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Biosynthesis and activity of Zn-
MnO nanocomposite in vitro with
molecular docking studies against
multidrug resistance bacteria and
inflammatory activators
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Mohammed Yagoub Mohammed Elamir!, Asmaa A. Alharbi® & Soad K. Al Jaouni®**

This study investigated the green synthesis of Zn-MnO nanocomposites via the fungus Penicillium
rubens. Herein, the synthesized Zn-MnO nanocomposites were confirmed by UV-spectrophotometry
with a top peak (370 nm). Transmission electron microscopy confirmed irregular particles with a
spherical-like shape ranging from 25.13 to 36.21 nm. Numerous functional groups were detected

on the surface of Zn-MnO nanocomposite via Fourier-transform infrared spectroscopy. X-Ray
diffraction assay appeared that the synthesized Zn-MnO nanocomposites contained two different
components, MnO (JCPDS 81-2261) and ZnO (JCPDS 36-1451), while energy dispersive X-ray spectra
confirmed the occurrence of manganese, zinc, oxygen, and carbon in Zn-MnO nanocomposites.
Zn-MnO nanocomposites demonstrated excellent suppress effect versus the growth of various
bacteria namely Staphylococcus aureus, Methicillin-resistant S. aureus (MRSA), Salmonella typhi, and
Klebsiella pneumoniae via agar well diffusion assays with inhibition areas of 36 +0.1, 25+0.1, 27 +0.2,
and 23 +£0.2 mm, correspondingly. Alterations in the ultrastructure of the treated K. pneumoniae by
Zn-MnO nanocomposite were recorded. Both the values of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration of Zn-MnO nanocomposite extended from 15.62 to 125 pg/
mL employing the examined bacteria. The antibiofilm activity of Zn-MnO nanocomposites was 82.07,
75.43, 43.65, and 41.35% at 25% MIC, and 96.54, 93.0, 94.53, and 91.11% at 75% MIC against S.
aureus, MRSA, K. pneumoniae, and S. typhi, respectively. At 25 to 75% MIC, Zn-MnO nanocomposites
exhibited antihemolytic activity with the maximum activity of 96.3% at 75% MIC in the presence

of MRSA. Extensive molecular docking studies were performed to identify the optimal location for
manganese oxide and zinc oxide nanoclusters binding to MRSA. MnO-NPs and ZnO-NPs demonstrated
inhibitory activity against the crystal structure of putative minohydrolase (PDB ID: 4EWT), methicillin
acyl-penicillin binding protein 2a structure (PDB ID: 1IMWU) and K2U bound crystal structure of class Il
peptide deformylase from MRSA (PDB ID: 6JFQ). The minimum binding energy was utilized to estimate
the receptor’s binding site with NPs, providing additional understanding of the ways of action.
Anti-inflammatory activity of Zn-MnO nanocomposites via cyclooxygenase-1 and cyclooxygenase-2
enzymes inhibition was documented with IC. doses of 20.81+0.68 pg/mL and 35.87 £1.35 pg/mL,
respectively. Based on these outcomes, it was concluded that Zn-MnO nanocomposites could be useful
agents for the management of multidrug resistant bacterial pathogens and inflammation.
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In the present decade, science of nano has appeared as a promising tool with a varied array of uses in the
mechanical, biological, chemical, food processing, environmental and pharmaceutical industries'~*. Through
previous studies, numerous approaches for the production of metal-based nanoparticles (NPs) have been
described, comprising chemical, physical, and biological. Despite this, research is still ongoing to choose the
safest and least expensive methods, and to address the various drawbacks and advantages of each method.
Biological methods are preferred over other methods of NPs synthesis for several reasons, including minimal
cost and reduced environmental impact, in addition to their utilization of renewable sources. In contrast,
physical techniques liberate heat and energy into the atmosphere, while the release of hazardous compounds and
toxic products are associated with chemical techniques. Several biological sources can be used for NPs synthesis,
including filamentous fungi, bacteria, yeasts, algae, and plants™. Among these, fungal-mediated synthesis has
superior properties and takes advantage of several metabolites that are used as reducers and stabilizers for NPs
synthesis’. Initially, the field of NPs synthesis focused on the production of one type metal oxide, namely silver
(Ag), silicon (Si), zinc (Zn), copper (Cu), Iron (Fe), magnesium (Mg), selenium (Se), nickel (Ni), titanium
(Ti), Manganese (Mn), and gold (Au)®'7, but the area later evolved into the synthesis of two, and sometimes
three, different metals as composites'' due to their stability, alliterative effect, and high activity'>!. The activity
of formulated dual or triple nanostructures, as well as nancomposites, was greater than that of the individual
Npsl4716.

Several biological activities were attributed to numerous inorganic NPs such as Si, Ag, Au, Fe, Cu, Mg, Zn and
Ti'”. However not all these NPs possess the same bioactivity and safety level, for instance the antibacterial activity
of Ag NPs was reported at low concentrations while its high concentration can cause cytotoxic!®. Also excellent
antimicrobial activity was attributed to Au NPs but there are some investigations about its cytotoxicity'®. In
addition, the real applications of Au and Ag NPs are limited due to their high unit costs.

In our study Zn (Bluish-white, solid, point of melting 419.5 °C, density 7.14 g/cm at 25 °C with molecular
weight 65.38), and Mn (Steel-gray, solid, melting point 1,244 °C, Density 7.26 g/cm at 20 °C with molecular
weight 54.94) in the form nanocomposite were synthesized, characterized, and applied in some biological
investigations. The inexpensive cost of Zn attracts the investigators attention for utilization of ZnO NPs in
biological functions. Antibacterial and antioxidant properties of Mn,O, are reported. Their properties were
enhanced through cooperation with other metals?’. Enhancement of physiological functions of human was
associated with the existence of Mn?!. The incorporation of ZnO NPs with Mn displayed better biological
functions such as antimicrobial and antioxidant activities?>%.

