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ABSTRACT: Nanotechnology has emerged as a promising method for
wastewater recycling. In this line, the current study emphasizes the leaf-
extract-mediated biosynthesis of bismuth oxide nanostructures (Bi- 2 :
ONPs) using three different plants, namely Coldenia procumbens Linn S paueousofleat extrace  Synthesisof Green synhesized
(Creeping Coldenia), Citrus limon (Lemon), and Murraya koenigii g exvsc e
(Curry) through a greener approach and evaluates their biological
properties as well as photocatalytic performance for the first time. As-
synthesized BiONPs were physiochemically characterized using UV—
visible spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), scanning electron microscopy (SEM), and high-
resolution transmission electron microscopy (HRTEM) with energy
dispersive X-ray analysis (EDAX). Using the well diffusion method,
research on the antibacterial efficiency of BiONPs against human
pathogenic Gram-positive bacteria, such as Staphylococcus aureus and Enterococcus faecalis, and Gram-negative bacteria, including
Escherichia coli and Klebsiella pneumonia, revealed that Gram-negative bacteria exhibited relatively strong activity. The larvicidal
activity assessed against Aedes aegypti and Aedes albopictus mosquito larvae reveals promising larvicidal activity with a minimal dosage
of BIONPs with LCy, values of 5.53 and 19.24 ppm, respectively, after 24 h of exposure. The excellent photocatalytic activity of as-
synthesized BIONPs was demonstrated through the photodegradation of malachite green (MG) and methylene blue (MB) dyes with
respective degradation performance parameters of 70 and 90%. The biogenic synthetic approach reported here enables the scalable
commercial synthesis of bismuth nanostructures for their widespread use in catalysis for wastewater treatment and environmental
cleanup.
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1. INTRODUCTION India."® Lymphatic filariasis, encephalitis, chikungunya, dengue
fever, and malaria are transmitted solely by mosquito vectors.
Aedes aegypti and Aedes albopictus were identified as malaria
vectors in South India’s coastal districts.'"”'> Due to the
toxicity and adverse effects of pesticide applications, as well as
increased environmental and human health concerns, the use
of synthetic chemicals and larvicidal agents is restricted.'*~"°
As a result, plant extracts or essential oils may serve as an
alternative source of mosquito control agents, as they contain a
high concentration of plant-derived compounds that are safe
and may be efficient in controlling mosquitoes.'”~'” At the
forefront of current nanotechnology research is the develop-
ment of a dependable green methodology for the ecofriendly

Globally, water contamination' and its treatment have
emerged as a growing concern. In recent decades, remarkable
efforts have been made to overcome the challenges of
wastewater treatment, as the water pollution level has risen
due to an influx of pathogenic microorganisms and toxic
pollutants entering the regular water cycle in aquatic
environments, which has dire implications for both terrestrial
aquatic and ecosystems.” ® It is well documented in the
literature that wastewater sources are one of the largest
conceivable water resources, and their reuse is expected to
offset the need for more clean water.” In light of these facts, a
number of technologies such as sedimentation, coagulation,
filtration, adsorption, and membrane technologies have been
developed for wastewater treatment; however, they have high Received:  February 7, 2023
operating costs and can introduce dangerous secondary Accepted: March 31, 2023
contaminants into the biological system.”” Published: April 17, 2023
On the other hand, globally, malaria affects around 350—500
million people annually, resulting in approximately 1 million
deaths. Each year, over 2 million malaria cases are reported in

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c00792

v ACS PUbl ications 14752 ACS Omega 2023, 8, 1475214765


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prakash+Moorthy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helen+P.+Kavitha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00792&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Fresh leaves of plant

Heating at hot plate

€ ) -,
Fl \ |

Aqueous leaf extract

Figure 1. Pictorial representation for the preparation of aqueous leaf extracts.

Table 1. GC-MS Analysis of Identifying the Bioactive Compounds

s.
no leaf used

1  limon leaves

2 M. koenigii

main bioactive compounds

flavonoids (22.1%), alkaloids (15.87%), saponins (32.87%), and tannins (0.45%)

techniques

GC-MS
analysis

alkaloids: carbazole (18.8%), flavonoids (5.7%), quinones (6.23%), aldehydes (5.89%), terpenoids (11.4%), carotenoids (12.3%), GC-MS
nicotinic acids, phenolics (22.6%), and various vitamins (0.07%)

3 C.procumbens flavonoids (21.3%), carbohydrates (4.35%), glycosides (1.4%), steroids (0.67%), alkaloids (0.56%), glycosides (3.42%),
Linn. phytosterols (0.44%), proteins, amino acids (0.87%), fixed oil flavonoids (19.78%), gums, and mucilage.

analysis

GC-MS
analysis

synthesis of nanoscale compounds using plants as both
reducing and capping agents.”’">> Besides, photocatalyst-
assisted environmental remediation has two significant
benefits: (i) it transforms contaminants into nonharmful
products and (ii) it eliminates the need for extra disposal
treatment and toxic chemicals.”?

