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yield nanoparticles with highly different properties which limit their applications especially in the biomedical
field. Thus, we aimed to explore the suitability of pyrolusite as a new and sustainable manganese mineral source
for MnOx production. Moreover, we examined the effect of various synthesis methods on the physicochemical
characteristics and biological activity of MnOx NPs to explore their therapeutic utilization potential against
microbes and in cancer treatment. We produced MnOx NPs from a naturally occurring mineral via mechano-

chemical, chemical, and electrochemical processes, characterized them thoroughly, and assessed their cytotox-
icity against bacteria, fungi, and human cancerous and non-cancerous cells. We verified that the synthesis
method utilized to obtain MnOx NPs impacted significantly nanoparticle properties leading to distinct structural,
morphological, and biological characteristics. Although none of the particles was effective against the tested
bacterial strains, electrochemically produced NPs demonstrated significant antifungal activity. These nano-
particles were also the most potent anticancer agents, exhibiting cancer-selective toxicity attributed to apoptosis
induction rather than altered cell proliferation or direct necrotic effects. These results are relevant for the
development of effective and safe nanotherapeutics and highlight the potential of MnOx nanoparticles - obtained
through carefully selected initial mineral source and adequate synthetic approach - in antimicrobial and anti-

cancer therapy.

1. Introduction

Due to the extensive utilization of nanomaterials in various fields of
industry, technology, as well as medicine, the worldwide demand for
nanoparticles is rapidly increasing [1]. For instance, metal-based
nanoparticles are frequently employed in electronics, optics, in domes-
tic items and in a wide range of medical applications, that led to an
enormous rise in metal nanomaterial production [2,3]. Since initial
precursor sources may vary and also the synthesis methods - i.e.
chemical reduction, electrochemical processes, photochemical re-
actions, thermal/radiation-assisted methods, mechanical milling — are
constantly evolving, these have to be adapted and adjusted to each other
in order to provide nanomaterials with the required properties in the
most efficient and cost-effective way. Therefore, optimalization of the
source material and the production technology followed by the inspec-
tion of the nanomaterials’ effects is a perpetual and relentless endeavor
in nanomaterial science. The major challenges include insufficient sta-
bilization, polydispersity, undesired chemical entities, which can
severely limit the (biomedical) application possibilities of the produced
nanomaterials.

In recent years, numerous nanoparticle-based therapies and imaging
technologies have emerged for the purpose of elucidating biological
processes and monitor disease conditions [4,5], and to deliver or act as
therapeutic agents at targeted cells [6]. Inorganic materials like metal
and metal oxide nanoparticles, especially silver, gold and iron-oxide,
have been massively tested for biomedical and healthcare applica-
tions, among them tissue engineering, immune engineering, drug de-
livery, disease diagnosis, as a specific treatment agent or a biosensor
[4-8]. It turns out that nanomaterials can be utilized very efficiently in
antimicrobial and anti-cancer treatment modalities in particularly
challenging cases such as multidrug resistance or infected patients
suffering from multiple complications (immunocompromised, elderly
individuals, premature newborns). Among several metal-based nano-
materials, manganese oxide containing nanoparticles (MnOx) were
shown to exhibit impressive antimicrobial activity against various
pathogenic species, such as Escherichia coli, Klebsiella pneumoniae and
Pseudomonas aeruginosa and it was revealed that the toxicity of these
nanoparticles against E. coli is primarily related to membrane damage
but not to oxidative stress-induced lipid peroxidation [9-11]. It was also
recently published that manganese can be exploited also for cancer
immunotherapy, chemo-dynamic therapy, and magnetic resonance im-
aging, thus manganese oxide nanoparticles are now regarded as a novel
platform for cancer theranostics [12,13]. Due to their pH-responsive
degradation and versatile -catalytic activities manganese- and
manganese-oxide-based nanoparticles (MnOx NPs) in various oxidation
states interact both with cells and their environment in a unique manner,
furthermore, their magnetic susceptibility enables them to be easily
guided to specific locations in the body (preferentially to the tumor site)
using magnetic fields and enhance significantly the T1-magnetic

resonance imaging contrast for tumor-specific imaging. In general, these
particles seem to be well tolerated by the body and do not cause sig-
nificant toxic effects in most tissues as they transform to harmless
water-soluble Mn?* ions which are then either quickly excreted by the
kidneys (thus relieve the long-term toxicity concerns upon in vivo ap-
plications). Nevertheless, MnOx NPs show potent dose-dependent
cytotoxic activity against human lung cancer cells, and reduce signifi-
cantly the viability of human prostate cancer cells in vitro [14,15].
Moreover, MnO; nanostructures are capable of modulating the tumor
microenvironment by triggering the decomposition of hydrogen
peroxide into water and oxygen, forming a Mn-based tumor
microenvironment-responsive multifunctional nanoplatform [16].
Based on these observations MnOx nanoparticles might hold enormous
potential in clinical microbiology and in oncology to overcome the
previously detailed limitations and challenges of diagnosis and
treatment.

While several methods have been successfully employed to generate
MnOx NPs, utilizing a broadly accessible, and naturally occurring min-
eral for nanomaterial synthesis offers several benefits especially in terms
of production costs. Fortunately, manganese stands out as the second
most abundant transition metal in the Earth’s crust, as these manganese
minerals participate in geochemical redox reaction processes and have a
crucial function in the biological respiration process and the nutritional
circle. Due to the variety of oxidation states and compositions, there are
about 190 manganese minerals with a Mn content 25% or greater.
Among these, about 30 encompass predominantly oxides, hydroxides,
and carbonates that dominate the phases in commercial ores. Hungary
has several manganese deposits, most of these have ores with a sedi-
mentary origin. The ores from Urkit, Hungary consist mainly of man-
ganese carbonate minerals and a minor amount of pyrolusite—a black,
amorphous mineral with a granular or columnar structure, displaying a
metallic luster, and exhibiting a black streak. Moreover, our previous
findings indicate that this indigenous mineral, the pyrolusite, holds
enormous potential, since it can act as a direct precursor for synthesizing
supercapacitor electrodes.

