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Abstract: Currently, various methods based on magnetic nanoparticles are being considered for the
treatment of cancer. Among these, magnetic hyperthermia and magneto-mechanical actuation are
the most tested physical methods that have shown promising results when applied both separately
and in combination. However, combining them with specific drugs can further improve antitumor
efficiency. In this study, we performed a systematic analysis to determine the best combination of
hyperthermia, magneto-mechanical actuation of silver-coated magnetite nanoparticles (MNP@Ag)
and chemotherapy (mitoxantrone) capable of destroying tumor cells in vitro while maintaining
normal cells in their state of increased viability. The results showed that of the nine treatment
configurations, the only one that satisfied the safety condition for normal cells (fibroblasts) and the
highly cytotoxic condition for tumor cells (HeLa) was the combination of all three triggers. This
combination led to the decrease in HeLa viability to about 32%, while the decrease in fibroblast
viability reached 80%. It was observed that the cytotoxic effect was not a sum of the separate effects
of each trigger involved, but the result of a nonlinear conjugation of the triggers in a dynamic regime
imposed by the magneto-mechanical actuation of the nanoparticles. We conclude that by using
such a treatment approach, the need for chemotherapeutic drugs can be substantially reduced while
maintaining their therapeutic performance.

Keywords: silver-coated nanoparticles; hyperthermia; magneto-mechanic actuation; mitoxantrone;
tumor cells

1. Introduction

Nanotechnology has imposed itself as a potent tool in a large variety of life science
and medical applications. Nanomedicine, the application of nanotechnology in the medical
field, is already enlarging the clinical field of diagnostic tools, drug delivery and medical
sensors [1]. One particular field of development for nanomedical systems is cancer ther-
apy [2]. Despite decades of research for the development of advanced therapies, cancer
diagnostic and treatment remain an unsolved problem [3]. Even though cancer mortality
has declined over the last three decades in high-income countries, there are persisting and
substantial differences in mortality, incidence, and survival worldwide with more than
19.3 million new cases and almost 10.0 million cancer deaths occurring as per 2020 [4]. One
of the most efficient approaches in treating malignancies is to combine different therapeutic
principles. The so-called multimodal therapeutic approach has been recognized as a modal-
ity to increase efficiency, avoid side effects as well as the cancer relapse associated with
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cell heterogeneity within a tumor and/or metastatic dissemination [5]. Multimodal cancer
therapy has benefited from noble metals such as gold nanoparticles which have shown
a fine potential in backing the chemotherapy and radiotherapy treatments [6]. Magnetic
nanoparticles (MNPs) are intensely scrutinized for their potential to serve as drug carriers
and theranostic agents [7]. Tumor theranostics represent the combination of diagnosis
and therapy to cure cancer, aiming to reduce delays in treatment and thus to improve
patient care [8]. Due to their high versatility to be straightforwardly produced with tuned
sizes, shapes and magnetic properties, MNPs have shown a significant role in improving a
series of conventional or new biomedical methods and techniques. Ranging generally from
clusters of several atoms to structures up to 100 nm—at least in one dimension—the MNPs
are endowed with peculiar characteristics such as an enlarged surface-to-volume ratio,
enhanced surface spin disorder, and various regular and irregular shapes, which allow,
through subsequent surface-related modifications, the development of new core-shell mag-
netic materials for cutting-edge biomedical applications. MNPs, with their distinct class of
iron oxides, were coated with amphiphilic polymers [9] polysaccharides [10], graphene [11],
silica [12], gold [13], silver [14-19], etc. The latter displayed unique physical and chem-
ical properties including optical, electrical, and thermal ones [20]. Consequently, silver
nanoparticles are being intensively explored for various applications due to their specific
physicochemical characteristics such as large surface-area-to-volume ratio, increased sur-
face plasmon resonance, and ease of ligand functionalization [21]. Accordingly, they were
tested for different biomedical applications due to their antibacterial, antiviral, antifungal,
anti-inflammatory, anti-angiogenic, and antitumor effects [20,22]. Silver and silver nanopar-
ticles have been recently shown to exert cytotoxic effects on cancer cells but not on normal
cells, being proposed as a tumor theranostic agent [23].

