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A B S T R A C T   

Magneto-mechanical actuation (MMA) using the low-frequency alternating magnetic fields (AMFs) of magnetic 
nanoparticles internalized into cancer cells can be used to irreparably damage these cells. However, nano
particles in cells usually agglomerate, thus greatly augmenting the delivered force compared to single nano
particles. Here, we demonstrate that MMA also decreases the cell viability, with the MMA mediated by 
individual, non-interacting nanoparticles. The effect was demonstrated with ferrimagnetic (i.e., permanently 
magnetic) barium-hexaferrite nanoplatelets (NPLs, ~50 nm wide and 3 nm thick) with a unique, perpendicular 
orientation of the magnetization. Two cancer-cell lines (MDA-MB-231 and HeLa) are exposed to the NPLs in-vitro 
under different cell-culture conditions and actuated with a uniaxial AMF. TEM analyses show that only a small 
number of NPLs internalize in the cells, always situated in membrane-enclosed compartments of the endosomal- 
lysosomal system. Most compartments contain 1–2 NPLs and only seldom are the NPLs found in small groups, but 
never in close contact or mutually oriented. Even at low concentrations, the single NPLs reduce the cell viability 
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when actuated with AMFs, which is further increased when the cells are in starvation conditions. These results 
pave the way for more efficient in-vivo MMA at very low particle concentrations.   

1. Introduction 

Different therapeutic, diagnostic and theranostic approaches have 
been proposed based on magnetic nanoparticles (MNPs) in applied 
magnetic fields. For example, a magnetic field gradient can be used to 
concentrate the MNPs in a certain part of the human body (magnetic 
targeting, e.g., for targeted drug delivery) [1–3]. The MNPs can be 
remotely actuated with an alternating magnetic field to transfer the 
mechanical forces (magneto-mechanical actuation, MMA) [4–8] or heat 
(magnetic hyperthermia) [9] to biological structures, while the location 
of the MNPs in a particular tissue can be detected using magnetic 
resonance imaging [10] or magnetic particle imaging [11,12] (for di
agnostics). In recent years, MMA has been proposed as an alternative 
cancer treatment, with high hopes of overcoming some of the limitations 
of current, targeted therapies, such as drug resistance and relapse 
through molecular, oncogene-driven signalling and the metabolic ad
aptations of cancer cells within heterogeneous tumour formations [5]. 
The MMA treatment is based on the localized, subcellular transfer of 
minute mechanical forces from the MNPs (sometimes referred to as 
magnetic nanomotors) to different cellular structures to cause 

irreparable damage and induce cell death. The MMA of magnetic 
nanoparticles can also be used to remotely trigger release of therapeutic 
agents from micro- and nanoscale delivery systems [13,14]. The force 
originates from the oscillatory motion of the MNPs synchronized with an 
applied, low-frequency, alternating magnetic field (AMF, frequency 
<~1 kHz). In a non-uniform AMF, the temporal variations of the mag
netic field gradients will cause a lateral, vibration-like oscillatory mo
tion of the MNPs, i.e., the MNP will be pulled towards the alternating 
direction of the regions with a larger field. In a spatially homogeneous 
AMF, a MNP will experience rotation, because it will tend to align its 
magnetic moment with the applied field (see sketch in Fig. 1(a)). 
Importantly, this physical rotation will only be active for the MNPs 
exhibiting a high enough magnetic anisotropy energy; high enough to 
prevent magnetization reversal within the particle [6–8]. Note that 
superparamagnetic NPs, which are frequently applied in medicine [1], 
will only rotate effectively in a rotating magnetic field when they have 
an anisotropic shape [6–8,15]. The force Fm that can be produced by the 
MMA depends on the characteristics of the MNPs (their size, shape, and 
magnetic properties) and the type and characteristics of the AMF 
(amplitude B, frequency ω, uniaxial, rotating, vibrating, pulsed, chaotic, 

