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Pharmacological applications and
plant stimulation under sea water
stress of biosynthesis bimetallic
ZnO/MgO NPs
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The uniqueness and novelty of this study lies in the ability of Mentha longifolia leaves extract (MLLE)
to synthesize bimetallic NPs (NPs) of zinc oxide and magnesium oxide as nanocomposite (ZnO/MgO
NPs) for the first time. Medicinal plants extracts are a more environmentally friendly method of
creating NPs than physical or chemical methods. The specific objectives of the research were employed
this nanocomposite compared to plant extract as antibacterial, anti-diabetic, antioxidant agents.
Also, the possibility of using this nanocomposite as plant stimulator for reducing saline water stress
on economic plants to cope with the scarcity of freshwater in the agricultural sector. In comparison

to nanocomposite, MLLE exhibited high inhibition zones 28+ 0.1, 26 +0.2, 26 +0.1, 25+0.2, 25+0.1
and 24+ 0.1 mm in medium inoculated by E. faecalis, E. coli, S. typh, M. circinelloid C. albicans, and S.
aureus, respectively. It was shown from the DPPH data that ZnO/MgO NPs’ IC. value (52.55 £ 0.98 pg/
mL) was lower than the extract’s (299.27 +1.59 pg/mL) when compared to ascorbic (195.15+1.63 pg/
mL). Compared to acarbose, ZnO/MgO NPs exhibited superior activity against a-Amylase inhibition
percentage, as evidenced by their IC, value of 117.02+0.56 pg/mL. In contrast to ZnO/MgO NPs,
acarbose had a lower IC, value of 22.15 +0.76 pg/mL. ZnO/MgO NPs were added to the soil cultivated
by cucumber plants (A pots experiment) at quantities of 0, 200, and 400 mg/kg. BimetallicZnO/MgO
NPs, particularly at 200 ppm, improved the shoot and root lengths and fresh weight of shoot, but they
also seemed to reduce the level stress indicator of MDA, H,0,, and antioxidant enzymes (peroxidase
and polyphenol oxidase). As a result, ZnO/MgO NPs may be employed as a unique approach to boost
plant growth under salinity stress.
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Nowadays, the chemical, mechanical, pharmaceutical, agricultural and food processing industries view
nanotechnology as a validated technology with a variety of uses'=. Numerous methods, such as mechanical
milling, microwave-assisted synthesis, homogeneous precipitation have been planned for the creation of NPs
(NPs)®, but in general, they endanger the environment. Green synthesis of NPs is an easy-to-manage and design
substitute for these techniques’. Green synthesis provides a sustainable, ecofriendly and economical substitute
for conventional nanoparticle synthesis techniques, which call for the use of dangerous chemicals and excessive
energy usage. This method makes use of biologically active substances and natural resources that can function
as capping, stabilizing, or reducing agents®~!’. In order to achieve the maximum biological performance of
agrochemicals without overdosing, nano-fertilizers may offer a targeted/controlled release of such chemicals.

1Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, Jouf University, 72388 Sakaka,
Saudi Arabia. *Department of Clinical Microbiology and Immunology, Faculty of Medicine, King Abdulaziz
University, 21589 Jeddah, Saudi Arabia. 3Special Infectious Agents Unit, King Fahad Medical Research Center, King
Abdulaziz University, Jeddah, Saudi Arabia. “Department of Basic Medical Sciences, College of Medicine, University
of Jeddah, Jeddah, Saudi Arabia. *Department of Biological Sciences, College of Science, University of Jeddah,
Jeddah, Saudi Arabia. ®Botany and Microbiology Department, Faculty of Science, Al-Azhar University, Cairo, Egypt.
"Department of Hematology/Oncology, Yousef Abdulatif Jameel Scientific Chair of Prophetic Medicine Application,
Faculty of Medicine, King Abdulaziz University, 21589 Jeddah, Saudi Arabia. *“email: sabdulsalam@ju.edu.sa;
mamin7780@azhar.edu.eg

Scientific Reports | (2025) 15:5263 | https://doi.org/10.1038/s41598-025-87881-0 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-87881-0&domain=pdf&date_stamp=2025-2-12

www.nature.com/scientificreports/

Environmental pollutants may be found and eliminated using nanosensors and nanoremediation techniques.
However, physico-chemical characteristics that impact the toxicity of nanomaterials, potential interactions with
co-formulants in the agro-system, and stressors should be evaluated!!. Antimicrobial resistance has become a
global health concern due to antibiotic abuse, overuse, and misuse, necessitating quick, innovative, and long-
lasting solutions. An environmentally benign, economical, sustainable, and renewable solution to this pressing
issue is the use of bio-nanomaterials as antibiotic allies. These biomaterials’ use of green precursors (biowaste,
plant extracts, essential oils, microorganisms, and agricultural residue) and fabrication processes that reduce
their cyto/environmental toxicity and show cost-effective manufacturing. The improved biocompatibility and
nanoscale dimensions of bio-nanomaterials offer special advantages in the battle against antibiotic resistance!213.
Also, through the development of immunity, early detection, nanotherapeutics, and tailored drug delivery
systems, biogenic nanometals can help manage cancer'. In our study we used Mentha longifolia extract as
reducing agent to prepare bimetallic NPs, because it has a unique, fragrant scent and is used as a nervous system
laxative, to treatment various digestive disorders, and to promote the growth and function of salivary glands
and digestive enzymes. Based it is being a natural source for developing drugs. It is also used in toothpastes
because of its ability to fight tooth decay-causing bacteria and because its strong smell helps open the respiratory
passages, which helps relieve coughing and expel sputum!®.

