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Abstract: This study presents a simple, eco-friendly, and cost-effective method for
synthesizing molybdenum trioxide nanoparticles (MoOsz NPs) using the medicinal plant
Hemigraphis alternata. The physicochemical characterization confirmed the formation of
orthorhombic MoOs NPs. The green synthesized NPs exhibited remarkable antioxidant and
antimicrobial properties against multi drug-resistant bacteria (S. aureus and P. aeruginosa)
and fungi (A. niger and C. albicans) in a concentration-dependent manner.
Hemocompatibility assessments on human erythrocytes suggested their potential application
in wound healing. Cytotoxicity evaluations on mouse fibroblast cell lines demonstrated no
hamful effects. Furthermore, in vitro scratch assays revealed over 90% wound healing
activity without cytotoxicity. The findings indicate that these green synthesized MoOs NPs
hold promise for incorporation into wound dressings, offering a safe and effective solution
for infectious wound healing. This study represents a novel effort to update practitioners on
the latest developments in the widespread use of green synthesized NPs in medicine.

Keywords: green synthesis; MoOz NPs; hemocompatability; cytotoxicity; antimicrobial,
wound healing activity

1. Introduction

In the field of contemporary materials science, nanotechnology has ushered in
significant advancements in the development of diagnostic and therapeutic
nanomedicine [1]. Nanotechnology revolves around the manipulation and utilization
of metals and metal oxides at the nanoscale, hamessing their unique size, surface
characteristics, and physicochemical properties [2,3]. Notably, nanotechnology has
found widespread use in skincare, where metal and metal oxide nanoparticles (NPs)
such as titanium dioxide and zinc oxide are incorporated into cosmetics to provide
effective sun protection [4]. Inorganic nanostructures have garnered considerable
attention for their potential applications in creating innovative functional materials
for biological purposes [5]. Extensive research has explored various chemical and
physical methods for synthesizing metal and metal oxide nanoparticles [6]. However,
concems have been raised regarding potential toxicity associated with chemical
synthesis methods, which could pose risks in biological environments. As a result,
plant based approaches for producing metallic nanoparticles have gained
significance due to the presence of diverse biomolecules, including vitamins,
proteins, surfactants, and carbohydrates derived from plant extracts [2,7,8].

Plant extracts are known for their high antioxidant activity and reducing
capacity, which enables them to effectively reduce metal salts into metallic
nanoparticles [1]. Several studies have been conducted to investigate the
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antibacterial characteristics of various metal nanoparticles, including Ag, Cu, and
Au, as well as metal oxide nanoparticles such as ZnO, MgO, and CuO [3,9-11].
Molybdenum trioxide (MoOs) has recently gained attention as a bio-functional
substance with antibacterial and anticancer properties. Additionally, MoO; finds
wide application in energy storage, photocatalysis, and sensor-related fields [12]. In
mammals, molybdenum (Mo) serves as an essential trace metal, acting as a cofactor
for enzymes such as sulfite oxidase and xanthine oxidase. Mo deficiency in patients
undergoing prolonged total parenteral nutrition can lead to clinical symptoms like
coma, tachycardia, tachypnea, and night blindness [13]. Molybdenum complexes
have also demonstrated antidiabetic activity, and the permitted daily intake of Mo is
2 mg [14]. MoO; nanoparticles (MoO; NPs) exhibit the lowest level of toxicity
among NPs used in medicine, and they induce an acidic pH while demonstrating
broad-spectrum antibacterial activity against both susceptible and resistant strains of
bacteria, including those responsible for hospital-acquired infections [15,16]. Their
potent antibacterial and pro-angiogenic activities make MoO; NPs particularly
suitable for wound healing applications [15]. While silver nanoparticles have been
extensively studied for their broad-spectrum antibiotic capabilities, their high cost
and release of toxic silver ions limit their applications. In contrast, MoO; NPs offer a
promising altemative due to their antibacterial mechanism, which involves inducing
membrane or oxidative stress, leading to the rupture of bacterial cell walls and
subsequent cell death [3]. Compatibility studies in a rat liver-derived cell line (BRL
3A) have shown that MoO; NPs exhibit higher compatibility compared to silver NPs
[17]. However, it’s worth noting that MoO; NPs do exhibit significant cytotoxicity
against both lung and breast cancer cells, as well as potent antifungal activity against
Candida albicans and Aspergillus niger [18].

The Acanthaceae family includes the medicinal plant Hemigraphis alternata
(HA) (Burm.F.) T. Anderson, commonly known as Red Ivy or Purple Waffle Plant
and locally called Murikootti (Malayalam) [19,20]. HA has gained recognition
among tribal healers in southem India for its potential in wound treatment [21]. The
plant has been traditionally used in folk medicine to treat various conditions,
including anaemia, fresh wounds, ulcers, gallstones, diuretics, haemorrhoids,
diabetes mellitus, and inflammation. HA extract has been studied for its therapeutic
benefits and has been found to contain various bioactive compounds such as
flavonoids, glucose, carboxylic acids, saponins, and other phenolic derivatives
[20,22]. Notably, cinnamate, a significant phenolic acid found in Hemigraphis,
possesses potent antibacterial properties. The crude leaf extract of HA has been
shown to be effective in treating inflammation, and when combined with chitosan
hydrogel, it exhibits synergistic effects against gram-positive and gram-negative
bacteria [23]. Furthermore, studies have validated the anti-inflammatory,
antinociceptive, and antidiarrneal effects of methanol and ethyl acetate extracts of
HA leaves in mice [24]. Additionally, the aqueous and organic extracts of HA have
been shown to facilitate wound exudate absorption, help maintain a low body
temperature, and possess antinociceptive effects [25].

The primary objective of this study is to synthesize MoO; NPs using extracts
from HA leaves and investigate their antimicrobial activity against a range of human
pathogens. The synthesized NPs were thoroughly characterized using various
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analytical methods, and their antioxidant, antimicrobial, and hemocompatibility
properties were evaluated. Additionally, the wound healing potential of the MoO;
NPs was assessed using L929 mouse fibroblast cell lines. The research findings from
this study will contribute valuable insights into the potential biomedical applications
of MoO; NPs derived from HA leaves.

