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antimicrobial activity against various bacterial strains,
including Staphylococcus aureus, Bacillus subtilis, Escherichia

coli, and Klebsiella pneumoniae, with zones of inhibition ranging from 12 to 16 mm.

However, the nanoparticles showed no antifungal activity against Aspergillus niger. In
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addition, the MnO, nanoparticles showed high antioxidant activity, where Mn2 (95.20%) and
Mnl (95.06%) were more effective than ascorbic acid 1 (94.15%) and ascorbic acid 2
(92.14%) in DPPH radical scavenging activity. These findings suggest that green-synthesized
MnO; NPs using spearmint plant leaf extract have potential applications as antimicrobial and
antioxidant agents.

KEYWORDS: Green synthesis MnO, NPs, Antimicrobial and Antioxidant properties
analysis.

1. INTRODUCTION

Nanomaterial’s, defined as materials with a length scale of less than 100 nanometers, are
becoming increasingly popular due to their fundamental scientific significance and the
potential applications arising from their intriguing magnetic, electrical, and catalytic
properties. ! Manganese is the twelfth most abundant element in the earth’s crust and is
therefore relatively available, making it ideal for cost-effective large-scale applications.
Manganese oxide nanoparticles can be prepared using both top-down and bottom-up
approaches. However, the top-down approach is less commonly employed because of its high

preparation costs and the structural defects it introduces in the manufactured nanoparticles.™

Most researchers favor the bottom-up method because particles with uniform sizes and
morphologies can be collected using this method."! Manganese oxides, such as MnO,
MnO,, and Mn3O,4, have been used in sensors, catalysis, rechargeable batteries, super-
capacitors, and waste water treatment.’*¥ Owing to its high redox potential, high theoretical
capacity, and low cost, MnO;, has become a common cathode material in many types of
batteries.'” Therefore, employing biological methods, especially those derived from plants,
for NP synthesis presents an alternative to traditional techniques.

Plants contain chemicals such as alkaloids, polyphenols, flavonoids, and terpenoids. These
chemicals help convert metal ions into metal nanoparticles.***® In this regard, the leaf
extract of spearmint, a species of the mint family, was used for the bioconversion of
manganese ions to NPs. Mint, in various forms, is used in medicine for its reputed digestive,
antimicrobial, and anti-inflammatory properties. It is frequently used to relieve indigestion,

irritable bowel syndrome (IBS), and other gastrointestinal issues.
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Moreover, mint oil is a crucial component in products such as cough drops, inhalers, and
even some tooth pastes and mouthwashes.**** Using manganese sulfate as a precursor
material, we present a precipitation technique for the manufacture of MnO, nanoparticles in
the present study. The biological properties of the as-prepared MnO, NPs were investigated
against various bacterial and fungal strains, including S. aureus, B. subtilis, E. coli, K.
pneumonia and A. niger. The experimental procedure for the synthesis of MnO2 NPs using

spearmint leaves extract is depicted in Figure 1.
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Figure: 1. Schematic Representation for Spearmint Plant Leaves Mediated Green
Synthesis of MnO, NPs.

2. MATERIALS AND METHODS
Manganese (1) sulfate monohydrate (99% purity) were purchased from Sigma-Aldrich,
Merck and Molychem companies of high purity and used directly in the reaction protocol

without further purification.

2.1. Collection of the Plant Material

Spearmint was acquired from the Shahaganj Chh.Sambhajinagar (Aurangabad) local market,
and the spearmint leaves were cut and washed with tap water and distilled water to remove
the dust particles and other possible contaminants, and then dried at room temperature. They

were finally crushed in a mixer grinder, and the powder was passed through a Strainer Sieve.
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Preparation of Leaves Extract

The plant extract was made using the previously described procedure, with a few minor
adjustments.™® The plant was extracted by combining 10 g of dried spearmint leaves with
100 ml of double-distilled water in a 250 ml beaker. The container was placed on an electric
magnetic stirrer at 80-90°C and 300 rpm for 1 h. After cooling to room temperature, the

solution was filtered through Whatman No.1 filter paper.

2.3. Green synthesis of MnO, Nanoparticles

Metallic NPs were prepared using a previously reported protocol.'” with a few
modifications. In short, 10 mL of the precursor manganese (1) sulfate and 90 mL of the
spearmint leaves extract were combined at 80°C while being constantly stirred. The extract
was transparent before the addition of the salt solution. The extract turned murky when the
salt solution was added. The solution turned dark brown over time, indicating the formation
of metallic nanoparticles. A UV-Visible and FT-IR spectrophotometer was used to confirm
the findings. The nanoparticles were recovered by centrifugation at 6500 rpm for 15 minutes
after a 24-hour period. To remove soluble contaminants, the gathered nanoparticles were
rinsed twice using distilled water and ethanol. This precipitate was subsequently calcined for
2 hour at 400°C in a muffle furnace, resulting in a fine brownish powder, which was carefully

preserved for future research.