ZnO NPs and MnO NPs are becoming progressively attractive specific in biological utilization, including
nanomedicine, gene transfer, besides pharmaceutical management due to their safety and stability. ZnO NPs
possess antibacterial and antifungal properties, so they can apply to inhibit and manage the spread of pathogens?*.
Recently, several methods for producing pertinent MnO NPs, like MnO, NPs, Mn,0, NPs, and Mn,O, NPs,
have been reported!""?®. These NPs are potent antibacterial and antioxidant agents since they contain a stable
metal oxide with complementary qualities. MnO, NPs have also garnered a lot of interest since it is believed
that they display limited potential for cytotoxicity compared to other NPs?. A range of unique properties, such
as nontoxicity, cost-effectiveness, biocompatibility, and thermal and chemical stability, may be present in the
nanocomposite that result from the formulation of MnO, and ZnO. These properties should be further explored
for a range of therapeutic employs, like drug delivery and antimicrobial activity?’. Dual or triple nanocomposites,
on the other hand, have received less attention despite showing great promise in a variety of applications?.
Moreover, Zn-MnO NPs display a variety of biological activities against pathogenic microorganisms, diabetes,
and cancer depending on their stability, concentration, shape and size. EL-Moslamy et al.!> reported that Zn-
MnO NPs synthesized by microorganisms having antimicrobial activity against different bacteria and fungi'.

Multidrug resistant (MDR) bacteria and their biofilm are usually linked with serious health problems.
Abdelraheem et al.?° reported that linezolid resistant-Staphylococcus aureus, vancomycin resistant-S. aureus and
methicillin resistance-S. aureus were significant inhibited by ZnO NPs. The cyclooxygenase (COX) enzyme is
activated during inflammation and is essential for prostaglandin synthesis®’. Prostaglandins are hormone-like
molecules that play a variety of roles in the body, such as causing fever, pain, and inflammation3"¥2.

Molecular docking (MD) technology is used to evaluate the bioactivity of any discovered compound or any
compound developed through its interaction with target proteins. The evaluation of any compound activity is
done by calculating the binding affinities those results from the MD interactions, as mentioned in many published
scientific papers that focused on natural compounds of plant or microbial origin, as well as NPs that functioned
as antimicrobial or anticancer agents”**-%¢. Therefore, the aim of the present scientific investigation was the
synthesis of Zn-MnO nanocomposite via green method and assessing their activities against some multidrug
resistance bacteria with MD studies besides its activity as anti-inflammatory activator via cyclooxygenase-1 and
cyclooxygenase-2 enzymes inhibition assay.

Therefore, the purpose of the present scientific research was the synthesis of Zn-MnONPs composites via
green method and assessing their activities against some multidrug resistance bacteria with MD studies besides
its activity as anti-inflammatory activator via cyclooxygenase-1 and cyclooxygenase-2 enzymes inhibition assay.

Materials and methods

Microbial growth

Penicillium rubens (GenBank accession number OM836432.1), marine fungus an endophytic on Avicennia
marina leaves obtained from Prof. Tarek Mohamed, Al-Azhar University, Egypt, was cultivated in broth of
Potato Dextrose for 6 days at 25 °C with shaking (150 rpm). After this period, the developed fungal mycelia
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were removed, followed by centrifugation of broth medium at 10,000 rpm for 10 min to removing any debris of
mycelia®. Via filter (0.2 um pore size), the collected supernatant was filtered and then used for the synthesis of
Zn-MnO nanocomposite.

Biosynthesis of Zn-MnO nanocomposite

In the current experiment, fungal supernatant was assessed for its ability to synthesize Zn-MnO nanocomposites
as potent metal oxide tolerance agents. The nanocomposite precursors including Zn (CH,CO0),-2H,0 and
MnCl, were prepared as 200 mM and 100 mM solutions, respectively, in deionized H,O, and then equal volumes
of each precursor were mixed. The fungal supernatant (200 mL) was adjusted to pH 6 using 5 M NaOH and then
applied as a reducatant agent of nanocomposite precursors. The extract was titrated toward precursors mixture
pending the color of extract shifted markedly, followed by shaking at 200 rpm and 50 °C for 60 min. Lastly, the
diluted extract (20%) (15 mL) was added to the reaction mixture as a capping agent'®. The produced Zn-MnO
nanocomposite was lyophilized in powder form.

Characterizations of Zn-MnO nanocomposite

The shape and size of Zn-MnO nanocomposites were investigated via Transmission electron microscopy (TEM)
(Philips CM-200, Japan). The UV-Vis spectroscopy technique was applied to detect the optical possessions of
synthesized Zn-MnO nanocomposite. Morphology and elemental analysis of Zn-MnO nanocomposite were
determined via Energy dispersive x-ray (EDX) joined with scanning electron microscopy (SEM-JEOL JSM
840 A, China). The Zn-MnO nanocomposite powder’s characteristics are examined through X-ray diffraction
(XRD) (Shimadzu 7000 Diffractometer) that uses Cu Ka, radiation (k _ 0.15406 nm). With a scan rate of 2°/
min and 2° values ranging from 0° to 80°, this XRD pattern was produced at 30 kV and 30 mA. Before being
shaped into a pellet, the air-dried powder of Zn-MnO nanocomposites with 0.25-0.50 KBr was thoroughly
mixed and ground in a mortar. Then the prepared pellet of Zn-MnO nanocomposite was examined by a Japanese
instrument (Shimadzu FTIR-8400 S) FTIR spectra that span the 400-4000 cm! range of wavelength. Stability of
Zn-MnO nanocomposite was characterized via dynamic light scattering (DLS) model Horiba, SZ-100, Japan.
Zn-MnO nanocomposite after dilution, it dispersed via sonication process for 25 min, and then investigated
utilizing DLS at 25 °C'®.