Drawing upon these facts, our objective was to delineate whether the
mineral pyrolusite could be utilized for MnOx nanoparticle production,
moreover, which synthesis approach would be the best suited process to
exploit this source material for cost-effective nanomaterial
manufacturing. Another aspect of our investigation, and is one of the
major questions for production, whether and how a naturally occurring
mineral that has only undergone simple processing methods, can be
contemplated for certain applications involving biological entities. This
can be considered as a relevant novelty component of this work. Along
these lines, in the present research work mechanochemical, chemical,
and electrochemical synthesis processes were applied and the produced
MnOx nanoparticles were characterized for several physicochemical
properties, among these size, shape, and crystalline structure. To
examine the influence of the synthesis mode on biological activity and
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on future medical applicability, the cytotoxicity of the various MnOx
nanoparticles was examined on Gram-positive and Gram-negative bac-
teria, fungi and also on human cancerous and non-cancerous cells. Our
results revealed that the applied synthesis methods used to produce
nanoparticles from this naturally occurring mineral in fact had a sig-
nificant impact on nanoparticle properties and on their biological per-
formance. Importantly, MnOx nanoparticles produced by
electrophoretic deposition exhibited the most prominent activity against
yeast and various cancer cells, therefore, the most optimal synthesis
approach that yields nanoparticles with the most outstanding potential
regarding this nanomedicinal application can be selected.

2. Materials and methods
2.1. Materials

A brown-black manganese mineral sample of Urkit, Hungary was
received from the Institute of Geology, University of Szeged.

2.2. Synthesis of manganese oxides

2.2.1. Preparation of milled manganese mineral (MM)

The mechanically ground mineral was milled using a planetary ball
mill, equipped with 20 steel balls, each weighing 4 g, in a 200 mL Ni/Fe/
Cr milling bowl with the diameter of 50 mm. The direction of the milling
was reversed every fifteen minutes, and the milling speed was 450 rpm.
After two hours of dry milling, approximately 5 mL of ultrapure water
was added to the milling bowl, and the milling continued for additional
two hours at the same milling speed. After the second milling step, the
sample was washed three times with water and three times with ethanol
solution respectively. The filtered substance was freeze-dried overnight
and stored in a dry sample tube.

2.2.2. Dissolution of milled mineral for the subsequent synthesis approaches

The initial steps involved dissolving 0.03 g of MnOx in 20 mL of
oxalic acid (0.1 M). Later, the dissolved solution was separated by a
membrane of 0.45 pm pore size from the undissolved residues, such as
silica, from the mineral composite. For each subsequent sample syn-
thesis, 20 mL of manganese oxalate solution was used.

2.2.3. Electrophoretically deposited MnOx (EM)

For the electrophoretic deposition, 20 mL (0.1 M) of NaOH was
added to the filtered manganese oxalate solution (20 mL). Then in a cell
containing two carbon paper electrodes as anode and cathode, 5 Volt DC
was applied by a Keithley 2280S-60-3 power supply to the mixture.
After the application of the voltage, manganese hydroxide began to
deposit on the surface of the electrode and it continued for two hours.
Then the particles were collected, centrifuged at 4000 rpm for ten mi-
nutes to separate them from the solution, and washed three times with
distilled water. As a final step, the EM-labelled samples were freeze-
dried overnight and stored in a dry sample tube. Manganese hydrox-
ide rapidly transforms to oxide by exposure to air [17].

2.2.4. Stirred precipitated MnOx (SM)

In parallel experiments, 40 mL of 0.1 M NaOH was added dropwise to
20 mL of filtered manganese oxalate solution. Due to changes in the pH
of the solution, manganese hydroxide formed. The sample was stirred
for 2 hours until manganese hydroxide formation was complete. The
particles were then separated from the solution by centrifugation at
4000 rpm for ten minutes and washed three times with distilled water.
The sample, which was labelled SM, was dried overnight by freeze-
drying method and stored in a dry sample tube.

2.2.5. Commercial manganese oxide (CM)
Chemical grade (Molar Chemicals) manganese dioxide was used
without further purification.
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2.3. Characterization of the MnOx samples

In order to determine the crystal structure of the various manganese
oxide samples, a Rigaku Miniflex II powder X-ray diffractometer
equipped with a Cu Ka radiation source (1 = 0.15418 nm) and running at
30 kV and 15 mA at room temperature and scanning at a rate of 1 degree
per minute in the 10-80° 26 range was used. To analyze the morphology
of the obtained nanomaterials a FEl TECNAI G2 20 X-TWIN transmission
electron microscope at 200 kV accelerating voltage and a Hitachi S-4700
Type II instrument scanning electron microscope at 30 kV accelerating
voltage was applied. The elemental composition of the samples was
analyzed by energy dispersive X-ray spectroscopy (Rontec Quantax>
EDS). Samples were drop-casted from alcoholic suspension onto silicon
wafers and measured at 20 kV accelerating voltage without any addi-
tional coating. The thermodynamic properties of the nanomaterials
were determined by differential scanning calorimetric (DSC) analysis
utilizing Q20 (TA Instruments) at RT — 600 °C with a constant airflow
and heating—cooling rate of 5 °C min~'. A SENTERRA II Raman micro-
scope (Bruker Optics, Inc.) was used to acquire the Raman spectra at
532 nm with a 1 s integration time (with three repetitions) at a resolu-
tion of 4 cm ™! and an interferometer resolution of 0.5 cm™!. The elec-
trophoretic mobilities of manganese oxide particles in water-based and
RPMI cell culture medium-based dispersions were examined by Nano ZS
(Malvern) dynamic light scattering (DLS) apparatus with a 4 mW He-Ne
laser source (A= 633 nm) operating in backscattering mode and
disposable zeta cells, respectively. To explore the exact oxidation states,
X-ray photoelectron spectroscopy (XPS) measurements were performed.
For this, samples were pressed onto double-sided carbon tapes attached
to stainless steel sample holders. A Specs XPS instrument equipped with
an XR50 dual anode X-ray source and a Phoibos 150 hemispherical
analyzer was used for the measurements. The Al Ka X-ray source was
operated with 150 W (14 kV) power. Survey spectra were collected with
40 eV pass energy and 1 eV step size. High-resolution spectra were
collected with 20 eV pass energy and 0.1 eV step size. Collected high-
resolution spectra were C 1 s, O 1 s, and Mn 2p. For data evaluation
the CasaXPS software version 2.3.25PR1.0 was used [18]. All
high-resolution spectra were background corrected with a Shirley
background and all peaks were fit with a Gauss-Lorentzian product
function where the Lorentzian contribution is 30%.