2.4. Characterization

Fourier transform infrared (FTIR) spectroscopy (Thermo Nicolat 6700, U.S.) was used to
characterize the manufactured materials. The examination was conducted within the
wavenumber range of 4000 cm—1 to 500 cm—1. The absorption spectra at the 800—200 nm
scanning range were obtained using the UV-Visible absorption spectrophotometer (JASCO
UV V-750). The characteristic absorption spectra demonstrate the continual production of
MnO,-NPs. X-ray diffraction (Brukar D8-Advanced Diffractometer) was used to
crystallographically clarify MnO;, NPs, and FE-SEM (Nova Nano-SEM NPEP303) and TEM
(PHILIPS CM200) were used to analyze morphological features, such as size and topology.
The chemical purity and elemental composition were determined by energy dispersive X-ray
spectroscopy (EDX, Bruker, XFlash 6130), Using a disk diffusion experiment, the
antibacterial activity of the biosynthesized MnO NPs was evaluated against two Gram-
positive bacteria, Staphylococcus aureus and Bacillus subtilis and two Gram-negative
bacteria, Escherichia coli and Klebsiella pneumonia bacteria. The findings were compared
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using Streptomycin (10 micrograms per disk) as the reference standard. The antibacterial
activity was tested using nutritional agar from Hi- media. Composition (gL-1). Sodium
chloride 5.0: Beef extract 10.0: Penton 10.0 (pH 7.2). The diameter of the Zone is measured
by Vernier Calliper.

The antioxidant activity of the synthesized nanoparticles was evaluated using the DPPH free
radical scavenging assay. The nanoparticles exhibited significant radical scavenging activity
in a concentration-dependent manner. The percentage inhibition increased with increasing
concentration, indicating strong antioxidant potential. The ICs, value was found to be lower
compared to the standard antioxidant (ascorbic acid), suggesting effective free radical

neutralization ability.

3. RESULTS AND DISCUSSIONS

3.1. Visible Observation

The extract is normally yellowish-green prior to reaction due to the presence of chlorophyll,
flavonoids, and polyphenols. After reaction with manganese (I1) sulfate solution, the color
changes from yellowish-green to dark brown. This color change confirms the reduction of
manganese ions and the formation of manganese oxide, or Mn NPs.[*®!

3.2. Fourier transform infrared spectroscopy of Spearmint Plant Leaves Extract and
MnO;, NPs

The primary peak in the spectrum was found at 3275 cm™, with other peaks at 2950, 2390,
1635, 1350, 1150, and 970 cm™, respectively. The spectral ranges and associated band
assignments of the extracts from spearmint leaves are listed in Table 1. Spearmint leaves
contain hydrogen-bonded alcohol, phenols, alkanes, alkenes, alcohol, ethers, and carbonyl
groups. Hydrogen-bonded alcohols and phenols are found in the bands at 3275 cm™. The
presence of the 2950 cm™ C-H stretch in spearmint leaves confirms the presence of these
saturated carbon-containing compounds within the plant material®®. The band at 2390 cm™
indicates the presence of nitrile groups (C=N stretching). The vibrational absorption band at
1635 cm™! was assigned to the C=0 stretching. A notable band at 1350 cm™ and 1150 cm™
can be assigned to C-H bending, C-O & C-N bending respectively, A band at 970 cm™
represent the (—-HC=CH-trans-) bending vibrations, These groups are commonly found in

various terpenoids, including those present in Spearmint leaves.[?%%l
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Table: 1. FTIR Spectrum Analysis of Spearmint Plant Leaves Extract.

Wave numbers (cm-1) | Assignments
3275 cm™ -OH stretch
2950 cm™ C-H stretch
2390 cm™ C=N stretch
1635 cm™ C=0 stretch
1350 cm™ C-H bending
1150 cm C-O & C-N bending
1 (-HC=CH- trans-)
970cm bending vibrations

MnO, NPs show Broad peaks are obtained at 2350, 1132, 829,594 and 427; these peaks are
related to the presence of O-H, C=0, C-C, Mn-C, Mn-O bonds on the surface of manganese
dioxide nanoparticles.?*?® The peak at 427 cm™ in the MnO, nanoparticle FT-IR spectra is
attributed to Mn-O stretching or bending vibrations, reflecting the MnO, structure and
confirming its successful synthesis. Figure 2 displays the FT-IR spectrum of spearmint plant
leaves and MnO, NPs, covering the wavenumber range of 400-4000 cm™.
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Figure: 2. FT-IR spectrum of Spearmint Plant Leaves & MnO;, NPs.