Efficacy Zn-MnO nanocomposites against tested bacteria

Some multi-drug resistant human pathogens, comprising methicillin-resistant Staphylococcus aureus (ATCC
33591) (MRSA), S. aureus (ATCC 6538), Klebsiella pneumoniae (ATCC13883), Salmonella typhi (ATCC 6539)
were employed for estimating the Zn-MnO nanocomposite’s antimicrobial susceptibility in vitro. Employing
the agar well diffusion technique, the antimicrobial properties of the synthesized Zn-MnO nanocomposites
were examined. First, LB broth medium was used to cultivate every human pathogen that was tested. Next,
100 pL of the cell suspension (1x 106 CFU/mL) for each pathogen was swabbed separately onto LB agar plates.
After that, a sterile cork borer (5 mm) was used to drill the wells in each plate. After that, 25 uL of 100 pg/mL of
tested Zn-MnO nanocomposite was added to each of these wells independently. DMSO (30 pL/well) and 5 mg/
mL of ampicillin were prepared as controls negative and positive, respectively. Following a 2-hour statically
incubated period at 4 °C for well-diffusion, the plates were moved to a 48-hour incubator at 37 °C. Following this
period, the inhibitory areas that developed were measured in millimeters'*. Ultrastructure studies were done on
one bacterium (K. pneumoniae) as a model to evaluate the action mechanism of Zn-MnO nanocomposite for
inhibition the bactterial growth. K. pneumoniae was treated by 100 ug/mL of Zn-MnO nanocomposite, after the
24 h of growth period, it examine by Transmission electron microscopy (TEM)?®.

Approach of Broth Micro Dilution to estimate MIC and MBC of Zn-MnO nanocomposites

The minimum bactericidal concentration (MIC) of Zn-MnO nanocomposites was detected using the
microdilution approach in hygienic plastic plates with round wells holding 0.1 mL of broth. Zn-MnO
nanocomposite was prepared in serial dilutions and subsequently distributed into the microdilution trays. The
supplying apparatus then fills each of the 96 standard tray wells with 0.1 mL. A saline solution contained 2 x 103
colony-forming units/mL (adjusted to a 0.5 McFarland standard) was used to prepare the microbial inoculum
suspension. Within 15 min of the inoculation procedure, the wells were inoculated and allowed to incubate
in ambient air incubator for 20 h at 37 °C. The MIC is the lowest concentration of Zn-MnO nanocomposites
that, when measured by recording the OD at 600 nm, totally inhibits the development of the tested bacteria
in microdilution wells. The microbial culture was diluted to a concentration of 1x 10° colony-forming units/
mL in Mueller Hinton Broth in order to detect the minimum bactericidal concentration (MBC) of Zn-MnO
nanocomposite. Zn-MnO nanocomposite is prepared in 96-well microtiter plates in 1:1 dilutions in addition to
a stock dilution made 100 times of the detected MIC. Each dilution and tested bacteria were inoculated in equal
volumes. In order to demonstrate acceptable bacterial development over the course of the incubation period and
media sterility, respectively, tested bacteria were injected in positive as well as negative control wells*. To create
a baseline dilution of the employed bacteria, an aliquot of the appeared bacteria (positive control) is cultivated.
Incubation of the Microtiter plates was then carried out for 48 h at 35 °C. Bacteria development is indicated by
turbidity, and the minimum inhibitory concentration (MIC) is the concentration at which no microbial growth
is observed. A minimum of two of the more concentrated sample dilutions are plated and calculated to record
the viable CFU/ml in order to calculate the MBC. MIC is represented by the dilution. With respect to the MIC
dilution, the MBC is the lowest quantity that exhibits a predetermined decline (99.9%) in CFU/mL at what time.

Scientific Reports |

(2025) 15:2032 | https://doi.org/10.1038/s41598-024-85005-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Anti-biofilm activity

In 96-well polystyrene flat bottom plates, the influence of the nanoparticles on the formation of bacterial biofilms
was evaluated. 300uL of freshly inoculated Mueller-Hinton Broth (MHB) medium, with a final dose of 10°
CFU/mL, was added to each well of a microplate. The TSY was then cultivated in the existence of the previously
calculated sublethal dosages of Zn-MnO nanocomposites MBC (75, 50, and 25%). As controls, there were wells
with medium, wells with only methanol, and wells devoid of any Zn-MnO nanocomposite. For 48 h, plates
were incubated at 37 °C. After the incubation time, the supernatant was detached, and sterile distilled H,0
was employed to thoroughly wash the free-floating cells in each well. The bio-film that had formed was stained
using aqueous solution of crystal violet (0.1%) for 15 min at 25°C after the plates were left to air dry for 30 min.
Water was used to remove any excess stain following incubation. Following incubation, the plate was cleaned
three times with sterile distilled water to get rid of any leftover dye. The dye joined to the cells was eventually
solubilized via addition of 250 pL ethyl alcohol (95%) to each well once 15 min of incubation’. Next, the
absorbance was determined at 570 nm employing a microplate reader.

Anti-biofilm activity % = abs control — —abs Zn — MnO nanocomposite/abs control x 100

Hemolysis measurement of Zn-MnO nanocomposite in the existence of tested bacteria

The hemolysin activity of Zn-MnO nanocomposite in sub-MIC of 25%, 50%, and 75% treated with the tested
bacteria was estimated. The tested bacteria that were treated and adjusted to an OD600 of 0.4 were centrifuged
(21,000x g for 20 min), using varying doses of sub-MIC. 500 pL of supernatants and fresh erythrocyte suspension
(2%) in 0.8 mL saline were combined, and the mixture was incubated for 2 h at 37 °C before centrifuging at
4 °C and 11,000x g for 10 min. A positive control (PC) of complete hemolysis was produced by adding 0.1%
of sodium dodecyl sulphate to the suspension of erythrocyte, and a negative control (NC) of unhemolyzed
erythrocytes was produced by incubating the erythrocytes in Luria-Bertani (LB) broth at the same conditions.
The absorbance at 540 nm was used to estimate the release of hemoglobin. The percentage change in Zn-MnO
nanocomposite -induced hemolysis from untreated control cultures was reported for sub-MIC treated tested
bacteria*!. The hemolysis percentage was assessed after comparing the releasing hemoglobin with the positive
and negative controls employing the next equation.