The biosynthetic pathway lacks a green strategy despite the
abundance of publications examining bismuth-based nanoma-
terials for varied technologies, includinsg biological, energy, and
environment-related applications.”*"*° Bismuth oxide nano-
structures are low-cost p-type semiconductors with high X-ray
attenuation coeflicients, promising photothermal conversion
efficiency and microbial activity with a large band gap ranging
from 2.0 to 3.96 eV that is essential for effective migration of
photoexcited charge carriers. Also, the surface area, surface
morphology, crystallographic orientation, and synthesis
methodology influence photocatalytic activity. In light of the
stated concerns, the plant-extract-mediated biosynthetic
method is quite facile, cost-effective, and environmentally
benign in relation to conventional hydrothermal and high-
temperature chemical syntheses.”” >

In view of the above, we developed a facile method to
synthesize bismuth oxide nanoparticles using an aqueous leaf
extract of Coldenia procumbens, Citrus limon, and Murraya
koenigii, and assessed their photocatalytic performance and
larvicidal activity. To the best of our knowledge, this is the first
attempt to utilize leaf extracts of C. procumbens, C. limon, and
M. koenigii for the synthesis of BiONPs. The plant extracts
comprise active phytochemicals such as tannins, flavones,
aldehydes, saponins, ketones, eugenol, amino acids, terpenoids,
and glycosides that are generally water-soluble and offer
stability to the nanostructures.’ Bismuth-based materials are
promising due to their photocatalytic, biological, and
antibacterial properties. Recently, utilizing bismuth ferrite as
a photocatalyst,”" a new evaluation of performance using the
Cat Boost model for MG dye degradation has been reported.
The photocatalytic performance of the Bi,WO4/ZnO photo-
anode is shown to remove 100% of COD from municipal
wastewater over a period of 180 min.*” Similarly, Z-scheme
CoFe204/P-BiOBr heterojunction nanocomposites,” sol—
gel-derived BiFeO; nanoparticles,”* and N-BiOBr/NiFe,0,
nanocomposites’ are shown to be promising photocatalysts
for environmental remediation applications. Because of their

ease of use, abundant biodiversity, and environmental
processes, biosynthesis technologies offer great benefits than
traditional synthesis techniques.

The synthesized nanoparticles were characterized using
FTIR, UV-—visible spectrophotometry, X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and energy dispersive X-ray
analysis (EDAX). The synthesized BiIONPs were tested against
pathogenic Gram-positive bacteria, such as Staphylococcus
aureus and Enterococcus faecalis, and Gram-negative bacteria,
such as Escherichia coli and Klebsiella pneumonia. Furthermore,
the synthesized BiONPs were tested for larvicidal and
photocatalytic activity.

2. MATERIALS AND METHODS

2.1. Chemicals. Bismuth nitrate (Bi(NO;);SH,0), etha-
nol, malachite green, and methylene blue were purchased from
Merck. Without additional purification, all of the reagents were
employed.

2.2. Plants. Fresh leaves of plants C. procumbens Linn, C.
limon, and M. koenigii were collected from Mayiladuthurai
District, Vettangudi village (11.28 latitude 79.799 longitude),
Tamil Nadu, India.

2.3. Extraction of Aqueous Leave Extracts. The leaves
were washed several times with distilled water to remove dust
particles and then shadow-dried for 4—5 days to eliminate any
excess dampness. The dried CP leaves were ground into a
powder using a grinder. Each of the leaf extracts’, such as C.
procumbens Linn, C. limon, and M. koenigii (1 g), fine powder
was mixed with 100 mL of distilled water in a 250 mL
measuring glass and heated on a hot plate at 60 °C. The extract
was stirred at 600 rpm until it turned dark brown, as shown in
Figure 1. The aqueous decoction was filtered 41 times with no.
1 Whatman filter paper and kept at 4 °C for future use. The
findings of the gas chromatography—mass spectrometry (GC—
MS) analysis of the bioextract to identify the bioactive
component are presented in Table 1.

