
Citation: Dhavan, P.P.; Sonawane,

V.R.; Mishra, A.K. Investigating the

Effectiveness of Plant-Mediated

Cerium Oxide Nanoparticles as

Larvicidal Agents against the Dengue

Vector Aedes aegypti. Physiologia 2023,

3, 329–346. https://doi.org/

10.3390/physiologia3020023

Academic Editor: M. Leonor Cancela

Received: 13 December 2022

Revised: 12 April 2023

Accepted: 4 May 2023

Published: 12 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Investigating the Effectiveness of Plant-Mediated Cerium Oxide
Nanoparticles as Larvicidal Agents against the Dengue Vector
Aedes aegypti
Pratik P. Dhavan 1,2,*, Vivek R. Sonawane 2 and Abhinava K. Mishra 1,*

1 Molecular, Cellular and Developmental Biology Department, University of California Santa Barbara,
Santa Barbara, CA 93106, USA

2 Department of Life Sciences, University of Mumbai, Vidyanagari Campus, Santacruz (East),
Mumbai 400098, India

* Correspondence: pratikdhavan@ucsb.edu (P.P.D.); abhinavamishra@ucsb.edu (A.K.M.)

Abstract: Aedes aegypti mosquito is responsible for the transmission of some of the most serious
vector-borne diseases affecting humans, including dengue fever, chikungunya, and Zika. The only
effective method for minimizing their transmission is vector control. In this work, an environmentally
friendly method for synthesizing cerium oxide nanoparticles (CeO2 NPs) is highlighted, and the
larvicidal activity against Ae. aegypti was studied. This method uses the aqueous extract of Bruguiera
cylindrica leaves (BL) as an oxidizer and stabilizing agent. UV–Vis spectroscopy presented a distinctive
absorbance band at 303 nm for CeO2 NPs with a band gap of 3.17 eV. The functional groups from
the plant extract connected to CeO2 NPs were identified by FT-IR analysis, while X-ray diffraction
revealed the cubic fluorite orientation of CeO2 NPs. Zeta potential revealed a surface charge of
−20.7 mV on NPs. The formation of CeO2 NPs was confirmed by an energy dispersive spectral
analysis, and TEM and DLS revealed an average diameter of 40–60 nm. The LC50 of synthesized CeO2

against Ae. aegypti fourth instar larvae was reported to be 46.28 µg/mL in 24 h. Acetylcholinesterase
(47%) and glutathione S-transferase (13.51%) activity were significantly decreased in Ae. aegypti larvae
exposed to synthesized CeO2 NPs versus the control larvae. All these findings propose the potential
for using B. cylindrica leaves-synthesized CeO2 NPs as an efficient substitute for insecticides in the
management of mosquitoes.

Keywords: green synthesis; cerium oxide nanoparticles; Bruguiera cylindrica extract; larvicidal activity;
acetylcholinesterase activity; glutathione S-transferase activity

1. Introduction

The insect-borne disease is still a major cause of illness and death around the world.
Mosquitoes alone infect more than 700 million people each year [1]. Mosquitoes are
responsible for dreadful diseases such as malaria, filariasis, dengue hemorrhagic fever, and
others that are prevalent worldwide [2–4].

Due to the challenges in controlling both the disease and its carrier mosquitoes, dengue
is a fatal mosquito-borne disease that has gained worldwide attention [5,6]. Female Ae.
aegypti and Ae. albopictus mosquitos are the primary vectors of this disease. Dengue
virus serotypes (DEN-1, DEN-2, DEN-3, and DEN-4) have been identified as distinct but
closely related [7]. Dengue fever’s global prevalence has increased dramatically in recent
decades. An estimated 390 million infections occur each year, putting half of the world’s
population at risk [8]. Furthermore, Ae. aegypti and Ae. albopictus mosquitoes transmit
yellow fever, chikungunya, and the recently identified Zika virus (ZIKV), for which there is
currently no vaccine, and dengue fever, for which the vaccine is still being evaluated in
the field [6,9]. Therefore, mosquito control is the best way to reduce the transmission of
mosquito-borne diseases to humans. Mosquito control programs may employ methods
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such as removing mosquito larval habitats, applying larvicides to kill mosquito larvae, or
spraying insecticides from trucks or aircraft to kill adult mosquitoes [10].

Synthetic insecticides commonly used in mosquito control programs have negative
effects on the environment, human health, and non-target organisms, and have resulted
in insecticide-resistant mosquitoes. With the increased use of synthetic insecticides, there
has been evidence of mosquito resistance to organophosphates as a result of consistent
spraying and application. Metabolic enzymes such as acetylcholinesterase (AChE) and
glutathione S-transferase (GST) are important in determining whether or not mosquito
larvae are susceptible to these insecticides [11]. Mosquito vectors with AChE genes have
developed a resistance to synthetic insecticides, particularly temephos. Chemical pesticides
target the AChE enzyme, which degrades acetylcholine, a neurotransmitter that transmits
nerve impulses across synaptic gaps [12]. Insects also express GST, a detoxifying enzyme
that aids in the neutralization of xenobiotic toxicity [13]. Thus, metabolic enzymes are an
important tool for determining mosquito larvae and adult susceptibility to insecticides.

