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Abstract: An aqueous extract of Punica granatum peel was used as a biocatalyst for magnesium
oxide nanoparticle (MgO-NP) synthesis, which was characterized via UV-Vis spectroscopy, TEM,
EDX, FT-IR, XRD, DLS, and zeta potential. Data showed the efficacy of the plant aqueous extract in
forming spherical, crystalline-nature, well-arranged MgO-NPs with sizes in the range of 1045 nm
with average sizes of 24.82 + 8.85 nm. Moreover, EDX analysis revealed that the highest weight and
atomic percentages were recorded for Mg and O ions. The green synthesized MgO-NPs showed
antimicrobial activity against Bacillus subtilis, Staphylococcus aureus, E. coli, Pseudomonas aeruginosa,
and Candida albicans in a concentration-dependent manner with clear zones in the range of 8.7 £ 0.6 to
19.7 £ 0.5 mm with various concentrations. Also, the MIC value was varied to be 25 ug mL~! for
Gram-negative bacteria, B. subtilis, and C. albicans and 50 pg mL~1 for S. aureus. Moreover, MgO-NPs
showed high activity against the 3rd-instar larvae of Culex quinquefasciatus. The mortality percentages
were concentration- and time-dependent. Data analysis showed that the highest mortality was
88.3 & 3.2%, attained at a concentration of 100 ug mL~! after 72 h. Also, all originated pupae were
malformed and did not hatch to adults, with mortality percentages of 100% at all concentrations.
Overall, the P. granatum-mediated MgO-NPs showed promising activity in inhibiting the growth of
pathogenic microbes and the hatching of C. quinquefasciatus larvae to adults.

Keywords: plant-based nanoparticles; magnesium oxide; characterization; antimicrobial; larvicidal

1. Introduction

The spread of epidemics transmitted by drug-resistant pathogens exacerbates global
mortality and morbidity rates, especially with antibiotic-resistant bacteria, as well as insects
that transmit viruses and bacteria that threaten humans with serious diseases (vector-
borne illnesses) such as epidemic typhus, dengue fever, and epidemic encephalitis [1].
The severity of these threats increased after the rise in vector resistance to drugs, so it
became necessary to devise innovative methods or develop drugs to combat insect-borne
diseases and antibiotic-resistant microbes. Nanotechnology presents a strong candidate for
developing new nano-based drugs that can potentially treat these infections [2,3]. Studies
show that more than 70% of pathogenic bacterial strains have acquired resistance to at
least one major category of prescribed antibiotics while only a small percentage of these
pathogens have become resistant to all antibiotics [4]. The global increase in the prevalence
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of life-minatory severe diseases due to the spread of multi-drug-resistant pathogens requires
us to develop these drugs and invest in the search for innovative treatments, especially bio-
derived nanoparticles (NPs), to eliminate these resistant microbes [5]. On the other hand,
millions of people die annually due to mosquito-borne diseases such as malaria (caused by
the mosquito-borne Plasmodium parasite), which affects more than 220 million cases annually
worldwide. In 2018, 405,000 people died from malaria [6]. One of the most dangerous
mosquitoes is Culex quinquefasciatus, often found in countries with warm climates and
tropical and subtropical regions globally. It can adapt to the urban environment, and it is
found in human dwellings. It is one of the most abundant types of peridomestic mosquitoes
globally. This mosquito is considered the main vector of serious diseases such as the West
Nile virus, second-flavivirus St. Louis encephalitis, and phlebovirus Rift Valley fever virus
alongside avian malarial parasites and filarial worms [7,8].

Nanomaterials have been of interest recently, especially NPs with chemical and physi-
cal properties that distinguish them from the parent materials, and these exceptional prop-
erties have imposed their application in many fields such as the food industry, agriculture,
electronics, catalysis, medicine, and pharmaceuticals [5,9]. Recently, green nanotechnology
has emerged as an alternative to energy-consuming chemical and physical manufacturing
methods that contain potentially toxic materials and are costly. Biological methods are
environmentally safe, as microorganisms or plants are used to synthesize NPs with an
average size of up to 100 nanometers, and they have a fundamental role in bioengineering
and nuclear energy [10]. Plants and microorganisms have huge potential for bioreduction
and the production of stable NPs thanks to coating agents, with the possibility of the
extra/intracellular synthesis of NPs [11]. In addition, plant synthesis methods are the best
biological options for producing NPs at a low cost, easily, and in large quantities, with
better control over their size, shape, and biocompatibility, which allows them to be applied
medically in the treatment of cancer, drug delivery, and as antibacterial and antifungal
agents, as well as enabling their successful use in insecticide [12].

Phyto-based magnesium oxide nanoparticles (MgO-NPs), in addition to biocompati-
bility and biodegradation, have shown many distinctive chemical and physical properties,
such as high stability, redox attributes, and cationic ability [13]. They have been considered
potential therapeutic alternatives to be used medically to eliminate microbial biofilms and
combat microbes and antibiotic resistance, in addition to recognizing their anti-cancer
properties, repellence, and larvicidal activities [14,15]. The preparation of MgO-NPs from
different plant species has been recently reported, e.g., Arachis hypogaea L., Rosmarinus
officinalis L., Trigonella foenum-graceum, and Manihot esculenta [16]. Therefore, when con-
sidering the biological production of metal/metal oxide NPs, plant biodiversity is taken
into account, as plant extracts may contain substances capable of reducing mineral salts
and leading to the formation of NPs, and the further investigation of the properties of
these nanostructures for use in diagnosis and therapy is underway [17]. Recently, biogenic
MgO-NPs manifested premium antibacterial properties against Gram-negative bacteria
(Escherichia coli and Klebsiella pneumoniae) and Gram-positive bacteria (Staphylococcus aureus
and Enterococcus faecalis), in addition to showing their considerable larvicidal potential
against larvae of Aedes albopictus and Aedes aegypti [18].