_ ZnO@MnO2 nanocomposite with bacteria — NC «

PC — NC 100

Hemolysis (%)

Docking potential

Molecular docking, a well-recognized and multipurpose in silico technique was used to predict the binding
interactions between each protein and the selected ligands. We carried out molecular docking analyses of
manganese oxide (Mn,,0,,) and zinc oxide (Zn,,0,,) nanoclusters using a software of Molecular Orbital
Environment (MOE) to investigate the binding modes among the ligands and the targeted enzymes (The crystal
structure of putative aminohydrolase from MRSA (PDB ID: 4EWT), structure of methicillin acyl-penicillin
binding protein 2a from MRSA (PDB ID: IMWU) and K2U bound crystal structure of class II peptide
deformylase from MRSA (PDB ID: 6JFQ). All of the compounds’ configurations were drawn with the Gaussian
09 program and saved as MOL files (.mol) for MOE to display*2. The protein’s 3D structure was obtained from
the Protein Data Bank (PDB) database (http://www.rcsb.org/pdb, accessed on 15 April 2024) with the respective
IDs, respectively 4EW'T, IMWU and 6JFQ. Atoms of hydrogen were included next the water molecules around
the protein had been eliminated. The parameters and charges were determined employing the field of MMFF94x
force. After creating alpha-site spheres employing MOE'’s site finder module, we docked our compounds in the
active site using MOE’s DOCK module. The dock scoring for the MOE program was determined employing the
London dG scoring method, with placement as a triangle matcher, retention as 10, and refinement as a force
field. The leading conformations of the docked ligands were identified by considering the values of RMSD,
binding energies, and modes of binding with the selected residues.

In vitro COX-1 and COX-1 inhibition assay

Following the manufacturer’s instructions, the Zn-MnO nanocomposite’s in vitro capacity to inhibit COX-1
isoenzymes was assessed using COX 1 and COX 2 inhibitor showing assay kits, which have catalogue numbers
of k548 and k547, respectively, from Biovision, USA. In a final volume of 1 ml, the Zn-MnO nanocomposites
was dissolved in 1.0% DMSO and tested at doses ranging from 1000 to 0.5 ug/ml, or the vehicle. The COX-1
inhibition assay was conducted using celecoxib as positive controls. GraphPad PRISM was used to calculate
the dose of the Zn-MnO nanocomposites causing 50% inhibition (IC,) based on the concentration response

curve®.

Results and discussion

Biosyntheis and characterization of Zn-MnO nanocomposite

In the present investigation, the biocreator of bimetallic Zn-MnO nanocomposite was selected depending on its
ability to resist high concentration of precursors of nanocomposite precursors among other isolates.

The utilized extract of P. rubens in the synthesis of Zn-MnO nanocomposites was anlaysed via GC-MS,
where numerous compounds were identified in the extract (Data not tabulated). GC-MS revealed the presence
of Glycine, N-[(34,54)-24-0x0-3-[(trimethylsilyl)oxy]cholan-24-yl]-, methyl ester; pentadecylic acid; oleic
acid; bromoundecanoic acid; palmitic acid, ethyl ester; oxiraneoctanoic acid, 3-octyl-, cis-; stearin, 2-mono-
; tetradecamethylheptasiloxane; hexadecanoic acid, 1-(hydroxymethyl)-1,2-ethanediyl ester; propanoic acid,
2-(3-acetoxy-4,4,14-trimethylandrost-8-en-17-yl)-; and Glycerol 1-palmitate, 9(11)-Dehydroergosterol tosylate;
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and heptasiloxane. Theses metabolites may functionlized as stabilizing and reducing agents for Zn-MnO
nanocomposite synthesis as mentioned recently”*%.

Several techniques were applied to characterize and document the formation of NPs, from which UV-Vis
spectroscopy, that is widely utilized to detect the optical properties of created NPs via recognizing a suitable
absorption peak'!. From the Fig. 1a, the maximum absorbance beak of formulated Zn-MnO nanocomposites
was recorded at 370 nm by UV-Vis spectroscopy. The obtained spectrum of UV-Vis indicates that the process
of MnO-ZnO nanocomposite creation of was achieved. According to the earlier study of Martinez-Vargas et
al.®®, the synthesized Zn-MnO nanocomposite was detected at absorption spectrum 371 nm. Recently, EL-
Moslamy et al.!® revealed the UV-Vis spectra of formulated MnO-ZnO nanocomposite was at 350 to 400 nm.

Absorbamnmnce (=a-wua.)

210 250 30 350 410 460 50 550 60 60 7
Wavlegth )

Fig. 1. UV-Vis spectroscopy (a) and TEM (b) characterization of biosynthesized Zn@MnO nanocomposites.
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The size and shape of formulated Zn-MnO nanocomposite were characterized by TEM with irregular and
spherical-like shape and diameter average of 25.13 to 36.21 nm (Fig. 1b). According to the result of Anantha
et al.?4, Zn0O-MnO, nanocomposite was visualized in a mixture of spherical (MnO,) and cubical (ZnO) dots
with clustered agglomerates. The shape and size are dependent on synthesis method, reducing and capping
agents that employed in synthesis of MnO-ZnO nanocomposite®. In the current investigation, TEM appeared
agglomeration of MnO-ZnO nanocomposite. According to Alagesan et al.¥/, the agglomerated nanoparticles
possess higher biological activities.

The use of FTIR was employed to authorize that functional groups existed on the surface of biosynthetic CuO-
ZnO nanocomposite materials Fig. 2. The characteristic peak of the amide I band (C=0 stretch/hydrogen bond
joined with COO-) is appointed to a frequency of 1674 cm™!, as the spectra show. On the other hand, the amide
I band (NH bending joined with CN stretching) is apportioned to frequencies of 1430, 1367, and 1226 cm™!
(COO- symmetrical stretching). The C-O stretching frequency at 1036 cm™! is linked to the amide III band.
They attribute the peaks at 3417 and 2949 cm™ to OH and -COO stretching, respectively. The metal-oxygen
vibration (Mn-O and Zn-O) is represented by the peak positions at 862, 614, 538, and 431 cm™! frequencies*®*’.