In response to selection pressures from herbivores and microbes, many marine plants
synthesize a variety of chemically varied secondary metabolites, some of which act as
insecticides. Many natural plant compounds have ovicidal, pupicidal, adult-repellent,
growth, and/or breeding inhibitor properties [14]. B. cylindrica is a Rhizophoraceae family
of evergreen mangrove found throughout Asia, including the Pacific region, Southeast
Asia, and western India [15]. B. cylindrica contains a variety of phytochemicals, including
fatty acids, flavonoids, tannins, terpenes, alkaloids, and glycosides [16]. As a result, in
folk medicine, B. cylindrica has been used to treat diarrhea and wound healing. Different
parts of B. cylindrica is also used to treat hemorrhage, and ulcers [17], acting as antimicro-
bial [18–20], antioxidant [21], and as antiviral [22]. The ability of nanoparticles derived
from this mangrove plant to kill mosquito larvae is another area that has recently been
investigated [23].

Green technologies have lately been demonstrated to be a viable technique for mini-
mizing the use of chemical pesticides, as misuse of these products is frequently associated
with enormous non-target effects and widespread resistance [24]. Because of their high
surface-to-volume ratio, nanoparticles have a variety of physical and chemical character-
istics. The physiochemical features of nanoscale NPs, as well as their ability to modify
numerous cellular and organismal responses have been harnessed for medicinal applica-
tions such as immunotherapy, medication transport, and vaccine production [25]. Cerium
oxide (CeO2) is a material with a broad band energy (3.19 eV) and high exciton-binding
energy [26]. It is used in a number of industries, including electronics [27], biosensors [28],
drug delivery [29], agronomy [30], health sciences [31], etc. Many physical, chemical, and
biological (plants and microorganisms) approaches are used to create CeO2 nanoparticles
(CeO2 NPs) [32,33]. Plant-based methods provide safer routes for preparing CeO2 NPs, and
they are potentially useful for pharmaceutical applications [34]. Moreover, plant extract
phytochemicals such as polysaccharides, flavonoids, phenolic acids, and alkaloids have
been shown to effectively reduce metal ions. Furthermore, phytochemicals play an impor-
tant role in the capping, stabilization, and chelation of NPs during their formation. As a
result, phytochemicals are ideal entities for nanoparticle biosynthesis. The biosynthesis
of nanoparticles with plants also improves the safety profile of nanoparticles by lowering
the expected toxicity [35–37]. Thus, in the present study, B. cylindrica leaves were used to
synthesize CeO2 nanoparticles, and their larvicidal properties were tested on the dengue
vector Ae. aegypti.

2. Materials and Methods

The water used throughout the experiments was purified using Millipore Milli-Q
(18.2 MΩ.cm at 25 ◦C) purification system. Cerium(III) nitrate hexahydrate salt (Ce(NO3)3·
6H2O) (catalogue no. 102271), reduced glutathione (GSH) (catalogue no. 3541), 1-chloro2,4-
dinitrobenzene (CDNB) (catalogue no. 102427), 5,5′-dithiobis-2-nitrobenzoic acid (DTNB)
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(catalogue no. 322123) was procured from Sigma-Aldrich, India. Acetylthiocholine iodide
(ACT) (catalogue no. RM770) were purchased from Hi-Media (Mumbai, India).

2.1. Preparation of B. cylindrica Plant Extract

The B. cylindrica leaves were collected from the Bhatye beach region in the Ratnagiri
District of Maharashtra, India, and verified by a professional taxonomist. The coordinates
for this area are 16◦58′44.0691′′ N and 73◦17′38.7499′′ E. B. cylindrica leaves were washed,
oven-dried at 40 ◦C for a week to reduce fungal contamination, and ground into a powder.
To make the aqueous BL extract, 5 g of plant powder was dispersed with 100 mL of Milli-Q
water (MQ-W) and heated in a water bath at 100 ◦C for 20 min. With the help of No. 42
Whatman filter paper, the filtrate and residue were separated (42 ashless diameter 125 mm
GE Healthcare Life Sciences).

2.2. Qualitative Phytochemical Analysis of BL Aqueous Extract

Phytochemical analysis of all the extracts were studied as follows [38,39]:

2.2.1. Alkaloids

A few drops of Meyer’s reagent (potassium mercuric chloride solution) were added
into 1 mL extract. A creamish-white precipitate formed, indicating the presence of alkaloids.

2.2.2. Phenolic Compounds

An amount of 0.5 mL of 1% lead acetate and 0.2 mL of 1% ferric chloride were added to
the 1 mL extract. A blue-black precipitate with lead acetate and a green-brown precipitate
with ferric chloride was obtained in the extract.