2.4. Antimicrobial activity of MnOx particles

2.4.1. Determination of minimal inhibitory concentration (MIC)

Growth inhibition of the MnOx NPs was tested in 96-well microtiter
plates on Escherichia coli SZMC 0582 (SZMC: Szeged Microbiology
Collection), Bacillus megaterium SZMC 6031 and Cryptococcus neofor-
mans IFM 5844 (IFM: Research Center for Pathogenic Fungi and Mi-
crobial Toxicoses, Chiba University) strains. The minimal inhibitory
concentration (MIC) was determined with the microdilution method by
adding 50 pL serially two-fold-diluted nanoparticle solution to 50 pL of
cell suspension (8x10* cell/mL) in RPMI 1640 medium (Biosera,
Nuaille, France). The applied concentration range for each nanoparticle
was 5-0.019 mg/mlL, the dilution was made in RPMI 1640 medium.
After 48 hours (E. coli, B. megaterium) or 72 hours (C. neoformans) of
incubation at 30 °C, the optical density of the cultures was measured at
620 nm in SPECTROstar Nano plate reader (BMG LabTech, Offenburg,
Germany). Cell suspension supplemented with 50 ul RPMI 1640 was
used as growth control. Minimal inhibitory concentration was defined as
growth inhibition > 90% compared to 100% growth of the untreated
control. The experiments were carried out in three biological repeats
always in triplicates.

2.4.2. Cell viability test

For cell viability test, 50 pL samples were taken from the cultures at
the end of the incubation period, and the samples were diluted to 10-
and 100-fold in sterile distilled water. From each dilution (10’l and
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1072) as well as from the undiluted sample (dilution 10% 5 uL were
placed on solid medium and the growth of the strains was detected after
48-hour incubation at 30 °C. YPD medium (1% peptone, 1% dextrose,
0.5% yeast extract and 2% agar) was used for cultivation of
C. neoformans. E. coli and B. megaterium were propagated on meat
extract-peptone medium (1% dextrose, 0.5% meat extract, 0.5%
peptone, 0.1% yeast extract and 2% agar).

2.5. Anti-cancer activity of MnOx particles

2.5.1. Cell culturing

MCF-7 human breast adenocarcinoma, DU-145 human prostate
cancer, and MRC-5 human fibroblast cell lines were purchased from
ATCC. MCF-7 and DU-145 cells were maintained in RPMI-1640 (Biosera,
Nuaille, France), MRC-5 cells were maintained in EMEM medium (Bio-
sera, Nuaille, France) complemented with 10% FBS, 2 mM L-glutamine,
0.01% streptomycin and 0.005% penicillin and cultured under standard
conditions in a 37 °C incubator containing 5% CO3 in 95% humidity.

2.5.2. MTT cytotoxicity assay

To investigate the cytotoxicity of the manganese oxide containing
samples (MM, EM, SM, CM), first the viability of various cancer cells and
of non-cancerous fibroblasts following treatments were detected by MTT
assay. For this, 10,000 cells/well (MCF-7, DU-145 human adenocarci-
noma or MRC-5 human fibroblasts) were seeded into 96-well plates and
left to grow. The next day cells were exposed to increasing concentra-
tions of MM, EM, SM, CM nanoparticles (0; 18.75; 37.5; 75; 150; 300;
600 pg/mL). After 24-hour incubation, the nanoparticle-containing
media were removed, cells were washed with PBS and then incubated
with 0.5 mg/mL MTT (Sigma-Aldrich, St Louis, Missouri, USA) for 1 h in
a 37 °C incubator. The formazan crystals were solubilized in DMSO
(Molar Chemicals, Halasztelek, Hungary), the absorbance of the samples
was determined at 570 nm using a Synergy HTX plate reader (BioTek,
Winooski, Vermont, USA). The viability measurements were repeated
three times using 3 independent biological replicates.

2.5.3. BrdU proliferation assay

The anti-proliferative effect of MnOx nanoparticles (MM, EM) on
cancerous cells was assessed by BrdU assay. To measure the rate of cell
proliferation, 5000 MCF-7 or DU-145 cells were seeded into 96-well
plates. On the following day, the cells were treated with MnOx nano-
particles at 4.5 pg/mL concentration for 48 hours. After the treatments,
BrdU solution (Roche, Basel, Switzerland) was added to the samples
(1:5000 dilution) and the samples were incubated for 3 hours. Then cells
were fixed, washed and the anti-BrdU antibodies were added to the wells
according to the manufacturer’s instructions. After 90-minute incuba-
tion with the antibodies, 100-100 pL substrate was added to the samples
and the absorbance was measured at 370 nm with Synergy HTX plate
reader (BioTek, Winooski, Vermont, USA).

