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Abstract: Magnetic nanoparticles are of great interest to scientists as potential drug carriers. Therefore,
it is essential to analyze the processes these nanoparticles undergo at the cellular level. The present
paper demonstrates the effect of a constant and rotating magnetic field on penetration of TEMPOL-
functionalized magnetite nanoparticles into yeast cells. The interactions between nanoparticles and
yeast cells without and with a magnetic field were studied using electron spin resonance spectroscopy
(ESR). The results showed that the ESR method can monitor the effect of a magnetic field on the
magnetite nanoparticle penetration rate into the cells.

Keywords: magnetite nanoparticles; electron spin resonance; nanoparticles uptake; TEMPOL spin
label; yeast cells; magnetic field

1. Introduction

In medical sciences, magnetic nanoparticles can be applied in diagnostics and medical
therapy [1]. As contrast agents in medical imaging, they can improve the quality of imaging
and the sensitivity of diagnostic methods, such as magnetic resonance imaging (MRI) [2-6].
In magnetic hyperthermia, magnetic nanoparticles are used to support the destruction of
cancer cells caused by heating [5,7,8]. However, their application as drug carriers seems
to be the most promising [2,9,10]. The magnetic properties of such nanocarriers facilitate
their targeting to the desired site and limit damage to healthy cells [10]. It also provides
an opportunity to increase the effectiveness of treatment while reducing the therapeutic
drug dose. All of the applications mentioned above result from the magnetic properties of
nanoparticles, their biocompatibility, and sample stability. However, their potential toxicity
to the body remains a challenge [10,11].

Targeted drug delivery, mostly promising in cancer treatment, by magnetic nanoplat-
forms is related to their interactions at the cellular level, i.e., attachment to the cell, the
process of entering it, and its further behavior in the cell [12]. The methods currently
used for analyzing interactions at the cell level include flow cytometry, different types
of microscopy, and mass spectrometry [13-15]. However, these methods have significant
limitations, and their applicability is related to specific particles and sensitivity, resolution,
and availability, related to technical requirements. Alternatively, Krzyminiewski proposed
using electron spin resonance (ESR) spectroscopy to monitor the endocytosis of nanomate-
rials functionalized with spin labels into cells [16,17]. Reactive oxygen species (ROS) are
constantly produced in cells, and mitochondria are considered their primary endogenous
source [18]. Based on the qualitative and quantitative changes in ESR signals from free
radicals, the uptake of nanoparticles functionalized with spin labels in cells can be tracked.

ESR is a suitable and direct method for studying materials with unpaired electrons,
including free radicals [19,20]. In general, after placing the sample in a magnetic field, the
Zeeman effect occurs, which involves splitting the energy levels of the unpaired electron.
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If the resonance condition is met and an appropriate quantum of radiation with energy
corresponding to the energy difference between these levels is supplied to the system, the
ESR phenomenon will be registered as the first derivative of the absorption signal [19-21].
It has been successfully applied in various studies, including those investigating the prop-
erties of magnetic nanoparticles [22-27], iron complexes and free radicals in blood and
tissues [28-35], as well as geological and archaeological materials [36-39]. ESR studies
confirm the penetration of nanoparticles into cells and facilitate monitoring of this whole
process. Additionally, magnetic nanoparticles with attached spin labels (TEMPO or TEM-
POL), as potential antioxidant agents, have been investigated for their possible use in
treating inflammatory diseases, as radioprotectors in radiotherapy, and scavengers of free
radicals in cells [17,32,40,41].