2. Materials and methods

2.1. Materials

All the reagents used in this experiment were of analytical grade and were used
without any additional purification. The metal precursor salts were obtained from
Sigma Aldrich (India). The plant extract was obtained from Hemigraphis alternata
leaves. Distilled water was used throughout the experiment.

2.2. Collection and investigation of Hemigraphis alternata plant

Healthy and disease-free fresh leaves of Strobilanthes alternata were collected
during their blooming stage from Trippalur, Palakkad, India. The plant specimen was
identified as Strobilanthes alternata (Burm.F.) Moylan ex J.R.I.Wood (Syn.:
Hemigraphis alternata (Burm.F.) T.Anderson) from the Acanthaceae family, and its
authenticity was confirmed with the herbarium number BSI/SRC/5/23/2023-
24/Tech-310 at the Botanical Survey of India (BSI), Southem Regional Centre,
Coimbatore. To prepare the leaves for further use, they were thoroughly cleaned.
Initially, the leaves were rinsed with tap water to remove any visible dirt or
impurities. Then, they were washed with detergent water to eliminate any remaining
contaminants. Finally, the leaves were rinsed again with distilled water to remove
any residual foreign matter. Subsequently, the cleaned leaves were allowed to dry for
a week, further powdered and then carefully sealed for future experiment.

2.3. Green synthesis of MoO3; NPs

Fresh aqueous leaf extracts of Hemigraphis alternata were used in the bio-
approach for the synthesis of MoO; NPs [26]. Ammonium heptamolybdate (0.1 mM)
was dissolved in 100 mL of distilled water and allowed to dissolve for 30 min. Under
constant stirring, the filtered Hemigraphis alternata leaf extract was slowly added
drop by drop to the homogenous solution of ammonium heptamolybdate. The
solution was heated at 70 °C while continuously stirring until the supematant
evaporated. This led to the formation of a dry residue, which had a brown color. The
dry residue obtained from the previous step was subjected to calcination in a muffle
fumace. The temperature increased by 5 °C every minute over the 2 h of calcination,
reaching a maximum temperature of 700 °C. The product’s colour progressively
changed from brown to silver grey during the calcination process. After calcination,
the green synthesized MoO; NPs were finely crushed and stored in airtight
containers for future experiment.
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3. Characterization of MoO3; NPs

3.1. UV spectroscopy

The MoO; NPs were initially analyzed using a UV-Vis spectrophotometer
(Shimadzu-UV-2700 ISR-2600 plus) to measure their absorbance at various
wavelengths in the range of 200 nm-1200 nm. This analysis provides information
about the optical properties of the synthesized nanoparticles.

3.2. FTIR spectroscopy

FTIR study was conducted to analyze the functional groups and chemical bonds
of the synthesized MoO; NPs. The FTIR analysis was performed using an FT/IR-
4700 type A instrument, with measurements taken in the range of 4000-500 cm™ at
a resolution of 4 cm™.

3.3. XRD

The crystallite structure and size of the MoO; NPs were analyzed using a
CuKal-X-ray diffractometer (P-XRD) [Empyrean, Malvern Panalytical]. The X-ray
diffraction measurements were performed over a 26 range of 5290< This
investigation reveals details of the nanoparticles’ crystal structure and enables
estimation of their size from the observed diffraction patterns.

3.4. FESEM with EDAX

To visualize the size and morphology of the MoO3 NPs, field emission scanning
electron microscopy (FESEM) techniques were employed. Energy dispersive
spectroscopy (EDAX) (accelerating voltage ranging from 0.5 kV to 30 kV) was used
to confirm the elemental composition of synthesized materials. This imaging
technique provides high-resolution images of the nanoparticles, allowing for the
characterization of their shape, size, and surface morphology.

3.5. Dynamic light scattering (DLS) and zeta potential (ZP)

The DLS system was used to measure the hydrodynamic diameters of the NPs
under examination. ZP calculates the net electrostatic potential of any particle in
suspension and is the key component in assessing the stability of the synthesized
NPs. The hydrodynamic diameter, ZP and polydispersity index (PDI) of the MoO;
NPs was measured at 25 °C using Litesizer 500 (Ver. 2.30.4, Serial Number:
84045171).

3.6. Thermogravimetric analysis (TGA)

A TGA instrument (NETZSCH STA 449F3) was used to examine the thermal
characteristics of the MoO3z; NPs. The sample was subjected to TGA and DTG at
temperatures ranging from 30 to 800 °C in a dynamic nitrogen environment. The
thermogravimetric curves were recorded using a TGA analysis with a heating rate of
10 °C/min. This analysis provides information about the thermal stability,
decomposition behavior, and weight loss of the MoO; NPs with respect to
temperature.
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3.7. Antioxidant activity

The antioxidant compounds are naturally known to accelerate the healing
process which reduces the oxidative stress caused by the radicals within the wounds.
Metal oxide nanoparticles have the potential to act as scavengers of oxidative stress.
The total antioxidant capacity of natural matrices is assessed using various
standardized tests [27]. One commonly used test involves the stable free radical
DPPH (2,2-diphenyl-1-picrylhydrazyl) to study the antioxidant capacity for
scavenging radicals. In this study, MoO; NPs were tested for their ability to scavenge
DPPH and ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) free
radicals, following the technique researched by Rajkumar et al. with minor
modifications [28]. A 0.5 mL volume of 1.5 mM DPPH solution was mixed with
concentrations (ranging from 0.5 to 2 mg/mL) of MoO; NPs. The mixed solution
was incubated under dark conditions for 30 min. After incubation, a UV
spectrophotometer set to a wavelength of 517 nm was used to measure the
absorbance. Similarly, for ABTS assay, different concentrations of MoOz; NPs (0.5 to
2 mg/mL) were mixed with the prepared ABTS* solution (135 L) and incubated for
30 min under dark conditions. With reference to the ascorbic acid as positive control,
the absorbance of the samples was measured ata wavelength of 734 nm. The means
and standard deviations were computed after each determination was made in
triplicate.