2.2.3. Flavonoids

An amount of 0.2 mL of plant extract was taken in a test tube and mixed with 1 mL of
10% sodium hydroxide solution. Formation of an intense yellow color was seen. To this,
0.5 mL of diluted hydrochloric acid was added. Yellow solution that later turns colorless
would indicate the presence of flavonoids.

2.2.4. Saponins

An amount of 5 mL extract was agitated in a graduated cylinder for 15 min. Formation
of foam indicated the presence of saponins.

2.2.5. Steroids

An amount of 1 mL extract was dissolved in 10 mL chloroform and an equal volume of
concentrated sulfuric acid was added by the sides of the test tube. The upper layer turned
red and the sulfuric acid layer showed yellow with green fluorescence. This indicated the
presence of steroids.

2.2.6. Terpenoids

In 2 mL of extract, 2 mL of acetic anhydride and 2 mL of concentrated sulfuric acid
were added. The presence of terpenoids is denoted by the formation of blue-green rings.

2.2.7. Tannins

In 0.5 mL of the extract, about 10 mL of bromine water was added. Decolorization of
bromine water indicated the presence of tannins.

2.2.8. Reducing Sugars

An amount of 0.5 mL of aqueous extracts was mixed with Fehling’s I and II solutions
and boiled for half an hour in water bath. Formation of red precipitation indicated the
presence of reducing sugars.
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2.2.9. Proteins

An amount of 0.5 mL of aqueous extract was mixed with equal volumes of 5% sodium
hydroxide and copper sulfate. Formation of violet color indicated the presence of proteins.

2.3. Production of Cerium Oxide Nanoparticles (CeO2 NPs)

Cerium oxide (IV) nanoparticles (CeO2 NPs) were synthesized using a precipitation
reaction in which cerium nitrate, BL aqueous extract, and distilled water were used as the
cerium precursor, stabilizing agent, and solvent, respectively. To begin the synthesis, 20 mL
of 10 mM cerium nitrate dissolved in MQ-W was carefully added to 80 mL of 5% BL extract.
The mixture solution was stirred at 60 ◦C for 6 h to obtain a lemon-colored precipitate. To
complete the process, the precipitate were calcined for 2 h at 400 ◦C, yielding CeO2 NPs in
powdered form.

2.4. Characterization

To verify the synthesis of nanoceria, the UV–visible spectrometer Shimadzu UV–1800
(λ = 200–800 nm) was used to record the UV–Vis absorption spectrum of CeO2 NPs after
24 h. Fourier transform infrared spectroscopy (FTIR) (Perkin Elmer Frontier, 91579) was
used to detect different functional groups linked with the synthesis of CeO2 NPs and BL
aqueous extract (5% vacuum lyophilized), utilizing the KBr pelleting process. Crystalline
nature of synthesized CeO2 NPs was recorded using X-ray diffraction (XRD) at a voltage of
40 kV and a current of 40 mA, with Cu Kα radiation (1.54 Å) in a θ–2θ configuration using
Bruker D8 Discover model (Bruker, Germany). Transmission electron microscopy (TEM)
and energy-dispersive spectra (EDS) were used to evaluate the size and morphology of
produced nanoceria (FEI, Tecnai G2 model). The zeta potential and dynamic light scattering
were used to examine the surface charge and hydrodynamic size of nanoceria (Nanoseries
Nano-ZS90, Malvern Instruments, Malvern, UK).

2.5. Rearing of Mosquito and Larvicidal Activity

Ae. aegypti larvae were collected from the Vidyanagari campus, University of Mumbai,
India and neighboring localities. Ae. aegypti larvae were identified [40], and the lab’s larval
colony was maintained at 28 ◦C, relative humidity (RH) was held between 70–80%, and a
14:10 h of light and dark photoperiod [41]. Adults were given a 2% sucrose solution soaked
in non-absorbent cotton. Female mosquitos were fed blood meals for egg development
using the membrane feeding method [42]. The eggs were collected in a bowl lined with
Whatman filter paper and allowed to hatch on sterile Petri dishes with dechlorinated water
(PS, 150 × 20 mm). A 2:1 mixture of yeast powder and dog biscuits (Meatup dry food) was
fed to the larvae. Pupae that had grown into adults were collected and transferred to glass
cages for adult emergence.

The WHO standard method was used to investigate the larvicidal activity of BL
aqueous extract and CeO2 NPs [43]. In order to prepare a graded series of concentrations, BL
extract and CeO2 NPs were distributed in dechlorinated water (250 µg/mL to 2500 µg/mL
for aqueous BL extract and 10 µg/mL to 70 µg/mL for synthetic CeO2 NPs). Furthermore,
early fourth instar Ae. aegypti larvae were placed in batches of 20 in 250 mL plastic
cups containing 199 mL distilled water (DW) and 1 mL of each treatment in graded
concentrations. The experimental treatments were carried out in triplicate, along with
a control group. Only 200 mL of distilled water was used in the control group. Larval
motility was determined by measuring larval movement after 24 h of treatment.