The XRD patterns are employed to analyze the crystalline nature as well as phase purity of the created Zn-
MnO nanocomposites. Figure 3 shows the X-ray diffraction spectra of sample (Zn-MnO nanocomposites).
The sample contained two distinct components, MnO (JCPDS 81-2261) and ZnO (JCPDS 36-1451), without
any additional impurity peaks®’. MnO-ZnO nanocomposite showed peaks emerged at 260=27.6°, 56.64°, and
72.83° corresponding to (110), (211), and (301) planes of the MnO crystal structure, correspondingly. On the
other hand, plane of ZnO crystal structure peaks emerged at 20=31.8, 34.44, 36.33, 47.59, 62.9 and 69.19°,
which corresponded to (100), (002), (101), (102), (103), and (112)*45152, The diffractogram of the Zn-MnO

Transmittance

3417

431

2949 614
1367 | 862 538
1430 1226 1036

1613

4000

3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber

Fig. 2. FT-IR spectra of Zn-MnO nanocomposite.
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Fig. 3. XRD pattern of Zn-MnO nanocomposite.

nanocomposites does not indicate the presence of any further contaminants. It guarantees the purity of the
resulting Zn-MnO nanocomposite.

As visualize in Fig. 4, the SEM was employed to assess the surface morphology of Zn-MnO nanocomposite.
Zn-MnO nanocomposites had a shape that was virtually irregular. EDX analysis was employed to assess the
elemental structure of the CuO-ZnO nanocomposite. In the Zn-MnO nanocomposite, the EDX spectra showed
the presence of numerous well-defined elements related to manganese [Mn], Zinc [Zn], oxygen [O], besides
carbon [C] components (Fig. 4). The carbon [C] in sample from the metabolites, whereas the manganese [Mn],
Zinc [Zn], oxygen [O] indicate the formation of Zn-MnO nanocomposite.

The stability of Zn-MnO nanocomposite in aqueous suspension was documented via zeta potential
investigation which provided value — 15.6 mV (Fig. 5a). Recent investigation found that the value of zeta potential
was —25.2 mV which confirmed the stability property of mycosynthesized ZnO-MnO nanocomposite'®. The
dimension of ZnO-MnO nanocomposite was also detected via DLS which revealed its size ranged from 50 to
70 nm (Fig. 5b). The detected size of ZnO-MnO nanocomposite via DLS match well with the TEM investigation
which indicated that composite is found in nanoscale form.

Antimicrobial activities of Zn-MnO nanocomposite

The recorded inhibition zones indicated that Zn-MnO nanocomposite was more effective than positive control
against all examined bacteria but with different levels based on the bacterial species (Table 1; Fig. 6). S. aureus
was the most sensitive to Zn-MnO nanocomposite followed by S. typhi, MRSA, and K. pneumoniae with
inhibition zones 36+0.1, 27+0.2, 25+0.1, 23+ 0.2 mm, respectively. In support of this investigation, Zn-MnO
nanocomposite at 300 pug/mL were found to have cidal activity towards several bacteria namely Shigella flexneri,
Escherichia coli, Bacillus megaterium, Salmonella typhimurium, and Bacillus subtilis*s. Antibacterial, antifungal,
and antioxidant of Zn ONPs were reported®. According to EL-Moslamy et al.', Salmonella paratyphi was the
most sensitive to Zn-MnO nanocomposites with inhibition area of 53.17 mm at 90 pg/mL. Also, Pseudomonas
aeruginosa was sensitive to Zn-MnO nanocomposites with large inhibition zone (49.3 mm) at 10 pg/mL.
Additionally, the recorded inhibition zones were 24.28 and 39.2 mm at 130 pg/mL of Zn-MnO nanocomposites
toward S. aureus and Bacillus cereus. Moreover, low MIC (15.62, 31.25, and 31.25 pg/mL) and MBC (31.25,
62.5, and 125 pg/mL) quantities of Zn-MnO nanocomposite were detected against tested bacteria (S. aureus,
MRSA, and S. typhi), respectively while K. pneumoniae was the most tolerance with 125 pg/mL of MIC and
MBC. Al Abboud et al.>* reported high quantity of ZnO-AuNPs MIC ranged from 62.5, to 125 pg/mL versus
E. coli, S.aureus, and S. typhi), respectively. The ratio of MBC/MIC was <4 at all tested bacteria indicated
its bactericidal effect. According to EL-Moslamy et al.'%, 10, 90, and 130 pg/mL were the MICs of Zn-MnO
nanocomposites against P. aeruginosa, S. paratyphi, and B. cereus, respectively. While 100, 150, and 200 pg/
mL were the MBCs of Zn-MnO nanocomposites against P. aeruginosa, S. aureus and S. paratyphi, respectively.
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Fig. 4. SEM-EDX analysis of Zn-MnO nanocomposite.

Typek et al.”® and Ogunyemi et al.>> mentioned that the utilization of individual MnO NPs and ZnO NPs to
inhibit the pathogenic bacteria reflected less inhibition than its nanocomposite because if it’s large crystalline
size. Our Zn-MnO nanocomposite exhibited better antimicrobial activities besides it ecofriendly and safe if
compared to other individual metals oxide NPs. To our knowledge, Ag NPs is toxic compared to Zn or MnO
NPs. In case the antimicrobial activity, the obtained inhibition zones in the current study were higher than
recorded using other metal NPs, for instance the mycosynthesized Ag NPs inhibited S. typhi and S. aureus with
inhibition zones of 14.41+1.7 mm and 18.21 +2.1 mm, respectively®, the mycosynthesized CdO NPs inhibited
B. cereus, P. aeruginosa, and E. coli with inhibition zones of 7.5+ 0.2, 19.6 0.6, and 17.6 + 0.4 mm, respectively”’.
Moreover, Alghonaim et al.*® reported the antimicrobial potential of CuO-Au nanocomposite against C. albicans,
E. coli, and E. faecalis with 8, 15, and 27 mm, respectively of inhibition area. Antibacterial, antifungal, and
antioxidant of Zn ONPs were reported®*. Recently the mycosynthesized ZnO-MnO nanocomposite (210 pg/mL)
via Clonostachys rosea inhibited different microorganisms including yeasts (Candida albicans and C. tropical
with 7.32 and 10.65 mm of inhibition zones, respectively) and bacteria (Staphylococcus epidermidis, E. coli, S.
aureus, Streptococcus pneumoniae, P. aeruginosa, and K. pneumoniae with 25.63, 11.21, 15.68, 18.45, 14.04, and
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Fig. 5. Characterization of ZnO-MnO nanocomposite via zeta potential analysis (a) and DLS for size detection

(b).

