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Abstract

Objective: The objective of this study is to synthesize manganese ferrite (MnFe20O4) nanoparticles (MnF NPs)
using allicin extracted from Allium sativum and to assess their bactericidal and anticancer activities. Methods: Allicin
from A. sativum was extracted using ethanol and confirmed by UV—-visible spectrophotometer (A max 240 nm). AMnF
nanoparticles (Allicin-MnF NPs) synthesized via a co-precipitation route using allicin extract as reducing and stabilizing
agent. The synthesized AMnF NPs were characterized using various instrumental techniques such as UV—vis absorption
spectroscopy, FTIR, and SEM. Bactericidal activity was assessed by Agar well diffusion and MBC/MIC determination
methods. Anticancer activity was examined against IMR-32 neuroblastoma cells and normal Vero cells using the MTT
assay. Results: The synthesized AMnF NPs showed a distinct band in UV—vis absorption at 290 nm and FTIR bands
characteristic of spinel ferrite metal-oxygen vibrations (555 cm™), along with organic functional groups from allicin.
SEM analysis revealed agglomerated, near-spherical particles of 20—50 nm. The allicin extract exhibited notable
bactericidal activity against Enterobacter sp and Staphylococcus aureus (MBC/MIC<1.5), while showing bacteriostatic
effects against Clostridium sp., Escherichia. coli, and Salmonella sp. The bactericidal behavior of the AMnF NPs
depended on their concentration, with the highest action demonstrated against S. aureus and B. subtilis strains (100
pg/mL). Cytotoxic effects of NPs were dependent on concentration with an inhibitory concentration at 54.6 ng/mL,
similar to doxorubicin at ICso 46.33 pg/mL. Toxic effects on normal cells, such as Vero, were noted to be minimal at
ICso of >90 pg/mL. Conclusion: The nanoparticles synthesized with the help of allicin display efficient antibacterial
and antitumor effects while being non-toxic to healthy cells.

Keywords: Allicin, Manganese ferrite nanoparticles, Scanning electron microscope, Bactericidal activity

Asian Pac J Cancer Prev, 27 (9), 3253-3263

Introduction

Natural plant-derived compounds possess a long
history of application in managing diverse human health
conditions. Nutritional factors significantly influence
the onset of many human diseases, and certain foods are
universally recognized as beneficial to human health,
despite cultural variations in diet [1]. Garlic (4llium
sativum L.), belonging to the Alliaceae family, ranks next
to onion as one of the most extensively utilized Allium

species and serves both culinary and medicinal purposes
[2]. Its biological activities arise mainly from organosulfur
constituents, including allicin (C6H1002S), diallyl
disulfide (C6H10S2), S-allyl cysteine (C6H11NO2S), and
diallyl trisulfide (C6H10S3) [3]. This plant is consumed
in several forms including fresh leaves, dried cloves, or
as processed products such as essential oil, extracts, and
powders each preparation influencing its overall bioactive
profile [4].

Garlic contains a high proportion of allicin (2-propene-
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1-sulfinothioic acid S-2-propenyl ester), which makes up
about 70% of its organosulfur compounds [5—7]. Crushing
or grinding garlic activates alliinase, which converts
alliin into allicin [8]. Allicin possesses an extensive
range of biological activities, together with antioxidant,
bactericidal, antiviral, and antifungal properties [9,
10] and has been reported to aid in the management of
hyperlipidemia, cancer, diabetes, atherosclerosis, and
cardiovascular disease [10, 11]. Allicin also known
to aid in controlling hyperlipidemia, cancer, diabetes,
hypertension, atherosclerosis, and various cardiovascular
conditions [12, 13].

The iron oxide groups having ferromagnetism
properties called as ferrite materials [14]. Iron oxide
incorporate with divalent metals like Mn, Mg, Zn, Cu, Ag,
Co, and Ni and form metallic ferrite with spinel structure
[15]. If the divalent manganese ion is doped on the surface
of ferrite at nanoscale level is referred as manganese
ferrite nanoparticles (MnF NPs). Manganese ferrite
(MnFe204) nanoparticles represent a significant class of
magnetic metal oxide nanostructures, valued for features
like enhanced magnetic permeability, robust chemical
resistance, and adjustable surface functionality [16, 17].
Compared with other ferrite-based materials, manganese
ferrites (MnF NPs) display superior biocompatibility,
which broadens their utility across fields such as catalysis,
biomedical engineering, and pollutant remediation [18].
Among the various fabrication routes, biosynthesis
approaches that employ plant-derived metabolites or
natural biomolecules have attracted considerable attention
because they avoid hazardous chemicals, offer low
toxicity, and support sustainable nanomaterial production
[19]. In this work, the use of allicin to generate MnFe2O4
nanoparticles provides a promising pathway that merges
the principles of green chemistry with the desirable
magnetic and catalytic behaviour of manganese ferrites
[20]. This approach leverages the dual functionality
of allicin as both a reducer and stabilizer promoting
nanoparticle formation while preventing aggregation and
imparting biocompatibility [21].