The radical scavenging potential of the samples were evaluated using the below
calculations:

DPPH or ABTS scavenging % = [(AbScontrot — AbSnps)/AbS contror] X 100

where Abs oneror @Nd Absyps 1S the absorbance of the control and treatment value.

3.8. Antimicrobial activity
3.8.1. Microbial culture

The clinical isolates of bacteria used in the study were obtained from PSG
hospital in Coimbatore, India. According to the standards established by the Centers
for Disease Control and Prevention/National Healthcare Safety Network
(CDC/NHSN), these bacterial strains were isolated from clinical specimens of
hospitalized patients. Methicillin-resistant Staphylococcus aureus (MRSA), a gram-
positive bacterium, and Pseudomonas aeruginosa, a gram-negative bacterium are the
two clinically important human bacterial pathogens. These strains are known for
their resistance to multiple antibiotics and are of particular concem in healthcare
settings.

In addition to the bacterial strains, two fungal strains, Aspergillus niger and
Candida albicans, were used in the study. These fungal strains were procured from
the Department of Microbial Biotechnology at Bharathiar University in Coimbatore.
Fungal pathogens, such as Aspergillus niger and Candida albicans, are known to
cause various infections, particularly in immunocompromised individuals. The use
of clinically relevant bacterial and fungal strains ensures that the antimicrobial
effects of the synthesized MoO; NPs can be evaluated against pathogens commonly
encountered in health care settings.
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3.8.2. Minimum inhibitory concentration (MIC)

MIC testing was performed on the green synthesized MoO; NPs against multi-
drug resistant S. aureus and P. aeruginosa. The MIC of the MoO; NPs was measured
using a serial dilution method, reported by Mogana et al. [29]. By dissolving the
sample in water and bringing the concentration to a final volume of 200 pg/mL,
stock solutions of the MoO; NPs were obtained. Serial dilutions of the MoO; NPs
were prepared from the stock solution. These dilutions were made using Mueller-
Hinton broth in 96-well microplates. A bacterial suspension containing
approximately 5 > 10° CFU/mL was prepared from a 24 h culture plate of the
respective bacteria. From this bacterial suspension, 100 pL was inoculated into each
well of the microplate containing the dilutions of the MoO; NPs. The microplates
were then incubated at 37 °C for a specified period of time. After incubation, the
MIC values were determined. The MIC is characterized as the lowest concentration
of MoO; NPs at which no discemible bacterial growth is detected. MIC values were
determined in triplicate to ensure the reliability of the results. By assessing the MIC
values, the minimum inhibitory concentration of the MoO; NPs against multi-drug
resistant S. aureus and P. aeruginosa can be determined, indicating the effectiveness
of the NPs in inhibiting bacterial growth.

3.8.3. Antibacterial activity

The antibacterial activity of the MoO; NPs against multi-drug resistant S.
aureus and P. aeruginosa was determined using the well diffusion method [30].
Cultures of the bacteria (S. aureus and P. aeruginosa) were inoculated into nutrient
broth and incubated for 24 h to allow bacterial growth at 37 °C. The bacterial
suspension was then adjusted to match the McFarland standards, ensuring a
standardized concentration of bacteria for testing. A volume of 0.1 mL of the
bacterial cultures was spread evenly onto the surface of the agar plates. Using a
sterile hole puncher, small wells were created in the agar plates. The MoO; NPs were
added into each well, and the NPs seeded agar plates were incubated ovemight. After
24 h of incubation, the zone of clearance around the well was measured to determine
the antibacterial activity. The results were compared with a positive control, such as
Cefmetazole, which is a known antibiotic. By measuring the inhibition zone, the
antibacterial sensitivity of the MoOs; NPs against multi-drug resistant S. aureus and
P. aeruginosa can be determined and compared to the positive control.

3.8.4. Antifungal activity

The antifungal activity of the MoOz; NPs against A. niger and C. albicans was
assessed by the agar well diffusion method [31]. Fungal cultures of A. niger and C.
albicans were allowed to grow on potato dextrose medium. Aliquots of 0.02 mL of
the fungal inoculum were transferred into 20 mL of the culture medium in individual
culture tubes. The culture tubes were homogenized to ensure even distribution of the
fungal pathogens in the medium. Homogeneous wells were created in the agar plates
using a sterile hole puncture and the different concentrations of the MoO; NPs
(0.125,0.25, 0.5, and 1 mg/mL) were added to the respective wells. The petri dishes
were incubated for 48 h at 25 °C, allowing the fungal pathogens to grow and
potentially be inhibited by the nanoparticles. After the incubation period, the growth
inhibition zones around the wells were evaluated. The size of the inhibition zone
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indicates the antifungal activity of the MoO; NPs against A. niger and C. albicans.
By measuring the growth inhibition zones, the antifungal activity of the MoO; NPs
against A. niger and C. albicans can be determined. The antifungal activity of the
NPs increases with the size of the inhibitory zone.

3.8.5. Time-dynamic antibacterial assay

The antibacterial activity of MoO; NPs over time was evaluated by a time
dynamic antibacterial assay [32]. Bacterial pathogens, such as S. aureus and P.
aeruginosa, were prepared at a concentration of 10" CFU/mL. The bacterial cultures
were divided into 2 groups: one group was treated with MoO; NPs, whereas group
without nanoparticle served as the control. At regular intervals (every half hour)
from 0 h to 4 h, samples of the bacterial cultures were collected. The collected
samples were diluted in a gradient to obtain appropriate dilutions. Each dilution was
then cultured on Luria-Bertani (LB) agar medium and subjected to incubation for 24
h at 37 °C. After the incubation, the number of bacterial colonies was estimated. By
measuring the reduction ratio of bacterial colonies over time, the antibacterial
activity of the MoOs; NPs can be assessed. A higher reduction ratio indicates a
greater antibacterial effect of the nanoparticles against S. aureus and P. aeruginosa.
Each experiment was performed in triplicate for the reliability of results. The
reduction ratio of bacterial colonies was calculated by the following equation:

Reduction ratio % = [Ac — As/Ac] x 100

where, Ac and As indicates the number of colonies in the control group and MoO;
NPs treated group.

