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Abstract: Magnetic nanoparticles have gained attention as a potential structure for therapy and
diagnosing oncological diseases. The key property of the magnetic nanoparticles is the ability to
respond to an external magnetic field. It is known that magnetofection causes an increase in the
cellular uptake of RNA and DNA in complexes with magnetic nanoparticles in the presence of a
permanent magnetic field. However, the influence of a dynamic magnetic field on the internalization
of MNPs is not clear. In this work, we propose the idea that applying external low-frequency dynamic
magnetic fields may decrease the cellular uptake, such as macrophages and malignant neuroblastoma.
Using fluorescence microscopy and atomic emission spectroscopy, we found that oscillating magnetic
fields decreased the cellular uptake of magnetic nanoparticles compared to untreated cells by up to
46%. In SH-SY5Y tumor cells and macrophage RAW264.7 cells, the absolute values of Fe per cell
differed by 0.10 pg/cell and 0.33 pg/cell between treated and untreated cells, respectively. These
results can be applied in the control of the cellular uptake in different areas of biomedicine.

Keywords: magnetic nanoparticles; low-frequency dynamic magnetic field; macrophages; cell uptake;
MNP uptake

1. Introduction

Nowadays, magnetic nanoparticles (MNPs) have gained attention as a biocompatible
material for pathology imaging using MRI [1–6], cancer treatment by magnetic hyperther-
mia [7–11], drug delivery [12–15], the separation of cells [16–19], DNA [20], and other
molecules for more than several decades. In most cases, the MNPs’ composition includes a
significant amount of magnetite or transition metal ferrites making them nanomaterials
that can be controlled by an external magnetic field [21].

If the gradient magnetic field is applied to the MNPs, the migration of the MNPs to
the magnet will be observed. Magnetofection is a well-known technique that utilizes the
ability of the MNPs to increase their internalization by simply applying a static magnetic
field created by a permanent magnet or direct current electromagnetic field [22]. Compared
to the standard transfection protocol in vitro [23], this approach improved the transfection
efficiency, provided non-viral gene delivery, used an adenoviral formulation in vivo in
rats’ ilea lumens and mice’s stomach lumens, where pH values are exceptionally high and
degradative enzymes are present, provided knockout proteins through oligonucleotide
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delivery [24], and gene therapy for various diseases, including melanoma tumors using
siRNA [25]. In these cases, the MNPs were accumulated near the cell membranes using
static magnetic fields, thus increasing the effectiveness of the intracellular transport path-
ways. Additionally, Jiang et al. developed the magnet-mediated delivery approach, which
applies the static magnetic field to the tumor region, leading to an increase in the uptake of
MNPs by the tumor in vivo [26].

In case of exposure to a dynamic magnetic field (DMF), the result depends on the type
of relaxation of MNPs. It is known that when they are exposed to an external dynamic
magnetic field, the type of relaxation (Néel or Brownian) is determined by a combination
of parameters, such as the field frequency, the size of the magnetic core, and the superpara-
magnetic/ferromagnetic state of the MNPs [27]. Néel or Brownian relaxations coexist in
a wide frequency range from several kHz to hundreds of kHz [28–30]. However, at DMF
frequencies < 10 kHz, other parameters being equal, the Brownian relaxation of the MNPs
dominates over the Néel relaxation [27,29]. Different relaxation mechanisms of the MNPs
in a DMF can lead to the conversion of the field energy into either heat (hyperthermia)
or into mechanical movements (magnetomechanics) [31]. Deissler et al. showed that for
20 nm magnetite nanoparticles magnetized in a DMF with various frequencies, the magne-
tization of such nanoparticles due to the Néel relaxation mechanism lags behind that of the
Brownian, even at f = 10 kHz and B = 100 mT [32], leading to the mechanical rotation of
the MNPs, but not heating. As was shown by magnetic force microscopy, the individual
nanoparticles possess enhanced magnetic properties in comparison with aggregates or
powder, thus making individual magnetic nanoparticles a more prospective material to be
used in magnetomechanics [33,34].