As standard, both TEMPO and TEMPOL are used as spin probes in ESR studies [18,42]
due to the presence of stable unpaired electrons. They are applied in biological and
medical research with cells and membranes. Because of the possibility of reaction with
free radicals, including ROS, they are also studied as potential antioxidants and oxidative
stress-reducing agents. For example, Moton et al. [42] studied the influence of TEMPO
on yeast cells, considering their physiology, aging, and gene expression changes. Its
antioxidant properties were checked by various methods without ESR. On the other hand,
Nagasaki’s group [18,41,43] used TEMPO and TEMPOL in micelle-type nanoparticles
for disease treatment, including chemo- and radiotherapy of cancer. In other studies,
TEMPO was applied as a redox-sensitive MRI contrast agent, and the effects of TEMPO-
type nitroxides on ascorbate reduction were tested [44,45]. The cell membrane acts as a
barrier separating the interior of the cell from its external environment. It regulates ion and
particle flow to a cell [46,47]. The particles can interact with the membrane and then pass
through by endocytosis and direct permeation, but the former dominates in the interactions
between nanoparticles and cells [48]. The manner of nanoparticle internalization depends
on its size and shape, surface charge, and topography. An important feature is surface
functionalization [12,49]. Depending on the size, endocytosis is divided into two types:
phagocytosis, during which the uptake of large particles (>500 nm) occurs, and pinocytosis,
which includes different mechanisms such as macropinocitosis, clathrin/caveolin-mediated
endocytosis, and clathrin/caveolin independent endocytosis.

The magnetic field is considered a factor that influences the endocytosis process. Its
role has been studied and described in the literature for its effects on cell functions and the
transport of magnetic nanoparticles to targeted cells and tissues [50-52]. Zablotskii et al.
described the effect of a high-gradient magnetic field on cell life [53]. They observed that a
magnetic field of about 1 T with a gradient of up to 1 GT/m can significantly affect cells.
Similarly, in studies concerning prostate cancer cells and human macrophages, the presence
of a high gradient magnetic field increased the internalization of superparamagnetic iron
oxide nanoparticles [54,55]. Additionally, Uzhytchak et al. [56] observed that the application
of a high intensity (7 T) pulsed magnetic field increases the uptake of superparamagnetic
iron oxide nanoparticles through the cell membrane.

The literature also analyzes the influence of magnetic fields on reactive oxygen species
(ROS) [57]. These are highly reactive free radicals, capable of disrupting cell function and
initiating various diseases, including cancer. The impact of various types of magnetic field
on human and animal cells is described in the literature [57]. Generally, a magnetic field
increases ROS concentrations in cells and tissues, but there are exceptions to this rule. The
effect depends on the type of magnetic field applied, its intensity, exposure time, frequency,
and the kind of biological samples studied. The research conducted with magnetic fields,
biological materials, and drug-functionalized magnetic nanoparticles can contribute to
clinical applications, especially for ROS-related diseases. Therefore, we propose applying
the ESR method as a suitable technique for the combined study of the influence of a
magnetic field on the uptake of magnetic nanoparticles by cells and the concentration of
free radicals within them.
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Yeast cells are used as a model in several studies to analyze processes similar to
these in human cells [58,59]. Van der Laan et al. [58] characterized the oxidative stress in
yeast cells after internalizing fluorescent nanodiamonds proposed as free radical biosen-
sors. Eigenfeld et al. [60] described the impact of nanoparticles on yeast cell viability and
Moton [42] reported the antioxidant properties and toxic effect of the TEMPO spin label.
Yeast cells were also applied under various cellular stress impacts, including oxidative,
osmotic, and ethanol accumulation [59]. In turn, Krzyminiewski and Dobosz applied yeast
cells in the study of magnetic nanoparticle uptake and the antioxidant properties of a
TEMPO spin probe using ESR [16,17,32].

This study aimed to investigate the effect of a magnetic field on the transport of
TEMPOL-functionalized magnetite nanoparticles into yeast cells by ESR spectroscopy.

2. Materials and Methods
2.1. Materials

(3-Glycidoxypropyl)trimethoxysilane (GPTMS), 1,8-diazabicyclo[5.4.0Jlundec-7-ene (DBU),
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL), FeCl;86H,0, and FeCl,#4H,O were
purchased from Merck Sigma-Aldrich (Saint Louis, MO, USA). Additional chemicals com-
prised analytic grade reagents that were commercially obtainable and employed without
additional purification steps. Demineralized water was used to prepare aqueous solutions.