Metal oxide NPs of magnesium oxide (MgO) and zinc oxide (ZnO) exhibit a wide range of characteristics,
like little dielectric constant, high chemical stability, and photostability. These features have been used thus far
in a widespread of industrial and scientific utilizations, comprising catalysis and the development of among
antibacterial and antimicrobial substances. In general, ZnO is thought to be more potent than magnesium oxide
at eliminating bacteria'®. It is possible to create a wide variety of additional zinc oxide (ZnO) nanostructures,
including spheres, rods, flowers, disks, walls, and more. However, because of its many uses, such as biosensors,
gas sensors, therapeutic cancer cell killing, biosensors and biological pollutants, nanoflowers and nanowires
have drawn special attention!”"18,

The capacity of ZnO to liberate toxic ions of zinc to bacteria is the reason for this. These ions have the ability
to interfere with bacterial cell membranes, alter biological functions, and result in cell death. In addition, mild
inhibition zones show that MgO and ZnO NPs have activity against growth of several bacteria'®. Additional uses
for MgO NPs have been documented, including anti-inflammatory, anti-cancer, antioxidant, and anti-diabetic
effects?®2!.

The application of NPs in agriculture reduces the need for excessive chemical fertilizers and significantly
improves plant growth and seed germination across a variety of plant species??. Global climate change and
ongoing chemical application are already posing a threat to agricultural sustainability. These elements have
had a significant impact on the productivity, growth, and nutritional state of different crops. Consequently,
plants’ susceptibility to stress can be increased either directly or indirectly by the unintentional discharge of
nanostructures into surrounding environment including air, and water, as well as soil. However, further research
is required to fully understand how NPs affect plants®®. There is proof that the precursors of seed dressing
compounds, which boost crop growth and productivity, are nanomaterials®’. Treatment of mustard seeds
by different doses of MgO NPs prior to planting, improved the plants’ vegetative characteristics, yield traits,
photosynthetic pigment, biomass, carbohydrate content, and superoxide dismutase, catalase activity25. 7ZnO NPs
minimize drought-stressed cucumber development when applied at doses ranged from 25 to 100 mg/L, they
significantly increased biomass, photosynthetic pigments, and growth under normal condition, while lessening
the effects of drought®®. Mg is a macronutrient element that is involved in plant progress as well as in physiological
pathways. A lack of Mg may lead to a decline in the Calvin cycle’s efficiency, a decrease in the usage of reductive
power (Nicotinamide adenine dinucleotide phosphate), and an oversaturation of the photosynthetic electron
transport system, which would inhibit plant development and lower pod production®’. Zn is a vital mineral
element for plant development that affects many aspects of plant growth in both positive and negative ways. It is
a part of many biochemical processes, including enzyme synthesis, protein synthesis, chlorophyll synthesis, and
metabolic turnover?®. However, plants suffer when they lack zinc, so using zinc oxide nanofertilizer (ZnO NF)
in place of ZnO NPs is an interesting idea that is currently being researched®.

In the current study Cucumis sativus L. was used as a model of cultivar cultivate at stress condition of salinity.
C. sativus L. is ranked fourth among the major vegetable crops, following Brassica oleracea, Allim cepa, and
Solanum lycopersicum and is frequently consumed raw or combined with other foods*’. Over 33 and 20% of
irrigated agricultural soil and cultivated soil, respectively suffer from salinity worldwide®!. Osmotic and ionic
imbalance induces a number of modifications in the systems involved in development, leading to oxidative
stress>2. Furthermore, plants have a variety of defense mechanisms, such as ionic homeostasis, antioxidant
activities, and the activation of a large number of associated with stress genes®*. This investigation aimed to:
investigate the ability of M. longifolia leaves extract to synthesize bimetallic zinc/magnesium oxide NPs ZnO/
MgO NPs, to reduce the harmful influence of sea water on morphological and biochemical traits of cucumber
plants. In addition to being used as an antioxidant, anti-diabetic and antibacterial agents.

Materials and methods

Aqueous extract of Mentha longifolia leaves preparation

Young, healthy, and fresh M. longifolia leaves were gathered from botanical garden of faculty of science-al-
Azhar university-Nasr city-Cairo-Egypt. The plant has been identified by taxonomist Prof. Abdo A. Hamed of
the Botany and Microbiology Department, Faculty of Science, Al-Azhar University, Egypt. A plant specimen
was deposited in the local botanical herbarium of Botany and Microbiology Department, Faculty of Science,
Al-Azhar University, Egypt. Any solid dust particles were then washed away using double-distilled water and
flowing tap water; and then dried (in dark at 30 °C) for two weeks. To obtain a powder the dried plant leaves,
a coffee grinder was utilized. After that, they were heated in sterile distilled H,O at a ratio of one/one hundred
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(w/v) for 45 min at 60 °C. The obtained filtrate was stored at 4 °C in a closed container until they were used to
create NPs.

Zinc and magnesium bimetal NPs preparation

A bimetallic of ZnO/MgO NPs was made using an easy, environmentally friendly procedure. 250 ml of an aqueous
extract of Mentha longifolia leaves, 10 mM zinc chloride, and 0.5 M magnesium chloride were combined, and
the mixture was constantly agitated at 70 °C for 3 h. Upon evaporating the synthesized solution, the residue was
collected and then cleaned with deionized water and alcohol to remove any remaining contaminants. To obtain
the reddish-brown powder needed for the following procedures, the collected residue was annealed for 2 h at
200 °C. It was then stored in a falcon tube.

Zn and mg oxide NPs characterization

ZnO/MgO NPs’ 200-800 nm spectra were examined using a UV-VIS Spectrophotometer (SYSTRONICS). The
NPs’ size and shape were examined via transmission electron microscopy (TEM). Using energy dispersive X-ray
(EDX) examination, the various chemical components of the NPs were identified. FTIR (Fourier transform
infrared) spectra were used to further establish the chemical makeup of the NPs.

