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Abstract

Silver nanoparticles (AgNPs) were synthesized using the aqueous extract of Terminalia chebula (T-Chebula) fruits. Charac-
terization through X-ray diffraction (XRD) and scanning electron microscopy (SEM) revealed AgNPs with a crystalline size
ranging from 21 to 24 nm. The biosynthesized AgNPs exhibited a morphology unique to T-Chebula-AgNPs (TC-AgNPs),
with an average size of 50 nm and a band gap energy of 2.8 eV. Evaluation of antimicrobial properties against Escherichia
coli (E. coli) showcased the potential antibacterial activity of AgNPs compared to the standard gentamicin antibiotic. Notably,
increasing concentrations of TC-AgNPs correlated with larger zones of inhibition, highlighting their efficacy. In contrast, the
T-Chebula extract alone showed no bactericidal activity. Furthermore, under visible light irradiation, TC-AgNPs exhibited
significant catalytic potential in degrading water-soluble industrial methylene (MB) dyes, achieving 92% dye degradation rate
compared to the previous studies. The stability and recyclability of TC-AgNPs were notably robust across three iterations.
Biogenically synthesized TC-AgNPs demonstrate exceptional potential in degrading organic pollutants and deactivating
microorganisms. These findings underscore their promising applications in microbial control and the photodegradation of
organic pollutants, highlighting their role in sustainable environmental remediation efforts.
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Introduction

Bionanotechnology, at the intersection of biology and nano-
technology, holds tremendous promise in the fields of anti-
microbial activity and photocatalysis [1, 2]. This innova-
tive approach leverages the unique properties of biological

P4 Parvathalu Kalakonda
parvathalu.k@gmail.com

Department of Physics, Government City College (A),
Nayapul, Osmania University, Hyderabad, Telangana,
India 500002

Department of Physics, Pondicherry Central University,
Pondicherry, India 605009

Department of Biochemistry, University of Hyderabad,
Hyderabad, Telangana, India 500046

Department of Physics, Michigan Technological University,
Houghton, MI 49931, USA

Department of Chemistry, College of Science, King Saud
University, 11451 Riyadh, Saudi Arabia

Published online: 04 March 2024

entities at the nanoscale to address pressing challenges in
healthcare and environmental remediation [3, 4]. Specifi-
cally, the utilization of bio-inspired nanoparticles, such as
those derived from plant fruits like Terminalia chebula fruit,
showcases significant potential in both antimicrobial appli-
cations and photocatalysis [5, 6]. The rich phytochemical
composition of Terminalia chebula fruit and other medicinal
plants, fruits, including polyphenols, terpenes, and glyco-
sides, contributes to the development of bio-nanomaterials
with inherent antimicrobial and photocatalytic properties.
These nanostructures not only exhibit high antibacterial effi-
cacy but also serve as efficient photocatalysts, harnessing
light energy to drive catalytic reactions for environmental
decontamination. The emerging field of bionanotechnology,
rooted in the principles of green chemistry, thus offers a sus-
tainable and multifaceted approach to combating microbial
infections and addressing environmental challenges through
its unique antimicrobial and photocatalytic perspectives
[7-13].
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Ayurveda, an ancient healing system rooted in Indian
heritage, is esteemed as the “Mother of all healing,” provid-
ing a global guide for modern drug exploration. T-Chebula
fruit, a key element in Ayurveda, Unani, and Homoeopathic
traditions, draws contemporary medical interest with its
diverse phytochemical composition. The historical influence
of T-Chebula fruit species in India spans over 3000 years,
particularly in heart remedies [14]. Beyond its traditional
applications for high cholesterol and digestive issues,
T-Chebula exploration in HIV treatment and its role in a
health-harmonizing blend indicate its multifaceted poten-
tial. Ongoing studies suggest T-Chebula oral administration
alongside conventional medication may alleviate post-heart
attack chest pain, while its fruit extract shows promise in
antimicrobial and anti-inflammatory applications, including
metal nanoparticle synthesis [15-20]. Complete understand-
ing of Terminalia’s therapeutic potential calls for further
research to explore.

