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Abstract: The current study evaluates the role of reactive oxygen species (ROS) in bioeffects of mag-
netite nanoparticles (MNPs), such as bare (Fe3Oy), humic acids (Fe3O4-HA), and 3-aminopropyltri-
ethoxysilane (Fe304-APTES) modified MNPs. Mossbauer spectroscopy was used to identify the
local surrounding for Fe atom /ions and the depth of modification for MNPs. It was found that the
Fe304-HA MNPs contain the smallest, whereas the Fe304-APTES MNPs contain the largest amount
of Fe?* ions. Bioluminescent cellular and enzymatic assays were applied to monitor the toxicity and
anti-(pro-)oxidant activity of MNPs. The contents of ROS were determined by a chemiluminescence
luminol assay evaluating the correlations with toxicity/anti-(pro-)oxidant coefficients. Toxic effects of
modified MNPs were found at higher concentrations (>102 g/L); they were related to ROS storage
in bacterial suspensions. MNPs stimulated ROS production by the bacteria in a wide concentration
range (10711 g/L). Under the conditions of model oxidative stress and higher concentrations of
MNPs (>10~% g /L), the bacterial bioassay revealed prooxidant activity of all three MNP types, with
corresponding decay of ROS content. Bioluminescence enzymatic assay did not show any sensitivity
to MNPs, with negligible change in ROS content. The results clearly indicate that cell-membrane
processes are responsible for the bioeffects and bacterial ROS generation, confirming the ferroptosis
phenomenon based on iron-initiated cell-membrane lipid peroxidation.

Keywords: magnetite nanoparticles; surface modification; humic acids; organosilane; reactive oxygen
species; toxicity; bioluminescence assay; bacteria; enzymes; oxidative stress; prooxidant; ferroptosis

1. Introduction

Magnetic nanoparticles (MNDPs) are of wide scientific interest due to their potential
applications in biology, medicine, nanotechnology, and the environment. These applications
include enzyme and protein separation, RNA and DNA purification [1-3], controlled and
targeted drug delivery [4,5], immunoassay [6], biosensor production for toxic pesticide
detection [7,8], a contrast agent for magnetic resonance imaging [9,10], hyperthermic
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therapy for cancer diagnosis [11,12], and cancer treatment [13,14]. Another important
application is the removal of ecotoxicants from natural waters and industrial wastes [1,15].
Therefore, iron oxide nanomaterials can be found in natural and engineering aquatic
environments due to their numerous applications, as well as corrosion products of metal
components in the presence of natural materials [16,17].

With the development of nanotechnology, iron-based nanoparticles have become
widely used in cancer therapy research. A new, iron-dependent form of programmed cell
death, ferroptosis, first described in 2012 by Dixon [18], is one of the types of regulated
cell death caused by strong activation of lipid peroxidation, which is concerned with the
production of reactive oxygen species (ROS) and iron availability in cells [19].

Ferroptosis-inducing systems initiate the overexpression of H,O, in a cancer cell [20,21]
and the subsequent formation of hydroxyl radicals. Among the ferroptosis-inducing sys-
tems, the following substances are known: complexes [22-24], various iron (II, III)-based
nanoplatforms [25-27], including ferromagnetic nanoparticles (maghemite y-Fe;O3 or
magnetite Fe30y) [28], iron-containing nanometallic silicas [29] and metal-organic frame-
works [30]. The study of the release of iron ions is associated with the possibility of newly
formed iron ions affecting the intracellular redox reactions and homeostasis of ROS inside
cells considerably [31].

In general, ROS are active intermediate compounds involved in the processes of
aqueous solutions. ROS are natural by-products of cellular oxidative metabolism; they
play an essential role in cell death, modulation of cell survival, differentiation, and cell
signaling [32,33]. ROS result from the energy/electron transfer to oxygen; they are highly
reactive and potentially harmful to living organisms [34]. The group of ROS includes
free radicals such as singlet oxygen, superoxide, hydroxyl radical, etc., as well as radical
precursors, such as hydrogen peroxide HyO,, a compound of longer lifespan and higher
stability as compared with free radicals [35,36]. ROS are important intermediates in certain
physiological processes (e.g., respiration, cell signaling), and their cell levels are rigor-
ously controlled via antioxidants of different types—enzymatic (e.g., catalase, glutathione
transferases, glutathione peroxidase, and superoxide dismutase) and non-enzymatic (e.g.,
ascorbic acid, tocopherols, cysteine, glutathione, carotenoids, bilirubin, flavonoids). How-
ever, this redox homeostasis can be disturbed in some conditions, and overage of ROS may
cause oxidative stress, which induces harmful effects to cells through oxidative damage
of biomolecules (e.g., proteins, lipids, and nucleic acids) or disruption in cell signaling
mechanisms [37]. Iron is inextricably linked to ROS due to its partially filled d-orbitals,
variable oxidation states, and involvement in energy transfer or electron-transfer processes.
Thus, studying the ROS-related bioactivity of metal nanoparticles defines their application
as engineered nanostructures, as well as explains their biological and ecological role as
nanostructures of natural origination [38,39].

Pristine MNPs require a protective coating since they can be easily oxidized in air
and aggregated after production, especially in aqueous systems [40,41]. Thus, stabilization
of iron oxide particles is desirable, it is achieved by functionalizing the MNP surfaces
with various substances—polymers, metals, inorganic, and organic substances [42]. In the
current paper, we use three types of MNPs: bare Fe;O4 (1), functionalized with humic
acids (2), and alkoxysilane (3).

Humic acids (HA), natural high-molecular organic multifunctional substances, with
the domination of carboxyl and hydroxyl groups, are relatively small molecules held
together by weak non-covalent intermolecular interactions (e.g., 7t-7t, van der Waals, charge
transfer, and hydrogen bonds) among organic fragments [27]. HA are of high affinity
to magnetite (Fe3O,) and effectively cover pristine MNPs, most likely through surface
complexing ligand exchange reactions [43-45]. HA-modified magnetite can have anti- and
pro-oxidant features due to the presence of donor-acceptor groups of HA and magnetically
controlled properties due to Fe;O, cores [46—48]. HA sorption onto Fe304 nanoparticles
increases the stability of nanodispersions, preventing their aggregation [49] and potentially
increasing the adsorption capacity and selectivity of the nanoparticles [42,50]. The HA-
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coated MNPs were previously used to remove oxyanions (chromates) of metals, anionic
phosphate [42,51], metal cations [52], rhodamine [53], toxic inorganic forms of arsenic [44],
for adsorption and reduction of toxic Cr(VI) to non-toxic Cr(III) [51], adsorption of Pb(II),
Cu(I), Cd(II), and Ni ions from wastewater [54], and protein immobilization [55].

The possibility to attain functionalized iron-based nanoparticles by alkoxysilanes is
of wide scientific interest to researchers [56]. The chemistry of the silica surface is well
established, enabling a large number of applications of silica-coated nanoparticles [56,57].
Alkoxysilane can bind to metal oxide by adsorption or covalent linking. A functional
alkoxysilane consists of at least two functional groups, the first group being used for
attachment to the surface of the MNPs, and the second group providing an adhesion point
to the bond of the molecule [1]. Nanoparticles coated with silica or alkoxysilanes are
promising reagents in nanobiotechnology due to their biocompatibility and hydrophilic
properties. The great variety of alkoxysilanes makes it possible to carry out various types
of functionalization of the surface of nanoparticles by introducing charges into the system.
Thus, functionalization prevents from the aggregation of nanoparticles in liquids and
improves their chemical stability by controlling surface charge [58].

In this study, we chose a luminous marine bacterium as a model microorganism to
evaluate and compare the biological effects of MNPs. The bioluminescence bacteria-based
assessment is known as a toxicity assay and it has been applied for more than 50 years for
toxicity monitoring due to its simplicity and high sensitivity [59-64]. The bioassay uses
luminescence intensity as a physiological test parameter providing a convenient approach
with high rates of analysis (1-10 min), low costs, and ease of the bioassay procedure.

We compare the cellular bioeffects of MNPs in the bioluminescence enzymatic assay
system, proposing a relatively new approach in a toxicology practice [65-68]. The conven-
tional enzymatic bioluminescent assay is based on the bacterial bioluminescent enzyme
system, which involves two coupled enzymatic reactions:

NADH + EMN NADH:FMN;()xidoreductase FMN-H™ + NAD+ (R1)
e
FMN - H™ + RCHO + 0, "5 EMN + RCOO™ + H,0 + hv (R2)

where, FMN is flavin mononucleotide, NADH is nicotinamide adenine dinucleotide dis-
odium salt-reduced.

Similar to cellular bioassay, the enzymatic analysis can assess the general toxicity
in test samples allowing the integration of all the interactions of toxic compounds with
the bioluminescent system such as redox processes, polar and nonpolar binding, etc.
Moreover, the enzymatic bioassay is specific to oxidizers due to its additional kinetic
parameter, the induction period, which directly depends on the redox potentials of toxicants
in solutions [67]. Previously [69,70], we used the bioluminescent enzymatic assay system to
evaluate the toxicities of general and oxidative types in solutions of organic and inorganic
oxidizers (quinones and polyvalent metals, respectively). Changes in general toxicity and
oxidative toxicity of aqueous media under exposure to humic substances were studied
previously in our previous studies [71-73]. Later [74-79], the toxicity and antioxidant
activity of a series of fullerenols (i.e., carbon nanostructures, water-soluble derivatives of
fullerenes, and perspective pharmaceutical agents) were evaluated and compared.

In our previous work [80], we used bioluminescence bioassays, cellular and enzy-
matic, to evaluate the bioeffects of three types of MNPs: bare MNPs, modified by humic
acids, and silica (3-aminopropyltriethoxysilane, APTES), i.e., (1) Fe3O4, (2) Fe304/HA, and
(8) Fe304/ APTES, respectively. The bioeffects under study were: toxic effects and anti/pro-
oxidant activity of the MNPs. Current work continues the study of three types of MNPs [80];
it evaluates the role of ROS in the bioeffects of these nanoparticles. Contents of reactive
oxygen species (ROS) were determined using chemiluminescence luminol assay in the bio-
luminescence assay systems. Correlations of ROS content with toxicity /anti-(pro-)oxidant
coefficients were evaluated, thus contributing to comprehending ferroptosis phenomenon.
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2. Results and Discussion
2.1. Characterization of the Microstructure and Magnetic Properties of Samples
2.1.1. Local Environment of Fe Atom/Ions

The composition and morphological properties of MNPs were studied by Mossbauer
spectroscopy, and related spectra, along with their description and results of simula-
tion in different state superparamagnetic relaxation models are presented in Table 1 and
Supplementary materials (Figure S1, Table S1). Relying on the presented results, it can
be argued that magnitudes of magnetic splittings, obtained even for spectra at low tem-
peratures, are lower than expected for massive samples of magnetite and maghemite [81],
which is typical for nanosized materials [82]. Indeed, the sizes of magnetic domains can be
estimated in the range from 12.6 (for Fe3O4-HA) to 15.7 (for Fe304-APTES) nm as reported
in Table 1.

Table 1. Properties of materials according to Mossbauer spectroscopy and Magnetic properties of
bare and modified MNPs.

Sample Composition D. nm Saturation Magnetization Remanent Magnetization Coercive
p Fe; 504* 4 Ms, emu/g Mr, emu/g Force Hc, Oe
Fe3O4 F62'71304 15.64 + 0.03 68.2 6.88 74.1
Fe;04-APTES Fey 73404 15.73 +0.02 31.2 3.93 79.0
Fe;04-HA Fe; 68204 12.61 + 0.06 30.9 6.40 160.0

* 5—calculated as an average from the data in Table S1, D-magnetic domain diameter.