Microorganisms inhibition test

The agar well diffusion approaches were utilized to evaluate the antibacterial properties of M. longifolia leaf
extract and M. longifolia leaf extract mediated Zn/MgNPs against a variety of bacterial and fungal species, such
as Escherichia coli (ATCC 8739), Enterococcus faecalis (ATCC 10541), Staphylococcus aureus (ATCC 6538),
Salmonella typhi (ATCC 6539), and Candida albicans (ATCC 10221), besides Mucor circinelloid (AUMMC
11656). To do this, the bacterial strains were adjusted to 106 CFU/mL in turbidity and then evenly distributed
across plates containing Mueller-Hinton agar employing a sterile cotton swab. Then, 100 pL of M. longifolia leaf
extract and M. longifolia leaf extract-mediated Zn/Mg NPs at 0.5 mg/mL concentrations were applied to each
of the 6-mm-diameter wells. After incubating at 37 °C for 24 h, the widths of the clear (inhibition) area were
determined to evaluate the activity of examined materials. Standard drugs including gentamycin and nystatin
were applied for positive control*%.

Testing of ZnO/MgO NPs mediated by M. longifolia leaves at 1.95 to 250 pg/mL against tested bacteria and C.
albicans was done to determine minimum inhibitory concentration (MIC) employing the broth microdilution
method in 96-well microplates. The twofold serial dilution was made with Mueller Hinton broth (MHB). The
microbial suspension, containing 2 x 108 CFU/mL, was added to 100 pL of the microplate wells that held the
twofold serial dilutions of the examined materials solution in the MHB. This study used McFarland Standard
No. 0.5, whose cell density (2 x 10® CFU/ml) was found using the absorbance at 600 nm. To determine the MIC,
the biological substance that inhibited bacterial growth was measured at its lowest concentration following a
24-h aerobic incubation with 5% CO, at 37 °C. As positive and negative controls, respectively, the bacteria put
to the MHB devoid of testing samples and the growth media free of bacteria were identified. The turbidity-free
blood agar medium was added to ten microliters of the microbial suspensions in the wells in order to calculate
the MBC. The combination was then allowed to develop sufficiently before being kept in an incubator at 37 °C.
The MBC was described as the least dose at which 99.9% of the original inoculum was eliminated at each interval
of contact™.

a-Amylase assessment

The a-amylase inhibition experiment was carried out using the 3, 5-dinitrosalicylic acid (DNSA) method®,
where different concentrations of the investigated materials (acarbose and NPs) (1000 to 1.95 pg mL™!) were
prepared in separate test tubes with 0.02 M phosphate buffer (pH=6.9). 500 pL of a-amylase was then added,
and the tubes were incubated for 10 min at 37 °C. Each tube was then filled with 500 pL of 1% starch solution,
and it was incubated for 10 min. The reaction was then stopped by adding 1 mL of 3,5-dinitrosalicylic acid
(DNA) to each tube. The tubes were then cooled and finished with 10 mL of dH,O after being incubated for
15 min at 60 °C in a water bath. The color absorbance, measured spectrophotometrically at 540 nm, shows the
percentages of a-amylase inhibition that were assessed by this equation

Ac — At
— X

1
e 00

inhibition percentages =

a-Glucosidase assessment

The approach outlined by Pistia Brueggeman and Hollingsworth®” was slightly modified to evaluate the potential
of plant extracts to inhibit a-glucosidase. Where, in a test tube with 150 uL of sodium phosphate buffer (0.1 M)
and 1 U of the enzyme a-glucosidase, 100 uL of each concentration of the compounds under test (acarbose, NPs)
were added. The combination was then incubated for 10 min at 37 °C. The test tube was then filled with 50 uL of
p-Nitrophenyl-a-D-glucopyranoside (2 mM) and incubated for 20 min at 35+ 2 °C. 50 pL of sodium carbonate
(0.1 M) was added to halt the reaction, and the absorbance of the color that resulted was measured at 405 nm
before using previous equation we can determine the percentages of a-glucosidase inhibition.

DPPH radical scavenging technique to assess antioxidant activity

The ability of M. longifolia leaf extract and M. longifolia leaf extract mediated ZnO/MgO NPs to scavenge free
radicals was evaluated using 1, 1-diphenyl-2-picryl hydrazyl (DPPH) at various concentrations (3.9, 7.8, 15.62,
31.25, 62.5, 125, 250, 500, and 1000 pg/mL). The absorbance at 517 nm was measured using a spectrophotometer
(UV-VIS Milton Roy). With ascorbic acid acting as the reference standard component™.
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Total antioxidant capacity assay (TAC)

For each sample (0.5 mg/mL), one milliliter was mixed with three milliliters of the reagent solution (0.6 M
H,S0,, 28 mM sodium phosphate (NaHZPO 4), and 4 mM ammonium molybdate). Within the blank solution,
there were just 4 milliliters of reagent solution. At 95 °C, the mixtures were incubated for 150 min. The mixture
was allowed to cool to ambient temperature before absorbance was recorded at 630 nm employing a microtiter
plate reader (Biotek ELX800; Biotek, Winooski, VT, USA)*.