Zn-MnO nanocomposite
Inhibition zone (mm) (ug/mL) MBC/MIC
Tested bacteria | Zn-MnO nanocomposite | +ve Control | -ve Control | MIC | MBC (ug/mL)
S.aureus 36+0.1 32+0.3 0.0 15.62 | 31.25 2
MRSA 25+0.1 23+0.2 0.0 31.25 | 62.5 2
K. pneumoniae | 23+0.2 19+0.1 0.0 125 125 1
S. typhi 27+0.2 25403 0.0 3125 | 125 4

Table 1. Antimicrobial activity of Zn-MnO nanocomposite. +ve, positive; —ve, negative.

19.36 mm of inhibition zones, respectively)'®. The obtained results in the present work were compared with
other studies as illustrated in Table 2.

K. pneumoniae was selected as a model of tested bacteria to evaluate the action mechanism of Zn-MnO
nanocomposite. The untreated K. pneumoniae by Zn-MnO nanocomposite showed identical rod form with clear
cell wall, cell membrane, and cytoplasmic contents, while treated cells showed irregular form with thin wall,
several vacuoles, and collapse of cell membrane far from cell wall, besides the rupture of cell wall (Fig. 7). The
high antibacterial activity of Zn-MnO nanocomposites perhaps due to the nature of Zn dispersion matrix of
MnO, .Furthermore, the integration advantage of Zn into lattice of MnO, may slowly the releasing free ions and
therefore increases their activity as mentioned in the incorporation of Silver-doped Mg NPs®. The mechanism
of bacterial inhibition by NPs involves the attachment between cell wall and NPs, membrane damage, and
distortion in respiration pathways as mentioned in numerous studies. The differences among the level of bacteria
may depend on several factors such as cell wall composition, dose, type, and synthesis source of NPs. Saqib et
al.*® mentioned that NPs enjoy with big surface area which assist it’s the antimicrobial ability.

The biofilm formation of tested bacteria was examined at different sub-doses (MIC) of Zn-MnO
nanocomposite (Fig. 8). The inhibition level of biofilm increased with the increasing the tested dose, where the
antibiofilm was 82.07, 75.43,43.65, and 41.35% at 25% MIC while it was 96.54, 93.0, 94.53, and 91.11% at 75%
MIC against S. aureus, MRSA, K. pneumoniae, and S. typhi, respectively. At 75% MBC, the biofilm of S. aureus
was the most affected followed by K. pneumoniae, MRSA, and S. typhi. Surprisingly, antibiofilm % at 25% MBC
was very low for K. pneumoniae and S. typhi if compared to S. aureus and MRSA. According to Abdelraheem et
al.?’, there was a positive correlation among the levels of biofilm development inhibition and dose of ZnO NPs.
Recently, ZnO doped with Mn demonstrates antibacterial activity towards S. aureus and E. coli. The inhibition
zones were varies amongst bacterial species. Furthermore, compared to E. coli, the growth of S. aureus displayed
greater fluctuation at all concentrations. Moreover, the inhibition rises with the Mn-doped ZnO composite
concentration®. Inhibition of exopolysaccharide synthesis represents one of the action mechanisms of ZnO
NPs against bacterial biofilm formation*, also, biofilm matrix are destroyed by ZnO NPs due to their small size.

From the clinical investigations by several authors, some serious problems coming from the bacterial toxins.
These toxins joined to the membranes of erythrocytes and cause blood hemolysis such as such as S. aureus
a-Toxin®. So, the influences of Zn-MnO nanocomposite s on blood hemolysis by S. typhi, MRSA, K. pneumoniae,
and S. typhi were investigated currently. It's demonstrated that MIC % (25-75% of Zn-MnO nanocomposite)
prevent the hemolysis but with various degrees depending on the tested bacteria species as well as the applied
dose (Figs. 9 and 10). Low effect of Zn-MnO nanocomposite s at 25%, 50%, and 75% MIC was recorded on the
hemolysis inhibition of 37.9, 56.4, and 89.1%, respectively with the presence of K. pneumoniae, but the high
effect was observed with the presence of MRSA with hemolysis inhibition of 53.2, 91.8, and 96.3%, respectively.
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Fig. 6. Inhibition zones of tested bacteria treated by Zn-MnO nanocomposite (A), positive control (B) and
negative control (C). S. aureus (SA), MRSA, K. pneumoniae (KP), and S. typhi (ST).

Hemolysis inhibition in our findings by Zn-MnO nanocomposite in the existence of tested bacteria has main
suggestions in relation to the bacteria virulence’s control. The other results were documented about inhibition
(%) of hemolysis in the occurrence of S. aureus and S. typhi (Fig. 9). Findings of Salem et al.%° signified the anti-
hemolytic potential of ZnO NPs. In another report®®, hemolytic potential of P aeruginosa was influenced by ZnO
NPs through decrease of virulence factors production like protease, pyocyanin, and hemolysin.

Molecular modeling: docking investigation
The molecular docking investigations were employed to manganese oxide (Mn;,0,,) and zinc oxide
(Zn},0,,) NPs (MnO NPs and ZnO NPs) against MRSA. The three-dimensional crystal structure of putative
aminohydrolase (PDB ID: 4EWT), structure of methicillin acyl-penicillin binding protein 2a (PDB ID: IMWU),
and K2U bound crystal structure of class II peptide deformylase (PDB ID: 6JFQ) were used as the biological
targets for the docking analysis. The data were gathered in Tables 3 and 4, revealing a high agreement between
docking and experimental results.