Moreover, by analyzing the areas of the subspectra related to iron atoms in different
crystallographic sites of magnetite, the value of the non-stoichiometric parameter— for
nano-magnetite-Fe; 504 = (Fe3")a (Fe?"_35Fe®*1,25#5)504 [15,83], can be estimated by
using the following expression:

0= {2(52 — 361 + 253)81 + (52 — 53)281}/{2(352 — 51 — 253)81 + 3(52 — 53)281}, (1)

where §5; is the relative area of the subspectrum with isomeric shift §; related to the iron
atoms in the B-site, S; is the relative area of the remaining subspectra, §; and 8; are the
isomeric shifts of iron atoms (+2) and (+3) in the octahedral oxygen environment for given
temperature (here 6, = 1.16 £ 0.06 n 1.33 = 0.09 mm/s for 296 and 78 K, respectively,
83 = 0.37 £ 0.04 and 0.49 + 0.04 mm/s for 296 and 78 K, respectively) [84]. Computed
results are reported in Table 1, and the data reveal that magnetite samples are quite strongly
oxidized indicating a magnetite-maghemite solid solution [15]. At the same time, the
Fe304-HA sample contains the smallest amount of Fe?* ions, whereas the Fe304-APTES
contain the largest amount. It should be noted that, in the case of the studied samples, there
is a clear correlation between their particle sizes and nonstoichiometric composition which
leads to the following result: the smaller the particle size, the more nonstoichiometric the
nanomagnetite composition is (Table 1).

2.1.2. Magnetic Parameters

The most crucial property of MNPs, which allow a variety of applications, especially
in biomedicine, is represented by their ferrimagnetism. As a matter of fact, the application
of an external magnetic field makes it possible to concentrate magnetic nanoparticles in the
target point, thus reducing likely side effects [85-88]. Some magnetic characteristics for the
Fe304 MNPs are presented in Table 1. The hysteresis loops for the three different magnetite
NMPs results were closed and symmetrical with respect to the origin of the coordinate
system as reported in Figure 1.
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Figure 1. Hysteresis loops at 300 K for Fe3O4, Fe304/HA, and Fe304/APTES. The inset shows an
enlarged view of the data at lower magnetic fields. The surface modification led to a twofold decrease
in the saturation magnetization.

The shape of the loops indicates the ferromagnetic features of the material which
are prone to their potential application. The saturation magnetizations of bare Fe3zOy,
Fe304/HA, and Fe30,4/APTES were respectively 68.2, 30.9, and 31.2 emu/g (Table 1), sug-
gesting a 40% (w/w) of HA content in Fe304/HA. The attained values of saturation magne-
tization indicate that NMPs are stabilized by the HA or APTES functionalization exhibiting
superparamagnetic properties at room temperature (Figure 1) and the corresponding varia-
tions, respectively of 54.6% for the Fe304/H and 54.5% for the Fe304/APTES, compared to
bare magnetite can be explained by the noncollinearity of surface spins of MNPs and likely
by the same thickness of the HA and APTES shell surrounding the nanomagnetite particles.
In the absence of a magnetic field, all samples showed a similar low residual magnetism
~+4-7 emu g~! (Table 1), due to magnetic viscosity for superparamagnetic materials [89].
The further increase of the coercivity can be related to cumulative anisotropy by phase
transformation to maghemite in the case of Fe304/HA in terms of concentration compared
to Fe304/APTES, which correlates with Mdssbauer spectroscopy data [90].

In general, bare and functionalized nanoparticles exhibit a saturation magnetization
sufficient to control an external magnetic field. In many works, focused on the prepara-
tion of materials for catalyzing ferroptosis, the authors have used iron salts as iron ion
sources [29,91,92], however, as reported by Huo et al., 2017, [93] without targeting, only
6.95% of nanoparticles were stored and localised in the 4T1 cancer cell 48 h upon injection.

2.1.3. Iron Ion Release

The study of the release of Fe?* ions and Fe®* ions is also associated with the dif-
ferent contributions of ions of different redox states to the Fenton reaction [94]. It is
known that the rate constant of €OH generation via Fenton reaction catalyzed by Fe* ion
[76 (mol/L)~'s ~5]is 10* —10° times higher than this of the Fe3* ion-catalyzed Fenton-like
reaction [0.001—0.07 (mol/L)~' s ~5] [94]. In this regard, estimation of the concentration of
released ions of different redox states is of interest in order to identify their contribution to
the induction of ROS production.
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UV-Vis spectroscopy was used to investigate the kinetics of the release of Fe?* and Fe®*
ions from nanoparticles Fe304, Fe304/HA, and Fe3O4/APTES (Figure S2). It is noticeable
from the spectra, that Fe30, suspension reveals a release of both Fe?* and Fe3" ions,
respectively of 6.3 mg/L and 3.5 mg/L, as shown in Figure 2A. The Fe** /Fe?* ratio during
the first hour was close to the stoichiometric ratio for magnetite, i.e., 1.8-2.3 (Figure 2B).
Upon 24 h, Fe3* concentration increases taking the Fe3* /Fe?* ratio to a value of 3.3 due to
the oxidation of Fe?* to Fe®* ions.
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Figure 2. Kinetics of release of iron ions by MNPs (A,B) (mg/L of ions from 1 g/L of Fe in the sample).
Colors denote various nanoparticles, “square” markers denote the release of Fe?* ions, and “triangle”
markers denote Fe3* ions. According to the obtained data, samples of Fe30,/HA and Fe3O4/APTES
release only Fe3* ions, while Fe30, releases both Fe?* and Fe3* ions (A), and their ratio increases

within three hours reaching a plateau (B).

Fe;04/HA and Fe;0,/APTES do not release Fe?* ions within 24 h, Figure 2A. In
the case of Fe304/HA, the absence of Fe2* ions within the solution can be explained
by the complete oxidation of magnetite Fe304 to maghemite Fe,O3, according to the
Mossbauer spectroscopy data (Section 2.1.1). However, analyzing the same data as well as
results of X-ray diffraction [82], APTES-functionalized nanoparticles contain both Fe?* and
Fe3* ions. The absence of Fe?* ions into the Fe30,/APTES solution can be explained by
the very low concentration which can fall beyond the sensitivity limits of the employed
analysis technique. Additionally, Fe?* would undergo spontaneous chemical oxidation
with molecular oxygen or other potential oxidants to Fe3*, which eventually precipitate as
ferric hydroxides [95,96].

Both functionalized oxides, Fe;04/HA and Fe304/APTES, release Fe3* ions, however,
the release kinetics differ significantly (Figure 2A). So, in the case of Fe3O4/HA, the Fe3*
concentration in the solution increases from 10.6 mg/L to 19.0 mg/L in a half an hour,
and then decreases to 9.5 mg/L in 24 h. In the case of Fe30,/APTES, on the contrary, a
decay of Fe3* release (from 58.2 mg/L to 29.6 mg/L in half an hour after suspension) was
revealed with a subsequent increase of Fe** concentration almost to the initial value of
51.4 mg/L after 24 h. In general, functionalized MNPs release more Fe3* ions compared to
bare MNPs, but do not or negligibly release Fe?* ions. For this reason, bare MNPs represent
an effective source of a pair of Fe?* /Fe>* ions, whereas the HA and APTES functionalized
nanoparticles, under the specified synthesis conditions, are a source of only the Fe3* ions.

The difference in the behavior of iron ions released from the different considered
samples would need an attempted explanation. In the case of bare Fe;Oy, their occurring
aggregation leads to a decrease in the concentration of surface ions and consequently to
their hydrolysis forming stable hydrocomplexes as supported by the binding constant
increasing for 1gK(Fe(OH)3,q) and 1gK(Fe(OH),), from 12 and 22, respectively [97]. Due to
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a high complexing potential of HA, the binding constants (IgK) of Fe** and Fe>" ions are,
five and four, respectively, according to [98]. Based on this evidence, HA functionalization
not only induces stabilization of the magnetite, but also triggers iron ions to be pulled
out by HA from the NP’s surface leading into the solution. The higher release of iron
ions, in the case of Fe3O4/APTES, is probably associated with a high level of porosity and
amorphous structure of silica, according to the results reported by Oliveira, et al., 2019, and
Otalvaro, et al., 2019, [99,100].

In 1987, Minotti et al. [101] showed that lipid peroxidation can be induced both by the
participation of Fe?* or Fe®* ions in the formation of hydroxyl radicals ¢OH as a result of
the Fenton reaction, and also by the participation of pairs of Fe?* /Fe** ions immediately to
form the Fe>*-dioxygen-Fe?* complex. However, in a physiologically neutral or slightly
acidic environment such as a tumor area, the effectiveness of the Fenton reaction is relatively
low [102]. Even under acidic pH conditions, the Fenton reaction catalyzed by Fe?* has a
low reaction rate (~63 M~1 s71), leading to the slow formation of ROS [103]. For these
reasons, the development of nanopreparations featured by high catalytic activity and
specificity, is highly prospective in a weakly acidic and neutral media (pH 6-7) as a tumor
microenvironment.

The ability to generate ROS by MNPs in highly diluted solutions was studied in
relation to bacterial and enzymatic systems at a pH value of ~6 in Sections 2.2 and 2.3.

2.2. Effects of MNPs on Bacterial Cells

The luminescence intensity of bacterial cells was studied in the presence of MNPs
considering different concentrations of MNPs. The MNP effects were analyzed at <1 g/L,
as higher content was limited by both low water solubility and nanoparticles dispersion
stability during the experiments and also by the demand to avoid the “optical filter” effect,
which limits the use of luminescence signal detection in solutions with high optical density
and/or light-scattering suspensions [104].

2.2.1. Toxic Effects of MNPs in Bacterial Suspension

(a) Effects of MNPs on Bacterial Bioluminescence Intensity

All three types of MNPs demonstrated moderate bioluminescence activation
(1.0 < I' < 1.25, p < 0.05) in a lower concentration range (i.e., 1078-1072 g /L), as shown
in Figure 3. The activation of bacterial response by MNPs might be described in terms
of the conventional “hormesis” model [105-108]. It is known that the model includes, in
the broadest case, three stages of the biological dose-dependent response—stress recog-
nition (I), activation (II), and inhibition of organismal functions or toxic effect (III). As a
concept, hormesis involves favorable biological responses to low exposures to stressors, in
all cases [109,110].

To characterize the toxicity of the MNP samples, the bioluminescence inhibition
(I'! < 1.0, p < 0.05) effects due to higher concentrations of MNPs (>10~2 g/L) were analyzed.
The ECsg values of MNPs (i.e., MNP concentrations at 50% bioluminescence inhibition)
were determined and presented in Table 2. The results show that the values are compa-
rable, however, the lowest value of ECsy of bare Fe3O; is evidence of its higher toxicity
compared to surface-modified MNPs (Fe3O,4/APTES and Fe304/HA). Probably, this is a
result of the Fe?* release in suspensions of bare Fe3Oy, the participation of Fe?* /Fe3* pairs
(see Section 2.1.3, Figure 2A,B), which actively produce toxic hydroxyl radicals (according
to Fenton reaction [101]) and the result in lipid peroxidation in the cellular membrane.
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Figure 3. Relative bioluminescence intensity, I'’!, in bacterial suspension vs. MNP concentration, g/L.
Bare Fe;O4-black circles, Fe304/ APTES-red circles, and Fe304/HA-blue circles.

Table 2. Effective concentrations of MNPs, ECs (i.e., concentrations inhibiting bioluminescence

intensity by 50%).
MNPs E C5() , g/ L
Fe304 0.05
Fe304/APTES 0.07
Fe;04/HA 0.12

(b) Effects of MNPs on ROS Content in Bacterial Suspension

ROS content was determined for two types of suspensions: (1) MNPs in bacteria-free
solution (Figure 4A) and (2) MNPs + bacteria (Figure 4B).

Figure 4A shows an ROS increased content in bacteria-free media at higher con-
centrations of MNPs (1074-10! g/L) and only a negligible rise was observed for bare
Fe3;0y4. Whereas, a relevant variation was observed for both modified MNPs at >1073 g/L.
Such difference between ROS formation into MNP suspensions between modified and
non-modified surface MNPs could be probably related to free Fe>* ions content in the
suspension, Figure 2A.