Current trends in nanomaterial production emphasize
the use of plant-based metabolites and biomolecules to
drive particle nucleation and stabilization, largely because
these strategies avoid toxic reagents and remain cost-
efficient [21, 22]. The allicin-mediated fabrication of MnF
NPs integrates the advantages of green chemistry with
the magnetic and catalytic functionalities of manganese
ferrites. Here, allicin contributes to MnF NPs formation
by initiating ion reduction while also acting as a surface-
binding molecule that controls particle growth and
stability [23]. This synergistic strategy not only offers a
sustainable route for MnFe.Oa production but also yields
multifunctional nanomaterials with promising applications
in medicine, sensing, and environmental remediation
advancing the field toward safer and more sustainable
nanotechnology [24]. In this study, allicin is extracted
from Allium sativum (garlic) by solvent extraction
method. Structure of extracted allicin is confirmed by
UV-vis spectrophotometer, and Fourier transform Infrared
spectroscopy (FTIR). Furthermore, allicin is used to
synthesis and characterization of manganese ferrite
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nanoparticles and evaluate its bactericidal and anticancer
potential.

Materials and Methods

Materials used

Chemicals and reagents (analytical grade, 99% pure)
used in the study were purchased from Sigma-Aldrich,
India. Ethanol, Muller Hinton agar, Agar powder, sterile
forceps, antibiotic discs, and LB broth. Media for culturing
microorganisms are prepared in double distilled water

Collection of microorganisms

The bacterial strains of S. aureus, Clostridium
botulinum, Enterobacter sp, Salmonella sp, and E. coli,
were acquired from MTCC, India. Cultures were sub-
cultured in sterile LB broth is used to determination of
bactericidal effects.

Extraction and characterization of allicin from garlic

Peel and weigh garlic cloves (25 g). Crush or
homogenize the cloves using a mortar and pestle or
blender. Crushing activates alliinase and forms allicin.
The homogenate is left at room temperature for 1015
minutes to allow the transformation of alliin into allicin.
After this step, 100 mL of chilled ethanol is introduced,
and the mixture is stirred or gently shaken for about 30
minutes on ice or at 4 °C. The resulting suspension is
filtered using Whatman No.1 filter paper or muslin cloth
to acquire the liquid extract containing soluble allicin.
Any remaining particulate matter in the extract can be
cleared by centrifuging the solution at 10,000 rpm for 15
minutes in a cooling centrifuge (4°C). Allicin is unstable
besides degrades quickly. So that, it is stored at —20°C in
dark containers. Extracted allicin is characterized using
UV-vis spectrophotometer to find the corresponding Amax
value for allicin measured in different wavelength.

Synthesis of MnF NPs Using allicin

MnF NPs were prepared through a co-precipitation
approach using allicin extract. Manganese nitrate
tetrahydrate and iron (III) nitrate nonahydrate were mixed
in distilled water (100 mL) ata 1:3 molar ratio and warmed
to 70 °C with constant stirring. After the metal salts had
fully dissolved, 10 mL of the allicin extract was introduced
to assist the reduction process. The suspension was then
alkalized by slowly adding 1 M sodium hydroxide until the
pH reached 10, at which point the ferrite particles began to
form. Following a two-hour reaction, the precipitate was
rinsed out, centrifuged, and dried. The dried nanoparticles
were then mixed with the allicin extract and stirred for
24 h at room temperature to let functionalization. Allicin
functionalized manganese ferrite nanoparticles (AMnF
nanoparticles) were then dried by calcining for 180 min
at 670 °C in muffle furnace.

Characterization of AMnF Nanoparticles

The extracted allicin was analyzed using a UV—vis
spectrophotometer to determine its Amax value within the
wavelength of 200—-700 nm. FTIR analysis was performed
to identify the functional groups, with spectra recorded
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between 4000 and 500 cm ™. The structure of the green
fabricated AMnF nanoparticles was studied using a
scanning electron microscope (SEM).

