also comparatively reduces the GSH levels in tested food
borne pathogens. AgNPs on in vitro exposure causes lipid
peroxidation, elevated ROS, decreased glutathione (GSH)
levels. Increased ROS levels have been linked in certain
instances to DNA damage, necrosis, and apoptosis.

Conclusion

The current study was focused on the synthesis of
nanoparticles mediated by Bauhinia Variegata leaf
extract to control food borne pathogens. The size, com-
position, stability, structure and the functional groups of
the synthesized BvNPs were determined by various char-
acterization techniques. Toxicity studies in Danio rerio
embryos revealed that BvNPs were not toxic and did not
cause any malformations in the tested embryos. BvNPs
from Bauhinia Variegata leaf extract has a potential
antibacterial and antibiofilm properties in various food
borne pathogens namely E. kobei, E. clocae, K. oxytoca, E.
bugandensis, E. chuandaensis, E. huanxiensis. BvNPs can
be employed in place of traditional antibiotics to prevent



M et al. Journal of Materials Science: Materials in Engineering

the growth of these bacteria without causing any negative
side effects. Studies on investigating the action mecha-
nisms of BvNPs indicate that they induce oxidative stress
and lipid peroxidation in treated bacterial cells, leading
to increased MDA levels and the release of intracellular
macromolecules, such as proteins and carbohydrates.
Additionally, the treatment of BvNPs interfered with the
antioxidant defense systems of bacteria, as demonstrated
by changes in superoxide dismutase (SOD) activity, cata-
lase activity and a reduction in glutathione reductase
(GSH) levels. The current study implies that environ-
mentally benign BvNPs have potential as antibacterial
agents against a range of foodborne pathogens that can
infect humans. In addition, these nanoparticles may be
explored for applications in food preservation, by poten-
tially reducing the reliance on chemical preservatives.
BvNPs could also be incorporated with biopolymers and
applied as thin coatings on packaging films, offering a
sustainable alternative to conventional plastic and other
non-biodegradable wrapping materials.
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