Similar differences in ROS content due to modified and unmodified MNPs were
assessed in bacterial suspensions at high nanoparticle concentrations (>1073 g/L, refer
to Figure 4B). In fact, an increase in the ROS content was found at high concentrations
(>1073 g/L) of two modified MNPs, but not observed for bare Fe30,. Similarly to the
bacteria-free media (Figure 4A), this may be due to a higher concentration of Fe3* released
by functionalized nanoparticles (Figure 2A).

It should be noted, that a moderated increase in the ROS content (as compared to
the control samples, ROS™ > 1.0, p < 0.05) was observed over a wide range of MNP
concentrations (1071°-1073 g/L) in bacterial media (Figure 4B) compared to the bacteria-free
media (Figure 4A). This clearly indicates the effective ROS generation associated with the
bacterium itself within the low-concentration solutions of MNPs. The above-mentioned
effect represents an important achievement that should be further studied in detail.
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Correlations between bioluminescence intensity I/ and ROS™ (Figures 3 and 4B)
were analyzed. The correlation coefficients, r, were calculated for three MNP types, as
reported in Table 3. High reversed correlations (r = —0.88; —0.79) for two modified MNPs
(Fe3O4/APTES, Fe;04/HA) were demonstrated, whereas a low correlation (r = —0.21)
was determined for bare Fe3O4. The high level of correlations is indicative of a high ROS
contribution to the bioluminescence-inhibiting (“toxic”) effect of the modified MNPs within
the bacterial media. The effect of modified MNPs related to the ROS involvement could
be associated with Fenton-like reactions (catalyzed by Fe®* ion) or Haber—Weiss reaction
at neutral pH, whereas the low correlation of bare MNPs is a reasonable indication of
additional mechanisms of bacterial inhibition. Supposedly, the Fe?* presence and lower Fe>*
concentration in the suspensions of bare MNPs (as shown in Section 2.1.3, Figure 2A) lead
to the reasonable assumption of additional occurring mechanisms, such as the production
of toxic —OH via Fenton reaction [101] and break of quantitative correlations between ROS
and MNP contents (Table 3).
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Table 3. Correlation coefficients, r, between dependencies of I" ¢l and ROS™ on MNP concentrations.

MNPs MNP Concentration Range, g/L r
Fe304 (107°-10"1) —0.21
Fe304/APTES (1072-10"1) —0.88
Fe30,/HA (107%-10"1) —0.79

Previously, high positive correlations between I and ROS™ were found in suspen-
sions of luminous bacteria and fullerenol at high “toxic” fullerenol’ concentrations [79].
Fullerenols, conversely to MNPs, are antioxidants and active trappers of free radicals, and
they could lower the ROS content effectively [111-116] suppressing the rates of oxidative
processes in cells. Hence, the opposite signs of correlations for fullerenols and MNPs
could be concerned with their anti- and pro-oxidant properties, respectively, indicating the
complexity and multiplicity of processes of different bioactive compounds.

2.2.2. Effects of MNPs in Bacterial Suspension under Model Oxidative Stress

The MNP anti-(pro-)oxidant activity in bacterial suspensions was investigated under
specific conditions of model oxidative stress. During this study, toxic concentrations of
MNPs (i.e., >10~2 g/L) were excluded, while bacterial bioluminescence kinetics was mon-
itored and recorded assuming model solutions of an oxidizing agent, 1,4-benzoquinone
(Bq), at its ECsg to suppresses bioluminescence intensity by 50% (ECsg, p; = 107 M). The
ROS content was monitored by chemiluminescence technique, within the same media after
bioluminescence measurements. It has been assumed that restoration of the bioluminescence
intensity (I g > 1) results in evidence of MNP antioxidant activity, whereas the additional

bioluminescence suppression (I'? g < 1) would indicate a prooxidant attitude of MNDPs.
(a) Effects of MNPs on Bacterial Bioluminescence Intensity under Model Oxidative Stress

Figure 5A shows the I'! pg-values at different concentrations of MNPs. All consid-
ered MNPs did not activate reliably the bacterial bioluminescence under oxidative stress,
hence, it can be reasonably concluded that MNPs do not induce any antioxidant activ-
ity. Oppositely, the I' g-values showed a suppression of the bioluminescence intensity
(ie., I Bg <1, p <0.05) at higher concentrations of MNPs (>5 x 1075 g/L), confirming the
prooxidant properties of MNPs. The HA-modified MNPs (Fe3O4/HA) suppressed biolu-
minescence intensity (i.e., I'? Bg <1, p <0.05) reliably in a wider range of concentrations
(10712-102 g/L), as compared to Fe30,4 and Fe304/APTES and this can be explained by the
partial hydrolysis of the HA coating in Bq solutions which leads, as a result, to an oxidized
iron higher content (Fe**, surface and/or free) in Fe;0,/HA suspensions.

(b) Effects of MNPs on ROS Content in Bacterial Suspension under Model Oxidative Stress

The ROS content was preliminarily measured in the absence of MNPs at the fol-
lowing different conditions: in physiological saline (3% NaCl) solution, in bacteria-free
and in bacterial media under oxidative stress model conditions (i.e., at EC5y of Bq, ECs,
Bg = 10~7 M). We showed previously, that Bq lower the ROS content by 10% and by 15%
in bacteria-free media and bacterial media, respectively. Analogous results were attained
by [79], earlier. The ROS content reduction can be explained considering the peroxides,
representative of ROS groups, whose tendency to combine to Bq follows Scheme 1 as
presented below.
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Figure 5. Relative bioluminescence intensity, I" el By, (A), and relative ROS content, ROS™! By, in the
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We aimed to reveal how the MNPs addition changes the ROS content in the bacterial
suspension under oxidative stress conditions (i.e., in the presence of Bq). Figure 5B shows
the ROS content in the bacterial system at various MNP concentrations in the Bq solutions.
An additional valuable decay in the content of ROS (ROS"! g <1, p <0.05) was observed
in the concentration range of MNPs 10-4-10"2 g/L. The further ROS decay might be
explained if the Bq balance with its reduced form-hydroquinone—in the bacterial suspension
is hypothesized. In this case, the Fe>* addition should shift the balance to the oxidized
form, i.e., Bq, according to Scheme 2, and thus decreasing ROS additionally.

) OH

0}
H,O

22
o
o OH

Scheme 1. Interaction of 1,4-benzoquinone (Bq) with hydrogen peroxide with peroxide formation.
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Scheme 2. Oxidation of hydroquinone to 1,4-benzoquinone (Bq) with FeCl;.

Correlation coefficients, r, were calculated between the dependencies of I" el Bg
(Figure 5A) and ROS™ Bq (Figure 5B) for the corresponding MNP concentration range as
reported in Table 4. Direct correlations were found, showing direct interrelations between
these dependencies. The correlation values confirm interrelations between bioluminescence
intensity and ROS under oxidative stress conditions, supporting the envisaged chemical
mechanism of free Fe3* involvement (Figure 2A) to the prooxidant activity of MNPs as
depicted in Schemes 1 and 2.

Table 4. Correlation coefficients, 1, between dependencies of I" el Bg and ROS"™ By ON MNP concentrations.

MNPs MNP Concentration Range, g/L r
Fe304 (1077-1073) 0.92
Fe304/APTES (1077-1073) 0.91
Fe304/HA (1077-1073) 0.78

2.3. Effects of MNPs on Enzymatic Reactions

The effect of MNPs on bioluminescence enzymatic reaction is a question of interest.
Comparison of the MNP effects on bacterial cells and their enzymatic reactions forms
understanding at the cellular and biochemical levels, respectively, identifies processes most
sensitive to MNP exposure, and allows supposing a role of cellular membrane-related
processes in the MNP bioeffects.

Analogously to luminous marine bacteria (Section 2.2.1), the enzyme system lumines-
cence intensity was studied in the presence of Fe3Oy4, Fe30,4/HA, and Fe3O4/APTES; at
low concentrations (i.e., 10715-1071 g/L).

2.3.1. Effects of MNPs without Oxidative Stress
(a) Effects of MNPs on Bioluminescence Intensity of Enzyme Reactions

Figure 6 presents the dependence of bioluminescence intensity I on MNP concentra-
tion in the enzyme system. The plotted data reveal negligible inhibition of the intensity of
the bioluminescence.

The difference in MNP effects on the bioluminescence of bacteria and enzymes is
evident from the comparison of Figures 3 and 6, respectively. In fact, the MNPs inhibited
or moderately activated bacterial bioluminescence, according to Figure 3, but they did not
affect the enzymatic bioluminescence as clearly analysing Figure 6. The difference might be
related to the complexity of cellular processes, specifically the cell-membrane ones.

(b) Effects of MNPs on ROS Content in Enzyme System

As discussed above for the bacterial system (Section 2.2.1 b), the ROS content was
also investigated in the enzyme system using (1) MNDPs in an enzyme-free medium and
(2) MNPs in enzyme reactions. MNP concentrations were altered as reported in Figure 6,
but none of the ROS changes were found for both types of solutions over the entire
concentration range (Figures 53 and 54).
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Figure 6. Relative bioluminescence intensity, I', vs. MNP concentration, g/L. Enzyme system. Bare
Fe3zO4-black circles, Fe30, /APTES—red circles, and Fe3O4/HA-blue circles.

2.3.2. Effects of MNDPs in Enzyme System under Model Oxidative Stress

To verify the molecular mechanisms of redox MNP effects under oxidative stress con-
ditions in bacteria (Section 2.2.2), the MNPs influence on luminescent enzymatic reactions
under similar conditions (i.e., in solutions of model oxidizer Bq, EC59 =5 x 10~7 M) was
studied. Similar to bacteria, the effects on bioluminescence intensity were explored in the
presence of three types of MINPs—bare Fe304, Fe30,/HA, and Fe3O4/APTES. We did not
find any reliable deviations in I" el Bg (p < 0.05) from the control samples (without MNPs)
(Figure S5).

The ROS content was measured preliminarily in enzyme-free and enzymatic media,
both, under model oxidative stress conditions, i.e., at ECsy of Bq (5 x 10~7 M). It has
been shown that Bq increases the content of ROS in enzyme-free and enzyme solutions
by 110% and 80%, respectively. Such an increase is probably associated with the forma-
tion of intermediate peroxide with the occurrence of bacterial luciferase bioluminescence
reaction [117], which contributes additionally to overall ROS content. Dark processes in
the reaction of bacterial luciferase with hydrogen peroxide production can contribute to
the ROS concentration, as well. The ROS content was monitored in the same media after
bioluminescence measurements in the presence of Bq (5 x 1077 M) and MNPs record-
ing unchanged ROS content in enzyme solutions’ overall concentration ranges of MNPs
(see Figure S6); no changes were found.

Hence, model oxidative stress has not revealed any reliable changes due to MNPs
either in bioluminescence enzymatic intensity or in ROS content in the enzyme solutions.
As for the case of absent oxidative conditions (Section 2.3.1), the enzymatic system appeared
insensitive to MNP content under oxidative stress conditions, too.

Apparently, all the differences in sensitivity of the bacterial cells and their enzymatic re-
actions to MNPs are concerned with the cell-membrane processes of luminous bacteria. This
result is in agreement with the supposed mechanism of the ferroptosis phenomenon [18,19],
which considers the iron-initiated cell-membrane lipid peroxidation in the cellular systems.

3. Materials and Methods
3.1. Preparations of Fe304 MNPs and Humic Acids- and Amino-Silica Functionalized
F€304 MNPs

Full details regarding the preparation of the samples were previously described [80].
Briefly, magnetite was obtained in accordance with the Elmore reaction. So, FeCls x
6H,O salts (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and FeCl, x 4H,0O
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were dissolved in deionized H,O



Int. J. Mol. Sci. 2023, 24,1133

14 of 23

and added to 25% solution of ammonium hydroxide (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) with stirring in argon at 50 °C. The formed Fe3;04 nanoparticles were
washed five times with Millipore water and ethanol and dried at 70 °C in a vacuum.