3.8.6. Assessment of protein leakage and reducing sugar

The ability of MoO; NPs to induce the leakage of biomolecules like protein and
reducing sugar from the bacterial cell due to the disruption of cell wall was studied
by the method described by Li et al. [33]. Bacterial pathogens, such as S. aureus and
P. aeruginosa, were prepared at a concentration of 10’ CFU/mL. The bacterial
cultures were divided into 2 groups: one group was treated with MoO; NPs, whereas
group without nanoparticle served as the control. Both the treated and control groups
were incubated in shaker incubator at 37 °C for 4 h. After the incubation period, 1
mL of the bacterial aliquots was collected from all the samples and centrifuged at
12,000 rpm for 30 min to separate the supematant from the bacterial cells. The
concentration of leaked proteins and reducing sugars in the supernatant was
measured and quantified, represented as pg/mL. By measuring the total leakage of
biomolecules from the bacterial cells, the impact of MoO; NPs on the integrity of the
cell membrane can be assessed. Higher levels of biomolecule leakage indicate a
greater disruption of the cell membrane by the nanoparticles.

3.9. Hemolysis assay

The hemocompatibility of MoOs; NPs was assessed using a hemolysis assay
[34]. Briefly, the erythrocytes or the RBCs, were separated by centrifuging the blood
at 1200 rpm at RT for 10 min. The serum was carefully separated from the
suspension and the pelleted cells were suspended in a 100 mM sodium phosphate
buffer (pH 7.4). Various concentrations of MoO; NPs (25, 50, 75, and 100 pg/mL)
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were mixed with the RBC suspension. The reaction mixture was made up to the final
volume of 1 mL by adding extra sodium phosphate buffer. Further, the mixture was
kept in a water bath at 37 °C for a period of 1 h and subjected to centrifugation at
2500 rpm for 15 min. The supematant containing released hemoglobin was collected
and the optical density was measured at 541 nm by a spectrophotometer. Phosphate-
buffered saline (PBS) served as positive control (maximum hemolysis). The
hemolysis assay was performed in triplicate for each concentration of MoO3; NPs.

The hemolytic activity of MoOs; NPs was calculated using the following
equation:

Hemolysis % = (Absorbance of MoO; NPs-Absorbance of blank) X
100/Absorbance of positive control

3.10. Cytotoxicity analysis
3.10.1. Maintenance of cell line

From the National Centre for Cell Science (NCCS) in Pune, the L929 mouse
fibroblast cell line was obtained. Following standard cell culture procedures, the
cells were grown and maintained in a humidified incubator (5% CO,) at 37 °C.

3.10.2. MTT assay

The cytotoxicity of MoO; NPs was assessed using the 3-(4, 5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay [35]. In this assay,
L929 cells were seeded in 96-well plates at a density of 3.0 <102 cells per well in
culture medium containing 10% fetal bovine serum (FBS) and 1% antibiotic
solution. After incubating for 24 h, the wells were washed with sterile PBS and
exposed to various concentrations (25, 50, 75, 100 pg/pL) of MoO3; NPs. The cells
were then incubated at 37 °C for 24 h. Control wells without MoO; NPs were
included. After incubation, the supematant medium was removed and replaced with
200 pL of dimethyl sulfoxide (DMSO). The absorbance of the formazan product was
measured at 570 nm by a microplate reader. The experiment was performed in
triplicate and cell viability (%) was calculated using the following formula:

Cells viability % = (Abstreated cells/Abscontrol cells) x 100

3.10.3. Scratch assay

The wound healing efficacy of MoO; NPs was evaluated using an in vitro
scratch assay on L929 cells [36]. Initially, each well of a cell culture plate was
seeded with 2 x<10* cells and incubated at 37 <C and 5% CO, for 24 h to allow the
cells to reach 90% confluence. Once the cell monolayer was formed, a straight
scratch was created using a sterile pipette tip. The debris was removed by washing
the cells with PBS, and then the cells were treated with different concentrations of
MoO;z NPs (25 and 50 pg/pL) for 24 h. The proliferation of cells was monitored
using an inverted phase-contrast microscope, and images of the scratch area were
captured at 0 h, 12 h, and 24 h. The changes in the wound area over time were
analyzed to assess the wound healing potential of MoO3; NPs.
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3.11. Statistical analysis

All the experiments were performed in triplicates, mean value for three
replications and standard error (SE) were calculated. One-way ANOVA was used for
the statistical analysis with SPSS version 12.0 (SPSS, Inc., Chicago, IL). When the P
value was less than 0.05, the differences between experimental groups were deemed
as significant.

4. Results and discussion

4.1. Visual observation and UV spectroscopy

The formation of MoO; NPs was determined by observing a change in color
and using UV spectroscopy. Upon the addition of ammonium heptamolybdate to the
plant extract, the reaction color transitioned from purple to brown, indicating the
formation of MoO; NPs are given in Figure 1a. The absormption spectra of the green
synthesized MoO; NPs were analyzed using UV spectrophotometry, are shown in
Figure 1b. The maximum absorbance peak was observed at 257 nm in the UV-C
region, which confirms that the aqueous extract of HA reduced Mo ions and
facilitated the synthesis of MoOs; NPs. Nanoparticles with dimensions ranging from
1 nm to 100 nm possess unique properties attributed to their high surface area and
small size [37,38]. Kanneganti et al. [26] also synthesized MoO; NPs using citrus
limetta pith extract, and their study exhibited a characteristic peak at 257 nm.
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Figure 1. (a) Green synthesis of MOO3 NPs from HA leaf extract; (b) UV-Visible Spectroscopic analysis of green
synthesized MoO3 NPs.