Punica granatum L. “pomegranate” is a member of the Punicaceae family and has been
used in folk medicine to treat many ailments such as fever, bleeding, diarrhea, dysentery,
and male infertility. Pomegranate contains phenolics (punicalagin, punicic acid, ellag-
itannins, and ellagic acid) in different parts such as the arils, seeds, leaves, peel, roots,
and flowers, and these phenols give pomegranate its health-promoting benefits against
diseases such as cancer, Alzheimer’s, obesity, arthritis, diabetes, and cardiovascular and
cardiovascular diseases [19].

Pomegranate peel contains a wide range of biologically active substances, such as
punicalin, punicalagin, ellagitannins, and polyphenols, that have been employed in forming
diverse medicinal, cosmetic, and food compounds and have also shown antimicrobial and
antioxidant characteristics and been used for the synthesis of NPs [20].
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Considering plant nanotechnology, the present study aimed to biosynthesize MgO-
NPs using pomegranate peel extract and characterize these NPs via UV-Vis spectroscopy,
transmission electron microscopy (TEM), Fourier-transformed infrared (FTIR), energy-
dispersive X-ray (EDX), dynamic light scattering (DLS), X-ray diffraction (XRD), and zeta
potential. The phyto-derived MgO-NPs were investigated for their antimicrobial potential
against selected pathogens including Gram-positive bacteria, Gram-negative bacteria, and
unicellular fungi. Moreover, the larvicidal efficiency of plant-based MgO-NPs was assessed
against Culex quinquefasciatus mosquitoes. In this work, the novelty lies in the successful
synthesis of MgO-NPs utilizing plant waste (P. granatum-peel aqueous extract) as a green
and eco-friendly method. This approach not only showcases a sustainable and cost-effective
means of NP production but also introduces MgO-NPs with exceptional antimicrobial
properties. These NPs exhibited high activity against various pathogenic microorganisms
at low concentrations, which was a remarkable achievement. Furthermore, the significant
larvicidal activity resulting in high mortality rates and the prevention of adult emergence in
C. quinquefasciatus larvae demonstrates a unique and promising aspect of this research. This
combination of green synthesis, potent antimicrobial action, and larvicidal effects makes
this work truly innovative.

2. Materials and Methods
2.1. Material Used

Magnesium nitrate hexahydrate (Mg(NOs),-6H;0O), which is used as a precursor for
MgO-NP synthesis, NaOH, and media components, was analytical-grade and purchased
from Sigma-Aldrich, Cairo, Egypt. All reactions in the current study were achieved by
using distilled water (dH,O).

2.2. Biosynthesis of MgO-NPs Using Punica Granatum
2.2.1. Aqueous Extract Preparation

To prepare the reducing agent for forming MgO-NPs, the peels of P. granatum were
collected and washed thrice with dH,O to remove any adhering debris. The peels were
then dried at 40 °C and ground to form a powder. Next, 5 g of the prepared powder
was mixed with 100 mL of dH,O and heated for 60 min at 55 °C using a magnetic stirrer
(rpm = 120). After heating, the mixture was filtered and then centrifuged at 6000 rpm for
10 min. The supernatant was collected and used as a reducing, capping, and stabilizing
agent to synthesize MgO-NDPs.

2.2.2. Plant-Mediated MgO-NPs Synthesis

In this method, an aqueous peel extract of P. granatum (10 mL) was mixed with dH,O
(90 mL) containing 51.3 mg of Mg(NO3),-6H,O to obtain a final concentration of 2 mM. The
mixture was stirred for one hour at 40 °C, with the pH of the mixture being 8, using 1 N
NaOH. After being left overnight, the brown precipitate, which represented Mg(OH),, was
collected and rinsed with dH,O to remove any impurities before being calcinated at 200 °C
for four hours to form MgO-NPs [16]. The plant extract without metal precursor, as well as
the dH,O containing Mg(INO3),-6H,O, was running with the experiment as a control.

2.3. Characterizations

UV-Vis spectroscopy (JENWAY-6305, Staffordshire, UK) was used to monitor the color
change from pale-red to brown. In this method, 2 mL of the formed solution was putin a
cuvette, and we measured its absorbance at varied wavelengths in the range of 200-600 nm
to detect the maximum surface plasmon resonance (SPR). A Cary 630 Fourier-transform
infrared (FT-IR) spectrometer (Tokyo, Japan) was used to determine the functional groups
in plant aqueous extract and phytosynthesized MgO-NPs. Here, 300 mg of synthesized
MgO-NPs was mixed with KBr and pressed into a disc, after which it was examined at
wavenumbers of 400 and 4000 cm~!. Additionally, a KBr disc was loaded with a few drops
of plant aqueous extract and scanned at the same wavenumber. The crystallinity nature
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of synthesized MgO-NPs was detected using X-ray diffraction (XRD, X’ Pert Pro, Philips,
Eindhoven, the Netherlands) in the range of two theta values: 10°-80°. The operation
conditions were as follows: Cu-Kx was the source of the X-ray, A (X-ray wavelength) was
equal to 1.54 A, and current and voltage were adjusted at 30 mA and 40 Kv, respectively.