By endowing silver nanoparticles with magnetic properties, their spectrum of biomed-
ical applications is rapidly expanded to magnetic hyperthermia, magnetic drug delivery,
magneto-mechanical actuation, magnetic separation, MRI imaging, and so on, virtually
covering the entire spectrum of applications attributed to magnetic nanoparticles. Thus,
these hybrid nanoparticles simultaneously provide all the specific magnetic benefits of the
magnetic core together with all the advantages of the silver shell described above.

The remote magnetic actuation of MNPs incubated with tumor cells can trigger a
mechanical hit and vibrations on tumor cells, leading to their irreversible damage. Basically,
the alternating magnetic fields constantly change the position of the MNPs depending on
the field gradients and frequency, to generate torques onto the cells [24]. Such torques
can modify the level of calcium entry within cells, stimulate drug release, induce protein
degradation, generate high-stemness tumor cells from different cancer cell lines, or destroy
cancer cells [24,25].

We have previously reported on the efficiency of magnetically actuated MNPs in
destroying cancer cells [26], on the ability of MNP loaded with an antitumoral agent (mi-
toxantrone) to target tumor-like tissue in vitro [27], and on the use of new alloy particles
for self-controlled magnetic hyperthermia [28,29]. In this work, we sought to investigate
systematically the in vitro action of a conventional antitumor drug, non-magnetic hyper-
thermia, and the magneto-mechanical actuation of silver-coated MNPs (MNP@Ag), applied
separately or in combination, on HeLa-cell survival. Our previous experiments [30] have
shown that the uncoated magnetite cannot be used to treat tumor cells simply because
cancer cells grow and proliferate exceptionally well in the presence of an iron source. The
final goal of the work was to find the best combination for the most efficient therapeutic
effect seeking to decrease the antitumor drug dose to obtain similar tumor cell damage as
in the case of a full dose.

2. Materials and Methods

All reagents used for the silver-coated MNP, i.e., ferrous chloride tetrahydrate,
(FeCly-4H,0; 98%), ferric chloride hexahydrate, (FeClz-6Hy0O; 98%), sodium hydroxide
(NaOH; 98%), mitoxantrone, fibroblast cells and HeLa tumor cells were purchased from
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Sigma-Aldrich (Darmstadt, Germany) and used without any further purification. Silver
nitrate was purchased from Alfa Aesar—Thermo Fisher (Kandel, Germany). For characteri-
zation, the particles were used either as powders or colloids. For dry state characterization,
the magnetic nanoparticles were kept at 90 °C for 3 h. For colloid evaluation, the suspen-
sions were sonicated in pulses.

2.1. Synthesis of Magnetic Nanoparticles

A measure of 1.1 g FeCl,-4H,0O was dissolved in 10 mL of ultrapure water and filtered
through a 220 nm filter. Then, 3 g of FeCl;-6H,0O was mixed with the freshly prepared
FeCl, solution and the resulting solution was filtered through a 220 nm filter. Next, 2 mL of
ultrapure water was used to wash the filter and added to the iron solution. The solution
was added over 400 mL of heated ultrapure water (about 90 °C), under magnetic stirring
(800 rpm—MS7-H550-Pro, Onilab, City of Industry, CA, USA), followed by careful addition
of solid NaOH (15 g). The solution immediately turned black. After 2 min, the heating was
stopped, while the stirring continued for 60 min. Then, the suspension was sonicated for
1 h in an ultrasound bath. The magnetic nanoparticles were washed several times with
ultrapure water until the pH was about 6. Afterwards, the obtained suspension (about
80 mL) was ultrasonicated for 40 min through an ultrasonic homogenizer with probe, at
100% amplitude.