Nanoparticles, particularly MNPs, can be internalized by cells through various mech-
anisms of endocytosis: phagocytosis (only for phagocytes), clathrin-mediated endocyto-
sis [35,36], caveolin-mediated endocytosis, clathrin-/caveolae-independent endocytosis,
and micropinocytosis [37]. For each mechanism, the MNPs must be in contact with the
cell membrane, interacting with the extracellular environment for some period. The effects
of low-frequency dynamic magnetic fields (LF DMF) on cells are complex and depend on
various factors, such as the type of cells, field frequency, intensity and duration of exposure,
and the presence of various additives. Extremely LF DMF (<1 kHz) on the order of mT
are known to contribute to the increased cellular uptake of non-magnetic drugs such as
methotrexate [38] and doxorubicin [39]. It was proposed that membrane-charged lipids
could align along the magnetic field vector, resulting in the formation of transient mem-
brane pores or damage large enough to allow medium-sized molecules to pass through
them. Moreover, the combination of doxorubicin with LF DMF resulted in an increased
amount of intracellular reactive oxygen species and decreased the cell survival rate of
tumor cells [39]. On the other hand, when an LF DMF is applied, the MNPs undergo
rotational–oscillatory movements to align their magnetic moment to the applied field di-
rection in accordance with the Brownian relaxation mechanism. We propose that MNPs’
magneto-mechanical movements in an LF DMF may influence these interactions, in partic-
ular, decreasing the time spent by the MNPs near the membrane, reducing the probability
of vesicle formation and internalization inside the cell. Contrary to magnet-mediated MNP
delivery, this approach leads to an overall decrease in the cellular uptake. These effects can
be used for the control of the kinetic uptake of the MNPs by cells in in vitro experiments,
reducing cellular internalization when it is necessary.

In this work, we studied the LF DMF’s influence on the time-dependent internaliza-
tion of iron oxide MNPs with two different types of frequently used functional coatings
(polyethylene glycol and human serum albumin) for two different cell lines responsible
for an unspecific uptake, such as malignant neuroblastoma SH-SY5Y and macrophages
RAW264.7. Albumin-based nanoparticles offer several advantages, such as biocompati-
bility, biodegradability, and, most importantly, the passive targeting of tumor cells due to
receptor-mediated transcytosis, such as SPARC, gp30, gp18, etc. [40]. These cell types have
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very different abilities for cellular uptake, so macrophages are known to be phagocytic
cells, and SH-SY5Y cells have specific receptors for albumin.

2. Materials and Methods
2.1. Materials

Oleic acid (OA), iron (III) chloride (FeCl3), 1-octadecene (1-ODE), hexane, 2-propanol,
ethanol, sodium hydroxide (NaOH), 3,4-dihydroxyphenylacetic acid (DOPAC), N-hydroxyc
uccinimide (NHS), 1-Ethyl-3-(3-dymethylaminopropyl) carbodiimide (EDC), phosphate-
buffered saline (PBS), dimethyl sulfoxide (DMSO), and human serum albumin (HSA) were
purchased from (Sigma–Aldrich, Burlington, MA, USA). Poly(ethylene glycol) 2-aminoethyl
ether acetic acid (NH2-PEG-COOH, Mn ~ 2000 g/mol) was purchased from (BLD Phar-
matech, Shanghai, China). Sodium oleate (NaOL) was purchased from (Abcr® GmbH
Karlsruhe, Baden-Württemberg, Karlsruhe, Germany). Cyanine5-amine (Cy5-amine) was
purchased from (Luminprobe Biotech Industry Ltd., Moscow, Russia). Methanol was
purchased from (AO Reachem, Moscow, Russia). Paraformaldehyde was purchased from
(Panreac, Castellar del Vallés, Catalonia, Spain). Dulbecco’s Modified Eagle Medium: Nu-
trient Mixture F12 (DMEM/F12) and TrypLE were purchased from (Wuhan Servicebio
Technology, Wuhan, China). Roswell Park Memorial Institute medium (RPMI), fetal bovine
serum (FBS), Dulbecco’s modified phosphate saline buffer (DPBS), L-glutamine solution,
and penicillin/streptomycin solution were purchased from (Gibco, Waltham, MA, USA).

2.2. Methods
2.2.1. Synthesis of Fe3O4

The synthesis of the oleate complex and magnetic nanoparticles Fe3O4 was carried
out according to the method described previously [41].

2.2.2. Characterization of MNP

Microphotographs of Fe3O4 samples were obtained by transmission electron mi-
croscopy using a JEOL JEM-1400 120 kV microscope (JEOL, Akishima, Tokyo, Japan). A
drop of a freshly prepared Fe3O4 sample was applied to a perforated copper mesh (300 cells)
coated with Formvar®. The sample was then left to dry completely. The size distribution of
the Fe3O4 was assessed using ImageJ software (version 1.8.0_172). For each sample, at least
1000 MNPs were analyzed. The size-distribution analysis was performed using a Gaussian
distribution function using Origin 2018 software.