Nanoparticles (NPs) are prevalent in various commercial
products, emphasizing the importance of employing nature-
based reducing and stabilizing agents in their production.
This practice is crucial to mitigate toxicity and environmen-
tal hazards linked to conventional synthetic chemicals. Silver
nanoparticles (AgNPs), widely incorporated into items such
as home appliances, food packaging, electronics, textiles,
and personal care products, serve to impart antimicrobial
properties [21-24]. Their inclusion has demonstrated ben-
efits such as extending the shelf life of perishable foods,
promoting wound healing, and inhibiting bacterial growth
[25-28]. Despite concerns about AgNPs’ impact and accu-
mulation in the environment, there is currently no estab-
lished evidence of toxicity or adverse environmental effects
[29-32]. Research findings generally support the advantages
of AgNP use, but emphasize the need for a judicious, green
approach to production, ensuring biodegradability and pre-
venting bioaccumulation [33]. This sustainable method
avoids generating hazardous waste associated with classi-
cal colloidal chemistry approaches [34—40].

Environmental pollution is one of the global problems
that would suffer, and water pollution is a major challenge
to resolve. Silver nanoparticles (AgNPs) offer significant
advantages, including their potential to mitigate the accu-
mulation of nonbiodegradable organic pollutants present
in industrial effluents. Methylene blue (MB) dye, a com-
mon organic pollutant in industrial wastewater, poses a
threat to aquatic life due to its persistence [41]. MB is a
cationic dye commonly used in various industrial and med-
ical applications, including textile dyeing, staining bio-
logical specimens, and as a medication for certain medical
conditions. While MB is generally considered safe when
used appropriately, it can pose health risks if exposure
levels are excessive or prolonged [41-46]. The imperative
of MB dye is to reduce its levels to meet safety standards

@ Springer

in industrial effluent treatment and lead to the exploration
of chemical degradation methods using sodium borohy-
dride (NaBH4) [42]. Employing a catalyst is essential to
expedite the reaction duration and align it with the rate
of effluent discharge. AgNPs serve as effective catalysts,
accelerating the degradation process. Recent studies high-
light the catalytic degradation of MB dye using metal NPs
synthesized through environmentally friendly methods
[42-46]. However, the catalytic efficiency of nanoparti-
cles is influenced by their shape and dimensions, prompt-
ing ongoing research to identify catalysts with enhanced
performance. The major industrial wastewater loaded with
different organic and inorganic pollutants (dyes). Dye
wastewater has been discharging from industries such as
textile, food, printing media, pharmaceutical industries,
and leather industry. These dye materials change the purity
of water beside it act as toxic effects. There are many
methods that have been developed including chemical,
biological, and physical process to clean water, but a few
methods developed to remove dyes from the wastewater
such as coagulation, filtration, adsorption, and oxidation.
Recently, green synthesized hybrid composite photocata-
lyst materials has gained lot of attention due to its potential
use in environmental treatment, cost-effective, non-toxic,
and ecofriendly process [44—46]. Green synthesis route
can significantly promote a new way that contributes in
environmental sustainability.

In this study, we explore the utilization of T-Chebula
fruit for eco-friendly green synthesis of silver nanoparti-
cles (AgNPs). The focus is twofold: first, to assess their
potential as a catalyst in the chemical reduction of MB
dye and, second, to evaluate their antimicrobial activity
against clinical pathogen E. coli bacteria. Our choice of
T-Chebula fruit is grounded in its well-established ben-
efits and widespread availability, making it an ideal can-
didate for large-scale, eco-friendly synthesis of AgNPs.
The ultimate goal is to produce AgNPs that not only meet
the criteria for inclusion in commercial products but also
demonstrate efficacy as catalysts in the degradation of
MB dye and the best nano-antibacterial agent to kill the
pathogen bacteria.

Materials and Methods
Materials

We procured silver nitrate and solvents from Sigma-
Aldrich, located in Bangalore, India. The T-Chebula fruits
were meticulously collected from the herbal garden at
Environmental Protection Training and Research Institute
(EPTRI), Hyderabad.
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Synthesis of Silver Nanoparticles (AgNPs)

The T-Chebula fruits were meticulously cleaned in a vial,
subjected to several rinses with water to eliminate any dust
particles. Afterward, the fruits were air-dried under ambient
conditions and finely ground into a powder. Following this,
1.5 g of the TC fruit powder was combined with 75 ml of
deionized (DI) water and stirred at 500 rpm while maintain-
ing a temperature of 75 °C for 20 min. This process resulted
in the T-Chebula fruit extract, which underwent filtration
using filter paper.

For the synthesis of silver nanoparticles (TC-AgNPs),
75 ml of the T-Chebula fruit extract was slowly dispensed
drop by drop (at a rate of one drop per second) from a burette
into an 0.05 M AgNO; solution (conical flask). The addition
of the fruit extract from the burette was carefully controlled
as it dropped into the solution being stirred at 500 rpm, at a
temperature of 80 °C. The process continued and was heated
on a hot plate until a visible change in color was observed.
Subsequently, the resulting solution underwent centrifuga-
tion at 3000 rpm for 20 min and was then dried in an oven at
60 °C to obtain the powdered TC-AgNP nanoparticles [39,
40]. We have optimized temperature and stirring conditions
to synthesize high potential spherical AgNPs. A schematic
representation of the TC-AgNP synthesis procedure is illus-
trated in Fig. 1.