To prepare the aminosilica-functionalized MNPs, the Fe30, surface modification was
performed by using 3-aminopropyltriethoxysilane (APTES, (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany)). Fe3O4 was dispersed in ethanol /water (volume ratio, 1:1) solution,
and APTES was added under an argon atmosphere, at 40 °C for 2 h with a molar ratio
of APTES:Fe;0y as 4:1. After cooling down to a room temperature, Fe304/ APTES MNPs
were collected with a magnet (Nd, 0.3 T), rinsed three times with ethanol and deionized
water and dried in vacuum at 70 °C for 2 h.

Commercial sodium salt of humic acids (HA) (Powhumus, the total acidity of the
HA was 5.3 mmol/g of acidic COOH and OH-groups, weight-average molecular weight
Mw was 9.9 kD; Humintech, Grevenbroich, Germany) was used for FesO4/HA. For the
synthesis of NPs, FeCl; x 6H,0O and FeCl, x 4H,0O were dissolved in 100 mL water. Upon
heating at 40 °C, two solutions, namely the ammonium hydroxide (25%), and the Has were
added rapidly and sequentially. The mixture was stirred at 1000 rpm at 40 °C for 10 min
under an argon atmosphere and then cooled to room temperature. The black precipitation
of Fe304/HA NPs was collected by Nd-magnet (0.3 T) and washed to neutral by distilled
water (90 °C) before drying under a vacuum at 40 °C.

3.2. Characterization of the MNPs

Mossbauer spectra were obtained on an MS1104EM spectrometer (CJSC Kordon,
Rostov-on-Don, Russia) with *’Co/Rh (RITVERC JSC, St. Petersburg, Russia) with an
activity of 5 mCi as a source of y-radiation. The spectra were recorded for each sample
both at room temperature (296 K) and at the boiling point of liquid nitrogen (78 K) in an
evacuated cryostat. The temperature control accuracy of the samples was +2 and +0.5 °C,
respectively. The spectra were obtained in high resolution (1024 points) with a noise/signal
ratio lower than 2%. Experimental data were processed using SpectrRelax 2.8 and associated
software (MSU, Moscow, Russia). The values of chemical shifts in the manuscript are given
relative to o-Fe. The magnetic properties of MNP dry powders were haracterized with
a Vibrating Sample Magnetometer Lake Shore (Lake Shore Cryotronics, Westerville, OH,
USA) at 300 K. To measure the Fe?* /Fe3* stimuli-responsive release the obtained samples
were dispersed in buffer solutions (dispersed water or 3% NaCl to simulate conditions of
bioluminescence assay) containing Potassium thiocyanate (50% solution) and HCl (18.25%
solution) as an indicator of Fe®* ions and o-phenanthroline (1% solution) as an indicator of
Fe?* ions. At different time points (i.e., 0, 0.5, 1, 3, and 24 h), the mixtures were centrifuged
to collect the supernatant. The absorbance in the regions of 490 nm or 690 nm was detected
by UV-Vis-NIR spectrophotometry and then analyzed for Fe?* and Fe?*, respectively.
Elemental analysis of the samples was performed using a CHNS/O elemental analyzer
Vario Microcube (Elementar GmbH).

3.3. Bioluminescence Assay Systems and Luminol Chemiluminescence Assay
3.3.1. Bioluminescence Assay Systems

Effects of MNPs on microbiological and biochemical processes were evaluated using
model bioluminescence assay systems, both cellular and enzymatic, i.e., luminous marine
bacteria and a system of coupled enzymatic reactions of the marine bacteria, respectively.

Bioluminescence Cellular Assay

The bacterial assay, i.e., intact marine luminous bacteria Photobacterium phosphoreum,
strain 1883 IBSO from the Collection of Luminous Bacteria CCIBSO 863, Institute of Bio-
physics SB RAS [118] was used.

For the cultivation of P. phosphoreum 1883 IBSO, the semisynthetic medium containing;:
10 g/L tryptone, 28.5 g/L NaCl, 4.5 g/L MgCl, x 6H,0, 0.5 g/L CaCl,, 0.5 g/L KCl,
3 g/L yeast extract, and 12.5 g/L agar was used. P. phosphoreum was plated on 25 mL
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of the semisynthetic medium and incubated at 25 °C for 24 h (stationary growth phase
corresponding to the maximum bioluminescence) in an incubator (WIS-20R, WiseCube
Laboratory Instruments, Wertheim, Germany). Prior to experiments, bacteria were collected
by pipetting of 3% NaCl solution directly onto the agar to release bacteria. The 3% NaCl
solution was used to imitate the marine environment for bacterial cells and to balance
osmotic processes. The bacterial suspension was diluted to Absggg = 0.025 and stored at 4°C
for 30 min to allow the bioluminescence stabilization. The reagents for bacterial cultivation
were: tryptone and yeast extract from Dia-M, Moscow, Russia; sodium chloride (NaCl)
from Khimreactiv, Nizhny Novgorod, Russia; magnesium chloride hexahydrate (MgCl,
6H,0), calcium chloride (CaCl,), and potassium chloride (KCl) from Pancreac AppliChem
GmbH, Darmstadt, Germany; agar from Difco Laboratories, Detroit, MI, USA. The reagents
were of chemical or analytical grade.

Sodium chloride (NaCl) from Khimreactiv, Nizhny Novgorod, Russia was used to
prepare a 3% NaCl solution.

Bioluminescence Enzymatic Assay

The enzymatic assay, i.e., enzymatic preparation was based on the system of coupled
enzyme reactions catalyzed by NADH:FMN-oxidoreductase from Vibrio fischeri (0.15 a.u.)
and luciferase from Photobacterium leiognathi at 0.5 mg/mL [118]. The enzyme prepara-
tion was produced at the Institute of Biophysics SB RAS, Krasnoyarsk, Russia. Enzyme
reactions (1) and (2) are presented in the Introduction.

The used chemicals were FMN and tetradecanal from SERVA, Heidelberg, Germany;
NADH from ICN Biochemicals, Costa-Mesa, CA, USA; all reagents were of chemical or
analytical grade.

In order to construct the enzymatic assay system, we used 0.1 mg/mL of enzyme
preparation, 4 X 10~* M NADH, 5.4 x 10~* M FMN, and 0.0025% tetradecanal solutions.
The NADH, FMN, and tetradecanal were dissolved in distilled water, at 25 °C. The con-
centration of NADH, FMN, and tetradecanal solutions in the experimental samples were
1.6 x 1074 M, 5.4 x 107> M, and 0.00025%, respectively.

3.3.2. Experimental Data Processing

1. The toxic (for bacterial assay) and inhibitory (for enzymatic assay) effects of MNPs
on the bioluminescent systems were characterized by the relative bioluminescence
intensity, I rel,

I = Ivinp/Leontrs 2)

where I.on+ and Iynp are the maximum bioluminescence intensities in the absence and
presence of MNPs, respectively.

Values of I were determined at different concentrations of MNPs. The dependence
of I'’ vs. MNP concentrations was studied and plotted.

Additionally, to characterize the toxic effects of MNPs on the bacteria, their effective
concentrations that inhibited the luminescence intensity by 50% (I" el = 0.5), ECs), were
determined and compared.

2. The anti-(pro-)oxidant activity of MNPs on the bacterial and enzyme systems was
assessed under the conditions of oxidative stress. The methods for determining the
anti-(pro-)oxidant activity were elaborated on and developed previously by different
authors [67,71,73,75,77,80].

To create conditions of the model oxidative stress, we used an organic oxidizer, 1,4-
benzoquinone (Bq) (Sigma-Aldrich, St. Louis, MO, USA). The Bq was prepared in 3% NaCl
solutions and in distilled water for bacterial and enzymatic assays, respectively. The Bq
concentrations that inhibited the bioluminescence intensity of bacterial and enzymatic
systems by 50% were applied in the experiments (1077 M and 5 x 10~7 M, respectively). To
study and compare changes in the toxicity in the Bq solutions with the addition of MNPs,
the antioxidant coefficients I" By were determined as follows:
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5 = Ivnp + 5q/lgs 3)
where, Ipinp + Bq and Ip, are the maximum bioluminescence intensities in the Bq solutions
in the presence and absence of MNPs, respectively.

A higher MNP concentration range inhibiting the bioluminescence intensity (I'/ < 1)
was not used in the experiments to determine el Bg- The dependence of Iynp + g5 vs. MNP
concentrations was studied and plotted.

—  Values of I'?! By > 1 revealed a decrease in the toxicity under the exposure to MNPs, i.e.,
the antioxidant activity of MNPs in the Bq solutions.

—  Values of I'?! g ~ 1 revealed the absence of the MNP effects.

—  Values of I'’! Bg < 1 revealed an increase in toxicity under exposure to MNPs, i.e., the
pro-oxidant activity of MNPs in the Bq solutions.

3.3.3. Luminol Chemiluminescence Assay

We used the luminol chemiluminescence method to evaluate the content of reactive
oxygen species (ROS) in the experimental bacterial suspensions, enzymatic solutions, and
non-biological systems [119,120]. This technique was used to determine the integral content
of ROS assuming that there was a dynamic equilibrium between different ROS forms.

The reagents used for the chemiluminescence measurements were the following:
luminol (CgHyN30,) and potassium ferricyanide (K3[Fe(CN)g]) from Sigma-Aldrich (St.
Louis, MO, USA), potassium hydroxide (KOH) from Khimreactiv (Nizhny Novgorod,
Russia). All reagents were of chemical grade.

Stock luminol solution (10~2 M) was prepared as follows: luminol powder was dis-
solved in 5 mL in a 1N solution of KOH and then, 5 mL of distilled water was added. The
chemiluminescence luminol reaction was initiated by an alkaline luminol solution; the
maximum value of chemiluminescence intensity was determined. The concentrations of
the alkaline luminol solution and aquatic solutions of K3[Fe(CN)g] in the experimental
samples were 10~* M and 1073 M, respectively. Initially, the dependences of the chemi-
luminescence intensity on the concentration of H,O, (Tula Pharmaceutical Factory, Tula,
Russia), were determined in distilled water and 3% NaCl solution for the enzymatic and
bacterial luminescence systems, respectively; they were used as calibration dependences to
evaluate the ROS content in all the experimental samples.

To verify the role of ROS in the biological effects of MNPs, chemiluminescence inten-
sities were measured in the bioluminescence assay systems (bacterial and enzymatic), as
well as in bacteria-free/enzyme-free aqueous solutions. The relative values of ROS content
(ROS™) were calculated as ratios of the ROS content in the experimental solutions to that
in the control solutions without MNPs:

ROS™ = ROSpnp/ROScontr 4)

The ROS™ values were obtained at different concentrations of MNPs (10~1°~1 g/L) in
the absence and presence of Bq at ECs (see Section 3.3.3). The chemiluminescence assay
was carried out immediately after the bioluminescence measurements in the bacterial and
enzymatic samples.

The values of ROS™ were plotted vs. the concentration of MNPs.

3.3.4. Preparation of the MNP Suspensions for the Bioluminescence Analyses

Solid samples were ground in a mortar and dissolved in a 3% aqueous NaCl solution
(for bacterial assay or non-biological systems) or distilled water (for enzymatic assays
or non-biological systems). To obtain homogeneous suspensions, the stock suspensions
were exposed to ultrasound for 10 min. The MNP solutions of different concentrations
(107110 g/L) were prepared from the stock suspensions, with the additional 5 s ultra-
sonic treatment at each dissolution stage. Before the measurements, the dispersions were
additionally treated ultrasonically for 5-10 s.
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To exclude the effect of the optic filter in the bio-(chemi-)luminescence measurements,
the suspensions with optical density higher than 0.1 (at 490 nm and 425 nm, respectively)
were excluded. Hence, the effect of the “optic filter” [104] did not skew the results of the
bio-(chemi-)luminescence measurements.