Ferric reducing antioxidant power (FRAP) examine

This study investigated the influence of solvent polarity on the total reducing power of the M. longifolia leaf extract
and M. longifolia leaf extract mediated ZnO/MgO NPs using potassium ferricyanide and trichloroacetic acid®.
With further adjustments created especially for the microplate approach. After this point, total reducing power
(TRP) will be utilized to represent ferric reducing antioxidant power (FRAP). 40 milliliters of the sample, 50
milliliters of 10% trichloroacetic acid, 50 milliliters of 1% potassium ferricyanide (K,Fe (CN);), and 50 milliliters
of sodium phosphate dihydrate (Na,HPO,-2H,O) buffer were put into labeled Eppendorf tubes. Centrifuging
the mixture at 3000 rpm for 10 min was the process. Six hundred and sixty-six milliliters of the supernatant
from every sample and seventy-five milliliters of ferric chloride (FeCl,, 1%) were placed onto 96-well plates.
At 630 nm, measurements were taken using a Microtek ELX800 microtiter plate reader (Biotek, Winooski, VT,
USA). There were two controls used: a positive control with 1 mg/mL of ascorbic acid and a negative control with
DMSO. Ascorbic acid equivalent (AAE), or milligrams per milligram of extract, was used to report the results.

A pot experiment

The seeds of cucumber (Cucumis sativus) were bought from the Agricultural Research Center of the Ministry
of Agriculture in the Egyptian province of Giza. We planted 25 cm-diameter pots with 4.0 kg of clay soil inside
to start the cucumber seeds. Four groups of pots were created, each of which represented a distinct kind of
treatment. (1) Tape water (Control); (2) Sea water 35% (pH: 7.85, salinity percent: 41.57, TSS: 16 (mg/L) BOD
3.34 (mg/L) irrigation; (3) Sea water irrigation 35% + 200 mg/kg Zn/Mg nanoparticle/kg soil; (4) Sea water
irrigation 35% + 400 mg Zn/Mg nanoparticle /kg soil. The developing plants received as-needed irrigation with
35% of Sea water but, control group irrigated with tape water. At 40 days next planting, samples of plant from
the different treatments and the control were taken for estimated growth traits, pigments contents, H,0,, MDA,
and antioxidants enzymes.

Determination of metabolic contents in shoots

Enzymatic antioxidant activity assays

As stated by Mukherjee and Choudhuri?!, the following procedure was used to extract the enzymes: Following
the homogenization of 2 g plant terminal buds and the 1st and 2nd young leaves using 10 mL of phosphate buffer
pH 6.8 (0.1 M), the mixture was spun for 20 min at 20,000 rpm in a refrigerated centrifuge at 2 °C. It was found
that the enzymes were present in the clear supernatant, which served as the source of the enzyme.

Polyphenol oxidase (PPO)

We measured the polyphenol oxidase activity with the methods outlined by Kar and Mishra?2. The substrate was
a sodium acetate buffer (pH 5.0) involving 0.1 M catechol. The measurements were taken at 395 nm, and the
reaction was permitted to run for 60 min at 30 °C (Ultrospec 2000). Alterations in optical density min~! g~! fresh
mass (FM) were used to indicate polyphenoloxidase activity.

The enzyme peroxidase (POX)

The peroxidase activity was measured using the subsequent procedure, which was adopted from Bergmeyer
et al.**; A pH 7.0 phosphate buffer was mixed with the reaction mixture, which included 5.8 milliliters of a 50
mL, 2 mL of 20 mM H202, and 0.2 mL of enzyme extract. Employing a UV-spectrophotomer, the absorbance
increased as the pyrogallol was recorded spectrophotometrically within 60 s at 470 nm and 25 °C.

Assay for lipid peroxidation

The amount of malondialdehyde (MDA) in fresh leaves was used to quantify lipid peroxidation. This was
accomplished by grounding samples of the leaves (0.2 g) and adding 2 mL of 5% trichloroacetic acid (w/v). After
that, the homogenate was centrifuged (10 min/4°C/10,000 rpm). The mixture was centrifuged for 10 min at 4 °C
and 10,000 rpm after adding 2 mL of 0.67% thiobarbituric acid (w/v) to 2 mL of the supernatant. The mixture
was then preserved in a boiling water bath for 30 min. The absorbance of the supernatant was then measured at
450, 532, and 600 nm. After that, the MDA content was determined using the following formula:

MDA = 6.45 x (A532 — A600) — (0.56 x A450).

Levels of lipid peroxidation were expressed as micromoles of MDA/g of fresh mass, or pmol g~! FM*4,

The hydrogen peroxide level was calculated subsequently a reaction with potassium iodide (KI), according to
Sergiev et al.*>. The reaction mixture composed of 0.5 M KI, leaf extract, and 2.5 mM K-phosphate buffer (pH
7.0). The reaction mixture was kept in the dark for 60 min. The quantity of H,O, was recorded at 390 nm using
spectrophotometry and a standard curve created with solution H,0,.

Statistical analysis
Microsoft Excel version 365 and Minitab version 19 were the computer programs used for the statistical
computations at 0.05 level of probability. Analysis of variance was performed using the One-way ANOVA and
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Post hoc-Tukey’s test for quantitative data with a parametric distribution. The allowable margin of error was set
at 5%, while the confidence interval was set at 95%.

Results and discussion
Characterization of bimetallic ZnO/MgO NPs
Ecofriendly method in the present investigation was employed to prepare bimetallic Zn/Mg NPs via aqueous
extract of M. longifolia leaves for the first time applying. ZnO/MgO NPs displayed an absorption maximum
at 360 nm in the UV-Vis spectrophotometric analysis (Fig. 1A), which was in line with previous studies that
revealed ZnO/MgO NPs’ characteristic peak to be among 350 and 360 nm*S. The size the NPs was reported via
TEM (transmission electron microscopy), which ranged in nano scale, were depicted by the HRTEM image. In
TEM image (Fig. 1B), exhibiting both spherical and hexagonal shapes. Additionally, the ZnO/MgO NPs’ surface
capping was disclosed by the FTIR results (Fig. 1C).