2.6. Enzymatic Studies

To investigate neurotoxicity and foreign material detoxification, the effects of BL
aqueous extract and BL-produced CeO2 NPs on AChE and GST enzymes in Ae. aegypti
larvae were examined. Sublethal doses (LC50) of BL extract and CeO2 NPs treatment were
given to early fourth instar larvae over a period of 24 h. Only the live larvae from the
control, BL extract, and CeO2 NPs treatments were selected for additional biochemical
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analysis after 24 h, because it is preferable to determine the impact of a toxicant on the
organism at the time of evaluation but before mortality occurs.

2.6.1. Whole-Body Homogenates for Enzyme Source Preparation

After 24 h, 10 larvae treated with BL aqueous extract, CeO2 NPs (test) and control
(untreated) were retrieved from each of the treatment groups, cleaned with double distilled
water, then blotted with tissue paper to remove any adhering water. The larvae were
then collected and homogenized in EppendorfTM tubes (held on ice) with a Teflon hand
homogenizer in 0.5 mL of phosphate buffer (100 mM phosphate buffer (pH 7.2) and 1%
Triton X-100) [44]. The homogenate was centrifuged at 10,000× g for 15 min at 4 ◦C, and
the supernatant was used as the enzyme source. The enzyme protein source was calculated
using the Bradford technique [45].

2.6.2. AChE Activity

Using acetylthiocholine iodide (ACT) as a substrate, AChE activity was measured
spectrophotometrically in whole body homogenates of larvae using a modified method of
Ellman et al. [46,47]. An aliquot of 100 µg/mL crude enzyme homogenate was combined
with 450 µL of pH 7.5 sodium phosphate buffer, 50 µL of 10 mM DTNB, and 50 µL of
12.5 mM acetylthiocholine iodide. After incubating the sample at room temperature for
5 min, the optical density of the sample at 400 nm was determined in comparison to
an appropriate reagent blank using a spectrophotometer (Shimadzu, UV–1800). Using a
reported extinction coefficient (ε = 13.6 mM−1 cm−1), AChE activity was represented as
µmol ACT hydrolyzed/min/mg protein.

2.6.3. GST Activity

To 100 µL of larval homogenate (100 µg/mL crude enzyme), 100 µL of 30 mM CDNB
was added, and the volume was adjusted to 500 µL with sodium phosphate buffer. Af-
ter a 5 min preincubation at 37 ◦C, 100 µL of 30 mM GSH was added to the reaction
mixture. Absorbance was measured at 340 nm at 1 min intervals for 5 min. We ran
the experiment without the enzyme as a control. GST activity was estimated as µmol
CDNB hydrolyzed/min/mg protein using the previously published extinction coefficient
(ε = 9.6 mM−1 cm−1) [48].

2.7. Statistical Data Analysis

The LC50 and LC90 values were calculated from a log dosage–probit mortality re-
gression line using the SPSS version 21.5 software program [49]. Data were reported as
mean ± SEM. To examine the difference in enzyme inhibition between the control and
treatment groups, one-way variance analysis (ANOVA) was used, followed by the post hoc
Tuckey test. Results with p < 0.05 were considered statistically significant.

3. Results
3.1. Qualitative Phytochemical Analysis of BL Aqueous Extract

Phytochemicals present in the plant extracts play an important role in larvicidal
activity and the synthesis of NPs. In this study, the leaves of B. cylindrica were screened for
the presence of major phytochemical groups. Alkaloids, flavonoids, terpenoids, tannins,
saponins, proteins, phenolic compounds, and reducing sugars were discovered during the
preliminary phytochemical screening (Table 1).

3.2. Characterization of CeO2 NPs
3.2.1. UV–Visible Spectroscopy

B. cylindrica leaves extract has been used in this study as an agent for nanoceria’s green
synthesis. The phytochemicals in the leaves of B. cylindrica were active in oxidizing, capping,
and stabilizing cerium ions to CeO2 NPs. By measuring the absorption at 200–800 nm, the
formation of CeO2 NPs was monitored by UV–Vis spectroscopy.
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Table 1. Qualitative phytochemical analysis of the aqueous extract of B. cylindrica leaves.

Phytochemical Constituents B. cylindrica
Leaf aqueous Extract

Alkaloids +

Flavonoids +

Terpenoids +

Steroids −
Tannins +

Saponins +

Phenolic compounds +

Reducing sugars +

Proteins +
(+) indicate the presence of phytochemicals and (−) indicate the absence of phytochemicals.