The average crystallite size of plant-synthesized MgO-NPs was detected using the
Debye-Scherrer equation [21]:

09 x 1.54

Average crystallite size = BcosO

)
where 0.9 is the Debye-Scherrer constant, 1.54 is the X-ray wavelength (A), {3 is half of the
maximum intensity, and 0 is the Bragg’s angle.

The shape and size of the plant-synthesized MgO-NPs were examined using transmis-
sion electron microscopy (TEM, JEOL 1010, JEOL, Tokyo, Japan). After we deposited a few
drops containing MgO-NPs with colloidal dispersion onto the TEM grid (carbon—copper),
the loaded grid was subjected to vacuum desiccation overnight followed by being trans-
ferred to the TEM holder for sample analysis. In addition, the elemental composition of
synthesized MgO-NPs was detected by using energy-dispersive X-ray technology (EDX,
JEOL, JSM-6360LA, Thermo-Fisher Scientific, Tokyo, Japan). In a vacuum, a sputter coater
was used to apply a gold coating onto an EDX holder after being loaded with a small
amount of NP dispersion.

Finally, the size, size distribution, and polydispersity index (PDI) of MgO-NPs were
quantified by using dynamic light scattering (DLS). In this analysis, the MgO-NPs were
dissolved in high-purity H,O (Milli-Q H;O) to prevent the release of additional peaks or
shadows during scattering. The charge of the NPs’ surfaces was further checked using a
zeta-sizer (Nano-ZS, Malvern, UK) after it had been distributed in Milli-Q H,O.

2.4. Antibacterial Activity

Using the agar well diffusion method, the activity of green synthesized MgO-NPs in
inhibiting the growth of pathogenic bacteria was evaluated [22]. The pathogenic bacte-
rial strains used were represented by Gram-positive bacteria (Bacillus subtilis ATCC6633
and Staphylococcus aureus ATCC6538), Gram-negative bacteria (Pseudomonas aeruginosa
ATCC9022 and Escherichia coli ATCC8739), and unicellular fungi (Candida albicans ATCC
10231). In this method, each bacterial strain was refreshed on nutrient agar media (contain-
ing (in g L~! quantities) the following: peptone, 5; beef extract, 3, NaCl, 5, and agar, 15) for
24 h at 37 °C whereas C. albicans was refreshed on Sabouraud dextrose agar (containing
(ing L1 quantities) the following: dextrose, 40; peptone, 10; and agar, 15; and 1 L dH,0O)
and incubated at 35 °C for 24 h. After that, a single colony was picked up via sterilized
swap and reinoculated uniformly over the Muller-Hinton agar plate before we made five
wells (6 mm) in each plate. Different concentrations (200, 100, 50, 25, and 12.5 ng mL’l) of
plant-synthesized MgO-NPs were performed to check their activity. Approximately 100 L
from each concentration was put in a well, and we kept each plate in the refrigerator for
one hour before it was incubated at 37 °C for 24 h. The results were recorded in terms of
the diameter of clear zones formed around each well (in mm). The lowest concentration
that formed a clear zone was recorded as the minimum inhibitory concentration (MIC) [23].
The experiment was achieved in triplicate.

2.5. Mosquitocidal Activity

The larvae of Culex quinquefasciatus (family: Culicidae) were obtained from the Medical
Entomology Lab, Dokki, Giza, Egypt and were then further reared in the Animal House
at the Department of Zoology and Entomology, Faculty of Science, Al-Azhar University,
Cairo, Egypt according to Kauffman et al. [24]. The laboratory conditions for rearing
larvae to procure adults were as follows: the temperature was 27 & 2 °C, relative humidity
was 75-85%, and photoperiod conditions were 14: 10 light: dark. The activity of plant-
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synthesized MgO-NPs was assessed using 3rd-instar larvae and checked until these larvae
formed pupae and hatched into adults.

In this experiment, 25 C. quinquefasciatus of 3rd-instar larvae were put into a glass
beaker containing 250 mL of dechlorinated HyO for 24 h and mixed with different con-
centrations (100, 75, 50, 25, and 10 pg mLfl) of synthesized MgO-NPs. The experiment
was replicated five times for each NP concentration against 3rd-instar larvae. A glass
cup containing dechlorinated H,O without MgO-NPs served as a control. Each mortality
percentages was calculated from the average of five replicas after different contact times
(24, 48, and 72 h) by using the following equation [25]:

.. o _ Number of larvae dead
Mortality % = Number of larvae treated x 100 2)

The mortality percentages of pupae and adults were calculated based on the converted
larvae after 72 h of treatment.

2.6. Statistical Analysis

The data obtained in this study are presented as the average values from three separate
replicates, and were subjected to statistical analysis utilizing the SPSS v17 software package.
The mean differences among the treatments were assessed using either t-tests or analyses
of variance (ANOVAs) followed by the Tukey HSD test at a significance level of p < 0.05.