ZnO/MgO NPs had an FTIR spectrum with a range of 500-4000 cm™'. The composite had a variety of
functional groups and metal-oxide bonds. An important vibration band at 435.63, and 629.79 cm™! was
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Fig. 1. (A) HR-TEM appearance, (B) UV spectroscopy and (C) FTIR of the Mentha longifolia-synthesized
bimetallic ZnO-MgO NPs.
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Fig. 2. XRD spectroscopy of the M. longifolia-synthesized bimetallic ZnO-MgO NPs.

Inhibition zones (mm)
Tested microorganisms | Extract | ZnO@MgO NPs | Positive control (Gentamycin/Nystatin) | Negative control (DMSO) | HSD
E. faecalis 28+0.1a | 26+0.2b 24+0.1c 0.0 1.35
S. aureus 24+0.1a | 21+0.3b 25+0.1a 0.0 1.16
E.coli 26+0.2a | 22+0.1b 21+0.2b 0.0 1.42
S. typhi 26+0.1a | 20+0.1b 18+0.2¢ 0.0 0.95
C. albicans 25+0.1a | 24+0.2b 24+0.3b 0.0 0.33
M. circinelloid 25+0.2b | 15+0.1c 27+0.1a 0.0 0.32

Table 1. Antimicrobial potential of extract, ZnO@MgO NPs, positive control and negative control. The data
shows means + standard error (n=3). According to Tukey’s test (HSD), significant differences (P<0.05) are
indicated by different lowercase letters in the same species within a column.

identified as the ZnO bond’s typical stretching mode?’. Peaks at 869.03 and 610.52 cm™' may be significant for
the magnesium oxide NPs’ distinctive absorbance at this particular wavelength. It strengthens the Mg-O bonding
and facilitates the creation of MgO-NPs*. The O-H stretching peak in the ZnO/MgO NPs FTIR spectrum is
responsible for the bands that appear at 3381 cm™!, while the C=C stretching peaks appear at 1630 cm ™, the C-C
stretching peak at 1432 cm™!, the C-O stretching peak at 1147 cm™, the 869 cm ™! and 773 cm™! bands are caused
by the =C-H bending. FTIR spectrum band peak analysis, which is consistent with the previously published
work, confirmed that ZnO/MgO NPs have bioactive functional groups that support stability and antibacterial
action®.

The XRD pattern of the generated ZnO/MgO NPs is shown in Fig. 2. The standard JCPDS card Numbers
00-005-0094 and 00-012-0643 complement the diffraction peaks at 2© = 18.4654°, 26.5682°, 27.9478°, 34.9089°,
39.7598°, 44.3585°, 48.0023°, 54.5345°, and 57.5919° that were emphasized in the XRD data of the generated
bimetallic ZnO-MgO NPs. The XRD pattern indicates that the product is highly crystalline due to the presence
of sharp peaks. The cause of a few significant peaks could be instrumental broadening®®°!.

Antimicrobial activity of ZnO/MgO NPs

From the obtained results, the created bimetallic NPs (ZnO/MgO NPs) showed antimicrobial activities but it
was less than the extract. Extract caused inhibition zones were 28 £0.1, 24+0.1, 26+0.2, 26 £0.1, 25+ 0.1 and
25+0.2 mm while 26 £0.2, 21+0.3, 22+0.1, 20+0.1, 24+0.2, and 15+ 0.1 mm against E. faecalis, S. aureus, E.
coli, S. typhi, C. albicans and M. circinelloid, correspondingly compared to control (Table 1; Fig. 3). The extract’s
MIC and MBC against the studied bacteria were lower than those of ZnO/MgO NPs. Less % between the values
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Fig. 3. Antimicrobial activity of ZnO@MgO NPs (N), extract (E), and antibiotic/antifungal as a positive
control (C) against microorganisms under test. The impact of DMSO as a negative control (NC) with a well-
defined zone.

E. faecalis 7.8+2.3b 15.62+1.25a 421 |7.84221b |62.5+3.25a 5.15 |1+0.65b | 4+0.45a 1.25
S. aureus 62.5+23b | 125+3.21a 6.32 | 125+2.25b | 250+3.45a 532 |2+1.32a |2+1.24a 0.32
E.coli 15.62+3.4b | 62.5+2.15a 436 |31.25+2.1b | 125+1.89a 6.56 |2+0.5la | 2+0.45a 0.21
S. typhi 15.62+3.2b | 125+4.32a 6.54 |15.62+1.2b | 125+2.54a 4.02 |1£0.32a | 1+0.41la 1.05
C. albicans 7.8+0.45a |7.8+0.32a 021 |7.8+0.09a |7.8+0.05a 0.16 |1+0.15a | 1+0.21a 0.56
M. circinelloid 15.62+3.2b | 500+4.21a 6.65 | 62.5 - 2.54 |4+0.58 |- 1.32

Table 2. MIC and MBC of Extract and ZnO@MgO NPs. The data shows means + standard error (n=3).
According to Tukey’s test (HSD), significant differences (P<0.05) are indicated by different lowercase letters in
the same species within a column.