2.1.1. Synthesis Procedure

Iron (II, III) oxide nanoparticles were synthesized using standard co-precipitation of
ferric and ferrous ions under basic conditions [61,62]. The Fe3O4 nanopowder was subse-
quently used for functionalization with (3-glycidoxypropyl)trimethoxysilane (GPTMS). For
this purpose, 20 mL of water was added to 100 mg of Fe304. Subsequently, 1 g of citric
acid was dissolved in 10 mL of water and introduced into the aforementioned solution,
where it was stirred for 2 h. Finally, the solution underwent sonication for 5 min to achieve
a stable suspension. Simultaneously, a pre-hydrolyzed GPTMS solution was created by
combining 10 mL of water and tetrahydrofuran (THF) mixture with 107 mg of GPTMS,
followed by stirring for 1 h [63]. Then, 1 mL of the prepared solution was added to 20 mL
of the previously prepared suspension and stirred constantly for 6 h. The nanoparticles
functionalized with GPTMS underwent magnetic separation and were subsequently rinsed
three times with distilled water. Finally, the glycidoxypropyl-functionalized magnetite
nanoparticles (Fe30,@GLY) were dried under vacuum for 16 h at 50 °C.

A portion of Fe30,@GLY nanoparticles was used for the synthesis of TEMPOL-
functionalized magnetite. For this purpose, 20 mL of THF was added to 100 mg of Fe;O,@GLY.
Then, 30 mg of TEMPOL and 5 mg of the strong base, 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), were added. The suspension was stirred for 5 h. The final product, Fe304@TEMPOL
nanoparticles, underwent magnetic separation and were rinsed with THF three times.
Subsequently, the magnetic nanoparticles were dried under vacuum conditions.

2.1.2. Yeast Cells Preparation

Bakery yeast (Saccharomyces cerevisiae) (1 g) was diluted in 50 mL of distilled water
with 0.3 g sucrose. Such solution was incubated at 37 °C for 1 h. After this time, 1.5 mL
of the suspension of Fe30,@TEMPOL nanoparticles (concentration 0.5 gL 1) was added
to 1 mL of yeast cells, and the incubation was continued. Every 45 min, samples of the
solution were taken for ESR measurements.

2.2. Methods
2.2.1. Nanoparticles Characterization

X-ray diffraction (XRD) measurements were performed using a Bruker AXS D8 Ad-
vance powder diffractometer (Karlsruhe, Germany) equipped with a Johansson monochro-
mator (ACu Ky = 1.5406 A). The particle size was analyzed using a Joel ARM 200F
transmission electron microscope (Peabody, MA, USA). The thermogravimetric studies
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were carried out using a Setarm Setsys 1200 apparatus (Caluire, France). The curves were
recorded at a heating rate of 10 °C min~! under a helium atmosphere.

2.2.2. ESR Measurements

ESR measurements were made using an X-band EMX-10 spectrometer from Bruker
(Bruker Co., Billerica, MA, USA). The magnetic field modulation frequency was 100 kHz.
The samples were measured in Pasteur pipettes. The measurements were conducted at
260 K to assess whether nanoparticles can enter cells at specific nanoparticle/cell ratios
(magnetic sweep width of 13 mT, modulation amplitude of 0.2 mT). The temperature
during the measurements was controlled using a Bruker temperature controller unit (ER
4131VT). Then, the samples were measured at 295 K (magnetic sweep width of 8 mT,
modulation amplitude of 0.01 mT). The spectrometer was operating with the following
settings: microwave power of 7.97 mW, sweep time of 41.9 s, conversion time of 40.96 ms,
and the time constant was 40.96 ms. The concentration of free radicals in the studied
samples was calculated from the integrated intensity of ESR signals from the attached
TEMPOL spin label with an accuracy of 5%. All ESR experiments were repeated three times.