2.2. Synthesis of Silver-Coated Magnetic Nanoparticles (MNP@Ag)

A measure of 40 mL of MNP suspension (14.5 mg/mL MNP) was mixed with 25 mL
trisodium citrate (concentration 10 mg/mL, (Thermo Fisher, Kandel, Germany), ultrasoni-
cated for 5 min, and added over 400 mL of heated ultrapure water (about 95 °C), under
magnetic stirring (1000 rpm). After 0.5-1 min, 25 mL of filtered AgNO; (200 mg) (Thermo
Fisher, Kandel, Germany) were quickly added to the MNP-citrate suspension. Then, the
suspension was stirred for 2 h at 800 rpm and about 95 °C.

2.3. Cell Viability Evaluation

For cytotoxicity assays, the utilized suspensions of silver-coated MNPs were first
submitted to autoclavation (121 °C, 1.5 bar). Dermal fibroblast cells and tumor cells,
respectively, were plated in 96 well plates, at 2 x 104 cells/well and incubated for 48
h. Each well was filled with 190 pL complete cell culture media (CCM), i.e., Dulbecco
Modified Essential Medium DMEM (Sigma Life Science, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS, Sigma Life Science, St. Louis, MO, USA) and
1% antibiotic-antimycotic (Sigma Aldrich, St. Louis, MO, USA). Then, 10 uL of silver-
coated MNPs (concentration about 0.3 mg/mL) was added to each well, each sample
in triplicate and further incubated for 24 h. Cell viability tests were performed using 5-
Dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bromide (MTT, Sigma Life Science, St. Louis,
MO, USA) assay (Vybrant MTT cell proliferation assay Sigma Life Science, St. Louis, MO,
USA) accordingly to supplier’s instructions; dimethylsulfoxide (DMSO, Sigma Aldrich,
St. Louis, MO, USA) was used as dilution agent. Absorbance was read at 570 nm. Cell
viability (CV) as expressed by optical density (OD) was calculated using the formula
CV =100 x (ODs — ODb)/(ODc — ODb), where ODs = OD of particle treated cells; ODb
= OD of blank (media only); ODc = OD of untreated cells. For particle-free viability evalua-
tion, the protocol was identical, except that the wells were filled with 200 L CCM.

2.4. Magneto-Mechanic Actuation of MNP@Ag

For magnetic field generation, a conventional Helmholtz system consisting of two coils
was used. The proprietary software that controlled the coils allowed us to set the magnetic
field intensity, its frequency and exposure time. The coil system was fed by waveforms
generated using a code realized in LabView. The culture plates were placed in the center of
the coil system, where the magnetic field is uniform. The intensity of the magnetic field
was 12 G, and was shifted by 180° with a frequency of 2 Hz. The system can generate fields
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from 1 to 40 Oe. The coil was introduced inside a CO; cell culture incubator (Figure 1). The
MMA was applied for 1h, five times, over three days (twice a day).

Figure 1. Experimental setup. Left—PC with the proprietary software to control the current passing
through the coils; National Instruments acquisition board; and Kepco-Bop bipolar power amplifier.
Right—the Helmholtz coil system inside the CO, cell culture incubator.

2.5. Hyperthermia Generation

In order to increase the temperature of the cells, we used a cell culture incubator.
Compared to magnetic hyperthermia, this setup comes with several advantages: (a) the
sterile conditions are continuously preserved for cell culture; (b) the temperature is well
controlled and rigorously kept fixed throughout cell culture; (c) the 5% CO; atmosphere
is continuously provided; (d) the humidity conditions are not affected. Practically, the
conditions were kept similar for the control cells which were placed in another cell incu-
bator at 37 °C. Therefore, the reliability of this approach affords the guarantee of a fine
reproducibility of the experiments. The HT was applied for 1 h, five times, over three days
(twice a day).