Antibacterial activity of allicin
Agar well assay

The bacterial cultures used in this study were procured
from MTCC examined via the diffused agar well method
[25]. Muller-Hinton agar medium was autoclaved,
cooled and melted, and around 20 millilitres were added
to each Petri dish. A gel puncture was used to create a
well with a diameter of 5 mm after the organisms used
for the overnight growth test were moved over the agar
medium. Following that, the well was filled with 25,
50, 75, and 100 pg/ml of allicin, followed by control
disc (Ampicillin) was placed over the media and they
were maintained in incubator for one day at 35°C. The
diameter of the formed zone surrounding the wells were
noted. All the experiments were followed three times for
statistical analysis.

Determination of Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal Concentration (MBC)

The Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) of the allicin
extract was determined using the broth microdilution
method.

MIC Determination

96-well containing sterile microtiter plates were
used to perform a two-fold serial dilution of the test
substance in Mueller-Hinton broth (MHB) to obtain final
concentrations typically ranging from 25 pg/mL to 100
pg/mL, depending on the sensitivity of the test organisms.
Each well was inoculated with 100 pL of standardized
bacterial liquid culture (1x10* CFU/mL) and 100 uL of
the different concentrated allicin extract.

Positive control (bacteria + broth without the allicin
extract) and negative control (broth + allicin extract
without bacterial suspension) were included. The MICs
were calculated as the lowest dose of the allicin extract
that is comparison to the control wells, showed no
discernible bacterial growth (i.e., no turbidity) when the
broths were allowed to incubation at 35°C for 18 hours.

MBC Determination

10 uL aliquots from the wells that did not exhibit any
discernible bacterial growth (matching to the MIC and
higher concentrations) were spread using L-rod on sterile
NA (nutrient agar) plates and let incubated at 35°C for one
day in order to estimate the MBC. The MBC, or 99.9%
bacterial killing, was defined as the lowest concentration
of the test material that totally suppresses the colony
development on the agar surface. All experiments were
conducted out in three separate trials, and the outcomes
have been presented as the mean + standard deviation
(n=3).

Bactericidal activity of AMnF nanoparticles
Preparation of AMnF nanoparticles
For the antibacterial tests as well as the cytotoxicity

tests, the concentration of the nanoparticles was calculated
using the gravimetric analysis method. The nanoparticles
were washed several times with distilled water, after
which the nanoparticles were dried at 60 °C to a constant
mass. The nanoparticles were suspended in a solution of
sterile distilled water with a concentration of 1 mg/mL.
The nanoparticles were subjected to ultrasonication for 20
minutes to ensure uniform dispersion. The nanoparticles
were prepared from the stock solution with a concentration
of 25, 50, 75, and 100 pg/mL.

Assessment of bactericidal activity of AMnF nanoparticles

The bactericidal activity of allicin-functionalized
MnF nanoparticles was established against both Gram-
positive (Staphylococcus aureus, Bacillus subtilis) and
Gram-negative bacteria (Escherichia coli, Pseudomonas
aeruginosa, Enterobacter sp) using the agar well diffusion
assay. On the just sterilized Muller-Hinton Agar medium-
containing plates, a freshly made bacterial suspension is
swabbed. Using gel puncture, around four wells are created
on the agar surface, and various AMnF NP concentrations
(25, 50, 75, and 100 pg/mL) were supplemented to the
wells. Following incubation for 24 h at 35°C, the diameter
(mm) of the inhibitory zone was observed.

Anticancer Activity
Cell Culture and Treatment

The human cancer cell line IMR-32 was grown in
Dulbecco’s Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% antibiotic solution.
The cultures were maintained at 37 °C in a humidity
incubator with 5% CO:- level.

MTT assay

The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) has been employed to
determine cell viability. Simply, the cells were introduced
into 96-well plates at a cell density of 1 % 10* cells per well
and treated with different dosages of MnF NPs for 24 h.

Following the procedure, the medium used was
replaced with serum-free medium including MTT, after
which there was incubating for 4 hours at 37 °C in a CO:
incubator. The testing procedure’s fundamental principle
is that metabolically engaged cells metabolize the yellow
MTT reagent into purple crystals of formazan. The
crystals were dissolved using DMSO, and absorbance
has been reported at 570 nm. Untreated cells were used
as the standard to calculate the nanoparticles’ IC50
value. Doxorubicin served as the positive control. Every
experiment was carried out three times.