Characterization of Synthesized TC-AgNPs

The confirmation of TC-AgNP formation involved ultravio-
let—visible spectroscopy (UV-Vis), analyzing wavelengths
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Fig. 1 Nucleation process of
TC fruit extract-mediated TC-
AgNPs
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in the range of 200 to 800 nm. The examination revealed
characteristic absorption peaks associated with AgNPs.
Additionally, Fourier Transform Infrared Spectroscopy
(FTIR) was employed to identify specific functional phyto-
chemical groups responsible for TC-AgNP formation, offer-
ing insights into the functional groups and vibrational chem-
ical bonds that stabilize, reduce, and cap the nanoparticles.
SEM was utilized to investigate the surface morphology,
grain sizes, and size distribution of AgNPs. SEM provided
visualizations of AgNPs, aiding in the determination of their
surface size distribution. Furthermore, the crystal structure
details of TC-AgNPs were explored using XRD, offering
information about the nanoparticles’ crystalline structure.

To summarize, the combination of UV—-visible spectros-
copy, FTIR, SEM, and XRD measurements collectively
characterized the synthesized AgNPs, encompassing their
optical properties, chemical composition, morphology, and
crystal structure.

Antibacterial Activity

The evaluation of the antimicrobial activity of TC-AgNPs
occurred in a sterile laboratory setting, utilizing a biosafety
cabinet. All equipment and glassware employed for assess-
ing antimicrobial activity underwent sterilization through
autoclaving. To assess the antibacterial properties of the
synthesized TC-AgNPs, experiments were conducted using
enteropathogenic Escherichia (EPEC), with a reference anti-
biotic, gentamicin, serving as a comparative benchmark. In
the following sections, we offer a concise overview of the

Bio-Synthesis of Silver Nanoparticles
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two methods utilized to appraise the antibacterial activity
of the TC-AgNPs.

Bacterial Culture

Enteropathogenic Escherichia coli (EPEC: E. coli), charac-
terized as a rod-shaped Gram-negative pathogen, underwent
cultivation by reviving glycerol stocks stored at — 80 °C in
Luria Bertani (LB) broth. The bacterial culture was nurtured
at 37 °C for 12 to 14 h within a shaker incubator at 180 rpm.
For the facilitation of growth and preparation for subsequent
assays, the EPEC bacterial culture was streaked on LB agar
plates. Following this, the overnight culture of EPEC with an
optical density at 600 nm (OD 600 nm) of 1 was utilized in
performing both the disc diffusion and minimum inhibitory
concentration assays.

Disc Diffusion Assay Procedure

The antibacterial activity of TC-AgNPs at various con-
centrations (1-5%) was screened using the disc diffusion
assay. The bacterial culture, grown overnight, was adjusted
to 1x10° CFU/ml (ODg,, = 1.00) in sterile LB broth. A
100 pl bacterial suspension was swabbed on sterile agar and
allowed to dry. Filter paper discs, each containing 50 ul of
different sample solutions (TC, Ag, AgNPs—1%, AgNPs—
2%, AgNPs—3%, AgNPs—4%, AgNPs—5%), were placed
on the LB agar surface and incubated inverted at 37 °C over-
night. Subsequently, the zone of inhibition was measured. As
positive control, 30 pg of gentamicin was used, while sterile
LB broth served as the negative control. The antimicrobial
activity of each concentration was quantified by the zone of
inhibition (mm), with two replicates for each assay [48, 49].

Minimum Inhibition Concentration (MIC) Assay Procedure

Quantitative microspectrophotometric assay was employed
to measure the antibacterial activity, with growth inhibi-
tion assessed at 600 nm in 96-well microtiter plates. Tests
were conducted using 20 ul of TC-AgNPs at concentrations
ranging from 1 to 5%, along with 10 pl of an overnight
bacterial culture adjusted to a density of 1x 10° CFU/ml
(ODgy,=1.00) in sterile LB broth and 70 pl of LB broth.
Microcultures containing 20 pl of sterile distilled water,
replacing the test solution, served as a negative control.
Additionally, 10 pl of 30 pg of gentamicin was used as the
positive control. The plates underwent absorbance meas-
urement at 600 nm in a 96-well plate reader. After 24 h of
incubation at 37 °C, growth was recorded by measuring
absorbance. The percentage growth was determined based
on the relevant equation.
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[(AC — AT)/AC] x 100

where AC is the corrected absorbance of the control micro-
culture at 600 nm (24 h ODgy,— 0 h ODg) and AT cor-
rected absorbance (24 h ODgy, —0 h ODy) of test com-
pound [49].