2.6. Characterization Equipment

X-ray diffraction patterns were recorded using a Brucker AXS D8-Advance powder
X-ray diffractometer (CuKa radiation, k = 0.1541 nm, Brucker, Karlsruhe, Germany). Elec-
tron micrographs of the powders were taken by using a FIB/FE-SEM CrossBeam Carl
Zeiss NEON 40 EsB equipped (Carl Zeiss SMT GmbH, Oberchoken, Germany) with an
energy dispersive X-ray spectroscopy (EDS, Carl Zeiss SMT GmbH, Oberchoken, Ger-
many) module for compositional studies. The magnetization data were acquired on a Lake
Shore 7410 vibrating sample magnetometer (VSM, Lake Shore Cryotronics, Westerville,
OH, USA). The morphology of the nanoparticles was determined through an ultra-high
resolution transmission electron microscopy (UHR-TEM) (Libra 200 UHR-TEM, Carl Zeiss,
Oberkochen, Germany). Mean sizes and size distribution of the as-prepared aqueous
suspension of nanoparticles were evaluated through a dynamic light scattering (DLS) tech-
nique using a scattering spectrometer (Nanotrac NPA 252, Microtrac, Montgomeryville,
PA, USA). UV-VIS absorption spectra were recorded with Synergy HTX multimode reader
(BioTek Instruments, Santa Clara, CA, USA). Zeta potential was measured using a parti-
cle size analyzer (Beckman Coulter, Brea, CA, USA). Ultrasonication of the samples was
performed with an ultrasound bath, and an ultrasonic homogenizer (UP50H, Hielscher
Ultrasonics GmbH, Teltow, Germany), at 90% amplitude, respectively. The measurements
and in vitro testing were performed from the stable, unsettled suspensions of nanoparticles.

Statistical analysis. All the experiments were performed in triplicate. Statistical
analysis was performed using Microsoft Excel 2013 to calculate the mean + SD (standard
deviation), and Origin 2019 and Microsoft Excel 2013 to test for differences between means
through analysis of variance (ANOVA) analysis with a post hoc Tukey’s test, and Student
t-test, respectively.
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3. Results and Discussions

XRD analysis. The XRD patterns of the MNPs and MNP@Ag (Figure 2) showed
specific diffraction peaks of magnetite at 30.2°, 35.5°, 43.2°, 53.6°, 57.2° and 62.9°, corre-
sponding to (220), (311), (400), (422), (511) and (440) crystalline planes of magnetite phase,
respectively [31], along with diffraction peaks of silver at 38.3°, 44.3°, 64.5°, corresponding
to (111), (200) and (220) diffraction planes. The Bragg reflections pointed out a face-centered
cubic structure of metallic silver.
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Figure 2. XRD patterns of iron oxide (MNP: black line) and MNP@Ag (red line).

UV-VIS spectroscopy. The spectra of MNP MNP@Ag solutions were recorded from
300 to 700 nm. Figure 3 shows an absorption peak at 402 nm for MNP@Ag. However, after
subtracting the UV-VIS spectra of the MNP from MNP@Ag to obtain only the contribution
of the silver shell, the absorption peak shifted to 412 nm. The obtained peaks were in
the specific surface plasmon resonance range (400-500 nm) described for silver nanopar-
ticles [31,32], demonstrating the presence of silver in the magnetic suspension. HRTEM
mapping (Figure 4) also confirmed the presence of silver in the samples.
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Figure 3. UV-Vis spectra of MNP and MNP@Ag, respectively. Inset: UV-Vis spectrum resulting
from subtracting the UV-VIS spectra of the MNP from MNP@Ag.
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Figure 4. HRTEM element mapping of the silver-coated magnetite.

DLS analysis also used non-filtered (as-prepared) solutions of the nanoparticles, after
short sonication. The obtained data showed a narrow size distribution for both samples with
mean sizes of 39.2 nm for MNP and 40.5 nm for MNP@Ag (Figure 5). However, the mean
sizes provided by the DLS method took into account the hydrodynamic diameter of the
particles and, therefore, they seemed to be bigger. The size distribution data of MNP@Ag
sample pointed out a low fraction (0.11%) of nanoparticles of about 102 nm—confirmed
by TEM measurements—that were not present in the MNP sample. Most probably, this
fraction contributed the most to the settlement formation. Otherwise, except for the tiny
settlement, the suspension turned out to be very stable for several months.
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Figure 5. DLS histograms showing the size distribution of (a) MNP and (b) MNP@Ag.