Absorbance For NPs Treated Cells

% Cell Viability =1 — x 100
% Cell Viability Absorbance For Control Cells

Statistical analysis

The experimentally derived data were subjected to
regression analysis to calculate the half-maximal inhibitory
concentration (ICso) for cell viability. All results are
presented as mean + SD, based on triplicate measurements
from three separate experiments (n = 3). Significance tests
of difference between the control (standard) and the AMnF
nanoparticles were generated using a One-Way ANOVA
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and then tested post hoc with a Tukey’s Test (*p-value <
0.05, **p-value <0.01).

Results

Characterization of Allicin extract and Allicin mediated
MnF nanoparticles
UV-vis absorption

The UV-vis absorption spectrum of the allicin sample
exhibited a prominent peak at approximately 240 nm,
which is consistent with the characteristic absorption
of allicin (Figure 1). Allicin, a thiosulfinate compound,
absorbs in the UV region due to the presence of conjugated
sulfur-oxygen (S=0) functional groups and unsaturated
bonds (C=C).

The UV-vis absorption spectrum of manganese ferrite
(AMnF) nanoparticles synthesized using allicin as a
reducing and capping agent, as shown in the Figure 2,
exhibits a prominent absorption peak at 290 nm. This
strong absorption in the UV-vis region is characteristic
of charge transfer transitions, particularly from oxygen
ligands (O?") to metal ions (Fe** and Mn?), which are
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commonly observed in spinel ferrites. The peak also
indicates the formation of MnFe.O4 nanoparticles with
well-developed spinel structures.

FTIR Analysis of AMNF NPs

FTIR spectrum of AMNF nanoparticles was measured
at different wavenumber from 4500 — 500 cm™! shown in
Figure 3. O—H stretching vibrations are responsible for a
widened peak observed at around 3365 cm™!, indicating
the presence of hydroxyl groups, most likely from water
molecules or phenolic chemicals in the allicin extract.
Peaks at 2922 cm™ and 2851 cm™ correspond to C-H
stretching vibrations of aliphatic -CH>—and —CHs groups,
indicating organic constituents of allicin. The band at 1552
cm™! is characteristic of N-H bending or possibly C=C
stretching in aromatic rings, while the 1409 cm™ band
may arise from C—-N stretching of amines or deformation
vibrations of methyl groups. A notable peak at 928 cm™
can be associated with C—O stretching vibrations, typical
ofalcohols, ethers, or esters. Most importantly, the strong
absorption band at 555 cm™ is indicative of metal-oxygen
(M-0) stretching vibrations, indicating the formation of
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Figure 1. UV-vis Spectrum of Allicin Extracted from Garlic
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Figure 2. UV-vis Spectrum of Allicin Mediated Synthesized Manganese Ferrite Nanoparticles (AMNF NPs).
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Figure 3. FTIR Spectrum of Green Synthesized AMnF Nanoparticles Using Allicin Extract

MnFe204 spinel structure. The successful generation of
AMnF nanoparticles with bioactive chemicals from allicin
serving as capping and reducing agents is confirmed by
this spectrum.

SEM analysis

The scanning electron microscopy (SEM) image
provided appears to show the surface morphology of
AMnF (manganese ferrite) nanoparticles. The image
reveals an agglomerated nanostructure with individual
nanoparticle sizes roughly ranging between 20-50 nm
and particles displaying irregular but generally spherical
morphology (Figure 4).

Bactericidal Activity of allicin extract

The bactericidal activity of allicin extract was tested
against five bacterial strains (Clostridium sp., Enterobacter
sp., Escherichia coli, Salmonella sp., and Staphylococcus
aureus) using the standard diffused agar well method at
dosages of 25 g, 50 pg, 75 pg, and 100 pg, alongside
a control. Among the tested organisms, Enterobacter
sp. exhibited the highest sensitivity, with the zone of
inhibition increasing consistently across concentrations

and reaching a maximum of 25.00 + 0.47 mm at 100 pg.
Staphylococcus aureus also responded strongly, displaying
a concentration-dependent increase in inhibition, peaking
at 19.33 £ 1.19 mm at 100 ug. Moderate inhibition was
observed in Clostridium sp. and Salmonella sp., with
maximum inhibition zone formation of 10.00 + 0.47 mm
and 11.33 + 0.72 mm, respectively. E. coli showed the
least sensitivity overall, with a noticeable increase only
at the highest concentration, yielding a zone of 13.67 +
0.72 mm. These results suggest a concentration-dependent
antibacterial effect, with efficacy varying among bacterial
species (Figure 5).