Photocatalytic Activity

To evaluate the photocatalytic activity of the synthesized
TC-AgNPs in degrading methylene blue (MB) dye, a vis-
ible light source was employed as a substitute for natural
sunlight. The reaction commenced with the addition of a
3-ml solution of TC-AgNPs (nanofluid catalyst) with a con-
centration of 10 mg/ml into a 40-ml dye solution with a
concentration of 15 mg/ml. The resulting mixture was stirred
in a darkroom for 20 min to establish the adsorption process.
To monitor the progress of the reaction, samples were col-
lected at 30-min intervals, and their absorption peaks were
analyzed using UV-Vis spectroscopy. The initial UV-Vis
spectra were obtained for the pristine MB dye, displaying
characteristic bands at 630 nm and 430 nm wavelengths.
Under visible light irradiation, the solution was continuously
stirred, and 3 ml of suspension was withdrawn at 30-min
intervals for up to 2 h to track changes in the dye absorption
peak. Dye degradation was quantified using the following
equation [39, 40], utilizing UV-Vis spectrum data.

. AO - Ar
Degradation(%) = i x 100
0

where A is the absorption at time 0; A, is the absorption at
time 1.

Results and Discussion
UV-Vis Spectroscopy

The optical characteristics of nanoparticles are primarily
influenced by factors such as surface morphology, particle
size, dispersion quality, and shape. Notably, the colorless
AgNO; precursor salt solution underwent a noticeable trans-
formation, turning into a wine-red color as the T-Chebula
fruit extract was gradually added dropwise into the precur-
sor solution over approximately 30 min, indicating the for-
mation of TC-AgNPs. In Fig. 2, the UV—Vis spectrum of
TC-AgNPs spans from 300 to 750 nm, revealing a peak at
370 nm, which is characteristic of the surface plasmon reso-
nance (SPR) of AgNPs. This phenomenon is attributed to
the presence of electron-rich polyphenols in the fruit extract,
which, in general, contribute electrons for the reduction of
Ag™ ions to AgNPs. The biocomponents present in the fruit
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Fig.2 UV-Vis absorption spectroscopy of TC-AgNPs showing peak
absorbance

extract play a crucial role in synthesizing stable TC-AgNPs.
The location of the absorption peak of TC-AgNPs is depend-
ent on various factors, including reaction time, temperature,
stirring, aqueous extract concentration, and precursor salt
concentration.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis provides valuable insights into the
functional groups and chemical bonds associated with TC-
AgNPs. As illustrated in Fig. 3, the FTIR spectra of TC-
mediated AgNPs reveal specific functional biomolecules
that serve a dual purpose in reducing Ag* ions and stabi-
lizing the resulting TC-AgNP nanoparticles. Comparative
analysis with standard values aided in identifying surface
functional groups. Peaks at 1305 cm™! were attributed to
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Fig.3 FTIR spectrum of TC leaf extract-mediated AgNPs

-C—O-C- bands, 1634 cm™! to the stretching vibration of
C=C in the aromatic ring and C=0O stretch in polyphenols.
Simultaneously, bands at 2073 cm~! were assigned to C—H
stretch in alkanes and O-H stretch in carboxylic acid. Addi-
tionally, the peak at 3005 cm™!, attributed to -C-H band, and
3315 cm™!, signifying stretching vibrations of O-H groups
in water, alcohol, and phenols, played a pivotal role in the
synthesis and formation of AgNPs [45, 46].

The biocompounds, acting as electron donors, facilitate
the reduction of Ag" ions and concurrently stabilize the
evolving AgNP nucleation. The mechanism involves the
coordination of Ag* ions with biocompounds via hetero-
atoms (O and N), accompanied by the transfer of electrons
for the reduction of Ag* ions. The resulting Ag atoms serve
as nucleation points, fostering further reduction and growth
of the TC-AgNP nanoparticles. The FTIR spectrum of TC-
AgNPs confirms the presence of phytochemicals, exhibiting
vibrational bands at similar wavenumbers, indicative of their
influential role in stabilizing the TC-AgNPs.