2.2.3. The Impact of a Stable Magnetic Field on Nanoparticle Uptake by Yeast Cells

Two experiments were conducted to examine the impact of a magnetic field on the
interactions between magnetite nanoparticles and yeast cells. In the first one, a neodymium
magnet with a magnetic induction of 440 mT on the surface (about 5 mT on the edge of the
glassware) and a diameter of 6 mm was used (Figure 1). The Petri dish (diameter 30 mm)
with the sample was incubated on the magnet. Analogous conditions were applied to the
control sample not exposed to a magnetic field. Each time, three measurements were taken:
the focusing point, the edge of the glassware, and a control sample.

Figure 1. Experiment with a neodymium magnet: (a) Petri dish with yeast cells and magnetite
nanoparticles placed on a neodymium magnet; (b) digital photograph taken during the experiment.
The figure was created using Servier Medical Art templates, licensed under a Creative Commons
Attribution 3.0 Unported License; https:/ /smart.servier.com (accessed on 20 November 2023).

2.2.4. The Impact of a Rotating Magnetic Field on Nanoparticle Uptake by Yeast Cells

In the subsequent experiment, equipment for magnetic nanoparticle focusing in
three-dimensional space (MNF-3D) was used as the source of a rotating magnetic field
(Figure 2) [64-66]. The magnetic field values inside the rotation center were about 22 mT
and 12 mT on the edge of the glassware. The diameter of the Petri dish with the sample
was 40 mm. The experiment was conducted in two stages. The first stage was focused on
investigating the influence of a rotating magnetic field on the entry of magnetite nanopar-
ticles into yeast cells. The samples were placed in the rotating magnetic field for 15 min
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and 30 min, respectively. Subsequently, the samples were incubated, and their signals
were measured by the electron spin resonance (ESR) method until their disappearance. An
analogous procedure was applied to the control sample. In the second stage, the sample
was incubated, and directly before ESR measurement, it was placed in a rotating magnetic
field for 15 min. The measurements were taken for the focusing point, the edge of the Petri
dish, and a control sample.

—

(a) (b)

Figure 2. Experiment with MNF-3D: (a) Scheme with the equipment generating a rotating magnetic
field; (b) digital photograph taken during the experiment. (Two magnets with a magnetic induc-
tion of 60 mT and a diameter of 70 mm and two others with a diameter of 35 mm and magnetic
induction of 30 mT). The figure was created using Servier Medical Art templates, licensed under
a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com (accessed on
20 November 2023).

2.2.5. Microscopic Observation of Yeast Cell Proliferation

Additionally, an optical microscope was used to control the number of yeast cells
in each experiment. Three pictures were taken for each sample, and the number of cells
was calculated using Image J, a Java-based image processing program. The results were
analyzed separately for individual experiments.

2.2.6. SEM and EDS of Yeast Cells with Fe3O4@TEMPOL Nanoparticles

After 45 min of yeast cell incubation with Fe304@TEMPOL nanoparticles, the sample
for scanning electron microscopy (SEM) was prepared following the protocol for cultured
microorganisms. Briefly, medium containing yeast cells was centrifuged. Then, the pellet
was resuspended in 5% glutaraldehyde solution (phosphate-buffered saline (PBS), pH 7.4)
and left for 1 h. Subsequently, the sample was centrifuged and washed twice with PBS
solution. Finally, the yeast cells were dehydrated using an increasing ethanol gradient (30,
50, 70, and 100%) and dried overnight. Finally, the sample was covered with a thin layer
of gold and analyzed using a scanning electron microscope (SEM, SU3500) fitted with an
energy-dispersive (EDS) detector for elemental analysis (Hitachi, Tokyo, Japan).