To further ascertain the potency of the antibacterial
efficacy of allicin, the MIC and MBC were carried out
using the broth microdilution technique. The MIC is the
minimum concentration of the compound that can inhibit
the growth of bacteria, whereas the MBC is the minimum
concentration of the compound that can kill 99.9% of the
microbial inhabitants. From the results, it was observed
that the lowest values of MIC and MBC were recorded
for Enterobacter sp. and Staphylococcus aureus, which
indicated the highest level of sensitivity. However, the
highest values of MIC and MBC were recorded for

Figure 4. SEM Image of Green Synthesized AMnF Nanoparticles Using Allicin Extract Measured at 200 nm Scale Bar
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Figure 5. Zone of Inhibition (mm) Exhibited by the Allicin Extracted from Garlic at Different Concentrations (25 ug,
50 ng, 75 pg, 100 pg) against Five Bacterial Strains

Table 1. Zone of Inhibition (mm) Exhibited by the Test Substance at Different Concentrations (25 pg, 50 png, 75 ug,
100 pg) against Five Bacterial Strains. Data represent mean = standard deviation (n=3). The control group represents
the inhibition observed with the active substance ampicillin.

Concentration Clostridium sp Enterobacter sp E. coli Salmonella sp Staph. aureus
25ug 06.33+0.27 19.33+0.54 05.33+0.27 05.33+0.27 07.67+0.27
50pg 06.00+0.47 22.33+1.19 07.67+0.98 08.33+0.72 12.67+1.19
75ug 10.00+1.33 23.33+0.54 07.67+0.27 09.00+0.94 17.67+0.98
100pg 10.00+0.47 25.00+0.47 13.67+0.72 11.33+0.72 19.33£1.19
Control 06.33+0.27 14.67+0.54 05.47+0.27 06.72+0.27 08.54+0.27

E. coli, which indicated the highest level of resistance to
the compound. The results are consistent with the results
of the agar diffusion method, which indicated the dose-
dependent antibacterial efficacy of the compound, which
was bacteriostatic as well as bactericidal (Table 1).
Antibacterial action was interpreted based on the
MBC/MIC ratio. In antimicrobial studies, when the
MBC/MIC ratio is <4, it is considered bactericidal, while
a ratio above 4 indicates a bacteriostatic action. In the
present study, Enterobacter sp. had an MBC/MIC ratio
of 1.0, and Staphylococcus aureus had an MBC/MIC
ratio of 1.5, both close to unity, which indicates a strong
bactericidal action of allicin on these organisms. In the
case of Clostridium sp., Escherichia coli, and Salmonella
sp., their MIC was within the tested range, while their
MBC was above the tested concentration (>100 pg/

mL). This indicates that these organisms were inhibited
by allicin, not killed, within the tested concentration
range, showing a bacteriostatic action of allicin on these
organisms (Table 2).

Bactericidal activity of AMnF nanoparticles

The antibacterial activity of green synthesized
MnFe204 nanoparticles using allicin extract is examined
against bacteria Bacillus subtilis, Staphylococcus aureus,
Pseudomonas sp, Enterobacter sp and E. coli (Figure 6).
Herein, four different concentrations like 25, 50, 75 and
100 pg/ml are used to check the antibacterial activity
(Table 3). In that, the 100 pg/ml concentration shows
strong antibacterial activity in all aforementioned bacteria.
Among the bacteria, Bacillus subtilis and S.aureus forms
high zone of inhibition, which shows the MnFe204

Table 2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) and MBC/MIC
Ratio of the Allicin against Selected Bacterial Strains

Bacterial strain MIC (pg/mL) MBC (pg/mL) MBC/MIC ratio Interpretation
Clostridium sp. 75 >100 >1.33 Bacteriostatic
Enterobacter sp. 25 25 1 Bactericidal
Escherichia coli 100 >100 >1.0 Bacteriostatic
Salmonella sp. 75 >100 >1.33 Bacteriostatic
Staphylococcus aureus 50 75 1.5 Bactericidal