2.4. Green Synthesis of BiONPs. In a 250 mL beaker,1
mM BiNO; and 20 mL of C. procumbens Linn., C. limon, and
M. koenigii leaf extracts designated L—L, C—L, and CP-L,
respectively, were mixed with 80 mL of distilled water and kept
at room temperature for 12 h. A change in the color of the
solution from yellowish-brown to dark brown indicates the

https://doi.org/10.1021/acsomega.3c00792
ACS Omega 2023, 8, 14752—14765


https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Bismuth nitrate

Aqueous leaf extract

Figure 2. Synthesis of BIONPs using aqueous leaf extracts.
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formation of BiONPs. BiONPs were separated by continuous
centrifugation at 5000 rpm for 30 min and then dried at 100
°C to obtain a yellow powder, as shown in Figure 2. L-
BiONPs, C-BiONPs, and CP-BiONPs, respectively, refer to
BiONPs synthesized from L—L, C—L, and CP—L extracts.

2.5. Characterization Techniques. A Shimadzu UV3600
plus spectrophotometer was used to measure UV—visible
absorption spectra. An X-ray diffractometer was used to study
the crystalline metallic bismuth nanoparticles (PAN Analytical,
Netherlands). The KBr pellet method was used to generate
Fourier transform infrared (FTIR) spectra. Bismuth nano-
particles were analyzed in the range of 4000—400 cm ™' using a
Racer 100 Shimadzu FTIR spectrometer. An FEI Squanto 200
SEM instrument was used to examine the morphology of
BiONPs using scanning electron microscopy (SEM). Also, the
morphology and particle size of BIONPs were determined by
TEM (JOELJAPAN, JEM-2100PIUS).

2.6. Evaluation of Antibacterial Activity. The well
diffusion method was used to investigate the antibacterial
effectiveness against human pathogens, such as E. coli and K.
pneumonia (Gram-negative bacteria) and S. aureus and E.
faecalis (Gram-positive bacteria). On Muller—Hinton agar
plates, inoculation bacterial cultures were spread out, followed
by the addition of BiONPs and the application of the leaf
extract. The drugs were incorporated in a 6 mm well for 24 h,
and the agar plates were well incubated at room temperature.
The antibiotic used as the positive control was amoxicillin. The
zone of inhibition (ZOI) was measured in millimeters (mm)
after 24 h of inoculation.

2.7. Assessment of Photocatalytic Activity. Aqueous
methylene blue (MB) and methylene green (MG) dyes were
used to investigate the photocatalytic activity of BIONPs. The
source of illumination was visible light. In 100 mL of an
aqueous solution of MB, BiONPs (0.0S g) were distributed
(MG). The reaction progress was monitored using UV—visible
spectroscopy after the solution combination was exposed to
visible light.

2.7.1. Electron Paramagnetic Resonance (EPR). By
employing the EPR technique® and a Bruker Model EMX X
Band electron paramagnetic resonance spectrometer, in situ
generations of OH radicals in photocatalytic reactions were
investigated (Germany). Utilizing the EPR spectrum, it was
determined that hydroxyl radicals can develop in the aqueous
phase both in the absence and the presence of catalysts and
when exposed to visible light irradiation. Since OH radicals
have a short half-life, it is possible to identify the generated
species by adding DMPO, a spin-trapping agent. When DMPO
was added to the reaction system, the in situ-produced OH*®
radicals were trapped to form the DMPO-OH adduct, easily
detectable by EPR equipment. The right amount of the

catalyst, water, and DMPO was added to the reaction tube,
which was then exposed to visible light for the allotted time
period. Following centrifugation, the sample was poured onto
an EPR flat cell, put into the EPR apparatus, and the spectra
were recorded.*

2.8. Larvicidal Activity of BiONPs. 2.8.1. Insect Rearing.
The larvae of A. aegypti and A. albopictus were obtained from
stagnant water in Chennai and identified at the Kings Institute
of Preventive Medicine in Guindy, Chennai. Locally captured
early fourth-instar larvae of A. aegypti and A. albopictus were
housed in plastic enamel trays containing dechlorinated tap
water. They were kept in the same condition.”’

2.8.2. Larvicidal Assay. The WHO approach (1996) was
used to test the larvicidal activities, with certain modifications,
as per (2000). First, 1 mL of an aqueous extract was dissolved
in 100 mL of distilled water (stock solution). For the bioassay
test of the aqueous extract, 100 ppm of the stock solution was
prepared with dechlorinated tap water.>”

For the bioassay test, five batches of 20 larvae were placed in
a breaker, along with 249 mL of dechlorinated water and 1 mL
of the specified extract concentration. Dechlorinated tap water
was used as the control. After 24 h of exposure, the number of
dead larvae was counted, and the mortality percentage was
calculated using the average of five replicates. The larval
mortality in experimental media was found to be 100%, so it
was chosen for the dose—response bioassay. The toxicity test
of the BiONPs was performed by placing 20 mosquito larvae
into 200 mL of double-distilled H,O. The BIONPs (100 mg)
were dissolved in 1 L of Milli Q water (stock solution). In this
study, from the stock solution, different concentrations, such as
25, 20, 15, 10, and S ppm, were prepared. Each test had five
replicates of each concentration and a control group (distilled
water). After 24 h of observation, the acute toxicities on fourth-
instar larvae of A. aegypti and A. albopictus were determined.’”