2.2.7. Statistical Analysis

ESR measurement data are shown as the mean value + 5% accuracy, and optical
microscopic observation data are shown as the mean value + standard deviation (SD). A
one-way ANOVA test with a significance level defined as 0.05 was applied in the statistical
analysis of free radical concentrations and yeast cell proliferation.
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3. Results and Discussion

The material studied, Fe30,@TEMPOL, was initially characterized using physico-
chemical methods (Figure 3). The XRD pattern of magnetite was confirmed by reflections
at 2 theta: 29.7, 35.1, 42.4, 53.8, 57.6, and 65.1 (Joint Committee for Powder Diffraction
Studies, JCPDS No. 74-0748). The diffraction reflections associated with FesO4 were also
observed in Fes04@GLY and Fe;O4@TEMPOL samples. This confirmed the stability of
the magnetite structure during the organic functionalization of its surface. TEM images
indicated irregular shapes of nanoparticles with average sizes ranging from 10 to 20 nm.
The presence of an organic layer was confirmed by thermogravimetric measurement. Pure
magnetite and the nanoparticles with organic units already demonstrated initial weight
losses (1%) below 120 °C due to adsorbed water molecules. However, the decomposition
of organic units resulted in an increased weight loss at 200400 °C compared to the initial
Fe304. Notably, the total mass loss for Fe304@TEMPOL was slightly greater than that for
Fe;04@GLY, suggesting an increase in the organic layer on the magnetite surface. In the
next step, the presence of TEMPOL on the magnetite surface was confirmed by electron
spin resonance (ESR) spectroscopy.
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Figure 3. (a) XRD pattern and TEM image (inset) of Fe30, nanoparticles; (b) thermogravimetric
curves of Fe3Oy, Fe304,@GLY, and Fe30,@TEMPOL.

In previous papers, we showed the application of the ESR method to monitor the
uptake of functionalized magnetite nanoparticles by yeast cells and cancer cells [16,17].
These pilot studies concentrated on the effect of a magnetic field on the course of this
process. Figure 4a,b show a typical ESR spectrum of magnetite nanoparticles recorded at a
temperature of 260 K. The broad line (Figure 4a) corresponds to the magnetic core and the
narrow one to the TEMPOL spin label attached to the surface of the nanoparticles. This
line is in fact a triplet, resulting from the hyperfine interaction of the spin of the unpaired
electron with the spin of the nitrogen nucleus (Figure 4b). Figure 4c,d demonstrate the
spectra of nanoparticles and TEMPOL attached to them, recorded at 295 K. The ESR signal
from the TEMPOL spin label recorded at low temperature (Figure 4b) was taken to observe
the interactions between nanoparticles and cells and the uptake of nanoparticles. According
to our previous results, such a spectrum consisting of three lines obtained in the frozen
sample indicated the penetration of nanoparticles into cells [16,17,32].