The zeta potential of the MNP@Ag was found to be —40.26 mV, also indicating
excellent stability in aqueous solutions. The strong electrostatic repulsion most probably
overcame the low magnetic attraction between the nanoparticles. The stability extended
to several months and was also empirically observed for the aqueous suspensions of
MNP@Ag nanoparticles.

However, since it was not clear how stable the MNP@Ag nanoparticles were after
incubation cells, we performed DLS measurements of MNP@Ag dispersed in cell culture
medium. The size distribution of MNP@Ag was measured at different time intervals,
including one after 24 h, without disturbing the suspension. The results showed that, after
mixing with the culture medium, the hydrodynamic diameter of the particles increased
from about 40 nm (measured in ultrapure water) to 80-90 nm (Figure 6).
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Figure 6. DLS histograms showing the size distribution of MNP@Ag nanoparticles immediately after
mixing with cell culture medium (a), and after 24 h (b). The mean hydrodynamic diameters of the
MNP@Ag nanoparticles at different times (c).

No sediment was observed in the cuvette of the Nanotrac/Microtrac sizer, containing
the suspension, after 24 h. Therefore, the suspension was stable over 24 h in the cell culture
medium, but the hydrodynamic diameter doubled. This can be attributed first to the
formation of the protein corona on the surface of the nanoparticles. Second, clusters of
several nanoparticles could not be excluded. However, the suspension remained stable
over 24 h, while the size distribution remained almost unchanged for this period.

TEM and SEM analysis. Electron microscopy measurements showed magnetite
nanoparticles with different prismatic shapes, and sizes below 30 nm (Figure 7a,b). Silver-
coated magnetite nanoparticles displayed similar geometries as magnetite nanoparticles,
with sizes slightly higher (Figure 7c,f). However, there was also observed a spot of bigger
silver-coated nanoparticles (about 30-80 nm in diameter) with round shapes (Figure 7d).
This fraction of nanoparticles was also detected and measured by the DLS technique (Fig-
ure 5). It was visible in a separate spot most probably because the provided aliquot sample
for TEM measurements remained undisturbed for several days until carefully taken and
dispersed on the grids. This time allowed the nanoparticles to discretely separate on the
vertical axis of the suspension depending on their weight. After slowly spreading the
sample on the grids, tiny volumes from the lower part of the suspension probably managed
to remain separated from the upper part. It is also worth noting that after several days, a
small amount of nanoparticles settled. Consequently, we analyzed the sediment as well
(Figure 7e) and observed nanoparticles with bigger sizes (around 100 nm).

Magnetic measurements. The specific saturation magnetization (Figure 8) of the MNP
(55.6 emu/g) was higher than that of MNP@Ag (48.7 emu/g). The saturation magnetization
values were calculated by extrapolating the tangent to the plot of M versus 1/H at high
fields, in the region where the dependence between M and 1/H is a straight line. The
difference in saturation magnetizations represents an indirect proof of the presence of
a non-magnetic silver shell on the MNPs. Furthermore, there were small differences in
both coercive fields (Hc) and ratios between the residual and saturation magnetizations
(squareness value, Mr/Ms) of the samples (Figure 8). The MNP@Ag sample showed lower
values for Hc and Mr/Ms ratios, being even closer to a superparamagnetic behavior. The
superparamagnetic behavior allowed a ferrofluid-like behavior of the MNP@Ag suspension
(Figure 8a) after concentration by ultracentrifugation and ultra-sonication.
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Figure 7. TEM images of magnetite nanoparticles (a,b) and silver-coated magnetite (c-e); SEM image
silver-coated magnetite (f).