Note: MIC represents the lowest concentration of allicin that inhibits visible bacterial growth, while MBC represents the lowest concentration
that kills >99.9% of the bacterial population. The MBC/MIC ratio was calculated by dividing the MBC value by the MIC value. When the MBC
exceeded the highest tested concentration (>100 pg/mL), the ratio was expressed as greater than the calculated value
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Figure 6. Antimicrobial Activity of AMnF Nanoparticles against Various Pathogenic Bacteria at Different Concentrations

Table 3. Antimicrobial Activity of AMnF Nanoparticles against Various Pathogenic Bacteria at Different Concentrations

Microorganisms Zone of inhibition (mm in diameter)

25 pg/mL 50 pg/mL 75 pg/mL 100 pg/mL
Bacillus subtilis 11.33£1.34 15.00£1.01 21.67+1.33 26.00+1.13
S. aureus 12.33+1.45 13.67+1.45 20.67+0.88 26.00+0.58
Pseudomonas sp 10.33+£1.41 14.67+1.54 17.67+0.88 23.33+1.24
E. coli 11.33+1.03 14.00+1.31 20.67+1.19 24.00+1.06
Enterobacter sp 09.67+1.45 13.00+1.33 17.33+0.33 23.00+1.61

nanoparticles e has high antibacterial activity against
these two organisms.

Anticancer activity of AMnF nanoparticles

In vitro assessment of anticancer efficacy of AMnF
nanoparticles against IMR-32 at different doses was
examined by MTT assay (Figure 7). The MTT assay
relies on the metabolic breakdown of MTT into
formazan crystals following cancer cell line treatment.

% Cell viability

15 pg/mL 30 pg/mL

45 pg/mL

For IMR-32 cell lines, the inhibitory action of AMnF
nanoparticles was contrasted with that of the conventional
medication doxorubicin. Anticancer activity at the varied
concentrations of 15 pg, 30 ug, 45 ng, 60 pug, 75 ug and 90
pg/ml exhibited efficient suppression against cancer cell
lines. Figure 4 showed a progressive rise in the proportion
of cell line inhibition through viability suppression across
all treatments. However, against IMR-32 cancer cell lines,
doxorubicin and nanoparticles at 90 pg/ml exhibit cell

[ standard
I AMnF NPs

60 pg/mL 75 pug/mL 90 pg/mL

Concentration

Figure 7. Anticancer Effector Activity of AMnF Nanoparticles against IMR-32 is Presented here. All statistical
calculations were performed on the basis of the mean and standard deviation (n=3). Significance tests of difference
between the control (standard) and the AMnF nanoparticles were generated using a One-Way ANOVA and then tested
post hoc with a Tukey's Test (*p-value < 0.05, **p-value <0.01).
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Figure 8. AMnF Nanoparticles' Effects on Typical Vero Cells. The values are given as mean + SD (n = 3). One-
way ANOVA and Tukey's post hoc test were used for statistical analysis. Variations were deemed statistically not

significant.

viability of 10.89+1.14% and 16.05+1.13%, respectively.
The ICso value of the standard compound was 46.0 pg/mL,
whereas AMnF nanoparticles exhibited an ICso value of
54.6 ng/mL Statistical analysis revealed that the difference
in cytotoxicity between the two treatments was significant
(p < 0.05). In order to evaluate the biosafety of the
compound, the cytotoxic effect of the AMnF nanoparticles
was also investigated on normal vero cells. The results
showed that the compound exhibited low toxicity with ICso
value > 90 pg/mL, thus demonstrating selective toxicity
against cancer cells (Figure 8).

Discussion

The use of allicin a biologically active organosulfur
compound derived from garlic not only aids in nanoparticle
formation but also provides bio-functional properties [26],
making these MnF nanoparticles suitable for biomedical
or antimicrobial applications [27, 28]. This observation
is in agreement with earlier reports where allicin showed
maximum absorbance around 240-250 nm [29, 30]. Allicin
mediated synthesized MnF nanoparticles shows SPR
band at 290 nm indicates spinel structure. A single, sharp
peak in the visible spectrum indicates a comparatively
uniform nanoparticle size and effective allicin capping,
which could aid in surface stabilization and passivation
[31]. In accordance with the semiconducting nature of
ferrite nanoparticles, the slow decline in absorbance
after 300 nm suggests less light absorption in the visible
spectrum [32]. The band observed at 555 cm™ corresponds
to metal-oxygen stretching vibrations characteristic
of spinel ferrites [43]. This spectrum verifies that the
synthesis of MnF nanoparticles was successful through
biochemistry, where bioactive compounds of allicin acted
as reducing agents and capping agents. The SEM image
of MnF nanoparticles also indicates that clustering is
occurring, showing strong interparticle interactions that
could be due to magnetic dipole-dipole interactions and