Optical band gap energy (Eg) for a semiconductor can be determined by Equation (1),
in which, hν is the photon energy, α is the absorption coefficient, B is a constant (relates to
the material), and n is 2 or 0.5 for direct or indirect transitions, respectively. It was proven
that the transition of ceria is direct [50]; therefore, the value of n is 2 here:

(αhϑ)n = B(hϑ− Eg) (1)

The appearance of a peak at 303 nm in the UV–visible spectrum confirmed the forma-
tion of CeO2 NPs (Figure 1a). Figure 1b illustrates the plot of (αhν)2 vs. hν, which was
used to calculate the band gap energy of CeO2 NPs. The band gap was found to be 3.17 eV
as compared to the band gap value (3.19 eV) already reported in the literature for the CeO2
NPs [51]. When NPs were synthesized using BL aqueous extract, they showed a slight red
shift in the band gap which may be associated with oxygen vacancies and the existence
of Ce3+ to the nanoparticle surface. Oxygen defects and Ce3+ ions generate intermediate
defect energy states in the CeO2 band gap. Due to the presence of these states, the direct
transition of electrons from O 2p to Ce 4f is slowed down, resulting in the decrease in band
gap value [50].
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3.2.2. XRD Analysis

The nanoceria’s XRD pattern shown in Figure 2 confirms the crystalline nature of
synthesized CeO2 NPs. The high-intensity peaks identified at 2θ◦- 28.8◦, 33.4◦, 47.7◦, 56.6◦,
59.3◦, and 69.7◦ corresponded to the cubic fluorite crystal orientation planes (111), (200),
(220), (311), (222), and (400) [52–55]. The observed XRD pattern was also consistent with
the standard CeO2 crystal (JCPDS-No-34-0394). The average crystallite size of nanoceria
synthesized from the BL extract was determined using Scherrer’s formula (Equation (2)):

D =
0.9λ

βcosθ
(2)

where D is the crystalline size, λ is the wavelength of X-ray used (CuKα radiation 1.54 Ǻ),
β represents the full line width at the half maximum of the peak, and θ is the Bragg angle.
The calculated average crystalline diameter of CeO2 NPs was 24.46 nm.
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3.2.3. FT-IR Analysis

FT-IR is a crucial technique for identifying and characterizing a material since it offers
information on a molecule’s vibrational modes of motion. The infrared spectrum of an
organic compound provide a unique fingerprint that can be easily distinguished from the
absorption patterns of all other compounds. The FT-IR spectrums of CeO2 NPs (Figure 3a)
and BL aqueous extract (Figure 3b) were studied, as illustrated in Figure 3. The spectral
peak at 3291 cm−1 is due to O–H stretching vibration of phenolic compounds while the
stretching vibration of C–H band at 2938.72 cm−1 could be ascribed to the presence of
CH2 and CH3 groups [56]. The carbonyl group has an absorption peak at 1613 cm−1,
which can be attributed to the presence of a deformed aromatic ring, amino acids, and
flavonoids, while primary amine groups and the -C-H stretching mode have a band at
1448 cm−1 [56,57]. The stretching band at 1235 cm−1 belongs to the C-O stretching vibration
of the ester group. The characteristic C-N stretching vibration mode of amines, which can
be found in proteins and enzymes, is responsible for the absorption band at 1017 cm−1 [58].
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The characteristic absorption of polysaccharides, especially with a peak at 832 cm–1, belongs
to the characteristic peak of α-glucose [56]. On the other hand, the phytoactive compounds
were either shifted or quenched during the reduction and stabilization of the CeO2 NPs,
as illustrated in Figure 3a, which corresponds to the FTIR spectrum of the BL-synthesized
CeO2 NPs. The broad peaks at 3371 cm−1 indicate the presence of O-H vibration of
hydroxyl group which is slightly shifted. The band at 2922 cm−1 completely disappeared
in the annealed sample most likely because of the higher temperature [59]. Similarly, the
peaks in CeO2 NPs present at 1613 cm−1, 1500 cm−1, 1334 cm−1, and 1153 cm−1, which
were assigned to C=O, C-H, and C-N groups of phytochemicals present in the BL leaf
extract were also shifted. The band near 467 cm−1 was attributed to Ce-O stretching
vibration, and a similar low wavenumber for Ce-O vibration has previously been reported
for nanoceria. [52,54].

Physiologia 2023, 3, FOR PEER REVIEW 8 
 

 

3.2.3. FT-IR Analysis 

FT-IR is a crucial technique for identifying and characterizing a material since it offers 

information on a molecule’s vibrational modes of motion. The infrared spectrum of an 

organic compound provide a unique fingerprint that can be easily distinguished from the 

absorption patterns of all other compounds. The FT-IR spectrums of CeO2 NPs (Figure 3a) 

and BL aqueous extract (Figure 3b) were studied, as illustrated in Figure 3. The spectral 

peak at 3291 cm−1 is due to O–H stretching vibration of phenolic compounds while the 

stretching vibration of C–H band at 2938.72 cm−1 could be ascribed to the presence of CH2 

and CH3 groups [56]. The carbonyl group has an absorption peak at 1613 cm−1, which can 

be attributed to the presence of a deformed aromatic ring, amino acids, and flavonoids, 

while primary amine groups and the -C-H stretching mode have a band at 1448 cm−1 

[56,57]. The stretching band at 1235 cm−1 belongs to the C-O stretching vibration of the 

ester group. The characteristic C-N stretching vibration mode of amines, which can be 

found in proteins and enzymes, is responsible for the absorption band at 1017 cm−1 [58]. 