of MIC of the extract and ZnO/MgO NPs was observed, respectively in the case of E. faecalis (7.8 and 15.62 pg/
mL), followed by S. aureus (62.5 and 125 pg/mL), followed by E. coli (15.62 and 62.5 pug/mL), followed by S.
typhi (15.62 and 125 pg/mL). In the same context, Less % between the values of MBC of the extract and ZnO/
MgO NPs was observed, respectively in the case of S. aureus (125 and 250 ug/mL), followed by E. coli (31.25 and
125 pg/mL), followed by E. faecalis (7.8 and 62.5 ug/mL), and S. typhi (15.62 and 125 pg/mL). MIC and MFC
values of the extract were the same MIC and MFC values of ZnO/MgO NPs (Table 2). In recent study, ZnO
NPs exhibited antimicrobial activity towards Bacillus subtilis, Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli, Candida albicans, and Salmonella typhi®, these microorganisms were also inhibited by the
phytosynthesized ZnO NPs?! but the Mucor circinelloide was not inhibited however in the current study it was
inhibited by ZnO/MgO NPs. This may be due to the presence of bimetal NPs or may role of phytomediator of
ZnO/MgO NPs synthesis. So, Al-Rajhi et al.%? found that CuONPs promoted the efficacy of ZnONPs against
different microbiology. Regarding the antimicrobial activity, our results were agreement with Al-Rajhi et al.>,
where M. pulegium exhibited inhibitory activity versus B. subtilis, E. coli, S. aureus, and C. albicans with inhibition
zones 27, 26, 19, and 25 mm, respectively due to the existence of isochiapin B and neophytadiene. Other study
documented the bactericidal potential of M. pulegium extract Ceyhan-Giivensen and Keskin® due to its high
content neophytadiene content. All values of M. pulegium extract were lower than that of ZnO/MgO NPs in all
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DPPH scavenging %

Dose (ug/mL) | Ascorbic acid | Extract ZnO@MgO NPs | HSD
1000 98.2+2.52a 78.7+3.21c 93.2+1.65b 3.32
500 94.4+1.65a 71.9+2.36¢ 86.7 +3.54b 3.65
250 92.4+2.65a 64.5+1.87c 80.1+3.65b 4.89
125 88.5+2.12a 57.6+1.45¢c 73.0+3.45b 3.21
62.50 82.2+1.58a 51.0+£2.51c 66.6+3.12b 4.21
31.25 75.8+2.15a 43.9+2.36¢ 59.6+4.32b 6.25
15.63 69.5+2.54a 37.0+£1.02c 53.4+2.64b 4.21
7.81 62.3+3.54a 29.6+£2.98c 47.3+1.41b 5.48
3.90 54.3+2.45a 22.7+1.65c 41.1+3.45b 3.87
1.95 46.6+2.85a 16.3+1.45¢ 33.7+2.67b 4.21
0.0 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+£0.0
IC, pg/mL 195.15+1.63b | 299.27+1.59a | 52.55+0.98¢ 8.25

Table 3. DPPH scavenging % of extract, ZnO@MgO NPs and ascorbic acid. The data shows means + standard
error (n=3). According to Tukey’s test (HSD), significant differences (P<0.05) are indicated by different
lowercase letters in the same species within a column.

Treatment TAC (equivalent (AAE) pg/mg of extract) | FRAP (equivalent (AAE) pg/mg of extract)
ZnO@MgO NPs | 195.8+0.5b 294.0+1.6a

Extract 318.5+0.7a 298.5+1.0b

HSD 1.21 3.54

Table 4. The extract’s antioxidant capacity and ZnO@MgO NPs via ferric reducing antioxidant power and
total antioxidant capacity. The data shows means + standard error (1 =3). According to Tukey’s test (HSD),
significant differences (P<0.05) are indicated by different lowercase letters in the same species within a
column.

cases of tested bacteria except C. albicans, while MBC values were less than that of ZnO/MgO NPs in all cases
of microorganisms. Seghir et al.'® tested the MgO and ZnO NPs separately against various bacteria including
Listeria innocua, B. subtilis, S. aureus, Salmonella typhimurium and P. aeruginosa, who also found ZnO NPs were
more effective than MgO NPs.

Antioxidant activity of ZnO/MgO NPs

According to Tukey’s test at P<0.05, both plant extract and ZnO/MgO NPs and positive control (ascorbic
acid) showed significant differences of antioxidant activity. DPPH scavenging % encourages with increasing
the concentration as visualized in Table 3. But as noticed from the results the IC, value of ZnO/MgO NPs
(52.55+0.98 ug/mL) wasless than that of the extract (299.27 + 1.59 pg/mL) compared to ascorbic (195.15 + 1.63 ug/
mL). Al-Rajhi et al.>> mentioned that M. pulegium extract possess antioxidant activity with IC, value 18 pg/
mL. According to the results of the current study, the presence of various phenols and flavonoids is linked to
the primary sources of antioxidant activity. In the present research, TAC and FRAP confirmed the antioxidant
potential of both ZnO/MgO NPs and extract (Table 4). Strong (318.5+0.7) TAC activity of extract was detected
while ZnO/MgO NPs reflected (12.5 pg/mL, ug AAE/mg) moderate TAC activity (195.8+0.5 ug, AAE/mg).
The antioxidant potential of ZnO/MgO NPs NPs and extract was further assayed by FRAP. FRAP experiment
indicated the slight increase in the antioxidant potential of extract (298.5+1.0 ug AAE/mg) compared to ZnO/
MgO NPs (294.0+ 1.6 pug AAE/mg). According to Baali et al.>>, numerous methods, such as oxygen radical
absorbance capacity, ferric reducing antioxidant power, and trolox equivalent antioxidant capacity, have been
used to report the antioxidant activity of M. pulegium.