2.5.4. LDH assay

The LDH assay was performed on MCF-7 as well as on DU-145 cells
after MM, EM sample treatments. For this, 15,000 cells were seeded into
96-well plates and left to grow. On the next day, cells were treated with
10 or 40 pg/mL MM or EM nanoparticles. Following a 24-hour incuba-
tion, the supernatant of each well was replaced to a new plate and
100 pL LDH working solution (Dojindo Molecular Technologies, Rock-
ville, Maryland, USA) was added to the samples according to the man-
ufacturer’s instruction. After 30 min incubation the absorbance of the
samples was measured at 490 nm with Synergy HTX plate reader (Bio-
Tek, Winooski, Vermont, USA).

2.5.5. Analysis of apoptosis induction

The expression of several apoptosis marker genes was determined by
reverse transcription followed by real-time qPCR. For this, MCF-7 and
DU-145 adenocarcinoma cells were seeded in 60 mm tissue culture
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dishes (6x10° cells/dish) and left to grow overnight. Then cells were
treated with 40 pug/mL of either MM, EM MnOx nanoparticles. After a
24-hour treatment, cells were collected and total RNA was isolated using
RNeasy® Mini Kit (QIAGEN, Hilden, Germany) by following the man-
ufacturer’s instructions. 2 pg RNA was reverse transcribed (TagMan®
Reverse Transcription kit, Applied Biosystems, Foster City, CA, USA) in
50 pL total volume. PCR reactions were performed on PicoReal™ Real-
time PCR (Thermo Scientific, Waltham, MA, USA) using SYBRGreen
qPCR Master Mix (Thermo Scientific, Waltham, MA, USA) with an input
of 2 uL. cDNA. Each primer (Table 1) was used at 200 nM concentration.
Thermal cycling was performed as follows: 10 min at 95 °C, then 40
cycles of 95 °C for 15 sec and 60 °C for 1 min. Relative transcript levels
were determined by the AACt analysis using GAPDH as reference gene.
Experiments were repeated three times with three biological replicates.

2.5.6. Statistical Analysis

Data are presented as the mean =+ standard deviation (SD). GraphPad
prism software was used to evaluate statistical differences by one-way
analysis of variance (ANOVA) followed by Fisher’s LSD tests. Criterion
for statistical significance was set at p < 0.05. The representative sig-
nificance values as per Fisher’s LSD test are *, P<0.03 **, P<0.002 ***,
P<0.0002 **** P <0.0001.

3. Results and discussion

3.1. Structural differences of MnOx nanoparticles obtained by various
synthesis methods

Following syntheses, the obtained samples were characterized by
multiple techniques, among them X-ray diffraction spectroscopy to
reveal the crystal structure of the materials. Fig. 1A demonstrates the X-
ray diffraction (XRD) pattern of the samples. The initial sample (MM)
and the commercial manganese dioxide (CM) were confirmed to be
manganese dioxide through XRD analysis. Strong reflections were
observed at 28°, 37° and 57° that can be linked to the reported data of
beta manganese dioxide [19]. In the case of EM and SM samples,
reflection peaks are weak and difficult to distinguish due to the highly
amorphous nature and consequently shorter range order of the struc-
ture. However, the low intensity peaks at 18° and 36° indicated that
both samples contained a detectable amount of Mn3O4 phase [20].
Raman spectra were also collected from the 4 different materials (dis-
played in Fig. 1B). Raman shifts at 662 cm™! and 538 cm™! were
observed for CM samples, which correspond to the MnO; reference data
[21]. The two merged Raman shifts at 580 cm ! and 640 cm ™! indicate
that MM, SM and EM samples contain Mn3O4 [22]. Nevertheless,
Buciuman et al. suggested that the appearance of the Mn3O4 in a mostly
MnO; sample, like our MM, can be linked to the formation of the Mn3O4
phase during spectrum acquisition, because of the local heating of the
sample [23].

The chemical compositions of the samples detected by energy
dispersive X-ray spectroscopy (EDS) are displayed in Table S1. These
data revealed that MM and EM samples have comparable levels of
manganese (Mn) and iron (Fe), 43.8-42.2wt% and 6.1-7.1 wt%,
respectively. However, the SM sample contains more iron (13.6 wt%)
than the other three samples. Manganese oxides have distinct

Table 1

Primers and their sequences used for RT-qPCR analysis.
Target FWD primer REV primer
GAPDH GAGTCAACGGATTTGGTCGT TGGAAGATGGTGATGGGATT
bax TGCTTCAGGGTTTCATCCAG GGCGGCAATCATCCTCTG
p53 CCCTTCCCAGAAAACCTACC CTCCGTCATGTGCTGTGACT
p21 CAGCAGAGGAAGACCATGTG GGCGTTTGGAGTGGTAGAAA
survivin AGAACTGGCCCTTCTTGGAGG CTTTTTATCTTCCTCTATGGGGTC
caspase-3 ACATGGCGTGTCATAAAATACC CACAAAGCGACTGGATGAAC
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Fig. 1. X-ray diffraction patterns (A) and Raman spectra (B) of MM, EM, SM and commercial (CM) samples.

morphologies and particle sizes, and as the initial material was a natu-
rally originated mineral sample, the resulted nanoparticles could
contain Fe impurities even in relatively larger quantities. However, we
have to note that Fe can either increase the biological activity of the
material or alter the Mn oxidation state ratio [24]. It was demonstrated
that the oxidation rate of Mn?" increases but the crystallinity of man-
ganese oxides significantly decreases in the presence of Fe?". It was
proven that mixed iron-manganese NPs have cytotoxic effect on human
breast cancer cell line via promoting tumor-responsive ferroptosis [25].