Fig. 1. (a) Atomic-resolution HAADF-STEM image of NPL oriented edge-on, with a schematic of the direction of its magnetic moment m and its response to a 
magnetic field. The magnetic moment of the particle tends to align with the direction of the applied magnetic field B, resulting in the NPL’s rotation and transfer of 
the driving torque τm to the NPL’s surroundings. (b) TEM image of NPLs oriented in-plane. (c) TEM image of a silica-coated NPL oriented edge-on. The image shows 
that the silica layer is amorphous. (d) Magnetic hysteresis loops of NPLs measured with the field applied perpendicular (PER) and parallel (PAR) to the NPL’s basal 
planes. (e) Number-weighted distribution of the hydrodynamic size of the particles suspended in RPMI-1640 medium supplemented with 10 % FBS. 
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spatially homogeneous or with field gradients). The size of the particles 
is basically limited by general therapeutic-delivery criteria, requiring 
the MNPs to be smaller than 200 nm to avoid the body’s complement 
immune system from quickly removing them from the blood stream. NPs 
with a size of about 50 nm usually show the greatest cellular uptake 
[16,17]. On the other hand, the shape of NPs has a large effect on the 
particle’s ability to travel in the blood stream [17] and it plays a key-role 
in transferring the produced mechanical forces to the cellular structures, 
e.g., lysosomal membranes. For example, the torque produced by rota
tional oscillations in a homogeneous AMF is only effectively transferred 
to the cell membrane when the magnetic particle exhibits an anisotropic 
shape. Due to a large contact surface, a plate-like shape is preferred for 
force transfer. In particular, platelet MNPs are the most effective when 
they exhibit an out-of-plane orientation of the magnetization [18]. 
Finally, the efficiency of the mechanical force’s transfer will depend on 
the strength of the interactions between the MNPs and the cell mem
brane, where the MNP must be firmly “attached” to the membrane for an 
efficient transfer [19]. 

Various approaches have been proposed for the magneto-mechanical 
destruction of different types of cancer cells. Diverse MNPs (different 
size, shape, magnetic properties, surface functionalization, and the state 
of agglomeration) were actuated with AMFs having various character
istics. However, the diversity of magneto-mechanical approaches makes 
generalization of the results rather complex. Nevertheless, in general, 
the in vitro tests consistently showed a significant decrease in the cell 
viability, whereas the in vivo tests showed a significant decrease in 
tumour volume [5]. The effect of the MMA was ascribed to a range of 
different biological mechanisms at the cellular level. Larger anisotropic 
magnetic microparticles generally damage the plasma membrane of 
cells when actuated with an AMF. Notably, 1-D microparticles (e.g., 
spindle-like particles, nanowires) caused membrane rupture inducing 
necrosis [20,21], whereas programmed cell death (apoptosis) was re
ported for 2-D microparticles, such as lithographically fabricated, 
ferromagnetic microdiscs [22]. Smaller MNPs usually internalize into 
cells through endocytosis, eventually accumulating in the lysosomes. 
The decrease in cell viability was most frequently ascribed to lysosome 
membrane damage causing the extravasation of lysosomal contents into 
the cytoplasm [21,23–40]. However, in some cases a reduction in cell 
viability was observed even though lysosomal disruption could not be 
detected. The effect of MMA was thereby ascribed to a cytoskeletal 
disruption in the vicinity of MNP-containing lysosomes [37]. Mechani
cally stimulated changes in the mitochondria [39,40] and in the cellular- 
membrane ion metabolism [21] were also proposed as a possible 
mechanism leading to the apoptosis of cancer cells. 

However, it is important to emphasize that it is frequently difficult to 
avoid any agglomeration when the NPs are introduced into a biological 
fluid with increased ionic strength. In addition, under an applied mag
netic field the MNPs will tend to assemble into larger structures due to 
the magnetostatic interactions [41]. For example, under a static field 
they will associate into elongated, chain-like agglomerates, whereas 
under a rotating magnetic field they can assemble into various patterns, 
also referred to as swarms [23,42]. This agglomeration will strongly 
affect the MMA, since the collective energy transfer of many interacting 
MNPs in the assembly will greatly increase the force delivered during 
the MMA, when compared to the force of the individual, actuated MNPs. 
Thus, even ultra-small superparamagnetic NPs actuated with a moder
ate, low-frequency, rotating magnetic field can effectively destroy can
cer cells when they are associated into larger assemblies inside the cells 
[31]. However, for an association into assemblies, NPs have to be 
internalized into the cells at a very high concentration. Although suffi
cient concentrations of MNPs can be internalized into the cells in vitro 
[31], it is questionable whether a comparably large amount of MNPs can 
be delivered into tumour cells in clinical praxis in vivo. The analysis of 
Wilhelm et al. [17] showed that less than 1 % of NPs will penetrate the 
targeted tumour after intravenous administration. Thus, it would be 
desirable to develop treatments that were efficient even with very low 

nanoparticle concentrations. 
Here, we show that ferrimagnetic (permanently magnetic) hex

aferrite nanoplatelets (NPLs), approximately 50 nm wide and 3 nm 
thick, with out-of-plane magnetization do not agglomerate inside the 
cells even when exposed to an AMF. Moreover, under the AMF the NPLs 
rotate efficiently using rather low fields even at relatively high viscos
ities. These characteristics lead to a very efficient reduction in the cell 
viability under MMA, even when using a very small number of inter
nalized NPLs. 