3.3.5. Equipment

Measurements of the bio-(chemi-)luminescence intensities were carried out with a
bioluminometer Luminoskan Ascent (Thermo Electron Corporation, Solon, OH, USA)
equipped with an injector system. All the luminescence measurements were taken at 25 °C
and without pre-incubation.

Absorption spectra of the bacterial and MNP suspensions were recorded using a
UVIKON 943 Double Beam UV /VIS Spectrophotometer (Kontron Instruments, Milan, Italy).

Ultrasonic treatment was provided using an Elmasonic EASY 10 bath (Elma Schmid-
bauer GmbH, Singen, Baden-Wurttemberg, Germany).

3.3.6. Statistical Processing

All bio-(chemi-)luminescence measurements were conducted in five replicates for all
the control and MNP solutions.

The SD-values for I'?, 1! By ROS™  ROS™! By were calculated using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). They did not exceed 21%, 19%, 20%,
and 20%, respectively.

To reveal correlations between the bioluminescence intensity and ROS content, the
statistical dependence between the rankings of two variables was analyzed [121], and the
correlation coefficients » were calculated.

Statistical processing of the results of bioluminescence and chemiluminescence assays
was carried out; p-values were calculated with GraphPad Prism 8 using ANOVA. The
p-values were assessed by the Kruskal-Wallis test of two independent sample distributions.

4. Conclusions

In the current paper, we used bioluminescence bioassays, cellular and enzymatic,
to evaluate the bioeffects of three types of magnetite nanoparticles (MNPs), namely, the
pristine bare Fe3Oy, humic acid, and silica (3-aminopropyltriethoxysilane) modified nanoa-
particles. Additionally, the toxic and anti-(pro-)oxidant bioeffects of MNPs were analyzed
assessing the role of ROS. Bacterial bioluminescence was applied as a signal physiologi-
cal parameter and the ROS content was evaluated by chemiluminescence luminol assay.
Higher toxicity related to bare NMPs, Fe3O4 was revealed, with a minimum effective
concentration of ECsq at 0.05 g/L. The inhibition ability of modified nanoparticles at higher
concentration intervals (i.e., 10—2-1 g/L) was associated with ROS accumulation in the bac-
teria suspensions, but the effect of bare Fe304 appeared to be more complex and it should
be further investigated. Wide MNP concentration ranges (10~1°~1 g/L) have revealed a
higher ROS content in bacterial suspensions compared to bacteria-free media, and this sup-
ports the conclusion that ROS production is enhanced by bacteria in the presence of MNPs.
Under model oxidative stress conditions (i.e., in the presence of model organic oxidizer 1,4-
benzoquinone) and higher concentrations of MNPs (>5 x 10~° g/L), the bacterial bioassay
has suggested a pro-oxidant activity of all three types of MNPs, with a corresponding decay
of ROS content. The ROS decay can be due to shifting the redox balance in the system, such
as the reducer-oxidizer model (i.e., 1,4-hydroquinone-1,4-benzoquinone). Bioluminescence
enzymatic assay did not show sensitivity to MNPs, and ROS content was unchanged at all
applied concentrations of MNPs (<10~! g/L), involving model oxidative stress conditions.
The result probably indicates that cell-membrane processes are responsible for the MNP
bioeffects and ROS generation by the bacteria, according to the supposed mechanism of fer-
roptosis phenomenon, which considers the iron-initiated cell-membrane lipid peroxidation
in connection of ROS production within the cells.
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Abbreviations

APTES  3-Aminopropyltrietoxysilane

Bq 1,4-benzoquinone
FMN Flavin mononucleotide
HA Humic acids

MNPs  Magnetite nanoparticles
NADH Nicotinamide adenine dinucleotide disodium salt-reduced

ROS Reactive oxygen species

References

1. Yamaura, M.; Camilo, R.L.; Sampaio, L.C.; Macédo, M.A.; Nakamura, M.; Toma, H.E. Preparation and characterization of
(3-aminopropyl)triethoxysilane-coated magnetite nanoparticles. J. Magn. Magn. Mater. 2004, 279, 210-217. [CrossRef]

2. Mylkie, K.; Nowak, P; Rybczynski, P.; Ziegler-Borowska, M. Polymer-Coated Magnetite Nanoparticles for Protein Immobilization.
Materials 2021, 14, 248. [CrossRef] [PubMed]

3. Zhou, Z.; Kadam, U.S,; Irudayaraj, J. One-stop genomic DNA extraction by salicylic acid-coated magnetic nanoparticles.
Anal. Biochem. 2013, 442, 249-252. [CrossRef]

4. Halavaara, J.; Tervahartiala, R.; Isoniemi, H.; Hockerstedt, K. Efficacy of sequential use of superparamagnetic iron oxide and
gadolinium in liver MR imaging. Acta Radiol. 2002, 43, 180-185. [CrossRef] [PubMed]

5. Azizi, A. Green synthesis of Fe3O, nanoparticles and its application in preparation of Fe3O, /cellulose magnetic nanocomposite:
A suitable proposal for drug delivery system. J. Inorg. Organomet. Polym. Mater. 2020, 30, 3552-3561. [CrossRef]

6. Hafeli, U.; Schutt, W.; Teller, J.; Zborowski, M. Scientific and Clinical Applications of Magnetic Carriers, 1st ed.; Springer:
New York, NY, USA, 1997; 628p. [CrossRef]

7. Chauhan, N.; Narang, J.; Jain, U. Amperometric acetylcholinesterase biosensor for pesticides monitoring utilising iron oxide
nanoparticles and poly(indole-5-carboxylic acid). J. Exper. Nanosci. 2016, 11, 111-122. [CrossRef]

8.  Ali, A.; AlSalhi, M.S.; Atif, M.; Ansari, A.A.; Israr, M.Q.; Sadaf, J.R.; Ahmed, E.; Nur, O.; Willander, M. Potentiometric urea
biosensor utilizing nanobiocomposite of chitosan-iron oxide magnetic nanoparticles. J. Phys. 2013, 414, 012024. [CrossRef]

9. Lubbe, AS.; Alexiou, C.; Bergemann, C. Clinical applications of magnetic drug targeting. J. Surg. Res. 2001, 95, 200-206.
[CrossRef]

10. Li, J.; Shi, X.; Shen, M. Hydrothermal synthesis and functionalization of iron oxide nanoparticles for MR imaging applications.
Part. Part. Syst. Charact. 2014, 31, 1223-1237. [CrossRef]

11.  Bilici, K.; Muti, A.; Sennaroglu, A.; Acar, H.Y. Indocyanine green loaded APTMS coated SPIONSs for dual phototherapy of cancer.
J. Photochem. Photobiol. B 2019, 201, 111648. [CrossRef]

12. Daoush, WM. Co-precipitation and magnetic properties of magnetite nanoparticles for potential biomedical applications.
J. Nanomed. Res. 2017, 5, 00118. [CrossRef]

13. Shan, J.; Wang, L.; Yu, H.; Ji, ].; Amer, W.A; Chen, Y;; Jing, G.; Khalid, H.; Akram, M.; Abbasi, N.M. Recent progress in Fe3O4
based magnetic nanoparticles: From synthesis to application. Mater. Sci. Technol. 2016, 32, 602-614. [CrossRef]

14. Nguyen, VL; Yang, Y.; Teranishi, T.C.; Thi, M.; Cao, Y.; Nogami, M. Biomedical applications of advanced multifunctional

magnetic nanoparticles. J. Nanosci. Nanotechnol. 2015, 15, 10091-10107. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24021133/s1
https://www.mdpi.com/article/10.3390/ijms24021133/s1
http://doi.org/10.1016/j.jmmm.2004.01.094
http://doi.org/10.3390/ma14020248
http://www.ncbi.nlm.nih.gov/pubmed/33419055
http://doi.org/10.1016/j.ab.2013.07.030
http://doi.org/10.1080/028418502127347727
http://www.ncbi.nlm.nih.gov/pubmed/12010300
http://doi.org/10.1007/s10904-020-01500-1
http://doi.org/10.1007/978-1-4757-6482-6
http://doi.org/10.1080/17458080.2015.1030712
http://doi.org/10.1088/1742-6596/414/1/012024
http://doi.org/10.1006/jsre.2000.6030
http://doi.org/10.1002/ppsc.201400087
http://doi.org/10.1016/j.jphotobiol.2019.111648
http://doi.org/10.15406/jnmr.2017.05.00118
http://doi.org/10.1179/1743284715Y.0000000122
http://doi.org/10.1166/jnn.2015.11691

Int. J. Mol. Sci. 2023, 24,1133 19 of 23

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

El-Gendy, N.S.; Nassar, H.N. Biosynthesized magnetite nanoparticles as an environmental opulence and sustainable wastewater
treatment. Sci. Total Environ. 2021, 774, 145610. [CrossRef]

Pankratov, D.A.; Anuchina, M.M. Nature-inspired synthesis of magnetic non-stoichiometric Fe;04 nanoparticles by oxidative in
situ method in a humic medium. Mater. Chem. Phys. 2019, 231, 216-224. [CrossRef]

Anuchina, M.; Pankratov, D.; Abroskin, D. Estimating the Toxicity and Biological Availability for Interaction Products of Metallic
Iron and Humic Substances. Moscow Univ. Soil Sci. Bull. 2019, 74, 193-198. [CrossRef]

Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Stockwell, B.R. Ferroptosis: An irondepen-
dent form of nonapoptotic cell death. Cell 2012, 149, 1060-1072. [CrossRef]

Shams, M.; Owczarczak, B.; Manderscheid-Kern, P; Bellnier, D.A.; Gollnick, S.O. Development of photodynamic therapy regimens
that control primary tumor growth and inhibit secondary disease. Cancer Immunol. Immunother. 2014, 64, 287-297. [CrossRef]
Szatrowski, T.P.; Nathan, C.F. Production of large amounts of hydrogen peroxide by human tumor cells. Cancer Res. 1991, 51,
794-798.

Dan, Q.; Hu, D.; Ge, Y.; Zhang, S.; Li, S.; Gao, D.; Sheng, Z. Ultrasmall theranostic nanozymes to modulate tumor hypoxia for
augmenting photodynamic therapy and radiotherapy. Biomater. Sci. 2020, 107, 2411-2502. [CrossRef]

El-Fiqi, A.; Kim, H.-W. Iron ions-releasing mesoporous bioactive glass ultrasmall nanoparticles designed as ferroptosis-
based bone cancer nanotherapeutics: Ultrasonic-coupled sol-gel synthesis, properties and iron ions release. Mater. Lett.
2021, 294, 129759. [CrossRef]

Li, J.; Xiong, Z.; Yu, Y.; Wang, X.; Zhou, H.; Huang, B.; Lai, B. Efficient degradation of carbamazepine by electro-Fenton system
without any extra oxidant in the presence of molybdate: The role of slow release of iron ions. Appl. Catal. B 2021, 298, 120506.
[CrossRef]

Yang, Y.; Zuo, S; Li, L.; Kuang, X.; Li, J.; Sun, B.; Sun, J. Iron-doxorubicin prodrug loaded liposome nanogenerator programs
multimodal ferroptosis for efficient cancer therapy. Asian J. Pharm. Sci. 2021, 16, 784-793. [CrossRef]

Shen, Z.; Song, J.; Yung, B.C.; Zhou, Z.; Wu, A.; Chen, X. Emerging Strategies of Cancer Therapy Based on Ferroptosis. Adv. Mater.
2018, 30, 1704007. [CrossRef] [PubMed]

Meng, X.; Deng, J.; Liu, E; Guo, T.; Liu, M.; Dai, P; Zhao, Y. Triggered all-active metal organic framework: Ferroptosis machinery
contributes to the apoptotic photodynamic antitumor therapy. Nano Lett. 2019, 19, 7866-7876. [CrossRef]

Shan, X.; Li, S;; Sun, B,; Chen, Q.; Sun, J.; He, Z.; Luo, C. Ferroptosis-driven nanotherapeutics for cancer treatment.
J. Control. Release 2020, 319, 322-332. [CrossRef]