Scanning Electron Microscopy (SEM)

In Fig. 4a, b, the grain size and surface morphology charac-
teristics of TC-AgNPs are illustrated. Micrograph images of
TC-AgNPs reveal spherical shapes with sizes ranging from
20 to 100 nm, and the diameter distribution is presented in
Fig. 4d. Analysis of the EDX profile data confirms the pres-
ence of TC-AgNPs, as indicated by a silver component sig-
nal. Furthermore, the EDX image in Fig. 4c shows substan-
tiating the existence of oxygen and carbon compounds on
the particle surface. These compounds are likely phytocon-
stituents from the fruit extract. The EDX data conclusively
confirm the synthesis of TC-AgNPs using T-Chebula fruit
extract. Despite interactions, individual TC-AgNPs are well
dispersed without any aggregation, indicating the influence
of phytochemicals and biocomponents in both the reduc-
tion and stabilization of TC-AgNPs in the colloidal solution.
Notably, the absence of direct contact between TC-AgNPs
can be attributed to the stabilizing action of capping agents
present in the T-Chebula fruit extract. These phytochemi-
cals actively participate in the reduction and stabilization
processes of TC-AgNP nanoparticles.

Powder X-Ray Diffraction (XRD) Study of TC-AgNPs

XRD measurements, along with subsequent analysis, were
employed to elucidate the details of the crystalline struc-
ture of TC-AgNPs. The XRD diffraction pattern of AgNPs
clearly indicates a crystalline structure, as depicted in Fig. 5.
Scherrer’s formula was applied to estimate the crystalline
size of AgNPs. The distinct peak intensities observed at
37.80, 43.90, 640, and 77.20 correspond to the (111), (200),
(220), and (311) planes of the face-centered cubic lattice,
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respectively, as established for TC-AgNPs according to
JCPDS file no. 04-0783. This confirmation validates the
crystalline phase of AgNPs and facilitates the measurement
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Fig.5 Stacked XRD spectrum of TC-AgNPs
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of the single crystalline size of AgNPs. The noteworthy peak
at (111) is particularly significant, and the lattice parameters
(2.6 nm) were calculated using Bragg’s equation.

2,012 2
a= A M AY
2sind

The crystalline size of TC-AgNPs was computed utilizing
Debye—Scherrer’s equation (D =0.94/ficosf), where A repre-
sents the wavelength of X-rays (0.154 nm), $ denotes the full
width at half maximum (FWHM), and @ signifies the angle
of diffraction. The calculated crystalline size of TC-AgNPs
was approximately 21-24 nm FCC structure. Comparable
diffraction patterns have been reported for AgNPs synthe-
sized using other plant extracts, and the structure of details
are mentioned in Table 1.

Catalytic Degradation of MB Dye Using the TC-AgNPs

Figure 6 provides a visual representation of the photocata-
Iytic effectiveness of TC-AgNPs in the degradation process
of MB dye. The rate at which the dye degrades depends on
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Table 1 Crystalline size for different planes of TC-AgNPs (1=0.1541 nm and K=0.9)

S.No Planes (hkl) 26 (degree) Sind (rad) Cosf (rad) FWHM (§) Interplanar Lattice Cell volume (a*) Crystalline
(radians) spacing (d) constant (a) size (D)
(nm) (nm) (nm)
111 37.8 0.05 0.99 0.0066 1.54 2.6 18.8 21.5
200 439 0.09 0.98 0.0052 0.86 1.7 5.1 27.4
220 64 0.55 0.83 0.0070 0.55 1.1 1.4 24.2

key factors, including the duration of irradiation, the light
source employed, and the concentrations of both the dye
and the catalyst. In our investigation, sunlight served as
the primary driving force for the degradation process. The
remarkable band gap and substantial surface area to volume
ratio of TC-AgNPs significantly contribute to their catalytic
efficiency in dye degradation.

Systematic sampling at specified time intervals post-
exposure to light allowed for the characterization of the
samples through UV—Vis spectroscopy analysis of absorp-
tion spectra. The presence of TC-AgNPs as a catalyst nota-
bly accelerated the reaction rate and substantially shortened
the reaction time. The reduction in absorbance of the most
intense peak at 661 nm, characteristic of MB dye, was moni-
tored over time. The degradation of MB dye in the pres-
ence of TC-AgNPs peaked at 92% within 120 min, as evi-
denced by the decrease in absorbance (refer to Fig. 7) along
with a corresponding high pseudo-first-order rate constant
(Fig. 7). It is noteworthy that after achieving 92% degrada-
tion, the catalyst surface becomes saturated with the product,
hindering further degradation. Additionally, the band gap
energy was calculated using Tauc plots (see Fig. 7). This

TC-AgNPs: Photocatalytic Activity
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Fig.6 Degradation of MB dye over TC-AgNPs nano-photocatalyst vs
intensity change with irradiation time (25 pLt of MB dye in 50-ml DI
water)

comprehensive study underscores the efficiency of TC-
AgNPs as a catalyst in the photocatalytic degradation of MB
dye under sunlight irradiation.