3. Results and Discussion
3.1. Characterizations
3.1.1. UV-Vis Spectroscopy

The synthesis of MgO-NPs using an aqueous extract of P. granatum (pomegranate) peel
appears to have been effective, according to the data. For magnesium ions to have been
reduced and stabilized into nanoscale oxide particles (MgO-NPs) shows that the peel extract
includes chemicals that can facilitate this process. Pomegranate peels are a rich source
of flavonoids, phenolics, alkaloids, tannins, saponins, terpenoids, and steroids, which
play an important role in the biofabrication of NPs [26]. Before the biosynthesis of MgO-
NPs, different parameters including plant extract concentrations, pH values, and metal
precursor concentrations were primarily investigated to select the optimum conditions for
the biosynthesis of MgO-NPs based on the intensity of color changes. Data showed that
the optimum plant extract ratio that gave the maximum color change was 1:9 (1 mL plant
extract: 9 mL dH,O containing metal precursor), with an alkaline pH value (8) and metal
precursor concentration of 2 mM. Recently, the optimum pH value for the green synthesis
of MgO-NPs was optimized at 8 [27]. Variations in pH values can modify the charges of
biomolecules found in plant extracts, consequently impacting their reducing capacity [13].

Under these optimum conditions, the presence of a maximum SPR at a wavelength
of 280 nm (Figure 1A) revealed the absorption of light by the MgO-NPs at that specific
wavelength. SPR occurs when the free electrons on the surface of NPs are excited by
incident light. The observation of SPR is a critical factor confirming the successful formation
and stability of MgO-NPs. The absorption peak at 280 nm suggests that the NPs in this
study possessed unique optical properties related to their size, shape, and composition.
The obtained results were in agreement with published data from the literature, which
reported that the maximum SPR of MgO-NPs was in the range of 260-280 nm [28,29].
Also, the highest peaks for MgO-NPs synthesized using Tecoma stans (L.) were observed
at 281 nm [30]. Prospective MgO-NP sizes are related to SPR, with smaller sizes being
observed when SPR is positioned at shorter wavelengths (<300 nm) and larger sizes being
found when SPR is located at longer wavelengths (>300 nm) [31].
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Figure 1. UV-Vis spectroscopy (A) and FI-IR chart (B) of green synthesized MgO-NPs.

3.1.2. FT-IR

Different peaks at different wavenumbers are seen in the FI-IR spectra of both the
pomegranate peel extract and synthesized MgO-NPs. As shown, the chemical changes that
took place during the green synthesis of MgO-NPs can be deduced by comparing the peaks
before and after the synthesis (Figure 1B). The FI-IR analysis of the peel extract contains
four peaks at wavenumbers of 3450, 2050, 1630, and 1050 cm ™. The intensity of these peaks
was changed, and additionally, it shifted (before or after), or there appeared new peaks in
the MgO-NPs. The peak at 3450 cm ™! corresponds to hydroxyl functional groups (-OH) in
phenol, alcohol, and carboxylic acids [32]. This peak was shifted to 3370 cm ! after the fab-
rication of the MgO-NPs. The peaks at wavenumbers 2050 and 1630 cm ™! correspond to the
stretching vibrations of C=N (nitrile group) and C=0O (carbonyl group), respectively [33,34].
The peak 1050 cm ! is associated with stretching C-O bonds for carboxylic acids, alcohol,
or phenols [35]. The MgO-NP peak at 2490 cm ™! signifies the nitrogen-containing groups
such as those with -C=N and -NH, (amine groups) [36]. The C=C stretching vibration
bond, which is related to alkyne or other functional groups for compounds containing a
carbon triple bond, is observed at the peak of 2015 cm~!. Also, the C=0O for carboxylic acids
or the adsorption of CO, on the MgO-NPs’ surfaces was related to a peak at a wavenumber
of 1775 cm~! [33]. The observed peaks at 1722 and 1440 cm ™! are related to the C=O
of the ester functional group (-COO-) and the binding vibration of CH3 (methyl group),
respectively [37]. Adsorbed carbonates may be indicated by a peak at 1165 cm !, which
is consistent with the stretching vibrations of carbonate groups (~CO3) [38]. The peak at
1065 cm ! is characteristic of silicate or silanol (Si-O or Si-OH) groups [39]. The presence of
metal-oxygen, which corresponds to Mg-O bonds, is confirmed by the peak at 525 cm ™!,
which is compatible with published studies [16,28,29]. The FT-IR analysis indicated that
the organic components present in the plant aqueous extract, including proteins, amino
acids, carbohydrates, and polysaccharides, played a role in reducing magnesium ions and
providing capping and stability to the phyco-synthesized MgO-NPs.
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3.1.3. Crystallinity Investigation—XRD

The crystalline nature and crystallographic structure of the MgO-NPs fabricated by
the aqueous peel extract of pomegranate were analyzed by using XRD. As shown, five
intense peaks, 111, 200, 221, 311, and 222, were observed at 2-theta degrees of 36.8°, 42.7°,
62.3°,74.6°, and 78.7°, respectively (Figure 2). The peak positions at specific 2-theta degrees
indicate the crystalline nature and crystallographic structure of the biosynthesized MgO-
NPs according to the JCPDS file number 75-0447 [16]. Similarly, the XRD analysis of MgO-
NPs fabricated by an aqueous extract of Rosa floribunda showed five intense peaks, 111,
200, 221, 311, and 222, at 2-theta degrees of 36.9°, 42.2°, 62.2°, 74.4°, and 78.5° [40]. Based
on XRD analysis, the position and intensity of these peaks provide valuable information
about the crystalline structure of the synthesized MgO-NPs. The presence of these sharp
and intense peaks indicates that the plant-based MgO-NPs have a well-defined crystalline
structure with distinct crystallographic orientations.