The characteristic absorption of polysaccharides, especially with a peak at 832 cm–1, be-

longs to the characteristic peak of α-glucose [56]. On the other hand, the phytoactive com-

pounds were either shifted or quenched during the reduction and stabilization of the CeO2 

NPs, as illustrated in Figure 3a, which corresponds to the FTIR spectrum of the BL-syn-

thesized CeO2 NPs. The broad peaks at 3371 cm−1 indicate the presence of O-H vibration 

of hydroxyl group which is slightly shifted. The band at 2922 cm−1 completely disappeared 

in the annealed sample most likely because of the higher temperature [59]. Similarly, the 

peaks in CeO2 NPs present at 1613 cm−1, 1500 cm−1, 1334 cm−1, and 1153 cm−1, which were 

assigned to C=O, C-H, and C-N groups of phytochemicals present in the BL leaf extract 

were also shifted. The band near 467 cm−1 was attributed to Ce-O stretching vibration, and 

a similar low wavenumber for Ce-O vibration has previously been reported for nanoceria. 

[52,54]. 

 

Figure 3. FTIR absorption spectral analysis. (a) B. cylindrica leaves-synthesized CeO2 NPs after com-

plete bioreduction. (b) B. cylindrica leaf extract before bioreduction. 

  

Figure 3. FTIR absorption spectral analysis. (a) B. cylindrica leaves-synthesized CeO2 NPs after
complete bioreduction. (b) B. cylindrica leaf extract before bioreduction.

3.2.4. TEM Analysis

TEM analysis of the CeO2 NPs generated via BL aqueous extract is displayed in
Figure 4a,b. The TEM micrographs of the produced nanoparticles indicate a heterogeneous
morphology of CeO2 NPs with the formation of spherical and cubic-like structures with an
average diameter in the 40–60 nm range. The selected area diffraction (SAED) pattern of
CeO2 NPS synthesized using BL aqueous extract (Figure 4c) was consistent with the XRD
study demonstrating the cubic fluorite structure of CeO2 NPs.

3.2.5. Dynamic Light Scattering (DLS) and Zeta Potential

CeO2 NPs synthesized using BL aqueous extract revealed a hydrodynamic size of
56.30 ± 33.26 nm using DLS (Figure 5a) with a polydispersity index of 0.280. The zeta
potential was found to be −20.7 mV (Figure 5b) at pH 7.5, indicating that the nanoparticles’
surfaces are negatively charged and that they are uniformly distributed in the medium.
The negative value confirmed the nanoparticle repulsion and demonstrated their stability
in the homogeneous medium.
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3.2.6. Energy Dispersive X-ray Spectra (EDS) of CeO2 NPs

EDS of CeO2 NPs synthesized using BL aqueous extract displayed a significant amount
of cerium and oxygen peaks (Figure 6). The presence of elemental cerium peaks existed
between 4 and 5 keV, while the peaks of oxide displayed in the range of 0.5–1 keV [60]. The
energy peak that appears at approximately 1.4 KeV correspond to the aluminum of the
sample holder. The energy peak at 0.3 KeV corresponds to peak of carbon.
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3.3. Mosquito Larvicidal Activity

To determine the level of effectiveness, early fourth instar Ae. aegypti larvae were ex-
posed to varying concentrations of BL extract and biosynthesized CeO2 NPs for a duration
of 24 h. The mortality rate of mosquito larvae increased in proportion to the increasing
concentration of plant extracts and CeO2 nanoparticles. The BL aqueous extract alone
was less harmful to Ae. aegypti larvae than the BL-synthesized CeO2 NPs. CeO2 NPs
at a concentration of 70 µg/mL caused 100% mortality, with LC50 and LC90 values of
46.28 and 64.62 µg/mL, respectively, while at 2500 µg/mL, the BL extract demonstrated
100% mortality with LC50 and LC90 values of 1258.04 and 2250.03 µg/mL, respectively
(Table 2). The control group’s mosquito larvae did not show any signs of toxicity, and the
χ2 value revealed a statistically significant difference in BL extract and CeO2 NPs at a level
of p < 0.05. The results show that CeO2 NPs have almost 27 times the larvicidal potential
of the BL extract.

3.4. Enzyme Activity
3.4.1. Acetylcholinesterase (AChE) Activity

The AChE enzyme was used as a potential biomarker to evaluate neurotoxicity
in vitro [61]. In view of this, we looked into how BL extract and CeO2 NPs affect AChE activ-
ity in Ae. aegypti fourth instar larvae. When compared to the control value of 3.58 µM ACT
hydrolyzed/min/mg protein of homogenate, the AChE activity of larvae exposed to BL
extract and CeO2 NPs for 24 h was greatly reduced to 2.21 µM ACT hydrolyzed/min/mg
protein and 1.88 µM ACT hydrolyzed/min/mg protein, respectively (Figure 7).
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Table 2. Larvicidal toxicity of B. cylindrica leaves extract and synthesized CeO2 NPs against the
dengue vector Ae. aegypti.