Docking of MnO NPs and ZnO NPs into modeled receptors was undertaken to determine an optimal
orientation of nanoparticles, including non-covalent interactions between the receptor’s active site and NPs.
This led to the production of novel medications for future biological study.
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Table 2. Antibacterial properties of different NPs based on published papers.
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Fig. 7. Effect of Zn-MnO nanocomposite on ultrastructure of K. pneumoniae.

MnO-NPs and ZnO-NPs demonstrated efficient in silico suppression of all examined proteins with low
docking scores and acceptable RMSD values.

(1) Docking MnO NPs and ZnO NPs with (4EWT) active sites indicated a higher negative score of free
binding energy (-3.26648 kcal/mol) of ZnO NPs and binding interactions with the residues (SER 332 and GLU
139).

(2) MnO-NPs and ZnO-NPs were ranked as good effective inhibitors to (IMWU) protein with docking
scores —2.53804 and —2.25577Kcal/mol respectively.

(3) 6JFQ protein was observed that MnO NPs showed a stronger binding energy of (-2.97631 kcal/mol) than
that of ZnO-NPs (-1.67551 kcal/mol). MnO NPs bounded with (6JFQ) through amino acid residues GLU 21 via
Mn 5,0 1, and O 2 atoms.

Molecular docking of other bimetallic of Ag-Cu nanocomposite against f-lactamase enzyme responsible for
cell wall biosynthetic pathway in S. aureus resulted Binding score of —4.981 kcal/mol®’. Additionally, El-Sayed
et al.®® applied the molecular docking interaction among the Penicillin-binding proteins (PBPs) (a key a group
of enzymes which play a critical role in cell wall synthesis in S. aureus) and Cu-doped ZnO. Who study reflected
Binding score of —7.90 kcal/mol for penicillin-binding protein. Also, Al-Rajhi et al.%® confirmed the activity of
NPs (CuO NPs and FeO NPs) against different yeasts via MD interaction. Figure 11a-f depicts the best-fitted 2D
and 3D postures selected by the studied NPs, while Table 3 presents the binding energy values. A list of hydrogen
bonds between MnO NPs and ZnO NPs with examined proteins is respectively presented in Table 4. The binding
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Fig. 8. (A) Antibiofilm activity of Zn-MnO nanocomposite against S. aureus (SA), MRSA, K. pneumoniae

media amended by bacteria and 50% of MBC of Zn-MnO nanocomposite, media amended by bacteria and

Media amended by bacteria (C), media amended by bacteria and 25% of MBC of Zn-MnO nanocomposite,
75% of MBC of Zn-MnO nanocomposite.

(KP), and S. typhi (ST). (B) Microtiter plate offered color shifts as a pointer of decreased test bacteria viability.

of amino acid, preventing the

s cavity

>

development of the targeted proteins. Figure 12 demonstrated the forms key of interaction among ZnO NPs/

MnO NPs and receptors of protein.
Since there are ethical concerns about using animals for research when there are other suitable methods

available for analysis, it can be very difficult to conduct experiments on animals at times. In order to assess

proteins connect with examined NPs by stabilizing them in the receptor
the anti-inflammatory potential of Zn-MnO nanocomposite,

Anti-inflammatory activity of Zn-MnO nanocomposite

an inhibition assay of cyclooxygenase-1 (COX-

1) and cyclooxygenase-2 (COX-2) enzymes was carried out. Arachidonic acid is converted by the enzymes to
prostaglandin (PG) H2, which is the construction block of PGs and thromboxane. These lipid mediators are

32, The inhibitory potential of

Zn-MnO nanocomposite on COX-1 and COX-2 Enzymes was remarked but with various levels depending on
the kind of enzyme. The level of inhibition increased with increasing the dose of Zn-MnO nanocomposite up

essential for processes of normal physiology and inflammation as well as pain
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Fig. 9. Hemolysis inhibition of Zn-MnO nanocomposite (At different doses 25%, 50%, and 75% of MIC) in
the occurrence of S. aureus (SA), MRSA, K. pneumoniae (KP), and S. typhi (ST).

Fig. 10. Blood hemolysis treated by Zn-MnO nanocomposite in the existence of S. aureus, MRSA, K.
pneumoniae, and S. typhi. (A, Negative control; B, 25% MIC dose; C, 50% MIC dose; D, 75% MIC dose; and E,
positive control)
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Mol Protein | S rmsd_refine | E_conf E_place | E_scorel |E_refine | E_score2
MnO NPs | 4EWT | —2.18846 | 1.142505 —1807.66 | —37.4001 | —4.53014 | 159.2952 | —2.18846
ZnONPs | 4EWT | —3.26648 | 2.258528 —1118.69 | —40.8527 | —3.63705 | 8.859861 | — 3.26648
MnO NPs | IMWU | —2.53804 | 2.970423 —2053.05 | —47.038 | —4.92198 | 21.95385 | —2.53804
ZnONPs | IMWU | -2.25577 | 3.251037 —1113.63 | —37.0092 | = 5.50074 | —32.455 | —2.25577
MnO NPs | 6JFQ —2.97631 | 1.580399 —2057.53 | —22.0367 | —7.60384 | 6.997857 | —2.97631
ZnO NPs | 6JFQ —1.67551 | 1.235317 —1164.1 | -4.36152 | —9.54607 | —1.57651 | —1.67551

Table 3. Docking scores and energies of MnO NPs and ZnO NPs with methicillin-resistant S. aureus (PDB ID:
4EWT, IMWU and 6JFQ) receptors.