100 -

220 —MgO-NPs
90 A

w0 | —JCPDS (47-0447)
70 -
60 -
>0 220 222
40 -

Intensity (a.u.)

30 -~

] Mwww

10 -

0 I

0 20 40 60 80
2-theta degree

Figure 2. X-ray diffraction (XRD) analysis of P. granatum-mediated biosynthesis of MgO-NPs.

The crystallite size of plant-mediated MgO-NPs was calculated according to XRD
analysis by using the Debye-Scherrer equation. This calculation was achieved based on the
width of the highest peak (200) in XRD, located at the 2-theta value of 42.7°. Data analysis
revealed that the crystallite size of the green synthesized MgO-NPs was 40 nm. In a recent
study, the crystallite size of MgO-NPs synthesized by an aqueous extract of brown algae
(Cystoseira crinita) was detected using XRD analysis to be 21 nm [41].

3.1.4. Morphological and Elemental Analysis—TEM and SEM

The size, shape, size distribution, and elemental composition of plant-synthesized
MgO-NPs were investigated by TEM and EDX analysis. As shown, the aqueous extract
of P. granatum has the efficacy in fabricating spherical-shaped and well-arranged NPs
with sizes in the range of 10-45 nm and an average size of 24.82 & 8.85 nm (Figure 3A,B).
The determination of the size and shape of NPs is a critical factor affecting their activity.
For instance, the inhibition percentages of Bacillus subtilis after being treated with MgO-
NPs varies based on their sizes. In a study, the maximum inhibition percentage was
96.1% at a size of 35.9 nm and decreased to 94.5% and 75.7% at sizes of 47.3 and 2145.9 nm,
respectively [42]. Also, the bacteriocidal efficacy of MgO-NPs against B. subtilis ATCC 9372



Chemistry 2023, 5

2016

was at a percentage of 97.5% at size 26 nm and decreased to 93.1% at a size 69.1 nm. On
the other hand, no significant difference has been noted between inhibition percentages
(99.8-99.9%) of Staphylococcus aureus ATCC 6538 after treatment with different sizes (7.6,
14.4,26,35.9,47.3,56.3, and 69.1 nm) of MgO-NPs [43]. Therefore, due to the small size of
synthesized MgO-NPs in the current study, we expect to have high biomedical activity.

B
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18+ SD =8.85
16 -
144
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Figure 3. Characterization of green synthesized MgO-NPs including transmission electron mi-
croscopy (A), size distribution based on TEM imagery (B), and EDX analysis showing elemental
composition (C).

The EDX analysis showed the elemental composition of biosynthesized MgO-NPs
(Figure 3C). The presence of O and Mg peaks at bending energy in the range of 0.5-1.5 KeV
indicates the successful formation of MgO-NPs [44]. Moreover, Figure 3C shows that the
main components of MgO-NPs were Mg and O with weight and atomic percentages of
48.78 and 39.32% and 51.0 and 44.21%, respectively. Similarly, the main components of
MgO-NPs fabricated by a plant extract of Rosa floribunda were Mg and O with weight and
atomic percentages of 39.49 and 44.77% and 28.33 and 48.81%, respectively [40]. The EDX
chart showed the presence peaks for Cl and K with low weight and atomic percentages.
These peaks may originate from bioactive metabolites that exist in P. granatum-peel aqueous
extract and have dual roles as reducing and stabilizing agents for MgO-NPs [45].
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3.1.5. DLS Analysis

Both the size distribution of MgO-NPs in colloidal dispersion as well as their hy-
drodynamic residue can be detected using diffraction light scattering (DLS). As shown,
the average size of green synthesized MgO-NPs in the colloidal dispersion was 58.9 nm
based on the graph of size distribution. As shown, the average size of MgO-NPs varied
according to different analyses. The size obtained by using DLS was larger than the size
obtained by using XRD and TEM. The observed finding can be related to the differences
in the conditions of analysis between TEM and DLS. TEM analysis is conducted on dry
particles while DLS measurements are performed in an aqueous solution, accounting for
the variation in particle diameter determination. DLS provides the hydrodynamic diameter,
reflecting the size of particles in their hydrated state. Furthermore, the diameter obtained
by DLS analysis may be influenced by the uneven distribution of NPs in the colloidal
dispersion and the presence of coating agents from the plant extract around the NPs, intro-
ducing potential interference during size calculations [46]. Similarly, the size of MgO-NPs
synthesized by using an aqueous extract of strawberry was 100 nm, according to TEM
analysis, and increased to 119 nm based on DLS [47].