Coatings 2023, 13, 406

90f13

60 o

o =N

Yy

40

Magnetization (emulg)

— ' 7 |
g’ ’2 — NP I
- e MNP |
E 20{£, / @Ag |
o MNP
‘E 40 30 20 10 10 20 30 40 MNP @Ag MN;@XA"V
S o Field (Oe) (after24 h
T on magnet]
N
T o {
5 1 NP
] He: 9.6 Oc ~ s —— -~
= Squareness: 21.6x 10° g =
o
et MNP@AZ
-60 He:7.50e
Squareness: 13.2x 10°
T T T T T
-20000 -10000 0 10000 20000
(a) Field (Oe) (b)

Figure 8. (a) Magnetization loops of the magnetic samples. Inset: details from the loops near zero
magnetic field (top left) and ferrofluid—like behavior of concentrated MNP@Ag near strong NdFeB
magnet; (b) images of the samples; the MNP@Ag sample was submitted to magnetic separation in its
non-concentrated (i.e., as—prepared) condition.

The difference between specific saturation magnetizations of MNP and MNP@Ag
was 12.4%. This means that a fraction of about 12.4% of the nanoparticles was formed
by the non-magnetic silver. Since the theoretical percentage of the silver in the MNP@Ag
nanoparticles was 17.9%, we can assume that the difference could be explained by a more
abundant presence of the silver in the settled fraction, the latter not being taken into account
by VSM measurement.

Evaluation of magnetic hyperthermia potential of MNP@Ag nanoparticles. The heat-
ing potential was investigated through an alternating magnetic field generator (HFG3
IGBT—Eldec, Germany) and an optical thermometer (Optocon, Germany). More details
about the experimental setup can be found elsewhere [30]. Figure 9 shows the heating curve
of the MNP@Ag nanoparticles. The alternating magnetic field (169 kA /m) was applied for
10 min until the temperature reached about 45 °C. The specific absorption rate (SAR) of the
MNP@Ag nanoparticles (5 mg/mL) was 20.6 W/g. SAR is used to quantitatively measure
the heating efficiency of a magnetic material and represents the mass-normalized rate of
energy absorption by a (biological) object. Therefore, MNP@Ag nanoparticles showed good
potential for magnetic hyperthermia applications.
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Figure 9. Time-dependent temperature of the heated MNP@Ag nanoparticles.

Cell Viability

Cell viability was assessed using MTT assay at 24 h after applying, separately or in
combination, the respective trigger, i.e., MNP@Ag, magnetic field (MF), hyperthermia (HT),
magneto-mechanic actuation (MMA), or mitoxantrone (MTX) on cell culture.

The first tests evaluated the influence of the MNP@Ag nanoparticles on cell viability.
As Figure 10 shows, a progressive decrease in viability, inversely proportional to the
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nanoparticle concentration, was observed. However, the cell viability was preserved at
high levels (higher than 95%) even for the highest concentration of the nanoparticles
(300 pg/mL) for both types of cells. The statistical analysis (one-way ANOVA with Tukey’s
post hoc test) pointed out a statistically significant difference between the viabilities of the

fibroblasts and the HeLa cells, indicating a better viability for the latter.
50 60

120
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30 40 50 60 Control Hela 10 20 30 40
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Figure 10. Cell viability of fibroblasts (left), and HeLa cells (right) after 24 h of incubation with
MNP@Ag. Each well contained 0.2 mL cell culture medium. The difference between the two types of
cells was statistically significant at the 0.05 level (p < 0.05).

For the following tests, the highest concentration of MNP@Ag, i.e., 0.3 mg/mL, was
used. As shown in Figure 11, the magneto-mechanical actuation (MMA) of MNP@Ag
remained almost without effect on cell viabilities when acting alone, compared to all other
interventions, administered alone or in combination, which significantly decreased the

viability of both cell types.
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Figure 11. Cell viability of fibroblasts and HeLa cells after interventions with different trigger agents,
i.e., magneto-mechanical actuation of MNP@Ag, hyperthermia, anti-tumor drug, and their combina-
tions. MF stands for magnetic field while A-J letters represent the order number of each experiment.

It is interesting to note that HT alone was more effective in decreasing HeLa cell
viability compared to both MTX and the combination of HT and MTX. The effect of HT
was comparable to that generated by HT combined with MF, while fibroblast viability
was over 60%. Furthermore, there was no difference between the magneto-mechanical
actuation of nanoparticles combined with MTX (MNP@Ag + MF + MTX) on the one hand,
and MNP@Ag combined with HT and MTX (MNP@Ag + HT + MTX) on the other hand.