3.3. UV-Visible spectroscopy of MnO, NPs

The UV-vis spectra of MnO2 nanoparticles are shown in Fig. 3. It showed absorption peaks
at 243 and 255 nm. These are in the UV region and are typically associated with charge
transfer transitions, most likely 02> — Mn** ligand-to-metal charge transfer (LMCT) in
MnO, or other manganese oxides. In nanoparticles, these peaks can appear slightly shifted

compared to bulk MnO, due to quantum size effects and surface states of the nanoparticles
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and 340 nm, which is in the Near-UV region and is often attributed to d-d electronic
transitions within Mn ions (like Mn** or Mn3*) in an octahedral oxide environment, or to
defect/surface plasmon-like resonance if the particle size is very small and surface defects are
significant. For manganese oxides, this peak can also arise from intervalence charge transfer
(Mn3* < Mn**) between different oxidation states in the lattice. Peaks in these regions

represent 7-7*, n-m*, or d-d electronic transitions.[?’
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Figure: 3. UV-visible spectrum of MnO;, NPs.

3.4. Powder X-Ray diffraction (XRD)

X-ray diffraction spectroscopy was used to analyze the crystalline structure of the prepared
MnO; NPs, as shown in Figure 4. The diffraction peaks at 26 of prepared nanoparticles were
18.34°, 25.74°, 28.78°, 37.66°, 42.14°45.50°, 48.80°, 56.44°, 65.26°, and 69.64° which
correspond to crystal planes of (110), (200), (310), (211), (301), (411), (600), (521), (541)
and (222) respectively. This suggests that the tetragonal crystalline structure of the MnO,
nanoparticles was successfully prepared, which agrees well with the JCPDS card number (44-
0141).E

Using the Debye-Scherrer equation, the average crystallite size of the particles was

determined to be 24 nm.1!
Debye—Scherrer equation: D = KA/ (B cos 0)

Where B is the full-width half maximum, k is the Scherrer constant, D is the crystallite size,

and A is the wavelength of the X-ray.
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Figure: 4. XRD spectrum of MnO, NPs.

3.5. Energy Dispersive X-Ray (EDX) and Mapping Images

Energy-dispersive X-ray (EDX) spectral analysis of the synthesized MnO, nanoparticles
confirmed the presence of manganese (Mn), oxygen (O), carbon (C), and nitrogen (N) (Fig.
5b). The results of EDX elemental image mapping shown in (Fig. 5a) revealed the atomic
percentages of Mn, O, C, and N in the synthesized MnO, nanoparticles. It shows a peak for
Mn-O linkage at 0.2688 keV. The production of Mn dioxide NPs is confirmed by the
elemental peaks of manganese and oxygen. These EDX features are consistent with previous

studies.[F?34

Figure: 5. (a) Elemental mapping images of MnO;, Nps.
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Sum Spectrum

Elements Weight%  Atomic%

CK 10.85 23.64
N K 0.14 1.01
OK 26.00 4415
Mn K 63.01 31.20
Totals 100.00

0 5 10 15 20
Full Scale 13966 cts Cursor: 0.000 keV

Figure: 5. (b) EDX and Percentages of Mn, O, C, and N.

3.6. Field Emission Scanning Electron Microscopy (FE-SEM)

The produced MnO, NPs' surface morphological and size characteristics were examined
using a scanning electron microscope (SEM). The FE-SEM images of an MnO, nanoparticle
are shown in Figure (6). The synthetic sample almost roughly spherical form and nanoscale
dispersion are seen in the image.5*"1 The diameters of the nanoparticles observed were 25 to

146 nm, as shown in figure 6. These pictures confirm the formation of MnO; nanoparticles.

Figure: 6 FE-SEM images of a MnO, NPs.

3.2.6. High-resolution Transmission Electron Microscopy and Selective area Electron

Diffraction (HRTEM-SAED)
Figure (7a) shows a TEM photograph of the prepared sample. The product was found to

include particles of diverse sizes and shapes, indicating that aggregates had developed. MnO,
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nanoparticles have an average size of around 34.94 nm. HR-TEM images (Figures 7b and 7c¢)
show clear lattice fringes with an estimated d-spacing of 0.280 nm, confirming the tetragonal
crystalline structure. The diffraction ring point in the SAED pattern suggests phase selection
based on the materials' crystallinity (Figure 7d).*® *! Thus, the XRD results were equivalent.
The images were created by research of TEM features, followed by material analysis using

ImageJ software.

Figure: 7. (a) TEM, (b) HRTEM, (c) d-spacing calculations of the prepared MnO;, NPs
and (d) SAED.