On the other hand, the DLS analysis gives information about the polydispersity index
(PDI) of the NPs. The PDI provides important insights into the uniformity of particle
sizes within the NP sample. The scale of the PDI has a range from 0 to 1. A PDI score
below 0.4 indicates suspension homogeneity. On the other hand, a PDI score greater than
1 suggests that the suspension is highly heterogeneous [48]. In the current study, the PDI
value of the MgO-NPs was 0.231, which indicates that the distribution of particle sizes
within the synthesized NPs was relatively narrow and more uniform. This suggests that a
significant portion of the NPs in the sample had similar sizes, contributing to a well-defined
size distribution. A lower PDI value often implies better control over the synthesis process,
resulting in NPs with consistent sizes. Overall, the current PDI value is a promising
result, indicating that the synthesis process yielded MgO-NPs with relatively uniform
particle sizes, which could be advantageous for integration into various applications where
consistent particle size is desired, such as in catalysis, drug delivery, or electronics [41]. In
a similar study, the PDI value of phytosynthesized MgO-NPs derived from an aqueous
extract of Pterocarpus marsupium was 0.248 [17].

3.1.6. Electrokinetic Potential

The movement of NPs in a colloidal dispersion when subjected to an electric field is
represented by the zeta potential ((), sometimes called the electrokinetic potential. This
instrument of analysis is reliable and user-friendly to investigate the electrostatic charge on
the surfaces of NPs in a colloidal dispersion and provides insights into their stability and
aggregation, as the changes in these features significantly affect a nanoparticle’s biological
function [49]. In the current study, a ¢ value of —32.6 mV for plant-synthesized MgO-NPs
indicated a high level of stability. The stability of NP dispersions can be characterized by
their ¢ values. ( levels between £10 and +20 mV are classified as generally stable, while
C values between £0 and +10 mV are classified as severely unstable. Moderately stable
dispersions have ( values between £20 and +30 mV, and highly stable dispersions have
C values greater than +30 mV. In general, higher magnitudes of ¢ (positive or negative)
indicate stronger electrostatic repulsion between NPs, which helps prevent their aggrega-
tion and promotes stability. Herein, the negative ¢ value for the synthesized MgO-NPs
(value = —32.6 mV) indicates that these NPs had a robust net-negative charge on their
surfaces. This strong negative charge increases electrostatic repulsion between particles,
which reduces the particles” aggregation tendency and guarantees their stability.

3.2. Antimicrobial Activity

The emergence of multi-drug-resistant microbes (MRM) is a considerable challenge
in both healthcare and agriculture. These MRM strains have advanced mechanisms to
tolerate the effects of antibiotics, making their infections harder to treat and control. As
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a result, scientists are actively investigating novel approaches such as the synthesis of
new active compounds like NPs, which have unique properties that can improve their
antimicrobial activity including their large surface area, small size, and ability to perme-
ate microbial cells [9]. Herein, MgO-NPs were fabricated by using the green method by
utilizing the metabolites in a P. granatum aqueous extract to act as reducing and stabiliz-
ing agents for the conversion of the metal precursor to MgO-NPs. This approach offers
numerous advantages, overcoming the disadvantages of chemical and physical methods.
Green synthesis is eco-friendly and sustainable, reduces the use of hazardous solvents
and chemicals, is an energy-intensive method, is cost-effective, and shows biodegrad-
ability and biocompatibility [13,50]. In the current study, the potential of green synthe-
sized MgO-NPs for countering different pathogenic microbes, including Bacillus subtilis,
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and Candida albicans, was
investigated. Data analysis showed that the antimicrobial activity of MgO-NPs occurred
in a concentration-dependent manner. This phenomenon was compatible with several
published studies [29,51]. As shown, the highest antimicrobial activity was observed at
a high MgO-NP concentration (200 mL~!) with inhibition zones of 14.3 £ 0.5, 15.7 + 0.6,
19.7 £0.6,17.3 £ 0.5, and 15.7 &= 0.6 mm for B. subtilis, S. aureus, P. aeruginosa, E. coli, and
C. albicans, respectively (Figure 4). The diameters of these inhibition zones were decreased
at low concentrations. For instance, the inhibition zones formed due to treatment with
50 mL~! were 10.7 + 0.6, 10.5 + 0.6, 14.3 4+ 0.7, 12.7 £ 0.5, and 11.3 + 0.6 mm for the same
previous sequence of microorganisms. Similarly, the inhibition zones formed due to the
treatment of P. aeruginosa, Aeromonas baumannii, Streptococcus pneumoniae, and E. coli with
green synthesized MgO-NPs at a concentration of 30 mL~! were 8, 7, 8, and 7 mm, respec-
tively. These inhibition zones decreased at a concentration of 10 mL-!tobe6,2,1, and
3 mm for the same sequence of bacterial species [51]. Also, Nguyen et al. [52] reported that
the adhesion properties of human pathogenic bacteria (P. aeruginosa, S. aureus, and MRSA)
and yeasts (C. albicans and C. glabrata) after treatment with MgO-NPs were increased at
high concentrations (1400 and 1600 jtg mL~!) and decreased at low concentrations.