3260 4sian Pacific Journal of Cancer Prevention, Vol 27

high surface energies, which are common properties
of ferrite nanostructures [33]. The unique porous web
structure of this material, which could increase its surface
area significantly, also makes it suitable for adsorption
and catalytic applications, according to Gnanaprakash
et al. [34]. The synthesis of this nanostructured MnF
material was also verified by SEM analysis [35]. This
strong tendency of MnF nanoparticles to agglomerate
could be due to magnetostatic interactions between these
nanostructures, which is a common property of soft
ferrimagnetic nanostructures. The aggregates formed by
these nanostructures are useful in applications that need
strong magnetic responses but could be disadvantageous in
applications that need high surface area, such as adsorption
and catalysis.

The bactericidal activity of the allicin extract of
garlic was tested against Clostridium sp., Enterobacter
sp., E. coli, Salmonella sp., and S. aureus. The results
established a dosage-dependent inhibitory effect as
evidenced by the increased size of the inhibition zones
with increased dosage. The difference in sensitivity can
be accounted for by previous studies that have shown
that differences exist in the cell wall composition,
selective permeability, and efflux mechanisms between
Gram-positive and Gram-negative bacteria [36]. The
maximum bactericidal activity against Enterobacter sp.
and S. aureus is consistent with previous studies that have
shown both Gram-negative opportunistic pathogens and
Gram-positive staphylococci exhibit increased sensitivity
to bactericidal agents. The high susceptibility is further
corroborated by the bactericidal potential of allicin against
Enterobacter sp. (MBC/MIC = 1.0) and S. aureus (MBC/
MIC = 1.5) in this study. Enterobacter sp. and S. aureus
have relatively lower MIC values (25 pg/mL) compared
to other tested organisms. This implies that even trace
concentrations of the compound can effectively inhibit
growth. This is desirable for potential therapeutic or
antimicrobial coating use. Salmonella sp., Clostridium sp.,
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and E. coli have relatively high MIC and MBC values.
The bacteriostatic nature of these organisms suggests a
reduced level of sensitivity. The defense mechanisms that
these organisms use against the tested compound could
be biofilm formation and enzymatic degradation of the
active compound. Another possibility is the alteration in
porin channels.

These results, therefore, clearly indicate that the test
material possesses bactericidal as well as bacteriostatic
properties, thus promising its potential as an antimicrobial
compound. The wide spectrum of antimicrobial activity,
as observed in the present study, indicates that these
formulations may be employed for controlling both
Gram-positive as well as Gram-negative microorganisms.
In particular, the compound’s strong bactericidal
activity against Enterobacter sp. and Staphylococcus
aureus indicates its potential as a potent compound for
controlling these microorganisms. On the contrary, the
relatively higher MIC and MBC values for Salmonella
sp., Clostridium sp., and Escherichia coli indicate
relatively lower sensitivities for these microorganisms,
thus implying that relatively higher concentrations may be
needed for exerting complete bactericidal effects on these
organisms. In addition, these results may also indicate
that a synergistic approach, involving a combination of
this compound with membrane-permeabilizing agents or
other antimicrobial compounds, may further enhance its
bactericidal potential.

Recent studies have shown that natural compounds,
especially antimicrobial agents and their nano-formulations
from plant sources, have shown appreciable antibacterial
potential against multidrug-resistant bacteria [37]. The
increased biological potential of the AMnF nanoparticles
over allicin can be explained by the unique physical and
chemical properties of the nanoparticle system. The
small size of the nanoparticles offers a greater surface
area that can interact effectively with the cell membrane
and increase the rate of cellular uptake [19]. Nanoparticle
surfaces can act as carriers for the antimicrobial agent
allicin. The nanoparticle carrier system enhances the
stability of allicin, protecting it from quick degradation
under physiological conditions. The encapsulation of
allicin in the nanoparticle matrix enables the controlled
release of the active component, thus enhancing the
longevity of the antimicrobial action. The improved
antimicrobial activity of nanoparticle-loaded allicin in
comparison to free allicin can be explained in terms of
enhanced uptake, stability of the bioactive component,
and controlled release kinetics. This nanocarrier-mediated
approach can offer a possible solution for the treatment
and control of infections by both Gram-positive and Gram-
negative bacteria [20].