Measurements of the static magnetic properties (from −1500 to 1500 kA/m, 300 K)
were carried out on a Quantum Design PPPMS-9 device (Quantum Design, San Diego, CA,
USA) with an oscillation amplitude of 2 mm and a frequency of 40 Hz.

The hydrodynamic size of the Fe3O4 was determined by dynamic light scattering using
a Malvern Zetasizer Nano ZS device (Malvern Pananalytical, Malvern, Worcestershire,
UK) at 25 ◦C. A solution of Fe3O4 with a concentration of 0.2 µg/mL was prepared in the
solvent in which the reaction was carried out.

2.2.3. Surface Modification Fe3O4 with 3,4-dihydroxyphenylacetic Acid (Fe3O4-DOPAC)

24 mg of sodium hydroxide (NaOH) was dissolved in 10 mL of anhydrous methanol
(CH3OH), followed by the addition of 51 mg of 3,4-dihydroxyphenylacetic acid (DOPAC)
and 10 mL of Fe3O4 in hexane with a concentration of [Fe] = 0.5 mg/mL. The resulting
mixture was incubated for 5 h in a water bath at 50 ◦C with continuous stirring on a
magnetic stirrer (530 rpm).

At the end of the reaction, the Fe3O4-DOPAC was separated from the solution by
centrifugation (6000 rpm, 20 min), the supernatant liquid was poured off, and the precipitate
(Fe3O4-DOPAC) was dried in a stream of argon to remove the remaining hexane and
methanol. Then, the functionalized MNPs were resuspended in 10 mL of deionized water,
the solution was washed on Millipore® Amicon Ultra-4, MWCO 30 kDa centrifuge filters,
concentrated to 1 mL, and, additionally, sequentially passed through Millipore syringe
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filters with pore sizes of 0.45 µm and 0.22 µm, respectively, to remove any possible Fe3O4-
DOPAC aggregates. The overall yield after the modification of the MNPs with DOPAC was
equal to 70%.

2.2.4. Surface Modification Fe3O4-DOPAC with Human Serum Albumin (Fe3O4-DOPAC-HSA)

We mixed 2 mL of Fe3O4-DOPAC in water with a concentration of [Fe] = 0.25 mg/mL,
8 µL of NHS in water with a concentration (10 mg/mL), 14 µL of EDC in water with a
concentration (10 mg/mL), and stirred at room temperature for 15 min. The excess of NHS
and EDC were purified using a PD-10 mini-column. After the incubation time, 10µL with a
concentration (10 mg/mL) of HSA was added and stirred at room temperature for 12 h. The
Fe3O4-DOPAC-HSA was washed to remove free HSA on the centrifuge filters (Millipore
Amicon Ultra-4, MWCO 100 kDa) 8 times with PBS and, additionally, sequentially passed
through Millipore syringe filters with pore sizes of 0.45 µm and 0.22 µm, respectively, to
remove any possible Fe3O4-DOPAC-HSA aggregates.

2.2.5. Functionalization of the Surface of Fe3O4-DOPAC and Fe3O4-DOPAC-HSA with an
Aminocarboxy Derivative of PEG (Fe3O4-DOPAC-PEG and Fe3O4-DOPAC-HSA-PEG)

We mixed 1 mL of Fe3O4-DOPAC in water and Fe3O4-DOPAC-HSA in PBS with a
concentration of [Fe] = 1 mg/mL, 8 µL of NHS in water with a concentration (10 mg/mL),
14 µL of EDC in water with a concentration (10 mg/mL), and stirred at room temperature
for 15 min. The excess NHS and EDC were purified using a PD-10 mini-column. After
the incubation time, 100 µL with a concentration (100 mg/mL) of poly(ethylene glycol)
2-aminoethyl ether of acetic acid (PEG, Mn ~ 2000 g/mol) in water were added and stirred
at room temperature for 12 h. The excess of PEG was purified using a PD-10 mini-column
and, additionally, sequentially passed through Millipore syringe filters with pore sizes
of 0.45 µm and 0.22 µm, respectively, to remove any possible Fe3O4-DOPAC-PEG and
Fe3O4-DOPAC-HSA-PEG aggregates.