The determination of minimum inhibitory concentration (MIC) is an important step
in exploring the effectiveness of active compounds and understanding their potential for
countering different pathogenic microbes. This value represents the lowest concentration
of the active substance needed to inhibit or stop microbial growth. The detection of the
MIC value is important to provide data regarding microbial resistance or sensitivity toward
active substances. These data are significantly important in the selection of antibiotics,
optimizing concentration, decreasing the emergence of antibiotic-resistant microbes, com-
paring the antimicrobial activities of various compounds, identifying new strategies for
combating infectious diseases, helping in drug formulation and clinical decision-making,
and contributing to the development of effective treatment protocols [23]. In the current
study, the MIC value for the green synthesized MgO-NPs was 25 mL~! for P. aeruginosa,
E. coli, B. subtilis, and C. albicans with inhibition zones in the range of 8.7 to 12 mm (Figure 4).
On the other hand, S. aureus was more resistant toward low concentrations, and hence, it
had a MIC value of 50 mL~! with an inhibition zone of 10.7 4 0.7 mm.

As shown, the green synthesized MgO-NPs exhibit potent antimicrobial activity
against a broad spectrum of Gram-positive bacteria and Gram-negative bacteria. Their
antibacterial mechanisms involve various processes that contribute to the inhibition of
bacterial growth. One of these mechanisms is their efficacy in disrupting or changing
cell-membrane integrity. Some unique characteristics of green synthesized MgO-NPs,
such as their small size and high surface area, enable their interaction with microbial cell
membrane, leading to lipid bilayer damage, and hence increase or disrupt the selective
permeability function of cell membrane [13,53]. As a result of the destruction of the cell
membrane, the essential components (such as macromolecules and ions) leak out of the
cells, ultimately resulting in the dysfunction of cellular homeostasis, impaired metabolism,
loss of vital nutrients, and, finally, cell death [54].
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Figure 4. Antimicrobial activity of plant-based MgO-NPs against Gram-positive bacteria, Gram-
negative bacteria, and unicellular fungi. The different letters at the same concentration indicate that
the data are statistically significant differences (p < 0.05, n = 3, error bars are £SD).

In addition to causing the disruption of the cell membrane, MgO-NPs have efficacy
in producing reactive oxygen species (ROS), such as superoxide radicals (O, ), hydroxyl
radicals (*OH), and hydrogen peroxide (H,Oy), which have a significant role in antimicro-
bial activity. These free radicals induce oxidative stress, which causes cellular component
damage (such as that of DNA, lipids, proteins, and amino acids), leading to microbial cell
death [55,56]. Moreover, microbial cell wall structure plays a significant role in explaining
the antimicrobial activity of MgO-NPs. Gram-positive bacteria have a thick peptidoglycan
layer, compared to Gram-negative bacteria, which acts as a barrier to prevent the penetra-
tion of MgO-NPs [27]. This explains the high antibacterial activity of MgO-NPs toward
Gram-negative bacteria compared to Gram-positive bacteria. Another inhibitory mecha-
nism of MgO-NPs is a discharge of toxic ions (Mg?*) upon entry into cells. These toxic
ions can interact with amino acids (thiol group), leading to the destruction of the normal
structures of proteins and, hence, cell death [51]. There is a further inhibitory mechanism
of MgO-NPs which works through their potential to inhibit vital enzymatic processes in
microbes. They can disrupt metabolic processes and slow or inhibit cell growth by, for
instance, blocking enzymes necessary for energy production and cellular respiration [57].

Regarding C. albicans, the activity of MgO-NPs is slightly different. MgO-NPs can
directly interact with the fungal cell wall, leading to structural changes in cell wall compo-
nents (chitin and sterol pattern) and destabilization. This disruption weakens the integrity
of the fungal cell wall and compromises its protective function. Furthermore, MgO-NPs can
enhance oxidative stress in C. albicans cells via the production of ROS. The oxidative stress
disrupts key cellular processes and causes damage to DNA, lipids, and proteins, ultimately
leading to cell death [58]. The combined action of cell wall disruption and oxidative stress
contributes to the potent antifungal activity of MgO-NPs against C. albicans.
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3.3. Mosquitocidal Activity

Recently, the consideration of sustainable and effective solutions to combat mosquito-
borne diseases has driven important attention toward the discovery of new active com-
pounds with mosquitocidal properties. Among the different approaches explored, the use
of NPs has emerged as a promising tool for this purpose [59]. The unique properties of
these nanoscale materials offer an exciting prospect for the control of mosquitoes. One
particular nanoparticle that has garnered significant interest is the MgO-NP. Data analy-
sis has shown that the mortality percentages of Culex quinquefasciatus due to MgO-NPs
treatment are dependent on NP concentrations and incubation times. This observation has
been matched with published investigations. For instance, the activity of plant-mediated
Cadmium Sulphide (CdS) NPs on the mortality percentages of C. pipiens was found to be
concentration-dependent [60]. Also, the mortality percentages of C. quinquefasciatus and
Aedes aegypti due to treatment with silver NPs fabricated using isoamyl acetate obtained
from a leaf aqueous extract were concentration-dependent [8]. In the current study, the
mortality percentages with 10 pg mL~! were 0.0 + 0.0, 17.4 + 3.4, and 30.7 + 5.8% after
24,48, and 72 h, respectively (Table 1). These percentages were increased to be 14.1 £ 3.7,
31.9 +£2.1,and 53.8 = 1.8% and 29.6 + 3.1, 43.9 £ 3.9, and 88.3 = 3.2%, after treatment with
50 and 100 pg mL~1, respectively, for 24, 48, and 72 h.