The next research step concerned the influence of the magnetic field generated by a
neodymium magnet on the magnetic nanoparticle penetration rate into cells (Figure 1). The
results are shown in Figure 5. The concentration of free radicals in the sample during the
incubation decreased due to reactions with radicals and reactive oxygen species, which
probably occur in cellular mitochondria. As a result of such redox reactions, the attached
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spin label was reduced to stable hydroxylamines [17,32]. Importantly, the control and the
sample incubated in a magnetic field behaved differently (Figure 5). In the case of the
control sample, the concentration of free radicals in subsequent measurements was lower
than that in the sample incubated in the presence of the magnetic field. Moreover, the signal
decayed earlier in the control sample. It can, therefore, be concluded that incubation of the
sample in a constant magnetic field slowed down the interactions between nanoparticles
and cells. The results were statistically significantly different for the defined significance
level of 0.05. A similar relationship has been described in the literature [51]. The authors
studied the effect of a pulsed magnetic field and compared the results for a constant
magnetic field. It was found that, in a constant magnetic field, the transport of magnetic
nanoparticles across cells was slower. Furthermore, their microscopic observations revealed
that, under a constant magnetic field, this transportation was hindered by the formation of
large aggregates of nanoparticles. These aggregates, owing to their size, were unable to
undergo endocytosis. Also, Soheilian et al. [52] discovered that using very strong magnetic
fields to deliver nanoparticle-based drugs caused their aggregation within minutes to
sizes exceeding the size of intercellular pores in cancer tissues, thus preventing them from
reaching their target sites. Since, in our study, the samples were always stable on the
magnet (there was no movement), the nanoparticles could accumulate in the form of larger
aggregates on the magnet.
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Figure 4. Representative ESR spectra of TEMPOL-functionalized magnetite nanoparticles with yeast
cells: (a) Magnetite core with TEMPOL recorded at 260 K, magnetic sweep width of 650 mT; (b) signal
from attached TEMPOL recorded at 260 K, magnetic sweep width of 13 mT; (c) magnetite core with
TEMPOL recorded at 295 K, magnetic sweep width of 650 mT; (d) signal from attached TEMPOL
recorded at 295 K, magnetic sweep width of 8 mT.
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Figure 5. Decrease in free radical concentration with time after incubation of yeast cells with
TEMPOL-functionalized magnetite nanoparticles without a magnetic field (control sample) and on
a neodymium magnet (red line for samples taken from the focusing point and green line from the
edge of a Petri dish). The data for each point are shown as the mean value + 5% of ESR accuracy. The
results exhibit statistically significant differences (one-way ANOVA test, significance level 0.05).

In the second experiment, we applied a rotating magnetic field to check its impact
on magnetic nanoparticle uptake by cells using the previously designed apparatus for
nanoparticle focusing (Figure 2) [64-66]. The results are shown in Figure 6. In the first
part of the experiment (Figure 6a), samples were kept in a rotating magnetic field for the
appropriate time and then incubated. For the significance level of 0.05, the results were
statistically significantly different for the measurements performed after 1.5 and 2.25 h
(3 and 4 points in the graph). However, the general tendency was similar to the results
observed in the experiment with the neodymium magnet (Figure 5). In this experiment,
the samples were incubated after exposure to a rotating magnetic field and measured at
subsequent time intervals. Moreover, the induction of the magnetic field used in this case
was only 22 mT in the center of the Petri dish with the sample and 11 mT at its edge.

An opposite tendency was observed in the second stage of this experiment (Figure 6b).
The concentration of free radicals decreased faster in the sample exposed to a rotating
magnetic field just before the measurement compared to the control sample. Such changes
can probably be connected with the prolonged production of reactive oxygen species (ROS)
in cells caused by a magnetic field [50]. For the significance level of 0.05, the results were
statistically significantly different for the measurements performed after 0.75h and 1.5h
(2 and 3 points in the graph). The effect of a rotating magnetic field on cancer cells was
studied by Sharpe et al. [67]. An electromagnetic field increases the reactive oxygen species
(ROS) level in cells. Additionally, a weak magnetic field can impact spin pairing with redox-
active radicals. Thus, it may disrupt the flow of electrons in the mitochondrial electron
transport chain. This could explain the faster decay of the ESR signal in the samples
exposed to the rotating field in our experiment. The differences between the obtained
results were not as apparent as in the case of the experiment with the neodymium magnet
because the magnetic field induction was also much lower.

The number of yeast cells was controlled with an optical microscope during the
experiments. The results are shown in Tables 1 and 2. Magnetic nanoparticles and a
magnetic field had a negligible effect on cell number, with two exceptions marked in Table 2
without a statistical significance at the defined significance level of 0.05. The biological
effects caused by low-frequency electromagnetic fields on yeast cells have been studied
by Sladicekova et al. [68]. The authors exposed yeast cells to the magnetic field for 8 h
and observed an inhibitory effect on cell growth and multiplication. In our studies, we
limited cell observations to less than 4 h because the ESR signal disappeared after that.
The purpose of our research was also not to verify the influence of a magnetic field on
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biological effects in yeast cells. In the future, microscopic observations could be repeated
by extending the time and changing the culture conditions with additional biological tests.