2.8.3. Dose—Response Bioassay. Synthesized BIONPs were
tested in a dose—response bioassay for larvicidal activity
against A. aegypti and A. albopictus during the laboratory trial.
For larvicidal action, different concentrations of synthesized
BiONPs were prepared, ranging from 120, 60, 30, 15, and 7.5
ppm. After 24 h of exposure, the number of dead larvae was
counted, and the percent mortality was calculated using an
average of five repetitions."’

2.9. Statistical Analysis. Graph Pad Prism version 6.0 was
used to analyze statistical tests (Graph Pad Software, Inc., San
Diego). The percentage of larvae and cell viability was
represented as mean standard error (SE). After 24 h, the
average larvae mortality for nanoformulations was subjected to
log probity analysis to determine the LCy, and LCy,. SPSS
software was used to examine the data.
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3. RESULTS AND DISCUSSION

The results of UV spectra disclose the optical properties of
aqueous leaf extracts as well as synthesized BiONPs, as
depicted in Figure 3, which are evaluated by a UV—visible
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Figure 3. UV—visible spectra of aqueous plant extracts (L—L, C—L,
CP-L) and synthesized BIONPs.

spectrophotometer in the range of 250—500 nm. The
synthesized BiONthe Ps showed maximum absorbance at
444 nm (CP-L), 418 nm (C—L), and 404 nm (L—L), which
confirms the formation of BiONPs. Figure 3 also shows the
absorbance spectrum of (L—L, C—L, CP—L) leaf extracts. The
absorption edge at 292 nm (CP—L), 274 nm (C—L), and 274
nm (L—L) for the aqueous leaf extract revealed the presence of
active phytochemicals in the extract. As inferred from the
previous literature, we have confirmed that the aqueous leaf
extract possesses phytochemicals like alkaloids, polyphenols,
terpenoids, etc.*’ The energy gaps associated with L-BiONPs,
C-BiONPs, and CP-BiONPs are determined to be 4.5, 3.6, and
2.8 eV, respectively. We attribute the observed modifications in
absorption maxima and energy gap values among the
synthesized BiONPs to differences in particle size and the
nature of the stabilizers.

XRD analysis is performed to determine the nature of the
crystalline phase and the interplanar distance. Figure 4 shows

—— L-BiONPs
—— C- BiONPs

—— CP-BIONPs

Intensity(a.u)

10 20 30 40 S0 60 70
206(degree)

Figure 4. XRD patterns of L-BiONPs (a), C-BiONPs (b), and CP-
BiONPs (c).

the XRD patterns of three distinct BIONPs, which display two
value peaks at 27.7, 29.2, 31.07, 32.7, 45.76, 45.9, 53.2, 55.47,
57.4, and 73.7°, corresponding to the crystalline planes (201),
(101), (002), (220), (004), (400), (131), (421), (402), and
(113), respectively, which well matches with the standard
JCPDS card no. 27.0050. The appearance of a sharp diffraction
peak confirms the good crystalline nature associated with
BiONPs. The average crystalline sizes of the BiONPs
calculated using the Debye—Scherrer equation D = kA/f cos 8
were found to be 19.55, 19.78, and 20 nm, respectively, for CP-
BiONPs, C-BiONPs, and L-BiONPs. The obtained XRD peak
confirms the tetragonal phase for the synthesized BiONPs.
From Figure 4, it is confirmed that the synthesized BIONPs do
not contain any impurities.42

FTIR spectra of aqueous leaf extract and synthesized
BiONPs are shown in Figure S. The FTIR analysis confirms
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Figure S. FTIR spectra of synthesized L (f), C (d), CP (b), BiONPs
and L—L (e), C-L (c), and CP-L (a), aqueous leaf extracts.

the presence of functional groups in the leaf extract and
BiONPs. The peak obtained at 3423 cm™ corresponds to the
stretching vibration of O—H present in the aqueous leaf
extracts. The hydroxyl group in the aqueous leaf extract plays a
vital role in reducing BiONPs and has a strong ability to
interact with BiONPs. The peak at 2358 cm™ is due to the
NH stretching vibration associated with the aqueous leaf
extract. Also, the peak observed at 2329 cm™' is due to the
C=N=O0 asymmetric vibration. The band at 1636 cm™ is
due to the stretching vibration of the C=O bond. The
spectrum aqueous extract of C—L comprises C—C stretching
vibrations at 1432 cm™' and C—H vibrations at 867 cm™'.
From the spectrum of L—L, it is to be noted that C—O
stretching vibrations appeared at 1328 and 1039 cm™" and C—
H vibrations at 814 cm™'. These peaks associated with the
plant extract either disappear or are modified in the IR
position, which might be involved in reducing bismuth ions.
From the results, it could be inferred that the aqueous leaf
extract encompasses secondary metabolites that act like
capping and stabilizing agents and promote the chemical
reduction of a bismuth precursor to form BiONPs.