Mol Protein | Ligand | Receptor Interaction | Distance | E (kcal/mol)
Mn 5 SG CYS 103 (A) H-donor 2.94 -0.7
Mn 3 O SER 332 (A) Metal 2.36 -19
MnO NPs | 4EWT
Mn 15 | OE1 GLU 139 (A) | Metal 242 -32
o7 OE1 GLU 138 (A) | Ionic 272 -6.6
014 N SER 332 (A) H-acceptor | 2.93 -0.6
ZnONPs |4EWT |Zn9 O SER 332 (A) Metal 2.42 -18
O5 OE1 GLU 139 (A) | Ionic 3.77 -1.0
MnO NPs | IMWU | - - - - -
014 NZ LYS 430 (A) H-acceptor | 3.18 -05
Zn2 OEI1 GLU 602 (A) | Metal 2.00 -26
ZnONPs | IMWU
o1 OE1 GLU 602 (A) | Ionic 3.01 -44
o1 OE1 GLU 602 (A) | Ionic 3.99 -05
Mn 5 OE2 GLU 21 (A) | Metal 2.61 -11
MnO NPs | 6]JFQ o1 OE2 GLU 21 (A) | Ionic 3.96 -0.6
02 OE2 GLU 21 (A) | Ionic 3.14 -36
Zn10 | OE2GLU 21 (A) | H-donor 2.90 -0.5
Zn 4 OE2 GLU 21 (A) | Metal 2.05 -39
ZnO NPs | 6JFQ
01 OE2 GLU 21 (A) | Ionic 3.84 -09
03 OE1 GLU 21 (A) | Ionic 3.26 -29

Table 4. MnO-NPs and ZnO-NPs interaction with methicillin-resistant S. aureus (PDB ID: 4EWT, IMWU
and 6]JFQ) receptors.

to 1000 pg/mL. COX-1 enzyme was more affected with IC; 20.81+0.68 pg/mL than COX-2 Enzyme with IC,
35.87+1.35 pg/mL. However, IC, value of Celecoxib was less (3.65+0.19 pg/mL) on COX-2 enzyme compared
to its values (6.05+0.61 pg/mL) on COX-1 enzyme (Table 5).

Conclusion and future applications

The current investigation focuses the biosynthesis of Zn-MnO nanocomposite from T. asperellum. UV-
visible spectroscopy, TEM, FTIR, XRD, and SEM with EDX were used to characterize the created Zn-MnO
nanocomposite. Our findings emphasize that Zn-MnO nanocomposite can be employed as efficient against
multidrug resistance bacteria. This vital function was confirmed via well diffusion method, antibiofilm,
hemolysis inhibition in the presence of pathogenic bacteria, and docking interaction. Based on our outcomes,
we can mentioned that utilize of Zn-MnO nanocomposite is effective against inflammation via inhibition of
COX-1 and COX-2. MnO-NPs and ZnO-NPs with the finest docking scores revealed some flexibility that might
influence function and catalytic activities, indicating that they can help with the design and development of
new therapies. Future research on the effect of Zn-MnO nanocomposite reactive oxygen species (ROS) which
are responsible for microorganisms death in microbial will be suggested, and other mechanisms on molecular
levels were recommended. To date, the reported antimicrobial and anti-inflammatory investigations of Zn-
MnO nanocomposite were performed in vitro. Greatly attempt is desired for perform in vivo investigations
to validate the way for future pharmacological applications of Zn-MnO nanocomposite. Morover, for future
theraputic utilizations of Zn-MnO nanocomposite, numerous guidelines are of great significant such as labeling
ZnO nanomaterials with radionuclides with studying its pharmacokinetics. It is predictable that study in
pharmcological utilization of Zn-MnO nanocomposite will continue to increase over the current decade for
several application.
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Fig. 11. (a) 2D and 3D plans indicate the interaction between MnO NPs and active sites of 4EWT protein.

(b) 2D and 3D plans indicate the interaction between ZnO NPs and active sites of 4EWT protein. (c) 2D and
3D plans indicate the interaction between MnO NPs and active sites of IMWU protein. (d) 2D and 3D plans
indicate the interaction between ZnO-NPs and active sites of IMWU protein. (e) 2D and 3D plans indicate the
interaction between MnO NPs and active sites of 6]JFQ protein. (f) 2D and 3D plans indicate the interaction
between ZnO NPs and active sites of 6JFQ protein.
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Fig. 12. The demonstrative key for the forms of interaction among ZnO NPs/ MnO NPs and receptors of
protein.

COX-1 Enzyme COX-2 Enzyme
Zn-MnO
Zn-MnO nanocomposite | Celecoxib nanocomposite Celecoxib
Inhibition | Activity Activity Activity

Conc. (ug/mL) | Activity (%) | (%) (%) Inhibition (%) | (%) Inhibition (%) | (%) Inhibition (%)
1000 5.64 94.36+0.92 | 3.83 96.17+0.45 12.77 87.23+1.09 2.05 97.95+0.71
500 10.83 89.17+1.35 | 6.72 93.28+0.54 18.06 81.94+0.89 4.52 95.48+0.64
250 14.88 85.12+1.24 | 9.29 90.71+0.43 25.42 74.58+0.61 8.12 91.88+0.59
125 21.66 78.34+0.88 | 13.88 86.12+0.68 31.68 68.32+0.46 12.22 87.78+0.75
62.5 29.58 70.42+1.37 | 19.57 80.43+0.79 40.73 59.27+1.35 19.57 80.43+1.08
31.25 42.19 57.81+1.79 | 26.84 73.16+0.92 51.61 48.39+0.75 25.92 74.08+0.26
15.6 53.92 46.08+1.36 | 31.97 68.03+1.51 58.73 41.27+1.32 32.58 67.42+1.08
7.8 62.87 37.13+0.95 | 43.76 56.24+1.48 66.15 33.85+0.91 39.65 60.35+0.81
3.9 69.59 30.41+0.73 | 57.69 42.31+£0.95 75.02 24.98+0.68 47.92 52.08+1.44
2 78.06 21.94+0.82 | 61.98 38.02+0.74 83.28 16.72+0.34 59.77 40.23+0.96
1 85.25 14.75+£0.73 | 69.55 30.45+0.81 90.14 9.86+018 66.83 33.17+0.61
0.5 89.77 10.23+0.41 | 76.41 23.59+0.53 93.79 6.21+0.35 72.11 27.89+0.57
0 100 0.0+0.0 100 0.0+0.0 100 0.0+0.0 100 0.0+0.0
IC,, 20.81 + 0.68 pg/mL 6.05 + 0.61 pg/mL 35.87 + 1.35 pg/ml 3.65 +0.19 pg/mL

Table 5. Anti-inflammatory potential of Zn-MnO nanocomposite.
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