2.2.6. Functionalization of the Surface of Fe3O4-DOPAC-PEG and Fe3O4-DOPAC-HSA-PEG
with Cy5 Fluorescent Label (Fe3O4-DOPAC-PEG-Cy5 and Fe3O4-DOPAC-HSA-PEG)

We added 16 µL of NHS in PBS with a concentration (10 mg/mL) and 32 µL of EDC in
PBS with a concentration (10 mg/mL) to 1 mL of Fe3O4-DOPAC-PEG and Fe3O4-DOPAC-
HSA-PEG ([Fe] = 1 mg/mL) and incubated at room temperature for 15 min. Next, we added
10 µL of Cy5-amine in DMSO with a concentration (10 mg/mL). The mixture was then
incubated with fluorescent labels at room temperature for 12 h. The excess of Cy5-amine
was purified using a PD-10 mini-column filled with Sephadex G-25 and eluted with PBS.

2.2.7. Internalization Experiments and Confocal Imaging

We cultured the SH-SY5Y cells in DMEM/F12 media containing antibiotics (100 U/mL
penicillin, 100 mg/mL streptomycin), L-glutamine (2 mM), and 10% FBS. RAW264.7 cells
were cultured in RPMI 1640 media containing antibiotics (100 U/mL penicillin, 100 mg/mL
streptomycin), L-glutamine (2 mM), and 10% FBS. The cells were cultured in T-75 cultural
flasks (Corning, New York, NY, USA) under standard conditions (37 ◦C and 5% CO2).
When the cells reached a high confluence, we subcultured them at a ratio of 1:4–1:6 using
the standard trypsinization method.

2.2.8. Measurement of Intracellular Iron Content with Atomic Emission Spectroscopy (AES)

The SH-SY5Y and RAW264.7 cells were placed in 6-well plates (5 × 105 cells/well)
and incubated for 24 h without treatment at 37 ◦C and 5% CO2. To investigate the iron
accumulation in the cells, the growth medium was replaced and supplemented with Fe3O4
(Fe3O4-DOPAC-PEG-Cy5 or Fe3O4-DOPAC-HSA-PEG-Cy5) with an iron concentration
[Fe] of 100 µg/mL. Afterwards, the cells were treated with an oscillatory magnetic field
for 60 or 120 min at ambient conditions, excluding control cells. The cells were then
thoroughly washed with DPBS, detached with 0.25% trypsin solution, precipitated by
centrifugation, and counted. For each measurement, the cell precipitates were dissolved in
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200 µL of concentrated nitric acid for 2 h at 60 ◦C. The iron concentration was measured
using an Agilent 4200 MP-AES atomic emission spectrometer (Santa Clara, CA, USA). All
experiments were conducted in triplicate. Statistical analysis using “Unpaired t-test” was
performed using GraphPad Prism 9.0.

2.2.9. Confocal Microscopy

The SH-SY5Y and RAW264.7 cells were seeded in a confocal 35 mm Petri dish
(3 × 105 cells/well) and incubated for 24 h without treatment at 37 ◦C and 5% CO2. Then,
the growth medium was replaced and supplemented with Fe3O4 (Fe3O4-DOPAC-PEG-Cy5
or Fe3O4-DOPAC-HSA-PEG-Cy5) with an iron concentration [Fe] of 100 µg/mL. After-
wards, the cells were treated with an oscillatory magnetic field for 60 or 120 min at ambient
conditions, excluding control cells. Then, the cells were washed twice with DPBS and
confocal images were obtained using a Nikon Ti2 Eclipse microscope (Ex-Max 642 nm and
Em-Max 660 nm) with 25 × 1.1 water immersion objective lenses (Nikon, Minato, Tokyo,
Japan). The average cell intensity was calculated using Fiji software (version 1.6.0-24) (NIH,
Bethesda, MD, USA) (calculated for 15–20 areas). Statistical analysis using “Unpaired t-test”
was performed using GraphPad Prism 9.0.