Differential scanning calorimetric analysis (Fig. S1) shows the tran-
sition in the samples as a function of time and temperature. These data
indicate that particles in sample MM have an amorphous-like structure,
and upon scanning two small exothermic peaks appear due to crystal-
lization. On the other hand, no crystallization peak was observed in case
of CM sample, where the only strong endothermic peak was seen at 500
°C due to phase changes of MnO; to MnyO3 [26]. Nevertheless, ther-
modynamic properties and thermal analysis confirmed that both sam-
ples are of MnO,. The thermal decomposition steps of samples SM and
EM were similar. Exothermic crystallization peaks were observed in
both samples around 250-350 °C, however, no endothermic (melting)
peak appeared, in contrast to MnO; samples (MM and CM).

The particle size and shape of the initial milled manganese dioxide
MM were determined by SEM and TEM image analysis (Fig. 2). These
indicate a particle size of about 200-500 nm, and MM particles
appeared plate-like and amorphous. In the case of the EM sample, TEM
and SEM images revealed flower-like tiny flakes with an average size of
50-100 nm. The SM sample contained sheet-like particles, with a size of
about 100-500 nm. Finally, the CM sample was made of 500 nm to a few
micrometer-sized rod-like particles (Fig. 2).

The x-ray photoelectron (XPS) spectra of the four materials (MM (a),
SM (b), EM (c) and CM (d) are illustrated in Fig. S2. The oxidation states

of manganese were distinguished with a fitting approach, where
multiplet splitting was taken into consideration [27]. The peak models
for MnO, Mny0s3, and MnO, as presented in the work of M. Biesinger
et al. were compared against the Mn 2p 3/2 signal of the examined
samples, allowing +0.2 eV shift for the first component of a given
oxidation state and leaving the rest of the parameters restricted ac-
cording to the literature. After achieving the best fit, the ratio of
different oxidation states was calculated from the ratio of the area of the
multiplet component peaks. As it can be seen, manganese in all 4 sam-
ples is in the state of Mn** and Mn>* (Table $2). Although the ratio of
MnO; and MnyO3 varies, it can be stated that the mineral-derived
samples contain more MnyO3 phase compared to the commercial man-
ganese oxide, which can cause a modified biological behavior
(Table S2). Among three common manganese valences within MnOx,
Mn?" ions show the best stability due to half-full outer 3d electrons
compared with Mn®" ions and Mn** ions. Therefore, Mn®* ions and
Mn** ions are prone to oxidation, can react with intracellular reducing
substances, like GSH. This interaction between oxidizing MnOx and cells
leads to intracellular GSH depletion, which further affects a series of
complicated biochemical reactions including nanomaterials and cells.
Thus, compared to Mn?" ions, it has been proven that higher-valenced
MnOx at the same manganese content showed higher cancer cell
killing due to GSH depletion [28].

As a final step of nanomaterial characterization, DLS measurements
were carried out to assess the surface charges and thereby the colloidal
stability of the particles in two different media, namely in distilled water
as well as in RPMI cell culture medium (Fig. 3). The zeta potential value
of the samples differs more clearly when these are suspended in water
than in culturing media (RPMI). In water suspension, EM and CM
samples had similar negative potentials of about —16 to —25 mV in the
entire concentration range tested (50-600 pg/mL). The MM sample had

Fig. 2. Scanning electron microscopic (A-MM, B-EM, C-SM, D-CM) and transmission electron microscopic images of the samples (E-MM, F-EM, G-SM, H-CM).
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Fig. 3. Zeta potential of the samples in water (A), and in RPMI medium (B).

a negative zeta potential (—24 mV) at lower concentrations (below
18.75 pg/mL), however, the zeta potential resulted to be much higher as
the nanoparticle concentration increased, in fact, at 600 ug/mL con-
centration it was 1 mV. On the contrary, SM particles exhibited more
negative surface charges at 300-600 ug/mL than at lower concentra-
tions. The zeta potential reached the value of —40 mV at the highest
applied nanoparticle concentration, which potential was 2 times higher
than those of EM and CM samples. In RPMI media, the zeta potential
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value of the samples was the same, around —10 mV, and it did not
change within the entire concentration range tested (Fig. 3).

3.2. Biological activity of MnOx nanoparticles synthetized by different
methods

3.2.1. Antimicrobial activity
The antimicrobial activity of MnOx nanoparticles (MM, EM, SM, CM)
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Fig. 4. Antimicrobial activity of MM, EM, SM, CM nanoparticles against bacteria (E. coli and B. megaterium) and yeast cells (C. neoformans) (A) and quantitative

assessment of C. neoformans viability upon treatments with EM (B) and SM nanoparticles (C). 10°, 10! and 1072

represent the scale of the dilution.
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was tested against bacteria (E. coli and B. megaterium) and yeast cells
(C. neoformans). None of the four nanoparticles were toxic for E. coli and
B. megaterium even at the highest applied concentration (5 mg/mL).
Against C. neoformans, neither MM nor CM was effective, however EM
and SM particles exhibited a moderate to strong growth inhibitory ac-
tivity. The minimal inhibitory concentration of EM and SM particles was
established at 5 mg/mL, furthermore, EM decreased the number of
viable cells with two, whereas SM with one orders of magnitude at
2.5 mg/mL concentration (Fig. 4).

3.2.2. Anticancer activity

Toxicity of MM, EM, SM and CM nanoparticles were assayed on MCF-
7, DU-145 human cancer cell lines and on MRC-5 human fibroblast cells
(Fig. 5).

No toxic effect of MM and CM nanoparticles was observed on the
applied cells. On the other hand, SM nanoparticles decreased the cell
viability of the cancerous DU-145 and the non-cancerous MRC-5 fibro-
blast cells, however, were non-effective on the cancerous MCF-7 cells.
The best performance was shown by the EM-labeled nanoparticles, since
EM was highly toxic already at low concentrations to MCF-7 as well as
DU-145 cancer cells, and did not decrease strongly the viability of MRC-
5 fibroblast cells. Based on the above, for further, more detailed cell and
molecular biology examinations, EM nanoparticles were selected. We
included MM nanoparticles also into the following experiments as a
control, since they did not induce any toxic effect on any cell line tested.