4.2. FTIR spectroscopy

The functional groups and bonds present in the green synthesized MoO; NPs
were examined using FTIR spectroscopy, and the corresponding spectrum is shown
in Figure 2. The band observed at 984 cm™ indicates the presence of the
orthorhombic MoO; phase, characterized by the terminal molybdenum to oxygen
double bond [39]. The peaks at 635 cm™, 738 cm™, and 871 cm™* correspond to the
bending vibrational modes of Mo-O-Mo bonds and the stretching vibrations of
Mo=0 bonds [40,41]. The intense vibrations observed at 1952 cm™ and 1077 cm™
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are attributed to the stretching mode of oxygen with metal atoms. The presence of
adsorbed water on the surface of MoO; is what causes these higher wavenumber
bands. The remaining stretching modes are associated with the use of ammonium

heptamolybdate as the precursor for the synthesis [42].
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Figure 2. FTIR spectra of green synthesized MoO3 NPs using HA extract.

4.3. XRD

The XRD pattemn of green synthesized MoO; NPs is presented in Figure 3. The
prominent peaks observed at 12.7< 23.1< 25.6< 27.1< 29.7< 33< 33.7< 355%
38.55 39 45.6< 46.4< 49.2< 50.9< 52.7< 56.2< 58.8< 64.3< 69.4< 72.8< and
76.5°correspond to the crystallographic planes (020), (110), (040), (021), (130),
(101), (041), (131), (160), (210), (002), (230), (080), (112), (081), (062), (202),
(232), and (301). By utilizing JCPDS software, the XRD spectrum was compared to
the reference card number 895108 from the Joint Committee on Powder Diffraction
Standards (JCPDS), confirming the formation of MoOz; NPs. The XRD analysis
revealed that the green synthesized MoO; NPs exhibited an orthorhombic crystal
structure and a high degree of crystallinity [39,42]. The Debye-Scherrer equation
was used to calculate the average crystallite size of the green synthesized MoO 3 NPs.

D = kA/(B cos)

where D is the average crystallite size, k is the crystallite shape factor, A is the
wavelength of the X-ray source (1.5406 A), f is the full width at half maximum
(FWHM) in radians, and @ is the Bragg angle in radians. The average crystallite size
(D) of the synthesized MoO; NPs was determined to be 61 nm.

10



Nano and Medical Materials 2023, 3(1), 73.

—MoO;,

(021)

20000

15000 4

10000

Intensity

5000

10 20 30 40 50 60 70 80 90
20 (degree)
Figure 3. XRD pattern of the green synthesized MoO3 NPs using HA extract.

4.4. FESEM with EDAX analysis

The MoO; NPs exhibited an average grain size of approximately 478 nm and
displayed irregular morphology, as depicted in Figure 4a,b [43]. The particle size
was calculated using the ImageJ software and the particle size distribution histogram
are given in Figure 4c. The NPs were observed to be agglomerated, forming
clusters. The energy dispersive x-ray analysis (EDAX) spectrum provided
information about the elemental composition of the synthesized product. It showed
that the predominant elements present were molybdenum and oxygen. Figure 4d
illustrates the atomic contents of molybdenum and oxygen based on the EDAX
spectrum. No discernible impurity peaks were observed in the spectrum.
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Figure 4. (a) High (2 pm) and (b) low (200 nm) magnification of FESEM images;
(c) particle size distribution histogram; (d) EDAX spectrum of green synthesized
MoO3 NPs using HA extract.

4.5.DLS and ZP

The optimization and synthesis of NPs are largely influenced by their particle
size, which plays a significant role in their properties and applications. In this study,
the stability and particle size distribution of MoO3; NPs were assessed using ZP and
DLS techniques. Figure 5a,b present the ZP and particle size distribution of the
MoO; NPs, respectively. The ZP of the MoO; NPs was determined to be =17 mV. It
is noteworthy that the green synthesis of MoO; NPs from Lepidagathis cristata leaf
extract exhibited a zeta potential of —34.6 mV, indicating a higher level of stability
[39]. The particle size distribution analysis revealed an estimated average particle
size of 584 nm at a scattering angle of 90< The polydispersity index value, a
measure of the width of the size distribution, was found to be 26.14%. The larger
particle size observed could be attributed to the presence of polyphenols or
impurities within the NPs. The precise nature of these factors impacting particle size
may require further research to clarify.
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Figure 5. (a) Zeta potential; (b) particle size distribution of green synthesised MoO3 NPs using HA leaf extract.

4.6. TGA

The thermal stability of MoO; NPs was evaluated using thermogravimetric
analysis. Figure 6 presents the TGA and DTG curve, which plots the mass of the
sample against the temperature. The thermogram of MoO3; NPs exhibited a gradual
weight loss, totaling approximately 13%, within the temperature range of 100 °C-
600 °C. The initial weight loss at temperatures near 200 °C can be attributed to the
evaporation of retained and adsorbed water.
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Figure 6. TGA and DTG curve of green synthesized MoO3 NPs using HA extract.

The maximum weight loss was obtained at this phase was confirmed by the
major peaks of DTG curve. As the temperature increased, the organic compounds
present in the NPs started to decompose, resulting in further weight loss. It is
important to note that while some organic compounds can withstand temperatures up
to 200 °C, the organic skeleton within the MoO; NPs disintegrated at higher
temperatures [44,45]. This phenomenon explains the observed weight loss in the
thermogram. However, there is a slight increase in mass by heating above 600 °C
was observed, which could be a result of oxidation at high temperatures [46].
Overall, the TGA analysis provides insights into the thermal stability of the MoO3;
NPs and indicates their behavior under increasing temperatures, shedding light on
their potential applications in various temperature-dependent processes.