The only intervention that appeared to be safe for fibroblasts, but highly cytotoxic for
HeLa cells, was the combination of all the therapeutic triggers (MNP@Ag + MF + MT + MTX).
The cytotoxic effect was not a sum of the separate effects of each involved trigger, but the
result of a non-linear conjugation of the triggers in a dynamic regime imposed by the magneto-
mechanic actuation of the nanoparticles.

When all the interventions (B-J) were analyzed, it could be observed that starting with
H, there was a reversal in the decrease in cell viabilities. Thus, while as far as intervention



Coatings 2023, 13, 406

110f13

G, fibroblasts were more affected than HeLa cells, with a statistically significant difference
between data sets (p, two-tailed, < 0.05), from H to ], it was the HeLa cells that started
to suffer more. The key element common to the H, I, ] interventions that induced this
inversion was the combination of HT and magnetic field (MF). Furthermore, when the
MMA of MNP@Ag (I) was included, the effect became more significant. Finally, when MTX
(J) was added, the effect on HeLa cells was greatest, with a decrease in HeLa viability up to
about 32%. Moreover, this last intervention came with an interesting result, namely the
reduced decrease in fibroblast viability (only 80% decrease), with a statistically significant
difference compared to control cells (chi test, p < 0.001, at p <0, 05).

The last experiment, (J), was repeated with cells also in triplicate. The result was
similar, with viabilities of about 24% for HeLa cells and about 85% for fibroblasts. This
result shows that, compared to the intervention D, when only MTX was used, there was a
significant improvement in therapeutic treatment against HeLa cells, suggesting a reduced
need for MTX when combined with HT and MMA of MNP@Ag.

A possible explanation for this result would rely on a better permeation of the HeLa cell
membrane to both MNP@Ag nanoparticles and mitoxantrone, induced by hyperthermia.
Intracellular absorption of drugs has been reported to be enhanced by hyperthermia by
increasing cell membrane permeability [33]. Thus, Berrios et al. [34] measured the cell
membrane fluidity through direct and indirect methods, providing compelling evidence
that both hot-water hyperthermia (HWH) and magnetic hyperthermia (MH) can increase
membrane permeability, with the latter method inducing significantly greater effects as
compared with HWH [33]. Therefore, the oscillations of MNP@Ag nanoparticles, while not
affecting the cell viability by themselves, can induce a higher mobility of the antitumor drug
molecules, which consequently can enter the tumor cells in a larger amount. Furthermore,
due to the increased permeability induced by hyperthermia [33], the amount of drug
transferred into the tumor cells is further enhanced. Therefore, cell death is mainly caused
by the antitumor drug whose concentration in tumor cells was increased by MNP@Ag
oscillations and hyperthermia-induced membrane permeation.

In our case, hyperthermia conditions seem to help MNP@Ag to affect cellular functions
to a greater extent in the case of HeLa cells. In addition, once inside the cells, the MNPs
could provide better and faster distribution of the antitumor drug.

However, the obtained results must be verified over periods longer than three days
of treatment, until the total destruction of the tumor cells, also evaluating the longer-term
damage to the fibroblasts.

4. Conclusions

To our knowledge, this is the first report focused on the combinatorial effect of multifac-
torial triggers (silver-coated magnetic nanoparticles, non-magnetic hyperthermia, magneto-
mechanical actuation and antitumor drug (mitoxantrone) in significantly reducing short-
term tumor cell viability in vitro compared to slight, non-significant reduction of normal
fibroblast cells in similar conditions. Of the nine interventions in tumor and normal cells,
respectively, only one combination of the four triggers led to a strong antitumor effect while
maintaining the normal cells in a safe condition in the short-term. The results need to be
further investigated in terms of long-term viability and the metabolic pathways potentially
involved in different cell viabilities in order to determine the possible relevance for setting
up a combinatorial approach in treating malignancies.
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