Table 1. Mosquitocidal activity (Larvicidal mortality, pupa mortality, and adult emergence) of
biosynthesized MgO-NPs at different concentrations against 3rd-instar larvae of C. quinquefasciatus
for different interval times (24, 48, and 72 h).

Larval Mortality (%)

Conc. 3rd Larval Instar Malformed Pupae Pupal Adult
(ug mL—1) (%) Mortality (%) Emergence (%)
24 h 48 h 72 h
Control 0.0£0.0 0.0£0.0 0.0£0.0 0.0 0.0 100
100 29.6 £3.1 439 £39 88.3 £3.2 11.7 100 0.0
75 20.8£1.9 375+27 67.2+ 37 32.8 100 0.0
50 141+£37 319+21 53.8+ 1.8 46.2 100 0.0
25 94+21 20.3 +4.0 392 +42 60.8 100 0.0
10 0.0+0.0 174 +£ 37 30.7 £5.8 69.3 100 0.0

In a similar study, various metal oxide NPs including silicon dioxide NPs (5iO,-NPs),
MgO-NPs, zinc oxide NPs (ZnO-NPs), and copper oxide NPs (CuO-NPs) showed mortality
in 3rd-instar C. quinquefasciatus with percentages of 46.0 & 8.2, 43.1 £ 9.4, 33.2 £ 12.5,
and 66.3 £ 4.7%, respectively after 48 h at a concentration of 500 pg mL~! [61]. The
mosquitocidal activity of MgO-NPs varied based on the synthesized methods. For example,
the mortality percentages of Aedes albopictus and A. aegypti after treatment with green
synthesized MgO-NPs with a concentration of 50 ug mL~! were 76 and 74%, respectively
compared to the mortality percentages for those synthesized by hydrothermal, sol-gel,
and microwave method (88 and 92%, 82 and 84%, and 74 and 76%, respectively) at the
same concentration [18]. Interestingly, all pupae that originated from the last bioassay time
(72 h) were malformed and hence did not hatch to adults (all pupa mortality percentages
were 100%; all adult emergency percentages were 0.0%) (Table 1). Incompatible with the
obtained results, the treatment of the 3rd instar of C. pipiens by CdS-NPs caused mortality
percentages for larvae and pupae with values of 51 £ 1.01 and 18.4 & 0.2%, respectively,
and the percentage of malformed pupae was 8.2 & 0.3% [60].

As shown, the plant-mediated-MgO-NPs have shown promising mosquitocidal ac-
tivity toward 3rd-instar larvae, pupae, and, hence, the percentages of hatched adults of
C. quinquefasciatus. This hopeful activity could be attributed to the efficacy of MgO-NPs in
damaging a mosquito’s cuticle, which is considered the first protective outer layer. The
damage of the cuticle layer causes osmotic stress, the loss of hair/setae, depigmentation, the
dissolving of wax layers, the loss of distinction between exo- and endocuticle, dehydration,
and, ultimately, insect death [62]. Moreover, MgO-NPs can enhance the production of
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ROS such as OH™ and O, radicals, which induce oxidative stress inside the mosquito’s
body, leading to DNA, lipid, and protein damage, and, hence, cell death [18]. In order to
breathe, mosquitoes need a complex system of air tubes (called tracheae) that allow for gas
exchange. When breathed in or swallowed, MgO-NPs can block these tracheae, causing res-
piratory failure and death [2]. Mosquito larvae rely heavily on digestive enzymes to break
down the organic substances they consume in water. MgO-NPs have efficacy in inhibiting
these enzymes’ functioning; they can impede the larvae’s ability to digest food and absorb
nutrients, stunting their development [63]. On the other hand, MgO-NPs can interact with
the nervous systems of mosquitoes by passing the blood-brain barrier and interfering with
neurotransmission, leading to neural toxicity and neurological dysfunction, which can
result in paralysis or death in mosquitoes [62]. Finally, some larvae depend on specific
microorganisms such as bacteria and microalgae in their diet. Due to the antimicrobial
properties of MgO-NPs, MgO-NPs can inhibit the growth of these microorganisms and
hence disrupt the food chain for these larvae, having a negative impact on their develop-
ment and survival [64]. It is important to note that MgO-NPs can have a wide range of
mosquitocidal mechanisms depending on some important aspects including particle size,
concentration, exposure time, and the mosquito species being combated.

4. Conclusions

In summary, MgO-NPs were successfully synthesized using a P. granatum-peel aqueous
extract, offering a green, safe, eco-friendly, and cost-effective approach. Characterization
through UV-Vis spectroscopy, FT-IR, TEM, XRD, DLS, and zeta potential revealed their
properties: they were spherical, well arranged, and crystalline in nature, with sizes of
10-45 nm. These plant-based MgO-NPs displayed potent antimicrobial activity against
various bacteria (B. subtilis, S. aureus, E. coli, and P. aeruginosa) and fungi (C. albicans) with
low MIC values (25-50 ug mL~!). Additionally, they exhibited remarkable larvicidal
effects on C. quinquefasciatus, resulting in high mortality rates (88.3%) and malformed
pupae, preventing adult emergence (100%). Overall, these MgO-NPs hold significant
potential for inhibiting pathogenic microorganisms and controlling larvae and pupae at
low concentrations.
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