3. Results

To synthesize MNPs with a narrow size distribution and good crystallinity, a thermal
decomposition of iron (III) oleate was performed. As shown in the TEM images, the shape
of the obtained MNPs was truncated and the average size of their magnetic core was equal
to 14 ± 1 nm (Figure 1 and Supplementary Materials, Figure S1a). The XRD pattern is
similar to the Fe3O4 XRD pattern from ICDD PDF-2 (No 1513301). The increase in intensity
in the 2θ region from 15 to 30◦ was due to the presence of amorphous organic compounds,
e.g., oleic acid (Supplementary Materials, Figure S1b). For the phase transfer from organic
media to water functionalization with 3,4-dihydroxyphenylacetic acid (DOPAC), DOPAC-
coated MNPs were coated with HSA, followed by an additional functionalization with
PEG, or pure PEG molecules. Both DOPAC-PEG and DOPAC-HSA-PEG-coated MNPs
were further conjugated with Cyanine 5 (Cy5), resulting in samples named Fe3O4-DOPAC-
PEG-Cy5 and Fe3O4-DOPAC-HSA-PEG-Cy5, respectively. Dynamic light scattering (DLS)
measurements of colloid solutions of MNPs was conducted for each step of the function-
alization (Supplementary Materials, Figure S1c and Table S1). For the final colloids of
Fe3O4-DOPAC-PEG-Cy5 and Fe3O4-DOPAC-HSA-PEG-Cy5, the hydrodynamic diameters
were equal to 38 ± 2 and 39 ± 1 nm by volume and 48 ± 2 and 44 ± 3 nm by intensity,
indicating nearly the same size for both samples (Supplementary Table S1).

Measurements of magnetic properties were close to the obtained MNPs’ superpara-
magnetic behavior, with Js = 53.5 A·m2·kg−1 and Hc equal to 1.5 k A·m−1 (Supplemen-
tary Materials, Figure S1d).

For LF DMF field generation, a permanent N42 neodymium magnet (axial magnetiza-
tion; Br = 1.33 T; D = 3 cm; L = 1 cm) was fixed to the piston of the stepper motor (Figure 2a).
Theoretical calculations showed that the maximal magnetic flux density (40 mT) at the
central point of the Petri dish during oscillatory movements of the permanent magnet was
reached at point ‘2’ when the permanent magnet was located above the cells. By contrast,
at points ‘1’ and ‘3’, the magnetic flux density was minimal and equal to 9 mT, respectively
(Figure 2b,c).

Calculating the average fluorescence intensity from the cells helps to semi-quantitatively
evaluate the MNPs’ uptake efficiency by the cells. As seen in Figure 3a, the integral intensity
values increase with the incubation time. In the case of cells exposed to an external LF DMF,
lower values of fluorescent intensity were observed compared to cells not treated with
LF DMF. A quantitative analysis of the Fe amounts per cell after 1 and 2 h of incubation
with MNPs showed an increase in the amount of iron per cell with increased incubation
time, and the Fe amount per cell in cells treated with an LF DMF was significantly lower
compared to the cells in the control experiment (Figure 3b).
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Figure 2. (a) Experimental setup consisting of a permanent magnet horizontally oscillating over
a culture dish surface. (b) 2D model of the magnetic flux density around the permanent magnet
reconstructed by COMSOL Multiphysics® software (version 6.1). (c) Schematic representation of
the experimental setup indicating its main dimensional characteristics. (d) Plot of the magnetic flux
density at the center point of the culture dish, depending on the displacement of the center of the
magnet along the x-axis (y = 0, z = 3.5 cm).
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Figure 3. (a) Average intensity values of confocal images for RAW264.7 cell areas at various incubation
times with Fe3O4-DOPAC-PEG-Cy5, [Fe] = 100 µg/mL, *—t-test, significant difference: p < 0.05;
(b) AES measurement of the iron content in RAW264.7 cell areas at various incubation times with
Fe3O4-DOPAC-PEG-Cy5, [Fe] = 100 µg/mL, *—t-test, significant difference: p < 0.05; (c) Confocal
images of RAW264.7 cells incubated with Fe3O4-DOPAC-PEG-Cy5 in the presence and absence of
the external magnetic field, scanning confocal microscopy, scale bar 200 µm.

The incubation of Fe3O4-DOPAC-PEG-Cy5 with RAW264.7 cells showed a time-
dependent accumulation of fluorescently labeled MNPs in cells with or without the appli-
cation of an external magnetic field, indicating that RAW264.7 cells, originally presented in
a macrophage cell culture, can internalize MNPs (Figure 3c).