—m— control sample
-\\{— focusing point after 15minutes in MNF-3D
edge of a Petri dish after 15minutes in MNF-3D|

4 001) —m— control sample
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Figure 6. Decrease in free radical concentration with time after incubation of yeast cells with
TEMPOL functionalized magnetite nanoparticles incubated without a magnetic field (control sample):
(a) samples kept in a rotating magnetic field for 15 and 30 min; (b) samples kept in a rotating
magnetic field for 15 min. The data for each point are shown as the mean value £ 5% of ESR
accuracy. The results exhibit statistically significant differences after 1.5 h and 2.25 h (a), and 0.75 h
and 1.5 h (b) (one-way ANOVA test, significance level 0.05).

Table 1. The number of yeast cells in individual samples for the experiment with a neodymium
magnet (mean value £ SD).

Time Control YC + MNPs 1 YC + MNPs + NM 2
(h) Sample (x10%/mL) (x10%/mL) (x10%/mL)
oN 305 + 46 255 + 38 282 + 42
0.75N 349 + 52 327 + 49 262 + 39
15N 355 + 53 274 + 41 373 + 56
225N 269 + 40 390 + 59 383 + 58
3N 343 + 52 380 + 57 363 + 55
375N 326 + 49 385 + 58 339 + 51

1 Yeast cells with TEMPOL-functionalized magnetite nanoparticles. 2 Yeast cells with TEMPOL-functionalized
magnetite nanoparticles incubated with a neodymium magnet. ¥ or N: statistically significant or not.

Table 2. The number of yeast cells in individual samples for the experiment with a rotating magnetic
field (mean value + SD).

Time Control YC + MNPs 1 YC + MNPs +152  YC + MNPs + 303

(h) Sample (x10%/mL) (x10%/mL) (x10°/mL) (x10%/mL)

oN 359 + 54 332 + 49 336 + 50 270 + 40
075Y 354 + 53 424 + 64 271 + 41 273 + 40
15Y 391 + 59 396 + 59 396 + 61 260 + 39
225N 332 + 50 360 + 54 332+ 50 322 + 48

3N 400 + 60 352 + 53 357 + 54 347 + 52
375N 376 + 56 321 +48 452 + 68 340 + 51

1 Yeast cells with TEMPOL-functionalized magnetite nanoparticles. 2 Yeast cells with TEMPOL-functionalized
magnetite nanoparticles kept in a rotating magnetic field during 15 min before incubation. 3 Yeast cells with
TEMPOL functionalized magnetite nanoparticles kept in a rotating magnetic field during 30 min before incubation.
Y or N: statistically significant or not.



Appl. Sci. 2024, 14, 1343

10 of 14

The toxic effects of nanoparticles, including iron oxide nanoparticles, are described in
the literature [60]. The studies cover both mammalian cells and yeast cells. In the study
with yeast cells, uncoated nanoparticles were used, and mainly no negative impact on cell
growth was observed. However, there are also studies in which the negative effects of such
nanoparticles on yeast cell viability, apoptosis, and ROS generation were noticed. Due to
the potential use of iron oxide nanoparticles, among others, in medicine, it is essential to
investigate their toxic effects, both functionalized and unfunctionalized, on cells.

Yeast cells were also used to study the toxic effect of the TEMPO spin label [42]. The
authors examined both the effect of TEMPO concentration (0.1 mM, 0.5 mM, 1 mM, 3 mM,
and 5 mM) and incubation time of cells with the radical. It was observed that TEMPO
at high concentrations (3 mM and 5 mM) inhibited the growth rate of yeast cells. In the
second stage, for a concentration of 3 mM, the incubation time of cells with the radical was
examined. The studies showed that a longer incubation time and higher concentration of
the radical had an inhibitory effect on the growth of the tested cells. On the other hand, the
described studies also confirmed the antioxidant properties of TEMPO [32,41,43].