4.7. Antioxidant activity

Aromatic and medicinal plants have long been utilized for their bioactive
properties in therapeutic applications [27]. The estimation of radical scavenging
activity of MoO; NPs was carried out using the DPPH and ABTS assays. A
concentration of 2 mg/mL of synthesized MoO; NPs was employed, with ascorbic
acid serving as the positive control. The DPPH assay is based on the reduction of the
persistent free radical DPPH by antioxidants, forming the corresponding hydrazine.
This technique provides a measure of the antioxidant potential [47]. Conversely, the
ABTS assay involves the interaction between antioxidants and the oxidized ABTS
radical cation, resulting in a decrease in the ABTS radical. This spectrophotometric
technique is used to assess the radical scavenging activity [48]. Figure 7a,b present
the radical scavenging activity of MoOs NPs as determined by the DPPH and ABTS
assays, respectively. The MoO; NPs exhibited antioxidant activities of 60% +0.67%,
70.48% +0.12%, 82.25% =0.76%, and 89.53% =+0.54% against DPPH, and 65.86%
+0.61%, 71.15% +0.26%, 85.60% =£0.46%, and 91.15% +0.54% against ABTS at
various concentrations (0.5, 1, 1.5, and 2 mg/mL). These results indicate that the
green synthesized MoO; NPs possess significant dose-dependent scavenging activity
against free radicals. The percentage inhibition gradually increased in a dose-
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dependent manner, reaching its maximum level. Fakhri and Nejad also reported the
maximum inhibition of 82% at 1 mM and minimum inhibition of 55% at a 0.125
mM concentration stating the concentration-dependent antioxidant activity of MoO;
NPs against ABTS radicals [48,49]. These findings highlight the potent antioxidant
properties of the MoOs; NPs, suggesting their potential application in combating
oxidative stress-related disorders and promoting overall health.
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Figure 7. Free radical scavenging effects of green synthesized MoO3 NPs at various concentrations by (a) DPPH; (b)
ABTS assays. Values are denoted as the mean £SD; * denotes statistical difference at p < 0.05, and ** denotes p <
0.01.

4.8. Antimicrobial activity
4.8.1. Minimum inhibitory concentration (MIC)

The MIC is a crucial factor for assessing the susceptibility of a pathogen to
antimicrobial agents. A lower MIC value indicates higher microbial susceptibility
and more potent antimicrobial activity [50]. In the case of MoO; NPs, the minimum
concentration required against S. aureus was determined to be 6.25 pg/mL, and MIC
of the NPs against P. aeruginosa, was found to be 12.5 pg/mL. Another study on
MoO; nanoplates revealed MIC values of 8 pg/mL against E. coli and 16 pg/mL
against Enterococcus faecalis using microdilution method [51]. It is noteworthy that
molybdenum, the primary component of MoO; NPs, has been identified as a non-
toxic element, which makes MoO; NPs a promising candidate for biocidal coatings
aimed at reducing bacterial contamination [52]. Determining the MIC value of any
antibacterial agent is crucial for assessing its potential in therapeutic applications
[53]. The observed low MIC values of MoO; NPs against S. aureus and P.
aeruginosa highlight their potent antimicrobial activity and suggest their potential
use as an effective antimicrobial agent. Further investigations are necessary to find
out the mechanism of action and to explore the application of MoO3; NPs in various
antimicrobial strategies.

4.8.2. Antibacterial activity

The antibacterial activity of MoO; NPs was evaluated using the agar-well
diffusion method against the bacteria S. aureus and P. aeruginosa, as illustrated in
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Figure 8a. The zone of inhibition against S. aureus was determined to be 10 +£0.75
mm, 14 £0.93 mm, and 18 +0.24 mm at concentrations of 0.25, 0.5, and 1 pg/mL,
respectively. Similarly, for the gram-negative bacterium P. aeruginosa, the zone of
inhibition was measured as 9 +0.26 mm, 13 *£0.65 mm, and 16 +=1.21 mm at the
corresponding concentrations. In contrast, the positive control, Cefmetazole (30 ug),
and MoO; NPs at a concentration of 0.125 pg/mL did not exhibit any zone of
inhibition against these multi-drug resistant bacteria, as indicated in Table 1. These
results suggest that the antibacterial activity of MoO; NPs is concentration-
dependent. Fakhri and Nejad also reported concentration dependent bactericidal
activity of MoO; against both gram-positive and gram-negative pathogens [49]. The
observed antibacterial effects of MoO; NPs indicate their potential as an alternative
therapeutic agent for combating bacterial infections caused by S. aureus and P.
aeruginosa.

Table 1. Zone of inhibition(mm) of MoO3 NPs against bacterial pathogens (1) S.
aureus and (2) P. aeruginosa.

Zone of inhibition (mm)

Bacterial

pathogen 0.125mg/mL  0.25mg/mL 05mg/mL  1mg/mL Cefmetazole (30 pg)
S. aureus - 10 +=0.98 14 +0.94 18 +0.78

P. aeruginosa - 9+0.32 13 +0.45 16 +0.62

4.8.3. Antifungal activity

The synthesized MoO; NPs were treated with different doses ranging from
0.125 to 1 mg/mL for their antifungal efficacy against strains of A. niger and C.
albicans. The results, presented in Table 2, demonstrate a concentration dependent
antifungal effect of MoO; NPs on both fungal strains. At a concentration of 1
mg/mL, MoO; NPs exhibited substantial inhibition zones of 23 mm and 29 mm
against A. niger and C. albicans, respectively. However, at a lower concentration of
0.125 mg/mL, MoO; NPs only showed a modest inhibition zone of 12 mm against C.
albicans, while no inhibition was observed against A. niger, as depicted in Figure
8b. The potent antifungal activity of MoO3; NPs can be ascribed to their ability to
disrupt hyphal growth, inhibit spore formation, and impede conidiospore
germination through direct interactions with the fungi [54]. In a study by Kumari and
Mangala, the antifungal activity of bulk and NPs of molybdenum trioxide against
Aspergillus sp. was investigated. It was found that the bulk sample did not exhibit
any activity at 100 pL, while MoO3z; NPs displayed zones of inhibition of 2 mm and 5
mm at concentrations of 200 pL and 300 pL, respectively, against Aspergillus sp
[55]. Additionally, Vanathi et al. reported the antifungal activity of Eichhomia-
mediated copper oxide NPs against A. niger, observing an inhibition zone of 18.33
mm at a concentration of 100 pg/mL [56]. Moreover, AgNPs synthesized from the
aqueous extract of L. acapulcensis demonstrated inhibitory effects on C. albicans,
with an inhibition zone of 19 0.5 mm observed at a concentration of 0.25 pg/mL
[57]. The observed antifungal activity of MoO; NPs against A. niger and C. albicans
highlights their potential as effective agents for combating fungal infections.
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Figure 8. (a) Antibacterial activity of green synthesized MoO3 NPs against (1) S.
aureus and (2) P. aeruginosa, Cefmetazole was used as standard; (b) antifungal
activity of green synthesized MoO3 NPs against (3) Aspergillus niger and (4)
Candida albicans.