All three different BIONPs under study exhibit a broad set of
peaks between 400 and 750, cm™", which is attributable to the
stretching vibration of the Bi—O—Bi bond. Bi—O metal oxide
stretching emerged at 614, 625.41, and 568.01 cm™},
respectively, for CP-BiONPs, C-BiONPs, and L-BiONPs.

https://doi.org/10.1021/acsomega.3c00792
ACS Omega 2023, 8, 14752—14765


https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00792?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

The spectral evidence reveals that aqueous leaf extracts that act
as a reduction and capping can reduce the bismuth salt into
BiONPs. Many researchers have reported that the phytochem-
icals present in the extract are used as the capping agents, and
our results also agree with these studies.*’

The FESEM micrograph images of the synthesized L-
BiONPs, C-BiONPs, and CP-BiONPs are shown in Figure 6.

Figure 6. FESEM micrograph of the synthesized (a, b) L-BiONPs, (c,
d) C-BiONPs, and (e, f) CP-BiONPs.

The FESEM images clearly show that the synthesized BiONPs
are irregularly distributed with rod-like, pear-shaped morphol-
ogy comprising a number of microscopic holes scattered over
the surface. As notable from the images, L-BiONPs, C-
BiONPs, and CP-BiONPs exhibit rod-shaped, pear-shaped,
and rock-shaped nanostructures, respectively. Therefore, we
presume that the surface morphology, particle shape, and size
are highly dependent upon the nature of the leaf extract used
as a reducing agent, as evident from the results. The presence
of nonuniformly dispersed holes over the particle surface of all
three kinds of BiONPs might have been created during the
biogenic reduction process, owing to the presence of
phytochemicals that act both as a capping agent and a
stabilizer. We presume that the presence of a fibrous layer
formed around the BiONPs is due to the presence of
phytochemicals surrounding them. The presence of agglom-
erated bismuth nanoparticles, as evident from FESEM images,
is inevitable during green synthesis due to the lack of control in
the phytochemical composition of the bioextract. However, the
degree of agglomeration greatly depends upon the nature of
the bioextract. Our results agree with earlier studies.”

The development of varied shapes, sizes, and nonhomoge-
neous porous nature associated with BIONPs is attributable to
differences in nucleation time and nonuniform distribution of
heat zones within the reaction time. This is likely because the
bioextract contains surfactants, capping, structure-directing,
and protective agents. The BIONPs also display agglomeration,
although the borders between single crystallites are visible.

To achieve further insights into the morphology and size of
BiONPs, TEM studies were performed, and the results are
shown in Figure 7. Upon investigating three different BIONDPs,
CP-BiONPs revealed better morphology, high product yield,
and good crystallinity. Therefore, we conducted TEM and
SAED studies for CP-BiONPs.

Before TEM imaging, the BiIONP solution was placed on a
carbon-coated copper grid and allowed to dry at ambient
temperature. The CP-BiONPs were found to be well-
segregated, with an approximate particle size of around 20
nm. The crystal size observed in the XRD investigation agrees
well with these findings. We infer from the results that the
aqueous extract of a CP leaf could be a good and effective
material for synthesizing highly stabilized crystalline BiONPs.
The SAED pattern also suggests that the BiONPs possess
highly ordered crystalline structures. The chemical composi-
tion of BiONPs was determined using energy-dispersive X-ray
analysis. The identification of prominent peaks of bismuth
(Bi), (C), and oxygen (O) elements was confirmed using this
technique. From elemental analysis, it is clear that the
synthesized BiONPs are free from impurities.