The MTT assays were repeated and based on the viability data on
MCF-7, DU-145, MRC-5 cells upon MM and EM nanomaterial treat-
ments, the ICsy values of these nanoparticles on each cell line were
obtained. The ICsy values calculated according to the dose-response
curves are shown in Table 2. These values support the cancer cell-
selective feature of EM nanoparticles, since each ICsy value
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Table 2

ICso values of selected nanoparticles (MM and EM) on DU-145 prostate and
MCF-7 breast cancer cells as well as on non-cancerous MRC-5 fibroblasts based
on MTT cell viability assays. Cell density was 10* cells/well, treatment time was
24 h.

Cell lines ICs values for MM 1Csp values for EM
DU-145 > 600 pg/mL 31.58 pg/mL
MCEF-7 > 600 pg/mL 4.05 pug/mL

MRC-5 > 600 pg/mL 556.2 pg/mL

determined on cancerous cell lines is of one magnitude smaller than on
non-cancerous MRC-5 fibroblasts.

To investigate the reason behind the viability decrease of MCF-7 and
DU-145 cancer cells upon EM nanoparticle exposures, we treated these
cells either with EM or as a control with MM nanoparticles, then BrdU
proliferation assay and LDH release assay were performed, furthermore,
the expression of several apoptosis marker genes were examined. For the
proliferation assay, subtoxic concentration of each nanoparticle was
selected and both MCF-7 and DU-145 adenocarcinoma cells were incu-
bated with the nanoparticles for a longer period of time (at 4.5 pg/mL,
48 h). According to our results neither MM nor EM NPs could affect the
cell proliferation of cancerous MCF-7 or DU-145 cells, since in each case
the BrdU incorporation was similar to that of the untreated control cells
(see Fig. 6A). Therefore, we concluded that the previously observed
cancer-selective toxicity of EM nanoparticles was not the result of
attenuated cell proliferation.

Since cell proliferation was not affected by EM nanoparticles we
examined necrosis and apoptosis as possible mechanisms behind
nanoparticle-induced toxicity. For this, LDH release assay was first
performed on MM or EM NP-exposed cancer cells. Results indicate that
nanoparticle treatment did not induce necrosis in these cancer cells,

MCF-7 -

Viability (%)

) L & ) &

ks
Concentration (png/mL)

%

Fig. 5. Viability of DU-145 and MCF-7 adenocarcinoma cells as well as of MRC-5 human non-cancerous fibroblasts following 24-hour exposures to MM, EM, SM, CM-
labeled nanoparticles applied in various concentrations, assessed by MTT cell viability assay. Bar graphs represent mean + SD values. Fisher’s LSD test, *: P < 0.05,

**: P < 0.01, ****:P < 0.0001.
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Fig. 6. Cell proliferation, LDH release and apoptosis induction in DU-145 and MCF-7 cancer cells following MnOx NP treatment. Proliferation of untreated and MnOx
NP-treated cancer cells examined by BrdU incorporation assays. Values are expressed as mean =+ SD and compared to untreated control groups (A). The effect of MM
and EM NPs on the LDH release of DU-145 and MCF-7 adenocarcinoma cells. Values were normalized to background and were expressed as percentage relative to
total cellular LDH activity. Bar graphs represent mean + SD values. Fisher’s LSD test. (B) Apoptosis induction by MM and EM nanoparticles was verified by
determining the relative mRNA levels of apoptotic markers Bax, p53, p21, survivin, Casp-3, in DU-145, and Bax, p53, p21, survivin in MCF-7 cells. Fisher’s LSD test,

*: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001. (C).

since the LDH release was not elevated upon MnOx NP administration
(Fig. 6B).

Apoptosis induction was examined by determining the expression
levels of various apoptosis marker genes, such as Bax, p53, p21, survivin
and caspase-3 in untreated MCF-7 and DU-145 adenocarcinoma cells as
well as in cancer cells exposed to MM or EM-labeled nanoparticles. Our
results indicate that in fact, apoptosis was triggered by EM NPs in both
types of cancer cells. In DU-145 prostate cancer cells the apoptosis in-
duction by EM nanoparticles was verified by significantly increased p53,
p21, and caspase-3 gene expression levels, in MCF-7 cells by 6-fold
enhanced p21 levels. The mRNA level of caspase-3 in MCF-7 cells was
not assayed as these cells are known to be caspase-3-negative. As ex-
pected, no apoptosis induction was verified in cancer cells treated with
MM nanoparticles. These results support that EM NPs exert their cancer-
selective toxicity by triggering apoptosis.

4. Discussions

The application of nanotechnology in modern medicine has
expanded the range of treatment approaches, particularly in clinical
microbiology and cancer therapy. The utilization of metallic nano-
particles to develop antimicrobial and anticancer agents has emerged as
a promising alternative to traditional pharmaceuticals [29]. The basis of
this notion lies within the exceptional and versatile properties of
nanoparticles (e.g., large surface area to volume ratio, unique shape and
size and reactivity, etc.) that allow them to interact with biological en-
tities such as various microbes or cancerous cells at a nanoscale level,
yielding outstanding therapeutic outcomes in forms of antimicrobial,
anticancer or drug delivery agents. Among inorganic materials, man-
ganese oxide-based nanomaterials were recently shown to exhibit
exciting activities that should be exploited in clinical microbiology and
oncology [30]. It was reported that manganese oxides, i.e. MnO5 and
Mn304, can be decomposed into water-soluble Mn?" ions, which can be
used for tumor recognition and diagnosis, and those manganese oxide

species that are able to react with HoO5 can produce O and compensate
hypoxia in the tumor microenvironment [31].