The optical band gap of TC-AgNPs, initially determined
to be approximately 2.6-2.8 eV through UV data analysis,
was subsequently confirmed using the Tauc relation and
absorption spectrum, as depicted in Fig. 7. This considerable
band gap highlights the promising potential of TC-AgNPs as
photo-nanocatalysts for various applications. The wide band
gap enables efficient utilization of visible light in catalytic
processes, thereby enhancing their overall photocatalytic
activity. This study emphasizes the prospective environmen-
tal applications of TC-AgNPs in the field of advanced mate-
rials science and catalysis. The observed optical energy band
gap may be attributed to indirect interactions. It is crucial to
acknowledge that the phytochemicals stabilizing TC-AgNPs
play a role in attracting dye molecules to the AgNPs’ surface
through hydrophobic interaction and van der Waals forces.
Our research findings revealed a decrease in the absorption
band intensity with increasing duration of light exposure.

The degradation or decolorization of dyes is primarily
ascribed to the action of oxygen radicals and hydroxyl radi-
cals, both of which play a pivotal role in breaking down and
neutralizing toxic contaminants present in the dye. With
prolonged exposure to light, the color of MB dye gradually
transitions into a lighter shade of blue or becomes colorless.
The degradation efficiency for MB dye was quantified at
approximately 92% for a 3-ml TC-AgNP nanocatalyst con-
centration, as illustrated in Fig. 8. This high degradation
efficiency was achieved after approximately 2 h of exposure
to a 10-W light source, utilizing 3 ml of the TC-AgNP pho-
tocatalyst compared to the previous studies [50-52].

Notably, a higher degradation rate was observed at the
lower concentration of 3 ml of the TC-AgNP catalyst after
2 h, indicating an optimal catalyst concentration for the
reduction process. This observation sheds light on the intri-
cate dynamics involved in the photocatalytic degradation
of dyes, providing valuable insights for further scientific
mechanism (refer to Fig. 9).

The essential players in the detoxification of MB dye
molecules under light were elucidated through the process
of photocatalysis. Figure 9 provides a clear illustration of
the proposed mechanism governing the photocatalytic
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degradation of MB dye. TC-AgNPs, with a narrow band
gap, serve as a crucial nanocatalyst in promoting the genera-
tion of electron—hole pairs. This is attributed to the minimal
absorption energy required for electrons to transition from
higher occupied orbit states to lower unoccupied orbit states.

Upon absorbing light energy, a nanocatalyst such as TC-
AgNPs exhibits an absorption intensity that aligns with the
band gap energy of the catalyst itself. The process of energy
transition involves a shift from the ground state to the excited
state, giving rise to several critical components, including a
band gap, a valence band hole (h*), a liberated electron (e”),
and a conduction band electron. Remarkably, the hole plays

v T v T v 1T v1 vr v T ° v 0@ v ]
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& %r y
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Fig.8 Dye degradation % activity with TC-AgNP catalyst as the func-
tion of time
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an important role as an attractive receptor for electrons from
pollutants, thereby initiating their degradation.

In this process, highly oxidizing species come into play,
converting water molecules into hydroxyl radicals (OH),
which play a vital role in degrading organic contaminants.
Simultaneously, oxygen molecules combine with electrons,
transforming into superoxide radicals (O,). This intricate
series of events illustrates the significance of TC-AgNPs as
a photocatalyst in the generation of reactive species, con-
tributing to the effective degradation of MB dye molecules.

The reduction of pollutants unfolds through the following
sequence:

Photocatalyst AgNPs + hv — e~ + ht

Photocatalyst AgNPs(e™) + O, — O (superoxide radical)

Photocatalyst AgNPs(h*) + H,0 — OH™ (superoxide radical)

O3 (or)OH™ + Dye — Degraded material

This process offers valuable insights into the intricate
pathways through which pollutants are effectively reduced,
revealing the promising potential of these mechanisms in
advanced environmental applications. The surface of TC-
AgNPs is enriched with phenolic compounds and biofla-
vonoids derived from the T-Chebula fruit extract, playing
a vital role in augmenting the generation of superoxide
radicals from oxygen molecules and enhancing overall pho-
tocatalytic activity. Importantly, our findings confirm that
oxide and hydroxyl radicals are indeed the predominant
reactive species generated during the photocatalytic deg-
radation of water-soluble dyes. This insight adds depth to
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Fig.9 Schematic representation
of photocatalytic mechanism
with TC-AgNPs
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our understanding of the mechanistic intricacies underly-
ing the photocatalysis process, emphasizing the potential
of TC-AgNPs for advanced applications in environmental
remediation.