4. ANTIBACTERIAL ACTIVITY STUDIES

The antibacterial efficiency of the synthesized BiONPs of
different pathogenic bacteria was investigated using Gram-
negative (E. coli, K. pneumonia) and Gram-positive (S. aureus
and E. faecallis) bacteria through the disc diffusion method.
The synthesized CP-BiONPs, C-BiONPs, and L-BiONPs of
varied concentrations (5—20 uL) were introduced into plates,
and the difference was noted after 24 h of inoculation to
evaluate the antibacterial efficiency. The in vitro antibacterial
activity of CP-BiONPs, L-BiONPs, and C-BiONPs is shown in
Figures 8, 9, and 10, respectively, along with the numerical
values tabulated. The results show that both C-BiONPs and L-
BiONPs have relatively less activity than CP-BiONPs toward
both Gram-positive and Gram-negative strains. It has been
proposed that positively charged metal oxides might have
interacted with bacteria through electrostatic interaction
leading to the inhibition of enzyme production and
deactivation of DNA by interacting with negatively charged
groups present in the bacterial cell wall, resulting in increased
permeability and cell death. The disparity in the effectiveness
of different BiONPs against different organisms is subject to
the impermeability of the bacterial cell. From the results, it is
clear that K. pneumoniae (1S mm), a Gram-negative bacterial
strain, is effectively inhibited by CP-BiONPs, while against E.
coli (5 mm) is less. Moderate activity is shown toward E.
faecalis (8 mm), while growth inhibition against S. aureus (1.5
mm) is lower, as evident from Table 2. L-BiONPs exhibited
very little activity against S. aureus (0 mm) and maximum
activity toward E. coli (4 mm), which demonstrates that C-
BiONPs did not inhibit the development of K. pneumoniae (0
mm), but that it did inhibit the growth of E. coli (5 mm).
According to these findings, CP-BiONPs have an incredible
potential for use in the advancement of novel molecules for the
deterrent and remedial administration of pathogenic bacterial
diseases. The majority of Gram-negative bacteria pathogens
might use CP-BiONPs as an antigrowth promoter. It is
comprehensible that size, shape, and biosynthesis composition
are the three most important aspects that influence microbial
activity. The maximum antibacterial activity of CP-BiONPs
could be related to the (i) type of surface capping
phytochemicals and (ii) tiny particle size, as demonstrated
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Figure 7. TEM image of the synthesized CP-BiONPs (a, b, d), SAED pattern of CP-BiONPs (c), and EADX analysis of CP-BiONPs (e).

by these results. Subsequently, CP-BiONP species might
adhere to its surface, maximizing its reactivity and expanding
its harmful impacts against the bacteria.*> ™%’

5. LARVICIDAL ACTIVITY STUDIES

The larvicidal efficacy of CP-BiONPs was investigated against
fourth-instar larvae of A. aegypti and A. albopictus for 24 h
incubation. The maximum larvicidal activity was observed with
the BIONPs against A. aegypti (LCsp-13.81 and LC,y-40.22)
and A. albopictus (LCgy-11.22 and LCyy-35.48 ppm) after 24 h
of treatment (Table 3). Compared to an aqueous leaf extract,
synthesized BiONPs demonstrated excellent larvicidal activity
against the two mosquito vectors tested, as shown in Figures
11 and 12. The strong larvicidal activity of synthesized CP-
BiONPs can be attributed to their smaller size, which allows
them to penetrate the cuticle of insect larvae. The mode of
action of such nanoparticles on mosquito vectors has yet to be
fully investigated. The toxicity of CP-BiONPs against
arthropod vectors may be achieved by the small-size
nanomaterials, which allow them to pass past the insect cuticle
and into individual cells, as shown in Figure 13. However, in
the aquatic environment, more research is required on that
exact mode of activity and its antitoxic effects.””

6. PHOTOCATALYTIC ACTIVITY

The photocatalytic degradation performance of CP-BiONPs,
C-BiONPs, and L-BiONPs against malachite green (MG) and
methylene blue (MB) dye has been studied through visible
light irradiation approach at a regular time interval of 15 min,
and the results are shown in Figure 15.

The characteristic absorption peaks associated with MG and
MB occurring at 617 and 664 nm, respectively, are monitored
for assessing degradation properties. Before measurements,
control experiments are conducted in the absence of a
photocatalyst that shows no difference in the initial absorption
intensity of dyes. With visible light irradiation, the BiONPs
were found to be active in decomposing MG and MB
solutions; the rate of degradation differs depending upon the
nature of BIONPs used as a photocatalyst. It could be noted
that CP-BiONPs outperform the other two BiONPs under
study. These findings show that the BiONPs synthesized from
CP aqueous leaf extract can promote catalytic dye degradation
in the presence of visible light. For efficient photocatalysis,
there should be a maximum surface area available for contact
between the dye molecule and the photocatalyst. As CP-
BiONPs have a smaller particle size, their surface area is more
accessible. The mechanical efficiency of a material is
determined by the number of active collisions between the
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Figure 8. Antibacterial activity of CP-BiONPs with different bacterial pathogens such as S. aureus (a), E. faecalis (b), E. coli (c), and K. pneumonia

().