Coating is known to affect the interaction of the nanoparticles with the cells, dramati-
cally changing the intensity of the MNP uptake. We performed similar experiments with
MNPs additionally coated with HSA. The Fe3O4-DOPAC-HSA-PEG-Cy5 was internalized
faster, and the number of MNPs inside the cells, measured by integral intensity, was almost
1.5 times higher compared to the Fe3O4-DOPAC-PEG-Cy5 (Figure 4a). However, the fluo-
rescence intensity of the MNPs initialized in the cells after an external magnetic field was
applied showed the same tendency.

The internalization experiments with fluorescently labeled MNPs on neuroblastoma
SH-SY5Y cell lines for Fe3O4-DOPAC-PEG-Cy5 and Fe3O4-DOPAC-HSA-PEG-Cy5 are
shown in Figures 5 and 6, respectively.
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Figure 4. (a) Average intensity values of confocal images for RAW264.7 cell areas at various incubation
times with Fe3O4-DOPAC-HSA-PEG-Cy5, [Fe] = 100 µg/mL, *—t-test, significant difference: p < 0.05;
(b) AES measurement of iron content in RAW264.7 cell areas at various incubation times with Fe3O4-
DOPAC-HSA-PEG-Cy5, [Fe] = 100 µg/mL, *—t-test, significant difference: p < 0.05; (c) Confocal
images of RAW264.7 cells, which were incubated with Fe3O4-DOPAC-HSA-PEG-Cy5 in the presence
and absence of a magnetic field, scanning confocal microscopy, scale bar 200 µm.
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(b) AES measurement of iron content in SH-SY5Y cell areas at various incubation times with Fe3O4-
DOPAC-PEG-Cy5, [Fe] = 100 µg/mL, *—t-test, significant difference: p < 0.05; (c) Confocal images of
SH-SY5Y cells, which were incubated with Fe3O4-DOPAC-PEG-Cy5 in the presence and absence of a
magnetic field, scanning confocal microscopy, scale bar 200 µm.
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Interestingly, the overall fluorescent intensity in SH-SY5Y cells was significantly lower
than in the RAW264.7 cell line; however, the fluorescent intensity increased with an increase
in incubation time. For the SH-SY5Y cell line, the effect of applying an LF DMF was
more pronounced than in the RAW264.7 cell line (Figures 5 and 6). For the SH-SY5Y
cell line, the fluorescence intensity difference between cells with and without an applied
external LF DMF was detected up to 2 h and was almost three times lower than without an
applied LF DMF. The Fe amount per SH-SY5Y was also significantly lower compared to
the RAW264.7 cells, and was equal to about 0.19 and 0.82 pg Fe/cell.

Importantly, the observed effects were the same regardless of how the magnet was
moving around the culture plate, namely from the top or from the bottom (Supplemen-
tary Figure S2), and these MNPs were non-toxic at the studied concentration (Supple-
mentary Figure S3). The concentration of iron in the cells measured by AES represents a
quantitative amount of the MNPs that is associated with the cells; however, some of the
MNPs might not be internalized by the cells, but rather be attached to the cell surface or
only start to be internalized. The cells were washed with DPBS to remove any MNPs that
remained in the culture media or weakly attached to cells. Also, we additionally performed
a Prussian Blue staining of the cells, where a clear blue staining of cytoplasm is observed in
the case of cells incubated with MNP, whereas blank cells do not show any change in color
(Supplementary Figures S4 and S5). The results of the Prussian Blue staining indicates that
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the MNPs are indeed internalized into the cells and are in their cytoplasm at least after 2 h
of incubation.

4. Discussion

The internalization of nanoparticles, particularly MNPs, with cells during in vitro
experiments is an important issue that must be accurately described before translation
into in vivo experiments or clinical trials. The size, shape, the chemical structure of the
coating, and the surface charge of nanoparticles are known to play an important role in
the interaction of nanoparticles with cells [42–46]. By optimizing these parameters, an
increase in the blood circulation time or a change in biodistribution can be achieved [47].
For example, the PEGylation of liposomes is a good example of when the blood circulation
time was increased [48,49]. Another good example is the influence of the MNP size on their
blood circulation time and biodistribution [50]. However, these approaches require the
chemical structure of the nanoparticles to be optimized during synthetic procedures, and,
once obtained, the nanoparticles’ interaction with the cells cannot be regulated.

It is possible, however, to regulate the MNPs’ unique interaction with cells by applying
external magnetic fields. One of the best examples is magnetofection, an approach that
allows a significant increase DNA and RNA delivery, through an increased MNP internal-
ization by the cells. However, an increase in cell uptake is not always required, especially
when the uptake by macrophages after intravenous injection of MNPs is considered.