Eigenfeld et al. [60] measured the impact of bare iron oxide nanoparticles on yeast cell
viability. For two concentrations of nanoparticles (0.1 gL.~! and 1 gl ~!) and two strains of
yeast cells, no significant impact within 6 h was observed. After 24 h, in one of the strains
for the concentration of 1 gL !, a slightly negative effect (5%) on their viability was noticed.
Our study used a low concentration of TEMPOL-functionalized magnetite nanoparticles
(0.5 gL~ 1) to eliminate their potential toxic effect on cells. However, the present study
aimed to show the impact of a magnetic field on iron oxide nanoparticle uptake by yeast
cells and the application of ESR to investigate this process.

The functionalized Fe;O4 nanoparticles possessed three distinct regions that facili-
tated accomplishing the research goals. The magnetite core, Fe3O4, rendered the molecule
magnetically responsive, while the silica layer shielded Fe3O4 from external factors. Fur-
thermore, the organic functional groups of silane facilitated the creation of robust hydrogen
bonds with -OH, -NH, and COOH groups present on the cell surface, promoting the in-
teraction of the magnetic NP with the cell surface. Finally, a spin label with oxidizing
and radical-scavenging properties enabled rapid monitoring of the binding process of the
magnetic nanoparticles in solution by recording ESR spectra. Detailed examinations of
the molecular-level interactions between Fe30O4 particles without silica coating and yeast
cells were conducted by Peng [69] [70] and Eigenfeld [60]. Conversely, investigations of the
interactions between spin labels and cells were carried out by Pahlevan [70] and Moton [42].

Additionally, SEM images were captured and EDS analysis was performed for yeast
cells incubated in the presence of Fe30,@TEMPOL. In the SEM image obtained at the
beginning of the incubation (Figure 7), the predominant findings involved yeast cells
featuring functionalized magnetite nanoparticles on their surfaces, along with a minority of
yeast cells existing independently without Fe;O,. Furthermore, there were a few observed
aggregates of Fe;0,@TEMPOL that were not linked to yeast cells within the field of view.
Yeast cells displayed attachment of the functionalized Fe;0O4 nanoparticles on their surfaces
at various locations. Nevertheless, the individual binding of single nanoparticles by yeast
cells was not observed.

In order to determine the elemental composition of the selected yeast cells, EDS
measurements were performed (Figure 8). Yeast cells without and those containing
Fe;O4@TEMPOL were chosen for investigation. The elemental distribution obtained in
both instances affirmed the binding of magnetite to the yeast cell surface, marked by a
substantial increase in signals for Fe and O and the emergence of a signal for Si.

Studies on the influence of a magnetic field, both in terms of its impact on cell function
and drugs attached to magnetic nanoparticles for delivery, have been described in the
literature [32,50,51,53,68,71]. Indeed, the intersection of nanotechnology, medicine, and
external influences like magnetic fields holds significant promise and raises intriguing
questions about the potential use of magnetic nanoparticles functionalized with drugs and
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participation of the magnetic field in medical diagnostics or treatment processes. Thus, this

research holds immense importance and warrants continuous exploration.
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Figure 8. The results of EDS measurements for yeast cells marked in Figure 7: (a) cell 1; (b) cell 2;

(c) cell 3; (d) cell 4.

4. Conclusions

ESR spectroscopy enables the study of the uptake of spin label-functionalized mag-
netite nanoparticles in cells and free radical reactions occurring inside cells. The present
study showed that a magnetic field affects yeast cells with functionalized iron (ILIII) oxide.
The impact may concern cellular uptake, cytotoxicity, or oxidative stress. Considering the
use of magnetic nanoparticles as potential drug carriers and magnetic fields in diagnostics
and medical therapy, this research requires continuation for a more in-depth and com-
prehensive understanding of the complex processes occurring in cells in the presence of

nanoparticles and a magnetic field.
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