An, Q.; Sun, C; Li, D.; Xu, K;; Guo, J.; Wang, C. Peroxidase-like activity of Fe304@carbon nanoparticles enhances ascorbic
acidinduced oxidative stress and selective damage to PC-3 prostate cancer cells. ACS Appl. Mater. Interfaces 2013, 5, 13248-13257.
[CrossRef]

Zhang, C.; Bu, W,; Ni, D.; Zhang, S.; Li, Q.; Yao, Z.; Shi, J. Synthesis of iron nanometallic glasses and their application in cancer
therapy by a localized Fenton reaction. Angew. Chem. Int. Ed. 2016, 55, 2101-2106. [CrossRef]

Liang, Y.; Zhang, L.; Peng, C.; Zhang, S.; Chen, S.; Qian, X.; Zhao, B. Tumor microenvironments self-activated nanoscale
metalorganic frameworks for ferroptosis based cancer chemodynamic/photothermal/chemo therapy. Acta Pharm. Sin. B 2021, 11,
3231-3243. [CrossRef]

Huang, G.; Chen, H,; Dong, Y.; Luo, X,; Yu, H.; Moore, Z.; Gao, J. Superparamagnetic Iron Oxide Nanoparticles: Amplifying ROS
Stress to Improve Anticancer Drug Efficacy. Theranostics 2013, 3, 116-126. [CrossRef]

Touyz, R.M. Molecular and cellular mechanisms in vascular injury in hypertension: Role of angiotensin II- editorial review.
Curr. Opin. Nephrol. Hypertens. 2005, 14, 125-131. [CrossRef] [PubMed]

Mueller, C.F; Laude, K.; McNally, J.S.; Harrison, D.G. Redox mechanisms in blood vessels. Arterioscler. Thromb. Vasc. Biol.
2005, 25, 274-278. [CrossRef] [PubMed]

Pantopoulos, K.; Schipper, H.M. Principles of Free Radical Biomedicine; Nova Science Publisher: New York, NY, USA, 2011; 670p.
Paravicini, T.M.; Touyz, R M. NADPH oxidases, reactive oxygen species, and hypertension clinical implications and therapeutic
possibilities. Diabetes Care 2008, 31, 170-180. [CrossRef] [PubMed]

Dayem, A.A.; Hossain, M.K,; Lee, S.B.; Kim, K.; Saha, S.K.; Yang, G.-M.; Choi, H.Y.; Cho, S.-G. The Role of Reactive Oxygen
Species (ROS) in the Biological Activities of Metallic Nanoparticles. Int. J. Mol. Sci. 2017, 18, 120. [CrossRef]

Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell. Signal.
2012, 24, 981-990. [CrossRef]

Wu, H.; Yin, ].].; Wamer, W.G.; Zeng, M.; Lo, M.Y. Reactive oxygen species-related activities of nano-iron metal and nano-iron
oxides. J. Food Drug Anal. 2014, 22, 86-94. [CrossRef]

Ghuge, S.A.; Kadam, U.S.; Hong, J.C. Selenoprotein: Potential Player in Redox Regulation in Chlamydomonas reinhardtii.
Antioxidants 2022, 11, 1630. [CrossRef]

Huang, C.C; Liao, Z.X.; Lu, HM,; Pan, W.Y.; Wan, W.L.; Chen, C.C.; Sung, H.W. Cellular organelle-dependent cytotoxicity of iron
oxide nanoparticles and its implications for cancer diagnosis and treatment: A mechanistic investigation. Chem. Mater. 2016, 28,
9017-9025. [CrossRef]

Maity, D.; Agrawal, D.C. Synthesis of iron oxide nanoparticles under oxidizing environment and their stabilization in aqueous
and non-aqueous media. J. Magn. Magn. Mater. 2007, 308, 46-55. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2021.145610
http://doi.org/10.1016/j.matchemphys.2019.04.022
http://doi.org/10.3103/S0147687419050028
http://doi.org/10.1016/j.cell.2012.03.042
http://doi.org/10.1007/s00262-014-1633-9
http://doi.org/10.1039/C9BM01742A
http://doi.org/10.1016/j.matlet.2021.129759
http://doi.org/10.1016/j.apcatb.2021.120506
http://doi.org/10.1016/j.ajps.2021.05.001
http://doi.org/10.1002/adma.201704007
http://www.ncbi.nlm.nih.gov/pubmed/29356212
http://doi.org/10.1021/acs.nanolett.9b02904
http://doi.org/10.1016/j.jconrel.2020.01.008
http://doi.org/10.1021/am4042367
http://doi.org/10.1002/anie.201510031
http://doi.org/10.1016/j.apsb.2021.01.016
http://doi.org/10.7150/thno.5411
http://doi.org/10.1097/00041552-200503000-00007
http://www.ncbi.nlm.nih.gov/pubmed/15687838
http://doi.org/10.1161/01.ATV.0000149143.04821.eb
http://www.ncbi.nlm.nih.gov/pubmed/15514203
http://doi.org/10.2337/dc08-s247
http://www.ncbi.nlm.nih.gov/pubmed/18227481
http://doi.org/10.3390/ijms18010120
http://doi.org/10.1016/j.cellsig.2012.01.008
http://doi.org/10.1016/j.jfda.2014.01.007
http://doi.org/10.3390/antiox11081630
http://doi.org/10.1021/acs.chemmater.6b03905
http://doi.org/10.1016/j.jmmm.2006.05.001

Int. J. Mol. Sci. 2023, 24,1133 20 of 23

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Niculescu, A.-G.; Chircov, C.; Grumezescu, A.M. Magnetite nanoparticles: Synthesis methods—A comparative review. Methods
2022, 199, 16-27. [CrossRef]

Illes, E.; Tombacz, E. The role of variable surface charge and surface complexation in the adsorption of humic acid on magnetite.
Colloids Surf. A Physicochem. Eng. Asp. 2003, 230, 99-109. [CrossRef]

Rashid, M.; Price, N.T.; Pinilla, M.A.G.; O’Shea, K.E. Effective removal of phosphate from aqueous solution using humic acid
coated magnetite nanoparticles. Water Res. 2017, 123, 353-360. [CrossRef]

Pankratov, D.A.; Anuchina, M.M.; Spiridonov, EM. Fe;_ s O4 Nanoparticles Synthesized in the Presence of Natural Polyelectrolytes.
Crystallogr. Rep. 2020, 65, 393-397. [CrossRef]

Dzhardimalieva, G.I; Irzhak, V.I; Bratskaya, S.Y.; Mayorov, V.Y.; Privar, Y.O.; Kasymova, E.D.; Kulyabko (Bondarenko), L.S.;
Zhorobekova, S.; Kydralieva, K.A. Stabilization of magnetite nanoparticles in a medium of humic acids and study of their
sorption properties. Colloid J. 2020, 82, 1-7. [CrossRef]

Bondarenko, L.; Terekhova, V.; Kahru, A.; Dzhardimalieva, G.; Kelbysheva, E.; Tropskaya, N.; Kydralieva, K. Sample preparation
considerations for surface and crystalline properties and ecotoxicity of bare and silicacoated magnetite nanoparticles. RSC Adv.
2021, 11, 32227-32235. [CrossRef]

Bondarenko (Kulyabko), L.; Illés, E.; Tombécz, E.; Dzhardimalieva, G.; Golubeva, N.; Tushavina, O.; Adachi, Y.; Kydralieva, K.
Fabrication, Microstructure and Colloidal Stability of Humic Acids Loaded Fe3O4/APTES Nanosorbents for Environmental
Applications. Nanomaterials 2021, 11, 1418. [CrossRef]

Koesnarpadi, S.; Santosa, S.J.; Siswanta, D.; Rusdiarso, B. Synthesis and Characterizatation of Magnetite Nanoparticle Coated
Humic Acid (Fe304/HA). Procedia Environ. Sci. 2015, 30, 103-108. [CrossRef]

Carlos, L.; Cipollone, M.; Soria, D.B.; Moreno, M.S.; Ogilby, P.R; Einschlag, ES.G.; Martire, D. The effect of humic acid binding to
magnetite nanoparticles on the photogeneration of reactive oxygen species. Sep. Purif. Technol. 2012, 91, 23-29. [CrossRef]
Jiang, W.; Cai, Q.; Xu, W.; Yang, M.; Cai, Y.; Dionysiou, D.D.; O’Shea, K.E. Cr(VI) Adsorption and Reduction by Humic Acid
Coated on Magnetite. Environ. Sci. Technol. 2014, 48, 8078-8085. [CrossRef]

Yang, S.; Zong, P,; Ren, X.; Wang, Q.; Wang, X. Rapid and Highly Efficient Preconcentration of Eu(III) by Core-Shell Structured
Fe304@Humic Acid Magnetic Nanoparticles. ACS Appl. Mater. Interfaces 2012, 4, 6891-6900. [CrossRef]

Peng, L.; Qin, P.F; Lei, M.; Zeng, Q.R.; Song, H.].; Yang, J.; Gu, ].D. Modifying Fe304 nanoparticles with humic acid for removal
of rhodamine B in water. . Hazard. Mater. 2012, 209, 193-198. [CrossRef] [PubMed]

Xue, S.; Xiao, Y.; Wang, G.; Fan, ].; Wan, K.; He, Q.; Gao, M.; Miao, Z. Adsorption of heavy metals in water by modifying Fe;O4
nanoparticles with oxidized humic acid. Colloids Surf. A Physicochem. Eng. Asp. 2021, 616, 126333. [CrossRef]

Bayrakci, M.; Gezici, O.S.; Bas, Z.; Ozmen, M.; Maltas, E. Novel humic acid-bonded magnetite nanoparticles for protein
immobilization. Mater. Sci. Eng. C 2014, 42, 546-552. [CrossRef] [PubMed]

Souza, D.M.; Andrade, A.L.; Fabris, ].D.; Valério, P.; Gées, A.M.; Leite, M.F.,; Domingues, R.Z. Synthesis and in vitro evaluation of
toxicity of silica-coated magnetite nanoparticles. J. Non-Cryst. Solids 2008, 354, 4894-4897. [CrossRef]

Stober, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in the micron size range. J. Colloid Interface Sci.
1968, 26, 62-69. [CrossRef]

Bini, R.A.; Marques, REC.; Santos, EJ.; Chaker, ].A.; Jafelicci, M. Synthesis and functionalization of magnetite nanoparticles with
different amino-functional alkoxysilanes. |. Magn. Magn. Mater. 2012, 324, 534-539. [CrossRef]

Bulich, A.A.; Isenberg, D.L. Use of the luminescent bacterial system for rapid assessment of aquatic toxicity. ISA Trans. 1981, 20,
29-33.