Treatment Concentration
(µg/mL)

24 h Mortality
(%) ± SE

LC50
(µg/mL) LCL–UCL LC90

(µg/mL) LCL–UCL χ2 (d.f.)

B. cylindrica
aqueous extract

250 4.58 ± 0.96

1258.04 583.87–1574.89 2250.03 1787.97–5310.37
16.73 * (4)
(p = 0.002)

500 13.75 ± 1.25

750 22.91 ± 1.29

1000 38.33 ± 2.16

1500 56.25 ± 2.39

2000 84.58 ± 2.25

2500 100 ± 0.00

CeO2 NPs

10 6.66 ± 0.71

46.28 17.38–53.20 64.62 56.16–179.54
17.06 * (4)
(p = 0.002)

20 16.25 ± 1.25

30 23.75 ± 1.08

40 41.25 ± 1.95

50 57.50 ± 1.44

60 83.75 ± 1.64

70 100 ± 0.00

There was no mortality in the control group. LC50—the amount that kills 50% of the organisms that are exposed
to it; LC90—the amount that kills 90% of the organisms that are exposed to it; χ2—chi-square; d.f.—degrees of
freedom; (*) significance at (p ≤ 0.05); LCL—lower confidential limits; UCL—upper confidential limits.
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3.4.2. Glutathione S-Transferase (GST) Activity

The vast majority of the time, GST plays a substantial part in the removal of both
endogenous and exogenous compounds. In this study, the BL extract resulted in a marginal
improvement in GST activity (0.41 µM CDNB conjugated/min/mg protein), whereas syn-
thesized CeO2 NPs resulted in a significant reduction in GST activity (0.32 µM CDNB conju-
gated/min/mg protein) in comparison to the control (0.37 µM CDNB conjugated/min/mg
protein) (Figure 8).
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4. Discussion

In response to the herbivore and microbe selection pressures, many marine plants
synthesize a varied range of chemically different secondary metabolites, some of which are
now identified as insecticides. The bioactivity of phytochemicals against mosquito larvae
varies greatly depending on plant species, plant sections, plant age, extraction solvent, and
mosquito species [62]. Aqueous extract of B. cylindrica showed the presence of alkaloids,
flavonoids, terpenoids, tannins, saponins, proteins, phenolic compounds, and reducing
sugars, which may have contributed in the larvicidal activity [63]. The current study also
describes the synthesis of CeO2 NPs utilizing B. cylindrica leaves extract. The color change
is a visual indication of the formation of cerium nanoparticles. As a result, this confirmed
that the BL extract plays an important role as an oxidizing agent. Furthermore, it works
by maintaining the growth and controlling the size of nanoparticles, so it also serves as a
capping agent. When CeO2 NPs were synthesized using Moringa oleifera leaf extract, similar
observations were obtained [64].

The UV–visible spectra of the synthesized NPs revealed that the maximum absorbance
occurred at 303 nm with the band gap of 3.17 eV. Pop et al. [49] got a similar band absorption



Physiologia 2023, 3 341

peak from CeO2 NPs. This is related to the intrinsic band-gap, which can be seen when
electrons move from the valance band to the conduction band. Researchers have found that
a band with a wavelength of 302 nm is produced when a charge transfer from O (2p) to Ce
(4f) occurs in cerium oxide. [33,50,65,66]. Biomolecules present in the BL aqueous extract
showed strong spectral peaks due to O–H, C–H, primary amine groups, and -C-O, C-N
stretching modes. FTIR spectrum of CeO2 NPs showed that the phytoactive compounds
such as terpenes, polysaccharides, flavonoids, and amino acids present in the BL aqueous
extract may have contributed to stabilizing the CeO2 NPs [56–58,67]. In the current study,
the stretching frequency of Ce-O was seen at 467 cm−1, thereby confirming the synthesis of
CeO2 NPs [33]. As a result, the vibration at 467 cm−1 is regarded as a typical phononic mode
for cubic CeO2 NPs. A similar characteristic peak was observed in CeO2 NPs synthesized
using aerial parts of Prosopis farcta [54]. Whereas the intensity of copious biomolecules
decreased due to the annealing of the CeO2 sample at a higher temperature.