As it has been highlighted above and suggested by previous papers,
there is no doubt that the application of drugs containing MnOx NPs is of
clinical importance particularly in the treatment of various infectious
diseases and cancers. Albeit there is a wide variety of initial Mn sources
and synthesis approaches available for the production of these NPs,
several studies have shown that the nanoparticles synthesized via
various methods demonstrate significant structural and morphological
differences [32], [33]. In correlation with these physical and chemical
properties the biological activity of the produced particles may differ
significantly as well. Therefore, refining the protocols and methods for
improving the effectiveness of NP production alone is not sufficient, we
should also precisely know how these methodological factors affect the
biological performance of the obtained nanoparticles to ensure safety
upon their potential therapeutic utilizations, to pave the way for further
nanomedicinal developments towards successful clinical applications,
especially when the initial manganese source involved for the synthesis
procedure has not yet been used for this purpose prior.

Accordingly, in this present work our primary goals were to explore
the suitability of the broadly accessible, and naturally occurring mineral
pyrolusite for MnOx NP synthesis, and reveal if it is possible to find an
appropriate synthesis approach to efficiently capitalize it for nano-
material production without involving complicated and expensive pro-
cessing technologies. Finally, since the generated MnOx NPs were
considered for ultimate biomedical application (following proper
development), the extent and the mechanism of cytotoxicity exhibited
by the various MnOx nanoparticles obtained using different methods
was evaluated on of Gram-positive and Gram-negative bacteria, fungi
and also on human cancerous and non-cancerous cells. The novelty
component of the work does not imply per se the mechanochemical,
chemical, and electrochemical synthesis processes that were applied to
produce MnOx nanoparticles, which were then extensively character-
ized, but rather the implementation of pyrolusite and the identification
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of the most suitable method to utilize this specific mineral as an input for
NP production. Furthermore, this technical question was also regarded
within the biological application context of the obtained nanoparticles,
thereby creating a complex mineral source-synthesis technique-MnOx
NP-biological impact-mechanism of biological toxicity axis for the pre-
sented work.

Thus, three different procedures were applied on the mineral sample
and the nanoparticles were characterized using microscopic, spectro-
scopic and thermal techniques, comprising XRD, SEM, TEM and DLS. To
assess the influence of the synthesis mode on biological activity and thus
on medical applicability, the cytotoxicity of the obtained manganese
oxide nanoparticles was evaluated and compared in various biological
systems, including microbes and cancerous cells. Finally, the mechanism
of cytotoxicity was delineated in case of the most effective and cancer
cell selective nanomaterial.

Our results revealed that the synthesis method used to produce
manganese oxide nanoparticles significantly affects their structural
properties. XRD analysis and Raman spectra confirmed that the initial
manganese oxide sample (MM) and commercial manganese oxide (CM)
were manganese dioxide, while the EM and SM samples contained a
significant amount of MnyO3 and Mn304 phase. The chemical compo-
sition of the samples showed comparable levels of manganese and iron
in MM and EM, with SM having a higher iron content. The residual or
somewhat higher amounts of iron might be considered as a contaminant,
however, in certain setups this feature can be advantageous. It is known
that iron and various iron oxides have antimicrobial and antitumoral
effects and could induce oxidative stress and cell death, furthermore,
manganese can efficiently catalyze Fenton-like reactions, and thereby
trigger the production of ROS at higher levels than iron. Moreover, it
was also proven earlier that mixed iron manganese NPs exhibited anti-
tumor activity via ferroptosis by the inactivation of phospholipid
peroxidase glutathione peroxidase 4 (GPX4) due to highly efficient GSH
depletion capability [28]. Based on these, the iron content of the ma-
terial could as well be beneficial from the aspect of promoting the
desired biological activity maybe in a synergistic manner. Thermal
analysis revealed differences in crystallization behavior, with MM
exhibiting small exothermic peaks and CM showing phase changes to
Mn03. SEM and TEM images displayed different particle sizes and
shapes, ranging from plate-like to rod-like particles. Zeta potential
measurements indicated differences in surface charges, with EM and CM
having similar negative potentials in water, while MM showed a higher
potential at higher concentrations. SM particles exhibited more negative
surface charges at higher concentrations. In RPMI media, the zeta po-
tential values were similar for all samples.