3.7. Antimicrobial Activity

Research has explored the antibacterial properties of the biosynthesized MnO, nanoparticles
against Aspergillus niger, Bacillus subtilis, Escherichia coli, Klebsiella pneumoniae, and
Staphylococcus aureus. The antimicrobial effectiveness of these nanoparticles was evaluated
by measuring the diameter of the inhibition zone using the disc diffusion method. Inhibition
zones were observed for all tested microorganisms, indicating that manganese oxide
nanoparticles can potentially serve as antimicrobial agents. Figure 8 shows the impact of
manganese oxide nanoparticles on the growth of bacterial and fungal strains, while Table 2

shows the inhibition zone values.

The antibacterial activity analysis revealed a 14 mm zone of inhibition for Gram-positive S.
aureus and a 16 mm zone for B. subtilis. Similarly, Gram-negative E. coli and K. pneumoniae

exhibited zones of inhibition measuring 12 and 13 mm, respectively. However, the antifungal
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activity analysis of A. niger did not show any zone of inhibition. For long-term performance,
the activity is also dependent on the NPs' physicochemical characteristics. In general, the
particle dosage, length of therapy, and method of delivery affect the effectiveness of
antibacterial activity.[** 4!

Table: 2. Antimicrobial activity of Synthesized MnO, Nanoparticles against Pathogenic

Bacterial and Fungal Species.

Zone Of Inhibition (mm)
_ Strain Concentration 1mg/ml
Microbes f
VETErence | streptomycin | MnoO,
[+ve control] NPs
S. aureus NCIM 2079 23 14
B. subtilis NCIM 2250 32 16
E. coli ATCC 25922 23 12
K. pneumoniae | NCIM 2719 28 13
A. niger ATCC 16404 16 -

(c),

Mn  B.subtilis’,

e

Figure: 8. Antimicrobial effect of biologically synthesized MnO;, NPs against (a) S.
aureus, (b) B. subtilis, (c) E. coli, (d) K. pneumoniae, (e) A. niger.

3.8. Antioxidant activity

The antioxidant potential of the biosynthesized MnO, nanoparticles (MnO, NPs) was
evaluated using the DPPH radical scavenging assay.[***®! The DPPH (2,2-diphenyl-1-
picrylhydrazyl) method is a simple and widely accepted technique for assessing antioxidant
activity. The results demonstrated that both Mn-based nanoparticles exhibited significant
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antioxidant activity, with Mnl showing high inhibition (95.06%), followed by Mn2
(95.20%), which were comparable to the standard ascorbic acid (94.15%) (Table 3). These
findings indicate that the synthesized MnO, nanoparticles possess strong free radical

scavenging ability and can act as effective antioxidant agents.

Table: 3. Scavenging Effect on DPPH Radical and % Inhibition of Synthesized MnO,
NPs.

gg;"epound 39 | 78 | 156 | 31.3 | 625 | 125 | 250 | 500 | Mean
Mn1 90.90 | 91.95 | 94.60 | 94.99 | 95.98 | 96.39 | 97.40 | 98.30 | 95.06
Mn2 91.58 | 92.90 | 93.78 | 94.99 | 95.60 | 96.78 | 97.79 | 98.20 | 95.20

Ascorbicacid1 | 91.58 | 92.18 | 93.59 | 94.19 | 95.39 | 96.70 | 97.40 | 98.20 | 94.15

Ascorbic acid2 | 86.70 | 87.78 | 88.60 | 91.94 | 93.73 | 95.02 | 96.02 | 97.30 | 92.14

Antioxidant Activity vs Concentration

a8 4
96
= 94 4
=
e
=
€ 92 -
=
90 4
—8— Mnl
88 - —— Mn2 ) .
—&— Ascorbic Acid 1
—8— Ascorbic Acid 2

0 100 200 300 400 500
Concentration {(ug/mL})

Figure: 9. DPPH Scavenging Activity of MnO, Nanoparticles and Ascorbic Acid.

4. CONCLUSIONS

Manganese dioxide nanoparticles (MnO, NPs) were successfully synthesized using a green
method with spearmint leaf extract. XRD analysis revealed an average crystallite size of ~24
nm. SEM images showed a roughly spherical morphology with particle sizes ranging from 25
to 146 nm, while HRTEM analysis indicated an average size of ~34 nm. The SAED pattern

confirmed the crystalline nature of the nanoparticles.
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FT-IR spectra exhibited a characteristic Mn—O absorption band at 427 cm™, confirming
nanoparticle formation. EDX analysis further revealed the presence of Mn, C, N, and O

elements.

The synthesized MnO, nanoparticles demonstrated effective antibacterial activity against
Klebsiella pneumoniae, Bacillus subtilis, Escherichia coli, and Staphylococcus aureus.
Additionally, they showed significant antioxidant activity, indicating strong free radical

scavenging potential.

Overall, this study confirms that green-synthesized MnO, nanoparticles possess promising
antibacterial and antioxidant properties, making them suitable for potential biomedical and

environmental applications.
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