Anti-diabetic activity of ZnO/MgO NPs

By preventing a-Amylase and a-Glucosidase in vitro, plant extract and ZnO/MgO NPs have the potential
to prevent diabetes (Table 5). The degree of inhibition of a-Amylase and a-Glucosidase increased as the
concentration of plant extract and ZnO/MgO NPs increased up to 1000 pg/mL, but at different rates. A
promising result were observed using ZnO/MgO NPs with IC,, 6.5+0.36 jig/mL against a-Amylase inhibition
% and 120.76 + 1.19 pug/mL against a-Glucosidase inhibition % compared with IC,, of extract against a-Amylase
inhibition % (260.05+1.09 pg/mL) and against a-Glucosidase inhibition % (291.22+60 pg/mL). Moreover,
According to statistical analysis at P<0.05, both plant extract and ZnO/MgO NPs and positive control (Acarbose)
showed significant differences of a-Amylase and a-Glucosidase inhibition % but, ZnO/MgO NPs showed better
activity against a-Amylase inhibition % than Acarbose which reflected IC value of 117.02+0.56 pg/mL. While
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a-Amylase inhibition % a-Glucosidase inhibition %

Concentration (ug/mL) | Acarbose Extract ZnO@MgO NPs | HSD | Acarbose Extract ZnO@MgO NPs | HSD
1000 87.9+1.32b 78.7+2.15¢ 95.0+1.69a 3.32 |89.8+1.10a |75.1+0.89c |84.6+1.21b 3.32
500 81.7+0.98b 72.6+0.65¢ 90.6+0.78a 321 |84.0+0.56a |69.3+0.78c | 78.5+0.89b 221
250 75.1+1.65b 66.1+1.89c 84.0+£0.87a 2.87 |784+0.25a |63.2+0.36c |72.6+0.42b 1.23
125 68.7+0.98b 59.9+1.20c 78.2+0.68a 221 |73.0+0.15a |57.8+0.36c |67.4+0.21b 0.96
62.50 62.3+1.02b 53.7+0.89¢ 71.8+£0.32a 332 |67.1+0.85a |51.8+0.36c | 61.7+0.58b 2.10
31.25 56.3+0.87b 47.5+£1.02¢c 65.5+0.68a 223 |61.6+1.02a |45.6+0.95c |55.2+0.80b 321
15.63 49.8+0.25b 40.4+0.32¢c 58.6+0.58a 1.21 |56.6+£0.52a |39.6+0.45c |48.2+0.42b 1.35
7.81 42.9+0.09b 34.4+0.25¢c 47.1+£0.16a 0.65 |50.3+0.25a |34.2+0.36c |44.6+0.19b 0.85
3.90 36.2+0.89b 27.6+1.03c 40.6+0.75a 236 |44.0+1.09a |28.4+0.87c |38.8+0.65b 232
1.95 30.0+1.05b 21.4+1.16¢ 34.2+0.69a 3.26 |38.1+0.82a |23.2+1.02c |33.6+0.86b 2.48
0.00 0.0+£0.0 0.0+0.0c 0.0+£0.0 00 0.0+£0.0 0.0+0.0 0.0+0.0 00
IC, pg/mL 117.02+0.56b | 260.05+1.09a | 6.5+0.36¢ 6.32 | 22.15+£0.76¢ | 291.22+60a | 120.76 +£1.19b 4.36

Table 5. Activity inhibition of a-amylase and a-glucosidase by Extract, ZnO@MgO NPs, and acarbose. The
data shows means + standard error (n=3). According to Tukey’s test (HSD), significant differences (P<0.05)
are indicated by different lowercase letters in the same species within a column.

Treatments Shoot lengths (cm) | Root lengths (cm) | Fresh weight of shoot (g)
Control 24.17+6.83 a 5.77+1.97a 9.56+6.22a

Control saline 16.17+£3.33 b 3.33+0.57b 2.87+1.85b

Saline +200 mg ZnO@MgO NPs | 21.33+3.21a 6.83+3.69a 8.76 £1.33a

Saline +400 mg ZnO@MgO NPs | 18.66+ 1.53ab 5+la 3.66+0.76b

HSD 4.17 2.77 3.79

Table 6. Growth traits of Cucumber under various treatments. The data shows means * standard error (n=3).
According to Tukey’s test (HSD), significant differences (P <0.05) are indicated by different lowercase letters in
the same species within a column. The standard deviation of the means plus the mean of three replicates make
up each number. Values of the same letter in the same column do not differ significantly; nevertheless, post
hoc Tukey’s test results at P<0.05 show significant differences between distinct lower-case letters in the same
column.

acarbose reflected less IC,  value of 22.15+0.76 pg/mL than ZnO/MgO NPs. Anti-diabetic potential of ZnO NPs
via inhibiting a-glucosidase and a-amylase enzymes was reported>®.

Morphological and biochemical traits of cucumber treated by of ZnO/MgO NPs

One important and harmful abiotic element that prevents plants from developing and producing as much is
salinity’’. Bimetallic ZnO/MgO NPs at 200 and 400 ppm were tested against sea water stress for their potential
effect to drop the harmful effect on cucumber plants. In our results in Table 6; Fig. 4, salinity appeared drop in
shoot, root and fresh weight of shoot in cucumber plants but, appeared rose in antioxidant enzymes (peroxidase
and polyphenol oxidase), MDA and H,O,. Bimetallic NPs at 200 ppm, according to Tukey’s test at P<0.05,
showed significant improvement in shoot, root and fresh weight of shoot compared to salinity groups but,
appeared significant decrease in antioxidant enzymes (peroxidase and polyphenol oxidase), MDA and H,0,. In
this concept on carrot plant where plant morphology, cellular interference, and water balance are all impacted
by salt stress at 40 mM and 80 mM., but the most successful treatment for improving the morphological and
biochemical parameters was foliar application of MgO-NPs at a dosage of 150 mg/L*8. Also, MgO NPs can raise
the fresh weight in mung beans®.