These structural differences affected the biological activity of the
nanoparticles and therefore these most certainly have serious conse-
quences on the potential biomedical applications of manganese oxide
nanoparticles as well. In this study we examined the possible antimi-
crobial activity of the differently synthesized MnOx nanoparticles using
microdilution and cell viability methods, and also the impact of these
nanomaterials on various cancerous and non-cancerous cells. Our results
revealed that none of the as-prepared MnOx NPs was effective against
the tested bacteria (E. coli and B. megaterium) even at the highest applied
concentration, however, two out of the four manganese oxide samples -
SM and particularly EM particles — proved to be efficient on the patho-
genic yeast C. neoformans. The outstanding antifungal potential of SM
and EM nanoparticles might be related to the fact that these samples
contained a significant amount of Mn,O3 and Mn3O4 phase, which is
probably more favorable over other manganese oxide forms at least
upon encountering yeast cells [34]. The strongest activity against
C. neoformans was exhibited by EM particles, which is possibly the result
of some additional structural features, as these particles appear in
flower-like tiny flakes and the average size of EM MnOx NPs is the
smallest among the as-prepared nanomaterials of the study, since their
size varied between 50 and 100 nm. Another aim of our study was to
investigate the anticancer efficiency of these differently synthesized
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manganese oxide nanoparticles to be able to delineate which synthesis
method yields the most suitable particles for a potential oncological
application. Fairly early in the investigation it was clear that EM MnOx
NPs accomplished the most effectively the elimination of various cancer
cells, since they were killing breast as well as prostate adenocarcinoma
cells in much lower concentrations than any of the other manganese
samples examined in the study. SM particles were comparably toxic to
DU-145 cells, however, MCF-7 breast adenocarcinoma cells remained
viable upon SM treatments. Both EM and SM particles reduced some-
what the viability of non-cancerous fibroblasts, nevertheless, the more
detailed examination of dose response and the determination of the ICsq
values revealed that the ICsy values of EM nanoparticles on cancerous
cell lines were one or two magnitude smaller than on non-cancerous
MRC-5 fibroblasts. This is an important result as it proves that we can
select adequate concentrations of EM particles which kill breast and
prostate cancer cells but leave healthy cells intact, thus a
cancer-selective activity can be achieved by applying EM nanoparticles.
These observations were further supported by our XPS results, as these
revealed that the mineral-derived samples contain more MnyO3 phase
compared to the commercial manganese oxide, which can possibly be
linked to the increased biological activity of the former particles
(Table S2). This is in line with what was presented in the work of Jiang
et al., in which the systematic evaluation of the catalytic and biological
activities of three MnOx nanoparticles (MnO3, Mny03, and Mn3O4 NPs)
was established [34]. Cellular studies revealed concentration-dependent
decreases in cell viability induced by all three MnOx NPs, with Mn3O4
exhibiting the highest cytotoxicity, followed by Mn3O2 and MnO, NPs.

To reveal the possible molecular mechanism induced by EM nano-
particles upon cancer cell elimination, we examined some cellular
events such as cell proliferation, necrosis and apoptosis in MCF-7 and
DU-145 cells following EM nanoparticle treatments. We found no signs
of modulated cell proliferation and also no evidence of direct necrosis,
assayed by BrdU incorporation as well as LDH release assays. However,
we detected significant changes in the expression of numerous apoptotic
marker genes triggered by EM-MnOx NPs both in MCF-7 as well as in
DU-145 cancer cells. Especially EM nanoparticle-treated DU-145 pros-
tate cancer cells were found to be apoptosis sensitive, as increased p53,
p21 and caspase-3 gene expression levels were verified, nevertheless, in
MCF-7 cells the mRNA level of the apoptosis-relevant p21 was elevated
by 6-fold proving that apoptotic cell death signaling was induced in
these breast cancer cells as well. Our results suggest that among the
employed techniques electrophoretic deposition seems to be a suitable
method to generate MnOx NPs that are adequate for future biomedical
applications. Nevertheless, further structural and technical optimization
as well as in vitro and in vivo screening of the antimicrobial efficiency and
anticancer activity of these particles is recommended to evaluate their
therapeutic potential.

5. Conclusions

A large body of evidence indicates that the synthesis method as well
as the input material utilized to produce nanomaterials define sub-
stantially the physical and chemical properties and as a consequence,
the biological activities of the obtained materials. The potential appli-
cation, fate and behavior of nanoparticles particularly towards living
systems relies on important functional properties such as size and shape,
surface charge, biofunctional or catalytic activity. Careful consider-
ations in the selection of the initial source material and the appropriate
synthesis of the designed products ensures safety while maintaining
nanoparticle function and efficiency. Therefore, in this study we aimed
to carry out a comprehensive analysis to reveal how a naturally occur-
ring mineral and the applied synthesis technique affect the physico-
chemical properties and as a result of these the antimicrobial and
anticancer activities of manganese oxide nanoparticles to predict their
attitude and performance on living cells. MnOx nanoparticles were
successfully synthesized from the naturally occurring mineral pyrolusite



A. Ronavari et al.

by various physical and chemical methods such as mechanical milling,
electrophoretic deposition or vigorous stirring and precipitation. The as-
prepared MnOx NPs were characterized using multiple techniques,
which determined the exact composition, the crystalline structure, size
and shape of the samples. The nanoparticles produced by electropho-
retic deposition exhibited outstanding antifungal activity and proved to
be effective against breast and prostate cancer cells, however they did
not inhibit the growth of the tested Gram-positive and Gram-negative
bacteria. The anticancer propensity of these manganese oxide nano-
particles was not the result of modulated cell proliferation or direct
necrotic effect but was proven to be induced via apoptosis. Apoptosis
induction by manganese containing nanoparticles was also verified by
Yu et al., showing intracellular ROS generation, p53 activation, followed
by an increase in bax levels, ultimately leading to G2/M arrest and
increasing caspase-3 activity [35]. Apart from apoptosis, autophagy
induction was also demonstrated in case of water-dispersible manganese
oxide nanocrystals, where autophagy enhancement contributed to the
synergistic effects between nanomaterials and chemotherapy agents in
order to produce greater lethality against tumors [36].

Our results highlight that it is possible to produce MnOx NPs from
this mineral, nevertheless, they also accentuate the importance of the
proper nanoparticle synthesis method especially when the nanoparticles
are aimed for biomedical applications. We demonstrate that manganese
oxide nanoparticles suitable for antimicrobial and anticancer therapy
can be obtained via an adequately chosen synthetic approach. We pro-
vide evidence and further emphasis to the potentials of MnOx NPs for
pharmaceutical research and rational drug development and to be
regarded as attractive candidates upon industrial considerations. In
future experiments we plan to generate EM NPs with different physical
and chemical properties by electrophoretic deposition to seek further
structural optimization and we aim the obtained materials to an even
more detailed in vitro screening to inspect their toxicity on numerous
Gram-negative and -positive bacteria, on a number of fungal strains
(such as Candida sp.), on various cancer cell lines and primary cancer
cells. In case of favorable results, the performance of these particles
should be evaluated in in vivo infection animal models (e.g. oral candi-
diasis model) and in xenograft mouse experiments.
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