The increase in the MNPs’ uptake in the cells is influenced by their accumulation near
the cell membrane, which increases the transmembrane transport effectiveness through
different endocytosis mechanisms or simple diffusion through the membrane after applying
a magnetic-field gradient [51]. In all in vitro experiments, magnets are oriented around the
culture plate to create magnetic-field gradients that are perpendicular to the cell culture
plane, leading to an accumulation of MNPs near the cell’s surface. Conversely, during
magnetomechanical actuation, the direction of the magnetic field changes according to
the mechanical movement of magnets around the cells or by applying arrays of Helmholz
coils. In these conditions, the MNPs may rotate and follow the changing direction of the
external magnetic field before dissociating from the cell surface, resulting in a decrease in
the cellular uptake. Apart from applying magnetic-field gradients, we also proved that
the MNPs’ magnetomechnical movement also plays a key role through our experiments,
which were performed with a change in the magnet position from the top of the cell culture
plate to the bottom. One can assume that when the magnet is located at the top of the
cells, the MNPs are simply attracted by the magnetic-field gradient, thus reducing the local
concentration around the cells and leading to the observed effects. However, the control
experiments performed with a magnet located under the cells showed the same results,
suggesting that MNP migration to or from the surface of the cells does not play a key role,
but rather their mechanical movement in an LF DMF.

For each application, the magnetic core types for the best coatings can differ. It
can be a small PEG-coating, which may contain free functional groups, or a thicker and
more complicated coating for non-covalent interactions between the molecules and the
nanoparticles, e.g., in drug delivery systems. The rate of the nanoparticles’ interaction with
the cells, and subsequent penetration into the cells, is an important detail. In our work,
we chose Fe3O4 MNPs with two types of coating: DOPAC-PEG and DOPAC-HSA-PEG,
which can be successfully used in magnetomechanical applications [52] and drug delivery
systems, respectively [53]. The MNPs were incubated for different periods from 15 to
120 min in dynamic low-frequency magnetic fields. The average fluorescent intensity of the
cells and the iron uptake measured with an MP-AES were both shown to decrease their
cellular uptake after applying an external LF DMF. These results indicate the potential for a
decreasing MNP uptake by the cells. Interestingly, 2 h of an LF DMF application reduced
the MNP uptake by up to 46% in both cell lines. However, the total amount of MNPs
internalized by the RAW264.7 cell line after the application of an LF DMF reduced from
0.82 to 0.49 pg Fe/cell, whereas for SH-SY5Y, it reduced from 0.19 to 0.09 pg Fe/cell.
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5. Conclusions

Our results indicate that the application of an LF DMF can decrease MNPs’ internal-
ization in cell culture experiments. For both neuroblastoma and macrophage cell cultures,
LF DMF application during cell incubation with MNPs decreases the MNP uptake. We
believe that our observed results provide a new perspective on regulating the MNPs uptake
by cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/magnetochemistry10020009/s1, Figure S1: (a) Histogram of
MNPs core size distribution. (b) XRD pattern of Fe3O4@OA MNPs powder with Miller indices of the
Bragg peaks in an inverse spinel structure (cps, counts per second). (c) Hydrodynamic diameter of
Fe3O4-DOPAC-PEG-Cy5 and Fe3O4-DOPAC-HSA-PEG-Cy5 in PBS at pH = 7.4. (d) Hysteresis loop of
MNP at T = 300 K. The specific magnetization was calculated using the Fe3O4 mass and the Fe content
determined by the thermogravimetric analysis and AES analysis; Figure S2: Average intensity values
of confocal images of SH-SY5Y cells areas in various incubation time with Fe3O4-DOPAC-HSA-PEG-
Cy5 when magnetic field was applied from the top of the cells or under the cells, [Fe] = 100 ug/mL.
*—t-test, significantly different (p < 0.05); Figure S3: Cytotoxicity assays of RAW264.7 and SH-SY5Y
cells, which were incubated with Fe3O4-DOPAC-PEG-Cy5 and Fe3O4-DOPAC-HSA-PEG-Cy5 MNPs
for 48 h; Figure S4: Prussian Blue staining of RAW264.7 cells; Figure S5: Prussian Blue staining of
SH-SY5Y cells; Table S1: The hydrodynamic parameters of MNPs.
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