Mechanistically, the bioactive compounds may act
against disease causing bacteria via various mechanisms
like cell membrane disruption, interference with
crucial metabolic processes, inhibition of quorum
sensing, or induction of oxidative stress (ROS). The
reduced MIC and MBC values for Enterobacter sp. and
Staphylococcus aureus also point towards the bactericidal
activity of the phytocompound against those pathogens.
This suggests that the antibacterial effect of the compound

may also be concentration- and species-dependent. Some
of the natural antibacterial compounds have been found
to exhibit potent bactericidal and anti-biofilm activities
against Staphylococcus aureus, including methicillin-
resistant Staphylococcus aureus (MRSA), making them
promising compounds for the treatment of infections
caused by these pathogens [38, 39]. On the other hand,
Salmonella sp., Clostridium sp., and Escherichia coli
showed relatively moderate sensitivity, as evidenced
by relatively higher MIC and MBC results. This may
be due to the predominantly bacteriostatic action of the
tested compounds. This finding is in line with the present
research trends that indicate the potential value of plant-
derived bioactive compounds and their nanoparticle-based
formulations for the development of green therapy for
antibiotic resistance.

Moreover, the MTT assay outcomes revealed that the
synthesized manganese ferrite nanoparticles exhibited
substantial cytotoxicity against IMR-32 neuroblastoma
cells in a dose-dependent manner. The increased
cytotoxicity of the synthesized nanoparticles could be
explained by enhanced uptake of nanoparticles by cells,
increased release of bioactive compounds, and increased
interaction of nanoparticles with intracellular targets.
Nanoparticle-based delivery systems are also reported to
prevent the degradation of bioactive compounds, thereby
increasing their half-life [40, 41]. The cytotoxicity of
AMnF nanoparticles could be related to nanoparticle-
induced oxidative stress that activates various pathways
of apoptosis. Ferrite-based nanoparticles are reported to
increase ROS generation inside cells, which may cause
disruption of normal cellular functions through damage to
critical biomolecules such as DNA, proteins, and lipids.
This overproduction of ROS can affect mitochondrial
functions, leading to a loss of mitochondrial membrane
potential and the initiation of apoptosis-related signalling
pathways. In addition, the uptake of nanoparticles
by cancer cells may initiate mitochondrial-mediated
apoptosis, leading to nuclear condensation and cell death.
All these processes are responsible for the observed
cytotoxic effects of the synthesized AMnF nanoparticles
[42, 43]. This is in line with previous observations that
have indicated that nanoparticle-mediated delivery of
chemotherapeutic agents can significantly improve
anticancer potency compared to free agents. Future studies
should be directed towards comparing the cytotoxic
potency of free allicin and nanoparticle-functionalized
allicin systems in order to understand their synergistic
anticancer potency.

In conclusion, the work describes a green synthesis
technique that uses garlic extract, which contains
allicin, a naturally occurring organosulfur molecule, to
create manganese ferrite nanoparticles. The magnetic
characteristics of and the bio-reductive characteristic of
a ferrite nanoparticles naturally occurring organosulfur
molecule are combined in this work in a novel way.
For the nanoparticles with a diameter between 20 and
50 nm, structural and morphological investigation
confirmed the bio-functionalized surface of the particles.
Excellent antibacterial qualities were demonstrated by
the nanoparticles against a variety of microorganisms. By
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contrast, the nanoparticles had the most inhibitory effects
against Bacillus subtilis and Staphylococcus aureus.
By contrast, the strongest inhibitory effects against
Enterobacter sp. and S. aureus were shown by pure
allicin extract. This study proves that nanoparticles are
potent against specific strains of bacteria compared to
others. The results for the anticancer tests showed that
the nanoparticles exhibited excellent inhibitory effects
against IMR-32 neuroblastoma cancer cells, proving that
the nanoparticles possess excellent potential for acting
as a drug against cancer. In addition, the nanoparticles
exhibited excellent selectivity against normal Vero cells.

In conclusion, allicin-functionalized MnF
nanoparticles inherit the benefits of magnetic metal oxide
nanostructures, green chemistry, and phytochemicals.
The MnF nanostructures are good candidates for future
applications in cancer therapy, surface coatings for
antimicrobial activity, and nanomedicine due to their
confirmed antimicrobial activity and selective cytotoxicity
against cancer cells. Further mechanistic studies on the
subject will be required to progress towards practical
applications.
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