With an increase in the concentration of the photocata-
lyst or at the optimum concentration (3 ml), there is a cor-
responding increase in the number of available reaction
sites, leading to enhanced generation of electron—hole pairs.
This, in turn, promotes the amplified production of hydroxyl
radicals, essential for the efficient detoxification of organic
pollutants. Additionally, the morphological characteristics
and grain size of TC-AgNPs are pivotal factors affecting the
efficacy of MB dye degradation. Catalyst nanoparticles with
smaller sizes exhibit enhanced efficiency in dye degradation
due to their ability to provide a higher quantity of active
sites for dye absorption. In our investigations, noteworthy
results were achieved by employing a 3-ml TC-AgNP cata-
lyst. It is worth emphasizing that our AgNP catalyst was
synthesized through a straightforward and environmentally
friendly green synthesis process, utilizing TC fruit extract.
This synthesis process demonstrated remarkable efficiency,
achieving a 92% degradation rate for MB under standard
visible light conditions. These results underscore the sig-
nificant potential of TC-AgNPs as highly effective catalysts
in various environmental applications.

Antibacterial Activity of TC-AgNPs
Disc Diffusion Assay

The antibacterial efficacy of TC-AgNPs, with varying con-
centrations of AgNP nanoparticles (1-5%), was evaluated

Photo-reduction

against EPEC (E. coli) using the disc diffusion method. A
significant distinction in the zone of inhibition was observed
with different AgNP concentrations (1-5%) (P <0.05), while
no antibacterial activity was detected with Tinospora cordi-
folia (TC) fruit extract (Fig. 10). The recorded zone of inhi-
bition, measured in millimeters, was plotted against AgNP
concentration. A slight increase in the zone of inhibition
was observed with higher AgNP concentrations, whereas TC
extract did not kill any bacteria strain. The enhanced inhibi-
tory and susceptibility effects of AgNPs against EPEC are
ascribed to the presence of phytoconstituents on their sur-
face, disrupting intracellular activities. Acting as stabilizing
agents, phytochemicals facilitate seamless binding, interac-
tion, and penetration of bacterial cells through hydrophobic
and van der Waals forces. This interaction disrupts cellular
activities by releasing Ag* ions, instigating reactive oxygen
species, denaturing essential bacterial proteins, impeding
DNA replication, damaging organelles, and inducing cyto-
plasmic leakage through cell membrane perforation.

Minimal Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC)

The susceptibility of EPEC was assessed by determining
the minimum inhibitory concentration (MIC) of TC-AgNPs,
ranging from 1 to 5%. After a 24-h incubation period, tur-
bidity was observed in T-Chebula untreated wells (growth
control), indicating bacterial growth. Conversely, no tur-
bidity was observed in wells treated with Ag and various
concentrations of AgNPs (1 to 5%), demonstrating effec-
tive inhibition of bacterial growth (Fig. 11). To establish
the minimum bactericidal concentration (MBC), 10 pl of
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Fig. 10 A Antibacterial activity of the TC-AgNPs against EPEC. B
Zone of inhibition produced by TC-AgNPs against various bacterial
strains. D/W (distilled water); AgNP nanoparticles; TC—Tinospora

the suspension was inoculated on LB agar and incubated
overnight. No growth was observed in AgNP samples and
varying concentrations of AgNPs from 1 to 4%, indicat-
ing a bactericidal effect. However, growth was observed at
AgNPs-5%, suggesting a bacteriostatic effect at this con-
centration. The details are shown in Table 2 and statistical
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Fig. 11 The minimum inhibitory concentration (MIC) against EPEC
after incubation for 24 h at 37 °C TC-AgNPs (concentration varied
from 1 to 5%). Data are expressed as means + SD. Statistical analysis
was performed by one-way ANOVA (P= <0.0001) with respect to
negative control (n=6)

@ Springer

cordifolia; 1—1% AgNPs; 2—2% AgNPs; 3—3% AgNPs; 4—4%
AgNPs; 5—5% AgNPs; Gen—gentamycin 30 pg (positive control);
Blank—LB broth (negative control)

analysis using one-way ANOVA yielded a significant result
(P<0.0001) for MIC.