Girotti, S.; Ferri, E.N.; Fumo, M.G.; Maiolini, E. Monitoring of environmental pollutants by bioluminescent bacteria. Anal. Chim.
Acta 2008, 608, 2-29. [CrossRef]

Roda, A.; Pasini, P; Mirasoni, M.; Michchelini, E.; Guardigli, M. Biotechnological application of bioluminescence and chemilumi-
nescence. Trends Biotechnol. 2004, 22, 295-303. [CrossRef]

Abbas, M.; Adil, M.; Ehtisham-ul-Haque, S.; Munir, B.; Yameen, M.; Ghaffar, A.; Shar, G.A.; Tahir, M.A.; Iqbal, M. Vibrio fischeri
bioluminescence inhibition assay for ecotoxicity assessment: A review. Sci. Total Environ. 2018, 626, 1295-1309. [CrossRef]
Ismailov, A.D.; Aleskerova, L.E. Photobiosensors containing luminescent bacteria. Biochemistry 2015, 80, 733-744. [CrossRef]
[PubMed]

Kurvet, I; Ivask, A.; Bondarenko, O.; Sihtméde, M.; Kahru, A. LuxCDABE—Transformed constitutively bioluminescent Escherichia
coli for toxicity screening: Comparison with naturally luminous Vibrio fischeri. Sensors 2011, 11, 7865-7878. [CrossRef] [PubMed]
Kratasyuk, V.A.; Esimbekova, E.N. Applications of luminous bacteria enzymes in toxicology. Comb. Chem. High Throughput Screen.
2015, 18, 952-959. [CrossRef] [PubMed]

Kovel, E.S.; Sachkova, A.S.; Vnukova, N.G.; Churilov, G.N.; Knyazeva, E.M.; Kudryasheva, N.S. Antioxidant activity and toxicity
of fullerenols via bioluminescence signaling: Role of oxygen substituents. Int. |. Mol. Sci. 2019, 20, 2324. [CrossRef]

Vetrova, E.V.; Kudryasheva, N.S.; Kratasyuk, V.A. Redox compounds influence on the NAD(P)H:FMN-oxidoreductase-luciferase
bioluminescent system. Photochem. Photobiol. Sci. 2007, 6, 35-40. [CrossRef] [PubMed]

Esimbekova, E.N.; Torgashina, I.G.; Kalyabina, V.P.; Kratasyuk, V.A. Enzymatic biotesting: Scientific basis and application.
Contem. Probl. Ecol. 2021, 14, 290-304. [CrossRef]

Kudryasheva, N.; Vetrova, E.; Kuznetsov, A.; Kratasyuk, V.; Stom, D. Bioluminescent Assays: Effects of Quinones and Phenols.
Ecotoxicol. Environ. Saf. 2002, 53, 221-225. [CrossRef]


http://doi.org/10.1016/j.ymeth.2021.04.018
http://doi.org/10.1016/j.colsurfa.2003.09.017
http://doi.org/10.1016/j.watres.2017.06.085
http://doi.org/10.1134/S1063774520030244
http://doi.org/10.1134/S1061933X20010032
http://doi.org/10.1039/D1RA05703K
http://doi.org/10.3390/nano11061418
http://doi.org/10.1016/j.proenv.2015.10.018
http://doi.org/10.1016/j.seppur.2011.08.028
http://doi.org/10.1021/es405804m
http://doi.org/10.1021/am3020372
http://doi.org/10.1016/j.jhazmat.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22321856
http://doi.org/10.1016/j.colsurfa.2021.126333
http://doi.org/10.1016/j.msec.2014.05.066
http://www.ncbi.nlm.nih.gov/pubmed/25063152
http://doi.org/10.1016/j.jnoncrysol.2008.04.042
http://doi.org/10.1016/0021-9797(68)90272-5
http://doi.org/10.1016/j.jmmm.2011.08.035
http://doi.org/10.1016/j.aca.2007.12.008
http://doi.org/10.1016/j.tibtech.2004.03.011
http://doi.org/10.1016/j.scitotenv.2018.01.066
http://doi.org/10.1134/S0006297915060085
http://www.ncbi.nlm.nih.gov/pubmed/26531018
http://doi.org/10.3390/s110807865
http://www.ncbi.nlm.nih.gov/pubmed/22164050
http://doi.org/10.2174/1386207318666150917100257
http://www.ncbi.nlm.nih.gov/pubmed/26377542
http://doi.org/10.3390/ijms20092324
http://doi.org/10.1039/b608152e
http://www.ncbi.nlm.nih.gov/pubmed/17200734
http://doi.org/10.1134/S1995425521030069
http://doi.org/10.1006/eesa.2002.2214

Int. J. Mol. Sci. 2023, 24,1133 21 0f 23

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Tarasova, A.S.; Stom, D.I.; Kudryasheva, N.S. Effect of humic substances on toxicity of inorganic oxidizer bioluminescent
monitoring. Environ. Toxicol. Chem. 2011, 30, 1013-1017. [CrossRef] [PubMed]

Kudryasheva, N.S.; Tarasova, A.S. Pollutant toxicity and detoxification by humic substances: Mechanisms and quantitative
assessment via luminescent biomonitoring. Environ. Sci. Pollut. Res. 2015, 22, 155-167. [CrossRef]

Tarasova, A.S.; Kislan, S.L.; Fedorova, E.S.; Kuznetsov, A.M.; Mogilnaya, O.A.; Stom, D.I.; Kudryasheva, N.S. Bioluminescence as
a tool for studying detoxification processes in metal salt solutions involving humic substances. . Photochem. Photobiol. B 2012, 117,
164-170. [CrossRef]

Tarasova, A.S.; Stom, D.I.; Kudryasheva, N.S. Antioxidant activity of humic substances via bioluminescent monitoring in vitro.
Environ. Monit. Assess. 2015, 187, 89. [CrossRef] [PubMed]

Selivanova, M.A.; Mogilnaya, O.A.; Badun, G.A.; Vydryakova, G.A.; Kuznetsov, A.M.; Kudryasheva, N.S. Effect of tritium on
luminous marine bacteria and enzyme reactions. J. Environ. Radioact. 2013, 120, 19-25. [CrossRef] [PubMed]

Kudryasheva, N.S.; Kovel, E.S.; Sachkova, A.S.; Vorobeva, A.A.; Isakova, V.G.; Churilov, G.N. Bioluminescent enzymatic assay as
a tool for studying antioxidant activity and toxicity of bioactive compounds. Photochem. Photobiol. 2017, 93, 536-540. [CrossRef]
[PubMed]

Sachkova, A.S.; Kovel, E.S.; Churilov, G.N.; Guseynov, O.A.; Bondar, A.A.; Dubinina, I.A.; Kudryasheva, N.S. On mechanism of
antioxidant effect of fullerenols. Biochem. Biophys. Rep. 2017, 9, 1-8. [CrossRef]

Sachkova, A.S.; Kovel, E.S.; Churilov, G.N.; Stom, D.I.; Kudryasheva, N.S. Biological activity of carbonic nanostructures—
Comparison via enzymatic bioassay. J. Soils Sediments 2019, 19, 2689-2696. [CrossRef]

Kovel, E.S; Kicheeva, A.G.; Vnukova, N.G.; Churilov, G.N.; Stepin, E.A.; Kudryasheva, N.S. Toxicity and Antioxidant Activity of
Fullerenol Cg 79 with Low Number of Oxygen Substituents. Int. J. Mol. Sci. 2021, 22, 6382. [CrossRef]

Sushko, E.S.; Vnukova, N.G.; Churilov, G.N.; Kudryasheva, N.S. Endohedral Gd-Containing Fullerenol: Toxicity, Antioxidant
Activity, and Regulation of Reactive Oxygen Species in Cellular and Enzymatic Systems. Int. J. Mol. Sci. 2022, 23, 5152. [CrossRef]
[PubMed]

Bondarenko, L.S.; Kovel, E.S.; Kydralieva, K.A.; Dzhardimalieva, G.I; Illés, E.; Tombacz, E.; Kicheeva, A.G.; Kudryasheva, N.S.
Effects of Modified Magnetite Nanoparticles on Bacterial Cells and Enzyme Reactions. Nanomaterials 2020, 10, 1499. [CrossRef]
Klygach, D.S.; Vakhitov, M.G.; Pankratov, D.A.; Zherebtsov, D.A.; Tolstoguzov, D.S.; Raddaoui, Z.; Kossi, S.E.; Dhahri, J.;
Vinnik, D.A.; Trukhanov, A.V. MCC: Specific of preparation, correlation of the phase composition and electrodynamic properties.
J. Magn. Magn. Mater. 2021, 526, 167694. [CrossRef]

Chernavskii, P.A.; Kazantsev, R.V.,; Pankina, G.V.; Pankratov, D.A.; Maksimov, S.V.; Eliseev, O.L. Unusual Effect of Support
Carbonization on the Structure and Performance of Fe/Mgal,O4 Fischer—Tropsch Catalyst. Energy Technol. 2021, 9, 2000877 .
[CrossRef]

Bondarenko, L.S.; Pankratov, D.A.; Dzeranov, A.A.; Dzhardimalieva, G.I.; Streltsova, A.N.; Zarrelli, M.; Kydralieva, K.A. A
simple method for quantification of nonstoichiometric magnetite nanoparticles using conventional X-ray diffraction technique.
Mendeleev Commun. 2022, 32, 642—-644. [CrossRef]

Pankratov, D.A. Mossbauer study of oxo derivatives of iron in the Fe;O3-NayO, system. Inorg. Mater. 2014, 50, 82-89. [CrossRef]
Sajja, H.K.; East, M.P.; Mao, H.; Wang, Y.A.; Nie, S.; Yang, L. Development of multifunctional nanoparticles for targeted drug
delivery and noninvasive imaging of therapeutic effect. Curr. Drug Discov. Technol. 2009, 6, 43-51. [CrossRef]

Thorek, D.L.; Tsourkas, A. Size, charge and concentration dependent uptake of iron oxide particles by non-phagocytic cells.
Biomaterials 2008, 29, 3583-3590. [CrossRef]

Xie, J.; Liu, G.; Eden, H.S; Ai, H.; Chen, X. Surface-engineered magnetic nanoparticle platforms for cancer imaging and therapy.
Acc. Chem. Res. 2011, 44, 883-892. [CrossRef]

Hao, R; Xing, R.; Xu, Z.; Hou, Y.; Gao, S.; Sun, S. Synthesis, functionalization, and biomedical applications of multifunctional
magnetic nanoparticles. Adv. Mater. 2010, 22, 2729-2742. [CrossRef]

Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Elst, L.V.; Muller, R.N. Magnetic iron oxide nanoparticles: Synthesis,
stabilization, vectorization, physicochemical characterizations, and biological applications. Chem. Rev. 2008, 108, 2064-2110.
[CrossRef]

Baaziz, W.; Pichon, B.P; Fleutot, S.; Liu, Y.; Lefevre, C.; Greneche, ].M.; Toumi, M.; Mhiri, T.; Begin-Colin, S. Magnetic Iron Oxide
Nanoparticles: Reproducible Tuning of the Size and Nanosized-Dependent Composition, Defects, and Spin Canting. J. Phys.
Chem. 2014, 118, 3795-3810. [CrossRef]

He, Y.-J.; Liu, X.-Y,; Xing, L.; Wan, X.; Chang, X.; Jiang, H.L. Fenton reaction-independent ferroptosis therapy via Glutathione and
iron redox couple sequentially triggered lipid peroxide generator. Biomaterials 2020, 241, 119911. [CrossRef]

Dong, Z.; Feng, L.; Chao, Y.; Hao, Y.; Chen, M.; Gong, E; Han, X,; Zhang, R.; Cheng, L.; Liu, Z. Amplification of Tumor Oxidative
Stresses with Liposomal Fenton Catalyst and Glutathione Inhibitor for Enhanced Cancer Chemotherapy and Radiotherapy.
Nano Lett. 2019, 19, 805-815. [CrossRef]

Huo, M.; Wang, L.; Chen, Y.; Shi, J. Tumor-selective catalytic nanomedicine by nanocatalyst delivery. Nat. Commun. 2017, 8, 357.
[CrossRef] [PubMed]

Wang, B.; Yin, J.-J.; Zhou, X,; Kurash, I; Chai, Z.; Zhao, Y.; Feng, W. Physicochemical origin for free radical generation of iron
oxide nanoparticles in biomicroenvironment: Catalytic activities mediated by surface chemical states. J. Phys. Chem. C 2012, 117,
383-392. [CrossRef]


http://doi.org/10.1002/etc.472
http://www.ncbi.nlm.nih.gov/pubmed/21309025
http://doi.org/10.1007/s11356-014-3459-6
http://doi.org/10.1016/j.jphotobiol.2012.09.020
http://doi.org/10.1007/s10661-015-4304-1
http://www.ncbi.nlm.nih.gov/pubmed/25663400
http://doi.org/10.1016/j.jenvrad.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23410594
http://doi.org/10.1111/php.12639
http://www.ncbi.nlm.nih.gov/pubmed/27645453
http://doi.org/10.1016/j.bbrep.2016.10.011
http://doi.org/10.1007/s11368-018-2134-9
http://doi.org/10.3390/ijms22126382
http://doi.org/10.3390/ijms23095152
http://www.ncbi.nlm.nih.gov/pubmed/35563539
http://doi.org/10.3390/nano10081499
http://doi.org/10.1016/j.jmmm.2020.167694
http://doi.org/10.1002/ente.202000877
http://doi.org/10.1016/j.mencom.2022.09.025
http://doi.org/10.1134/S0020168514010154
http://doi.org/10.2174/157016309787581066
http://doi.org/10.1016/j.biomaterials.2008.05.015
http://doi.org/10.1021/ar200044b
http://doi.org/10.1002/adma.201000260
http://doi.org/10.1021/cr068445e
http://doi.org/10.1021/jp411481p
http://doi.org/10.1016/j.biomaterials.2020.119911
http://doi.org/10.1021/acs.nanolett.8b03905
http://doi.org/10.1038/s41467-017-00424-8
http://www.ncbi.nlm.nih.gov/pubmed/28842577
http://doi.org/10.1021/jp3101392