Figure 9. Antibacterial activity of L-BiONPs with different bacterial pathogens such as S. aureus (a), E. faecalis (b), E.coli (c), and K. pneumonia (d).

dye molecule and the photocatalyst. Owing to the small
particle dimension, CP-BiONPs absorb a higher amount of dye
molecules and are involved in a greater number of collisions.
As the photocatalytic activity is exceedingly influenced by the

rate of adsorption of dye molecules over the surface of the

photocatalyst, CP-BiONPs have a greater amount of
adsorption, but L-BiONPs and C-BiONPs have a slower rate
of degradation. These results pave the way for environmental
bioremediation and reveal an effective method for MG and MB
49-53

dye degradation.
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Figure 10. Antibacterial activity of C-BiONPs with different bacterial pathogens such as S. aureus (a), E. faecalis (b), E. coli (c), and K. pneumonia

().

Table 2. Zone of Inhibition of CP-BiONPs, L-BiONPs, and C-BiONPs Activity against S.aureus, E. faecalis, E. coli, and K.

pneumoniae

zone of inhibition (mm) CP-BiONPs

zone of inhibition (mm) L-BiONPs

zone of inhibition (mm) C-BiONPs

name of the pathogens antibiotic 5 uL 10 L 15 uL 20 puL antibiotic
S. aureus 5.0 0.0 1.0 1.0 1.5 4.0
E. faecalis 6.0 3.0 3.0 5.0 8.0 5.0
E. coli 5.0 0.0 1.0 3.0 5.0 6.0
K. pneumoniae 12.0 0.0 0.0 10.0 10.5 4.0

SpuL 10uL 15 uL 20 uL antibiotic SpuL 10uL 1S uL 20 uL
0.0 0.0 0.0 0.0 5.0 0.0 0.0 0.2 1.0
0.3 0.3 0.5 3.0 5.0 0.1 0.0 0.0 2.0
0.0 0.0 0.5 4.0 8.0 0.0 0.0 0.2 S.0
0.0 0.5 0.0 1.0 4.0 0.0 0.0 0.0 1.0

Table 3. Larvicidal Activity of the Aqueous Extract and the Synthesized BiONPs against A. aegypti Larvae and A.albopictus

A. aegypti larvae

mortality (%)

concentration (mg L")

25 100.000 + 0.00 13.81 40.22
20 88.000 + 4.47
15 72.000 + 8.36
10 54.000 + 5.48
N 22.000 + 8.36

LG, (mg L™ LCyy (mg L™

A. albopictus larvae

LCs, (mg L™ LCyy (mg L™

mortality (%)

concentration (mg L")

B3 Aqueous Extract

1007 @@ Bismuth Nanoparticles

80+
60+

40

Mortality %

204

0_
120 60 30 15 7.5

Concentration (ug/mL)

Figure 11. Larvicidal activity of the aqueous extract and the
synthesized CP-BiONPs against A. aegypti.

Further, a thorough understanding of the mechanism of
photocatalytic action is essential for optimizing experimental

14759

25 100.000 + 0.00 11.22 3548
20 88.000 + 4.47
15 72.000 + 8.36
10 54.000 + 5.48
S 22.000 + 8.36
100+ EE Aqueous Extract
30 EE8 Bismuth Nanoparticles
S
;E' 60
=
S 04
=
20

Concentration (pg/mL)

Figure 12. Larvicidal activity of the aqueous extract and the
synthesized CP-BiONPs against A.albopictus.

parameters and identifying an effective photocatalyst for the
purification/recycling of industrial effluents. It is well
documented in the literature that radical species formed
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Figure 13. Photographic image of the synthesized BiONPs using the aqueous leaf extract against A. egyptia and A. albopictus larvae. (a) Control, (b)

aqueous leaf extract, and BiONPs (¢, d).

Visible light illumination

1o d 1o

Figure 14. Proposed photocatalytic mechanism.
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during the photoexcitation of catalysts actively participate in
the degradative dissociation of dye. When visible photons
strike nanoparticles in a reaction mixture, the electrons on the
particle surface attain an overly excited state and combine with
dissolved O, molecules to form oxygen anion radicals. As
shown in Figure 14, the radicals break down the colorful
organic moiety into smaller organic molecules, causing it to
degrade rapidly. An ultravisible spectrophotometer with a
strong peak at 664 and 617 nm was used to assess the typical
absorption of MB and MG. When the irradiation period was
increased, the absorption peak intensities gradually decreased.
This discovery implies that MB has been successfully
photodecolorized.

The image shows the presence of the characteristic BIONP
absorption bands (CP-L) (a), (L—L) (b), and (C-L) (c),
with absorbance wavelengths of 444 nm (CP—L), 418 nm (C—
L), and 404 nm (L—L). The following is an empirical formula

(ahv)* = (hv — E,)

It can be used to determine the E, values (eV) of

synthesized nanostructures, where hv stands for optical energy
and reflects the material’s absorptivity coeflicient.