The antimicrobial effectiveness of TC-AgNPs was
assessed against enteropathogenic E. coli, comparing it to
the standard reference antibiotic gentamicin, well known
for its efficacy against this strain. The results unequivo-
cally demonstrated that the synthesized TC-AgNPs exhib-
ited significantly higher antimicrobial activity against
enteropathogenic E. coli, highlighting their potential as
potent antimicrobial agents. These findings align with
prior studies emphasizing the advantages of AgNP nano-
particles, showcasing enhanced physicochemical proper-
ties and heightened antimicrobial effectiveness. The supe-
rior antibacterial activity of TC-AgNPs can be attributed
to the synergistic effects resulting from the incorporation
of metal ions, contributing to an overall enhancement in
antimicrobial efficacy. To elucidate the potential mecha-
nisms behind this heightened antibacterial activity, Fig. 12
illustrates four plausible interactions between TC-AgNPs
and E. coli pathogenic cells [51, 52]. These mechanisms
include TC-AgNPs adhering to the bacterial cell surface
and disrupting the cell membrane, TC-AgNPs infiltrating
the bacterial cell membrane and interacting with cellular
organelles, TC-AgNPs triggering an increase in reactive
oxygen species (ROS) within the cell membrane, leading
to cell damage, and finally, TC-AgNPs modulating the
cellular signaling system, ultimately deactivating the cells
and resulting in cell death [47, 52-57].

Our study underscores the utilization of T-Chebula fruit
extracts as a robust and environmentally friendly resource for
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Table 2 The details of minimum bactericidal concentration (MBC) by inoculating 10 pl of TC-AgNPs (ranging from 1 to 5%) on sterile LB agar

plates and incubated for overnight at 37 °C (n=6)

Sample Ag TC Ag-1% Ag-2% Ag-3% Ag-4% Ag-5% Gentamycin (30 pg) Growth control
- + - - - - + - +
+ =presence of growth; — =absence of growth
Flg 12 The pOSSit.)le me(?ha_ @ Adhesion to cell membrane
nism routes of antibacterial
action of TC-AgNP nanopar- /_’_
ticles Dissolution *
‘@ Electrostatic Tmpair
transport
J
IS
Disruption of \

electron transport __ A

green synthesis, yielding high-quality TC-AgNPs. Leverag-
ing its rich mineral and vitamin content, the plant extract
demonstrated remarkable efficiency as a capping, reducing,
and stabilizing agent. These findings are in line with recent
studies advocating for the potential of biogenic AgNPs com-
bined with phytochemicals in treating chronic infections.
In the face of escalating multidrug-resistant microbes, our
research highlights the pressing need for non-toxic anti-
bacterial agents to combat microbial infections. Green-
synthesized nanoparticles present a sustainable and eco-
friendly alternative, steering clear of the use of hazardous
chemicals. We emphasize the therapeutic potential of TC-
AgNPs in addressing chronic infections, underscoring the
importance of further in vitro and in vivo studies for validation.

Conclusion

Our study successfully synthesized silver nanoparticles
(AgNPs) using a biosynthesis method with T-Chebula
fruit extract, showcasing their remarkable potential in
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various applications. Characterization through XRD and
SEM analysis revealed well-defined FCC structure with
a crystalline size of 21-24 nm, while the biosynthesized
morphology displayed an average size of 50 nm and a
band gap energy of 2.8 eV. These TC-AgNPs exhibited
potent antibacterial activity against E. coli bacteria, dem-
onstrating significant synergistic effects. Notably, higher
concentrations of TC-AgNPs led to a slight increase in
the zone of inhibition, while the T-Chebula fruit extract
alone showed no antibacterial activity. Furthermore, our
study highlighted the photocatalytic dye degradation
activity of TC-AgNPs under visible light irradiation, par-
ticularly in degrading water-soluble industrial methylene
blue (MB) dyes, achieving an impressive 92% dye deg-
radation rate. This efficacy surpassed previous studies,
indicating the promising catalytic potential of TC-AgNPs
in environmental remediation. Overall, the biogenically
synthesized TC-AgNPs exhibit outstanding antibacterial
capabilities and significant promise in degrading organic
pollutants, positioning them as versatile and environmen-
tally friendly materials. These findings underscore their

@ Springer
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potential applications in microbial control and efficient
photodegradation of organic pollutants, contributing to
sustainable and impactful research in water purification.
Our ongoing studies aim to further explore the control of
different dye types and concentrations using our nanocata-
lyst, extending the scope and applicability of TC-AgNPs
in environmental remediation efforts.
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