Int. J. Mol. Sci. 2023, 24,1133 22 0f 23

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Roden, D.M. Drug-induced prolongation of the QT interval. N. Engl. ]. Med. 2004, 350, 1013-1022. [CrossRef]

Lei, C.; Sun, Y.;; Tsang, D.C.W,; Lin, D. Environmental transformations and ecological effects of iron-based nanoparticles.
Environ. Pollut. 2018, 232, 10-30. [CrossRef]

Ersoy, B.; Tosun, L; Giinay, A.; Dikmen, S. Turbidity Removal from Wastewaters of Natural Stone Processing by Coagula-
tion/Flocculation Methods. CLEAN=-Soil Air Water 2009, 37, 225-232. [CrossRef]

Tipping, E.; Rey-Castro, C.; Bryan, S.E.; Hamilton-Taylor, J. AI(IIl) and Fe(Ill) binding by humic substances in freshwaters, and
implications for trace metal speciation. Geochim. Cosmochim. Acta 2002, 66, 3211-3224. [CrossRef]

Oliveira, R.J.; Conto, ].F,; Oliveira, M.R.; Egues, S.M.S.; Borges, G.R.; Dariva, C.; Franceschi, E. CO,/CHjy adsorption at high
pressure using silica-APTES aerogel as adsorbent and near infrared as a monitoring technique. J. CO2 Util. 2019, 32, 232-240.
[CrossRef]

Otalvaro, ].O.; Avena, M.; Brigante, M. Adsorption of organic pollutants by amine functionalized mesoporous silica in aqueous
solution. Effects of pH, ionic strength and some consequences of APTES stability. J. Environ. Chem. Eng. 2019, 7, 103325.
[CrossRef]

Minotti, G.; Aust, S.D. The role of iron in the initiation of lipid peroxidation. Chem. Phys. Lipids 1987, 44, 191-208. [CrossRef]
Vasquez-Medrano, R.; Prato-Garcia, D.; Vedrenne, M. Ferrioxalate-Mediated Processes. In Advanced Oxidation Processes for Waste
Water Treatment, 1st ed.; Ameta, S.C., Ameta, R., Eds.; Academic Press: New York, NY, USA, 2018; pp. 89-113. [CrossRef]
Masomboon, N.; Ratanatamskul, C.; Lu, M.C. Chemical oxidation of 2,6-dimethylaniline in the fenton process. Environ. Sci.
Technol. 2009, 43, 8629-8634. [CrossRef]

Fedorova, E.; Kudryasheva, N.; Kuznetsov, A.; Mogil'naya, O.; Stom, D. Bioluminescent monitoring of detoxification processes:
Activity of humic substances in quinone solutions. J. Photochem. Photobiol. B 2007, 88, 131-136. [CrossRef]

Calabrese, E. Hormesis: Path and Progression to Significance. Int. J. Mol. Sci. 2018, 19, 2871. [CrossRef]

Jargin, S.V. Hormesis and Radiation Safety Norms: Comments for an Update. Hum. Exp. Toxicol. 2018, 37, 1233-1243. [CrossRef]
Shibamoto, Y.; Nakamura, H. Overview of Biological, Epidemiological, and Clinical Evidence of Radiation Hormesis. Int. J. Mol.
Sci. 2018, 19, 2387. [CrossRef]

Ge, H.; Zhou, M; Ly, D.; Wang, M; Xie, D.; Yang, X.; Dong, C.; Li, S.; Lin, P. Novel Segmented Concentration Addition Method to
Predict Mixture Hormesis of Chlortetracycline Hydrochloride and Oxytetracycline Hydrochloride to Alifvibrio fischeri. Int. J. Mol.
Sci. 2020, 21, 481. [CrossRef] [PubMed]

Kaiser, J. Hormesis: Sipping from a poisoned chalice Science. Science 2003, 302, 376-379. [CrossRef]

Calabrese, E.J. Hormetic mechanisms. Crit. Rev. Toxicol. 2013, 43, 580-606. [CrossRef]

Grebowski, J.; Kazmierska, P.; Krokosz, A. Fullerenols as a new therapeutic approach in nanomedicine. Biomed. Res. Int.
2013, 2013, 751913. [CrossRef]

Mirkov, S.M.; Djordjevic, A.N.; Andric, N.L.; Andric, S.A.; Kostic, T.S.; Bogdanovic, G.M.; Vojinovic-Miloradov, M.B,;
Kovacevic, R.Z. Nitric oxide-scavenging activity of polyhydroxylated fullerenol, C4o(OH)p4. Nitric Oxide 2004, 11, 201-207.
[CrossRef]

Injac, R.; Prijatelj, M.; Strukelj, B. Fullerenol nanoparticles: Toxicity and antioxidant activity. Methods Mol. Biol. 2013, 1028, 75-100.
[CrossRef]

Djordjevic, A.; Srdjenovic, B.; Seke, M.; Petrovic, D.; Injac, R.; Mrdjanovic, ]. Review of synthesis and antioxidant potential of
fullerenol nanoparticles. J. Nanomater. 2015, 2015, 567073. [CrossRef]

Wang, Z.; Wang, S.; Lu, Z.; Gao, X. Syntheses, structures and antioxidant activities of fullerenols: Knowledge learned at the
atomistic level. J. Clust. Sci. 2015, 26, 375-388. [CrossRef]

Djordjevic, A.; Canadanovic-Brunet, ].M.; Vojinovic-Miloradov, M.; Bogdanovic, G. Antioxidant properties and hypothetic radical
mechanism of fullerenol Cgy(OH)y4. Oxid. Commun. 2005, 27, 806-812.

Nemtseva, E.V.; Kudryasheva, N. The mechanism of electronic excitation in bacterial bioluminescent reaction. Uspekhi Khimii
2007, 76, 101-112. [CrossRef]

Kuznetsov, A.M.; Rodicheva, E.K.; Shilova, E.V. Bioassay based on lyophilized bacteria. Biotekhnologiya 1996, 9, 57-61.

Khan, P; Idrees, D.; Moxley, M.A.; Corbett, ].A.; Ahmad, F,; Figura, G.; Sly, W.S.; Waheed, A.; Hassan, M.I. Luminol-Based
Chemiluminescent Signals: Clinical and Non-Clinical Application and Future Uses. Appl. Biochem. Biotechnol. 2014, 173, 333-355.
[CrossRef]

Vasil’ev, R.E; Veprintsev, T.L.; Dolmatova, L.S.; Naumov, V.V.; Trofimov, A.V.; Tsaplev, Y.B. Kinetics of Ethylbenzene Oxy-
Chemiluminescence in the Presence of Antioxidants from Tissues of the Marine Invertebrate Eupentacta Fraudatrix: Estimaing
the Concentration and Reactivity of the Natural Antioxidants. Kinet. Catal. 2014, 55, 148-153. [CrossRef]

Gmurman, V.E. Fundamentals of Probability Theory and Mathematical Statistics; Berenblut, L1., Ed.; Iliffe Book Ltd.: London, UK,
1968; p. 249p.

Rostovshchikova, T.N.; Korobov, M.S.; Pankratov, D.A. Catalytic conversions of chloroolefins over iron oxide nanoparticles 2. Iso-
merization of dichlorobutenes over iron oxide nanoparticles stabilized on the surface of ultradispersed poly(tetrafluoroethylene).
Russ. Chem. Bull. 2005, 54, 1425-1432. [CrossRef]

Jones, D.H.; Srivastava, K.K.P. Many-state relaxation model for the Mgssbauer spectra of superparamagnets. Phys. Rev. B
1998, 34, 7542-7548. [CrossRef]


http://doi.org/10.1056/NEJMra032426
http://doi.org/10.1016/j.envpol.2017.09.052
http://doi.org/10.1002/clen.200800209
http://doi.org/10.1016/S0016-7037(02)00930-4
http://doi.org/10.1016/j.jcou.2019.04.019
http://doi.org/10.1016/j.jece.2019.103325
http://doi.org/10.1016/0009-3084(87)90050-8
http://doi.org/10.1016/b978-0-12-810499-6.00004-8
http://doi.org/10.1021/es802274h
http://doi.org/10.1016/j.jphotobiol.2007.05.007
http://doi.org/10.3390/ijms19102871
http://doi.org/10.1177/0960327118765332
http://doi.org/10.3390/ijms19082387
http://doi.org/10.3390/ijms21020481
http://www.ncbi.nlm.nih.gov/pubmed/31940888
http://doi.org/10.1126/science.302.5644.376
http://doi.org/10.3109/10408444.2013.808172
http://doi.org/10.1155/2013/751913
http://doi.org/10.1016/j.niox.2004.08.003
http://doi.org/10.1007/978-1-62703-475-3_5
http://doi.org/10.1155/2015/567073
http://doi.org/10.1007/s10876-015-0855-0
http://doi.org/10.1070/RC2007v076n01ABEH003648
http://doi.org/10.1007/s12010-014-0850-1
http://doi.org/10.1134/S0023158414020153
http://doi.org/10.1007/s11172-005-0422-1
http://doi.org/10.1103/PhysRevB.34.7542

Int. J. Mol. Sci. 2023, 24,1133 23 0f 23

124. Nadeem, K.; Krenn, H.; Traussnig, T.; Wiirschum, R.; Szabd, D.V.; Letofsky-Papst, I. Effect of dipolar and exchange interactions
on magnetic blocking of maghemite nanoparticles. J. Magn. Magn. Mater. 2011, 323, 1998-2004. [CrossRef]

125. Adolphi, N.L.; Huber, D.L.; Bryant, H.C.; Monson, T.C.; Fegan, D.L.; Lim, J.; Trujillo, J.E.; Tessier, T.E.; Lovato, D.M.;
Butler, K.S.; et al. Characterization of single-core magnetite nanoparticles for magnetic imaging by SQUID relaxometry.
Phys. Med. Biol. 2010, 55, 5985-6003. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jmmm.2011.02.041
http://doi.org/10.1088/0031-9155/55/19/023
http://www.ncbi.nlm.nih.gov/pubmed/20858918

	Introduction 
	Results and Discussion 
	Characterization of the Microstructure and Magnetic Properties of Samples 
	Local Environment of Fe Atom/Ions 
	Magnetic Parameters 
	Iron Ion Release 

	Effects of MNPs on Bacterial Cells 
	Toxic Effects of MNPs in Bacterial Suspension 
	Effects of MNPs in Bacterial Suspension under Model Oxidative Stress 

	Effects of MNPs on Enzymatic Reactions 
	Effects of MNPs without Oxidative Stress 
	Effects of MNPs in Enzyme System under Model Oxidative Stress 


	Materials and Methods 
	Preparations of Fe3O4 MNPs and Humic Acids- and Amino-Silica Functionalized Fe3O4 MNPs 
	Characterization of the MNPs 
	Bioluminescence Assay Systems and Luminol Chemiluminescence Assay 
	Bioluminescence Assay Systems 
	Experimental Data Processing 
	Luminol Chemiluminescence Assay 
	Preparation of the MNP Suspensions for the Bioluminescence Analyses 
	Equipment 
	Statistical Processing 


	Conclusions 
	References