TEM micrographs and DLS suggest that the generated nanoparticles clearly show a
mixed morphology of CeO2 NPs with the formation of spherical and cubic-like structures
with an average size in the range of 40–60 nm in diameter, which is confirmed with XRD
and SAED patterns. The mean crystalline size of the ordered CeO2 NPs has been estimated
to be around 24.46 nm. The EDS graph indicated the presence of cerium and oxygen in the
sample. The surface charge and stability of the BL-synthesized CeO2 NPs revealed the zeta
potential value of −20.7 mV, indicating the surface charge of the synthesized nanoparticles.
The negative charge potential value could be measured because of the reducing agent
for the flavonoid and polyphenolic constituents present in the leaf extract of B. cylindrica,
which reveals the presence of gross electrostatic forces with the green synthesized CeO2
NPs. Similar outcomes were also obtained with CeO2 NPs made from Aloe vera leaf extract,
which had a zeta potential of −12 mV [68]. Because of this, it has been hypothesized
that the nanoparticles have a negatively charged surface that is dispersed throughout the
medium because of the negatively charged functional groups from the plant compounds,
which may have contributed to the colloidal stability [69]. Overall, the BL aqueous extract
can be utilized for the formation of stable cubic fluorite structures of CeO2 NPs using
phytochemicals present in the BL aqueous extracts as oxidizing and capping agents.

CeO2 NPs synthesized from the BL aqueous extract displayed 100% mortality at
70 µg/mL with an LC50 value of 46.28 µg/mL. The CeO2 NPs showed an almost 27-fold
higher mortality rate compared to BL extract treatment alone (1258.04 µg/mL). Similarly,
24 h of exposure to CeO2 NPs generated using culture filtrate of Aspergillus niger resulted in
100% mortality of first instar larvae of Ae. aegypti [70]. The obtained findings indicate that
the CeO2 NPs may be interfering with membrane permeability, resulting in cell death, but
the precise mechanism is unknown. Recently, it was discovered that when NPs interact with
larval cell membranes, the cells lose their integrity, and the larvae die [71]. Furthermore,
the tested compounds inhibit the activity of AChE, an enzyme involved in the hydrolysis
of acetylcholine, at nerve synapses and neuromuscular junctions.

Acetylcholinesterase (AChE) enzyme is the primary target of organophosphorous
(OP) and carbamate insecticides in insect pests, and it is encoded by the AChE gene.
One of the most important resistance mechanisms in insect pests is mutations in this
gene [72]. Therefore, AChE activity was carried out on survived larvae to understand
the mechanism of larvicidal potency of the BL aqueous extract and synthesized CeO2
NPs. Prior studies have shown that certain mangrove plants, specifically Avicennia marina,
Rhizophora annamalayana, Rhizophora apiculata, Rhizophora mucronata, and B. cylindrica, can
reduce the level of acetylcholinesterase (AChE) activity in mosquito larvae by as much
as 50% [73]. Plant compounds can alter larvae’s digestive, respiratory, and neurological
systems, according to previous studies [74]. The inhibition of the AChE enzyme causes
the muscles to remain contracted, which ultimately leads to paralysis and, in some cases,
death [75]. In the current work, BL plant extract and synthesized CeO2 NPs reduced
AChE activity in Ae. aegypti larvae by nearly 38% and 47%, respectively, at their LC50
concentrations. Thus, in the current investigation, AChE inhibition would have likely
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hampered the larvae’s ability to breathe freely, resulting in mortality. Thus, the results
of the current experiments indicate that CeO2 NPs synthesized from the BL extract have
some neurotoxic potential. Another important enzyme, GSTs have been known to be
involved in the detoxification of xenobiotic compounds in general. Insecticides affect this
detoxification enzyme in target insect tissues and organs. Certain chemicals can increase or
decrease GST activity [76]. In the current experiments, Ae. aegypti larvae treated with BL
aqueous extract showed a 9.75% increase in GST activity, indicating an effort to detoxify
plant compounds. However, CeO2 NPs may have caused oxidative stress damage to
larval tissues, as evidenced by a 13.51% decrease in GST activity, suggesting that the NPs
may be engaged in a redox reaction [77–79]. An aqueous extract from Lumnizera racemosa
flower buds and zinc oxide nanorods synthesized from them showed a similar reduction
in GST activity in Ae. aegypti larvae [80]. As a result, the blockage or stimulation of these
enzymes by different metabolites from plants or NPs might result in metabolic disparities,
which in turn can lead to growth retardation and the induction of mortality in mosquito
larvae [81,82]. Therefore, it is possible to draw the conclusion that BL-synthesized CeO2
NPs in the current study damage mosquito larval cells by interfering with the AChE and
GST enzymes.

5. Conclusions

This is the first work to report on the green production of CeO2 NPs by utilizing
B. cylindrica leaves. UV–Vis spectrophotometry, TEM, XRD, FTIR, and EDX analysis results
support the successful biosynthesis of the CeO2 NPs. The crystalline and cubic CeO2 NPs
generated had an average size of 40–60 nm. The current study found that CeO2 NPs are
simple to make and may be used at low doses to significantly reduce populations of the
dengue vector, Ae. aegypti, with an LC50 of 46.28µg/mL. Furthermore, CeO2 NPs reduce
the activity of enzymes in Ae. aegypti larvae, resulting in lower AChE and GST activity,
which are responsible for signal transmission and xenobiotic resistance. The study indicates
that CeO2 NPs can be considered as effective nanobiopesticides in the future to inhibit the
dengue vector, Ae. aegypti larvae.
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