Table 2. Zone of inhibition (mm) of green synthesized MoO3 NPs against fungal
pathogens (1) Aspergillus niger and (2) Candida albicans.

Zone of inhibition (mm)
Fungal pathogen

0.125 mg/mL 0.25 mg/mL 0.5 mg/mL 1 mg/mL
Aspergillus niger - 11 +0.12 18 +£0.34 23 +1.76
Candida albicans 12 +0.97 19+1.42 25 +1.66 29 +1.98

4.8.4. Time dynamic assay

To determine the rate of bacterial cell reduction after treatment with green
synthesized MoO; NPs at various time intervals, the time-dependent antibacterial
activity of MoO; NPs against S. aureus and P. aeruginosa was examined. The
increased bacterial reduction rate with the duration of exposure to MoO; NPs,
indicating a positive correlation between the duration of treatment and the
bactericidal effect are depicted in Figure 9. Significant bacterial reduction was
observed at various time intervals. At the MIC of both S. aureus and P. aeruginosa,
a reduction of over 50% in bacterial count was observed after 4 h of exposure.
Specifically, S. aureus exhibited a reduction rate of 56.9%, while P. aeruginosa
showed a reduction rate of 52.89% after 4 h. This discrepancy in susceptibility to
MoO; NPs between gram-positive and gram-negative bacteria can be attributed to
the difference in structural compositions of the bacterial cell walls. Gram-negative
bacteria possess an additional outer membrane that contains lipopolysaccharides
(LPS), which enhances the barrier functions of the outer membrane and contributes
to increased bacterial resistance compared to gram-positive bacteria [58,59]. In a
study by da Silva et al. the antibacterial activity of ZnO NPs against S. aureus and E.
coli was investigated. It was observed that gram-negative bacteria, exhibited lower
sensitivity to ZnO NPs compared to gram-positive bacteria, highlighting the greater
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resistance of gram-negative bacteria to nanoparticle based antibacterial agents [60].
The findings suggest that MoO; NPs possess time-dependent antibacterial activity,
with a more pronounced effect observed over extended exposure periods. The
differential response of gram-positive and gram-negative bacteria to MoO; NPs
underscores the importance of understanding the unique characteristics of bacterial
cell walls when designing effective antibacterial strategies.

—&— Control —®— S.aurcus —&— P.acruginosa

Reduction ratio (%)

20 4

0 T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5

Time (h)
Figure 9. Time-dynamic antibacterial property of green synthesized MoO3 NPs at
MIC of S. aureus and P. aeruginosa for 4 h.

4.8.5. Assessment of protein leakage and reducing sugar

The antibacterial activity of MoO3z; NPs was assessed by measuring the leakage
of biomolecules, specifically proteins and reducing sugars, which serve as
representative indicators of cell content leakage. The effect of MoO; NPs on
biomolecule leakage was evaluated over a 4 h period, during which the treated
bacterial cells experienced cell death and disruption of the cell envelope. The control
samples, which were left untreated, exhibited minimal increase in the leakage of
biomolecules, as depicted in Figure 10a. In the case of S. aureus, the protein leakage
from the cell membranes was measured at 154.88 pg/mL, while the untreated control
exhibited a protein leakage of 20.03 ug/mL. For P. aeruginosa, the treated group
displayed a protein leakage of 130 ug/mL compared to 14.9 pug/mL in the untreated
group. Similarly, significant leakage of reducing sugars was observed in both S.
aureus and P. aeruginosa after 4 h of treatment. Figure 10b illustrates the results,
with a notable reducing sugar leakage of 61.69 pg/mL and 53.9 pug/mL in the treated
groups of S. aureus and P. aeruginosa, respectively. The observed increase in
protein and reducing sugar leakage in the MoO; NPs treated cells compared to the
control indicates that MoO; NPs enhance the permeability of bacterial cell
membranes. The disintegration of the cell walls consequently leads to the leakage of
endogenous proteins and reducing sugars, resulting in bacterial cell death. Thus, it is
evident from the leakage of biomolecules that MoO; NPs possess strong antibacterial
activity.
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Furthermore, compared to chemically synthesized nanoparticles, green
nanoparticles demonstrate a higher affinity and stronger adhesion to bacterial cell
membranes, thereby supporting their superior antibacterial effect [61]. Consequently,
the leakage of proteins and sugars from the S. aureus cells were comparatively
higher than P. aeruginosa when treated with MoO; NPs. A case study involving S.
aureus and E. coli as models for gram-positive and gram-negative bacteria,
respectively, revealed that after 6 h of exposure to AgNPs, more proteins leaked
through the S. aureus membranes than the E. coli membranes, indicating that gram-
positive bacteria are generally more sensitive to antibacterial agents than gram-
negative bacteria [62]. These findings highlight the ability of MoO; NPs to disrupt
bacterial cell membranes, leading to biomolecule leakage and ultimately causing
bacterial death.
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Figure 10. Effects of MoO3 NPs on leakage of biomolecules. (a) Leakage of proteins and (b) leakage of reducing
sugars from S. aureus and P. aeruginosa for 4 h. Each value is expressed as mean £S.D., n = 3 independent

experiments.

4.9. Hemolysis assay

Hemolysis assay was used to assess the therapeutic effectiveness of MoO3; NPs
on human erythrocytes. When nanoparticles are introduced into the blood stream,
they interact with blood components, which can have potential implications.
Erythrocytes impart vital role in hemostasis and thrombosis owing to their
rheological properties and abundance in the blood [63]. NPs can induce oxidative
stress and physiochemical interactions with erythrocytes, leading to hemolysis and
cell denaturation [64]. Hemolysis occurs when the cell membrane ruptures, resulting
in the leakage of hemoglobin (Hb) into the surrounding solution [65]. Therefore,
assessing the hemocompatibility of green synthesized MoO; NPs is essential before
considering their application in therapeutic contexts.