Numerous studies have documented the detrimental effects of salinity on growth parameters and biochemical
traits. For example, when exposed to 75 mM and 150 mM NaCl, maize seedlings showed the largest decrease in
biomass and showed elevated levels of malondialdehyde (MDA), hydrogen peroxide (H,0,), total antioxidant
capacity (TAC), and polyphenol content®. In our results in Table 6, bimetallic ZnO/MgO NPs at 200 ppm
showed improvement in shoot, root lengths and fresh weight of shoot by 31.9, 100.1, and 31.01% respectively, but
at 400 ppm by 15.3, 50.1 and 27.5% respectively compared to saline groups. The results showed that ZnO/MgO
NPs had potential anti-salinity stress activity. It also seemed that the advantageous effects of the bimetallic ZnO/
MgO NPs had expanded to reduce the enzyme activities of polyphenol oxidase (PPO) and peroxidase (POD) in
both ZnO/MgO NPs groups of cucumber plants compared to saline groups (Fig. 4). Malondialdehyde content
(MDA) decreased by 48.09% and 46.19%, respectively, at 200 and 400 ppm in response to ZnO/MgO NPs when
compared to the saline group. Also, the contents of H,O, by 28.57% and 31.11%, respectively in Fig. 4. In our
study, sea water stress caused high significant increase in peroxidase (POD), polyphenol oxidase (PPO), H,O,
and MDA. In parallel with my results Ozdamar®!, found that the amount of malondialdehyde (MDA) and CAT
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Fig. 4. Cucumber plant peroxidase, polyphenol oxidase, H,0, and MDA contents after various treatments: sea
water + ZnO@MgO NPs (200 mg/kg of soil), sea water + ZnO@MgO NPs (400 mg/kg of soil), control saline
(irrigation with 35% of sea water), and control (using tap water). The standard deviation of the means plus

the mean of three replicates make up each number. Values of the same letter in the same column do not differ
significantly; nevertheless, post hoc Tukey’s test results at P <0.05 show significant differences between distinct
lower-case letters in the same column.

activity rose when eggplant subjected to 100 mM NaCl. The promotion role of ZnO NPS alone, appeared in our
previous study®?, which found that ZnO NPs (25, 50, 100 and 200 ppm) have positive effects on carbohydrate,
protein, amylase, protease, nitrogen (N), phosphorus (P) and potassium (K) contents of Phaseolus vulgaris L.
plants. Also, in other study on MgO-NPs at 5, 10, and 20 ppm on Nigella sativa appeared enhancement in
growth, yield, and metabolic activities®. Through increased sucrose synthesis, which in turn biosynthesizes
lipopolysaccharides (LP), glycinebetaine (GB), and total soluble protein (TSP), as well as improved ribulose
bisphosphate carboxylase-oxygenase activity, photosystem II light-capturing efficiency, and the capacity to
transport electrons under salinity stress, ZnO-MgONPs can lessen the negative effects of salinity®?.

There are some others function of bimetallic ZnO/MgO NPs listed in Table 7 also, Fig. 5. illustrate the
graphical abstract provided with proper segments of our study. In the future studies we can testing the impacts of
bimetallic NPs on a wider range of economic crops, also exploring different bio-synthesis methods, investigating
long-term effects on plant health and soil quality.

Conclusion

In summary, the current study portrays a very cost-effective and environmentally responsible technique to
biosynthesize of bimetallic ZnO/MgO by using aqueous extracts of Mentha longifolia plant without the use of
dangerous or poisonous chemicals. The results showed that ZnO/MgO NPs, has antibacterial, antioxidant, and
anti-diabetic properties, but MLLE exhibited high inhibition zones in medium inoculated by E. faecalis, E. coli,
S. typh, M. circinelloid C. albicans and S. aureus, respectively. Compared to acarbose, ZnO/MgO NPs exhibited
superior activity against a-Amylase inhibition percentage, as evidenced by their IC, value of 117.02+0.56 pg/
mL. ZnO/MgO NPs may be employed as a unique approach to boost plant growth of cucumber plants under
salinity stress, where growth promotion is needed. Peroxidation of lipid and accumulation of ROS were reduced in
cucumber treated with ZnO/MgO NPs. Plants treated with ZnO/MgO NPs showed decreased lipid peroxidation
and ROS accumulation. It is indicator the vital role of ZnO/MgO NPs to decrease the harmful effect of salinity
on plant. In the future studies, molecular and cytotoxicity studies on plant cell under effect of bimetallic NPs.
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Precipitation method

Anticancer Drug Carrier

Green method by Azadirachta indica

Wastewater Treatment

Green method by Citrus limonium fruit juice

Antibacterial activity

Precipitation method

Antifungal activity

Green method by Lupinus albus.

Photocatalytic and Antimicrobial Activities

Sol-gel method sol-gel method

Antifungal activity

Ethanol-water as a solvent
Reflux-assisted co-precipitation technique employing water and ethanol as a solvent

As a catalyst for reactive black 5 dye degradation and p-nitrophenol reduction

Green method by oily extract of Curcuma zedoaria

Had Leishmanicidal and Anti-Microbial Effects

Green method by Rosehip (RH) extract

Antioxidant and anti-inflammatory activity

Polymeric ionic liquids

Oxygen reduction reaction and advanced catalysis

Facile one-step combustion route

Anti-microbial, cytotoxicity and photocatalysis applications

A facile one-pot method

CO, adsorption and catalytic conversion

Mentha longifolia leaves eques extract

Antibacterial, anti-diabetic, antioxidant agents and plant stimulator for reducing | Current

salinity stress

study

Table 7. Bimetallic ZnO/MgO nanoparticles’ biological activity.

Fig. 5. The graphical abstract of our study, provided with proper segments in the manuscript.
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