14760

The predicted E, value is derived from the Tauc plot, as
shown in Figure 16. The determination that the energy gap
associated with L-BiONPs, C-BiONPs, and CP-BiONPs is 4.5,
3.6, and 2.8 eV, respectively, is significant since it indicates that
BiONPs are within the UV system’s operational range.

The deterioration efficiency (1) was determined using the
following formula

n= ( 1- i) X 100
o

where ¢/c, is the time that results in the increase. The
degradation performance parameters measured were deter-
mined as 70% for MG and 90% for MB. It is to be predicted
that the difference in the degradation rate of different dyes
arises due to the dissimilar molecular structure and
composition. Figure 17 shows the deterioration of MG and
MB dye by BiONPs as a function of time, and the apparent
rate constant k is determined by linear regression using the
following equation: k = In ¢/c; ;.

The high values of regression coefficients MG (R, =
0.70322) and MB (R, = 0.93224) in the measured rate fixed

values show a favorable linear relationship for the degradation
of MG and MB dye by CP-BiONPs. The CP-BiONPs
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Figure 15. UV—vis absorption of methylene blue: (a) (CP—L), (c) (L—L), and (e) (C—L) and malachite green: (b) (CP-L), (d) (L—L), and (f)

(C-L).

exhibited excellent photocatalytic activity against MB degra-
dation with a rate constant of k = 0.00182 min™". Table 4
shows the antibacterial and photocatalytic activities of diverse

bismuth nanostructures. EPR analysis was used to acquire a
deeper knowledge and comprehend the mechanism of
photocatalysis. As shown in Figure 18, EPR analysis was
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Figure 17. (a) Comparison of the degradation temporal profile of malachite green and methylene blue. (b) Kinetic fit for the degradation.

utilized to evaluate studies on the formation of OH radicals in
the in situ illumination process. A glass tube containing CP-
BiONPs (0.01 mg), water (50 uL), and DMPO (40 uL) was
then exposed to visible light for 25 min while the EPR

spectrum was recorded.
The presence of DMPO-OH is confirmed by the peaks at

[G] 3411.68, 3426.55, and 3441.32 that match the intensity
1:2:2:1. The g factor, which corresponds to that of a free
radical, was found to be between 2.0037 and 2.0056 eV. EPR
research has verified the presence of OH radicals in the
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reaction system when CP-BiONPs are present and exposed to
visible light.

7. CONCLUSIONS

In conclusion, this study sheds light on the comparative
evaluation of the biological and photocatalytic capabilities of
bismuth nanoparticles generated with three distinct leaf
extracts. The physicochemical characterization techniques
revealed the formation of rod-like crystalline bismuth oxide
nanoparticles. An environmentally safe, stable, and effective
larvicidal agent against A. aegypti and A. albopictus larvae, with
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Table 4. Data for Comparing Antibacterial and Photocatalytic Activities Pertaining to Diverse Bismuth Nanostructures

S.

no antibacterial activity photocatalytic activity
against S. malachite
bismuth nanostructure against E. coli aureus green methylene blue reference
1 mesoporous organosilica 76.2% 54
supported with bismuth
2 aqueous solution using 98.5% in optimum conditions (initial concentration): SS
bismuth oxyiodide 10 mg L™!, pH: 9, contact time: 91.25 min
3 rhombohedral crystalline rate constant 434.7 g~ min~" 56
bismuth nanoparticles
4 BiFeO; nanoparticles 9.7 mm 8 mm 81% after 120 min 57
for 2% for 2%
bismuth bismuth
loading loading
S cobalt and iron codoped 23 mm 20 mm S8
bismuth nanoparticles
6  bismuth nanoparticles 18 mm 17.5 mm 59
7 bismuth oxide nanoparticles 2 mm 1 mm 49
8 bismuth ferrite nanorods 1.22 mm 60
9 CP-BiONP S mm 1.5 mm 70% for 0.05 g 90% 0.05 g loading present
loading study
10 L-BiONPs 4 mm nil activity present
study
11 C-BiONPs S mm 1 mm present
study
. R Complete contact information is available at:
Light
- * https://pubs.acs.org/10.1021/acsomega.3c00792
p . Notes
3 The authors declare no competing financial interest.
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LCy, values ranging from 5.53 to 19.24 ppm after 24 h of
exposure, was demonstrated to be effective at low concen-
trations. Under optimal conditions, CP-BiONPs with an E,
value of 2.8 eV showed a maximal photocatalytic degradation
efficiency of 90 and 70% against the MB and MG dye,
respectively. It provides a positive vision to use the Coldenia
procumbens leaf extract as a potential phytochemical for
synthesizing bismuth oxide nanoparticles with desirable
features for water remediation treatment.
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