The hemolytic activity of green synthesized MoO; NPs was examined at
concentrations ranging from 25, 50, 75, 100 pg/mL are depicted in Figure 11. The
hemolytic activity showed a concentration-dependent trend, likely due to increased
oxidative stress on erythrocytes. The erythrocytes incubated with various
concentrations (25-100 pg/mL) displayed hemolysis percentages of 2.22%, 3.65%,
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3.86%, and 4.13% respectively. These values indicate that the damage caused by the
MoO; NPs was within the non-hemolytic range (< 5%), as compared to the 100%
hemolysis displayed by cells treated with 0.1% Triton X-100 (positive control).
Standardization efforts in the field of nanotechnology, such as those by the American
Society for Testing and Materials (ASTM) International, recognize the interaction
between NPs and the immune system as a standard requirement [66]. Hemolysis
rates below 5% are considered safe according to the ASTM [67]. In contrast, ZnO
NPs demonstrated hemolysis rates of 7.7% and 75.3% at concentrations of 300 and
600 ug/mL, respectively [68]. Therefore, the synthesized MoO; NPs exhibited non-
hemolytic and non-toxic effects on human erythrocytes.
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Figure 11. Hemocompatability of green synthesized MoO3 NPs at various
concentrations (25-100 ug/mL) was evaluated by in vitro hemolysis assay in human
erythrocytes. Each experiment was performed in triplicates, and data are presented as
mean +=SD.** denotes P <0.01, and *** denotes P < 0.001.

4.10. Cytotoxicity analysis
4.10.1. MTT assay

The cytotoxicity of MoO3; NPs was assessed using the MTT assay with mouse
fibroblast L929 cells. Cell viability was measured after exposing the cells to
concentrations of 25, 50, 75, and 100 g/l of MoO3; NPs for 24 h. The results,
shown in Figure 12, indicated that cell viability decreased with higher
concentrations of MoO3; NPs. At concentrations below 50 pg/mL, the exposed cells
exhibited more than 95% cell viability, while at higher concentrations, the viability
decreased. Specifically, cell viabilities were recorded as 99%, 96%, 94.5%, and 93%
for concentrations of 25, 50, 75, and 100 pg/L respectively. Siddiqui et al. reported
that low doses of MoO; NPs did not significantly reduce cell viability [69].
Furthermore, the biocompatibility of MoO; NPs falls within the acceptable limits
defined by 1SO-10993-5 [70]. These findings suggest that the cytotoxic effects of
MoO; NPs are concentration dependent, with lower concentrations demonstrating
higher cell viability. Therefore, MoOs; NPs synthesized using green methods hold
promise for potential biocompatible applications.
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Figure 12. Graph showing percentage of cell viability at different concentrations of
MoO3 NPs in L929 mouse fibroblast cell line by MTT assay. The cytotoxic effect
was compared to control. Each value is expressed as mean £S.D., n = 3 independent
experiments.

4.10.2. Scratch assay

The effect of MoOs; NPs on cell migration during wound closure was examined
using an in vitro scratch assay. The wound healing efficacy was evaluated at 12 h
and 24 h, as depicted in Figure 13. In comparison to the control group, the scratch
region treated with MoO; NPs showed remarkable wound closure. In the control
group, only 20% of fibroblast cellular migration towards scratched area at 12 h and
55% of migration at 24 h was observed. In contrast, the nanoparticle treated group
established a concentration-dependent increase in the rate of cell migration. In 24 h,
89% of the wound had closed at a concentration of 25 pg/pL of MoO; NPs. For the
cells treated with 50 pg/pL, wound closure reached 90% at 12 h and 96% at 24 h are
shown in Figure 14. The enhancement in cell mass following the scratch can be
attributed to the active proliferation and migration of fibroblast cells towards the
wound area. Indrakumar et al. [15] investigated the therapeutic efficacy of MoO;
NPs incorporated into collagen scaffolds in wistar rats. The fabricated MoOs-
collagen scaffolds containing 50pg/mL of MoO; NPs exhibited a significant
migration rate compared to the collagen scaffolds alone. The wistar rats treated with
MoO; NPs loaded collagen scaffolds demonstrated complete healing of the wounded
tissue in approximately 15 days, highlighting the tissue-restorative properties of
MoO; NPs. Additionally, it has been reported that low concentrations of
molybdenum possess angiogenic abilities [71]. Overall, these findings signify that
MoO; NPs have the efficacy to promote wound healing by facilitating cell migration
and tissue regeneration.
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Figure 13. Healing of scratch wounds using two different concentrations (25 and 50
/L) of MoO3 NPs at 12 h and 24 h.
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Figure 14. Graph represents the percentage of wound closure using two different
concentrations (25 and 50 pg/lL) of MoO3 NPs at 12 h and 24 h. The experiments
were performed in triplicates, and data are presented as mean % SD.

5. Conclusion

The results of the present investigation demonstrated the remarkable antioxidant
and antimicrobial activities of green synthesized MoO; NPs using HA leaves extract,
specifically targeting skin infection-causing pathogens. Importantly, the cytotoxicity
evaluation on L929 mouse fibroblast cells revealed the biocompatibility of MoO;
NPs, as no significant reduction in cell viability was observed even at a
concentration of 100 pg/pL. Moreover, the in vitro scratch assay provided evidence
that MoO; NPs facilitated cell migration and exhibited significant wound healing
efficacy, indicating their potential application in tissue regeneration and wound
healing processes. These findings collectively emphasize the suitability of plant
extract-mediated synthesis of MoOs; NPs for incorporation into biopolymers or the
formulation of new biomaterials. The green synthesis approach not only ensures eco-
friendliness but also yields biocompatible and antimicrobial nanomaterials, making
them attractive for various biomedical applications. However, to fully assess their
long-term effectiveness, safety, and interactions with the human body, further
comprehensive studies are warranted.
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