2. Results and discussion 

2.1. Properties of nanoplatelets 

The NPLs had a hexagonal shape (Fig. 1(b)). Their hexaferrite core 
was 52 ± 12 nm wide, whereas their thickness was defined by their 
unique structure at 3.0 nm, with only a minor proportion of 4.2-nm- 
thick NPLs [43]. The as-synthesized NPLs exhibited a saturation 
magnetization (MS) of 40 Am2/kg. The hexaferrite cores were coated 
with an approximately 2-nm-thick, uniform silica layer (Fig. 1(c), which 
was sufficient to reduce the dipolar interactions [44]). Thus, for the 
silica-coated NPLs, the thickness ranged from 7 to 10 nm. The NPLs 
exhibited very anisotropic magnetic properties. A broad, rectangular 
magnetic hysteresis loop (HC = 150 kA/m) was measured when the 
magnetic field was applied perpendicular to the platelets and a tilted, 
much narrower, loop when the field was applied parallel to the platelets 
(Fig. 1(d)), thus confirming the out-of-plane orientation of the NPL’s 
magnetic moment. The saturation magnetization, MS, for the silica- 
coated and dextran-grafted NPLs reached 29 Am2/kg. 

Even through the NPLs exhibit permanent magnetic moments at 
room temperature (in contrast to the commonly used super
paramagnetic NPs), the silica-coated and dextran-grafted NPLs formed 
colloidally stable suspensions in water, buffers and culture media. The 
zeta-potential of these NPLs suspended in water at neutral pH was 
modest, around − 10 mV, suggesting that the steric repulsive forces play 
an important role in preventing the agglomeration. The zeta-potential 
also remained negative when the NPLs were suspended in the biolog
ical fluids, but the absolute value decreased, being between − 3 mV and 
− 7 mV for the buffers and culture media, respectively. A visual assess
ment of the suspensions over a longer period showed no sedimentation 
in any of the fluids. DLS measurements of the water suspensions of NPLs 
at neutral pH showed the hydrodynamic size of the particles ranged 
from 60 nm to 110 nm. When the NPLs were suspended in the buffers 
and different culture media the hydrodynamic size distribution changed 
to some extent; however, the hydrodynamic size remained below 100 
nm (see Fig. 1(e) for the DLS of the NPLs in RPMI-1640 medium sup
plemented with 10 % FBS). These results indicate that the NPLs do not 
aggregate in any of the three studied media. A detailed DLS analysis of 
the NPLs suspended in different biological media can be found in [45]. 

2.2. Interaction of the nanoplatelets with an alternating magnetic field 

The rotational dynamics of the NPLs exposed to an AMF was opti
cally monitored by measuring the fluctuations induced by the AMF in 
the intensity of a laser-light beam transmitted through the suspension. In 
the absence of a magnetic field (random orientation of the NPLs), the 
NPLs showed an increased absorption towards short wavelengths (Fig. 2 
(a)). When a static magnetic field B = 4.5 mT was applied parallel to the 
light polarization E (the NPLs oriented perpendicular to the B), the 
transmittance of the colloidal dispersion (50 µg NPLs/mL) increased due 
to the reduction in light absorption by the nanoparticles in this config
uration (Fig. 2(a)). The variation of the transmittance was maximized 
for shorter wavelengths, and decreased towards the near infrared, in 
which the NPLs’ absorption was drastically reduced (Fig. 2(a)). 

On the other hand, when a homogeneous alternating magnetic field 
with a frequency ω was applied, the NPLs rotated and induced a 
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modulation of the transmitted light’s intensity at a frequency 2ω, 
because the absorption of the NPLs for +B and − B is equivalent. A 617- 
nm laser was selected to maximize the transmittance-amplitude modu
lation. Fig. 2(b) shows the amplitude A(2ω) of the transmittance oscil
lation as a function of the magnetic field frequency (B = 6 mT) and for 
different liquid viscosities (dependency of the amplitude A(2ω) on B is 
given in Fig. S1). The curves suggest that the NPLs suspended in water 
could rotate efficiently. Since the NPLs were in a viscous fluid, the 
viscous drag force meant that A(2ω) strongly depended on the field 
frequency. The amplitude reduction at low frequencies was due to the 
non-linear response of the NPLs and the generation of higher-order 
harmonics (A(4ω), A(6ω), …). This non-linear response was induced 
because the NPLs at low frequencies quickly aligned perpendicular to 
the field and then stayed aligned until the field changed its sign and then 
it quickly flipped their orientation. As a result, the transmitted intensity 
was not sinusoidal and higher-order harmonics appeared. 

For higher frequencies, the amplitude started to decrease due to the 
viscous damping, thus hampering the flipping process and the following 
of the magnetic field. At even higher frequencies the rotational motion, 
i.e., the complete flip of the NPL with the alternating field changed to a 
vibrational motion. The most transfer of magnetic energy to mechanical 
energy can therefore be expected for the largest optical effect, i.e., at the 
frequency of the maximum A(2ω). At B = 6 mT in water (viscosity 1 
mPa⋅s) A(2ω) reached its maximum at a frequency around 600 Hz. 
However, the frequency of the maximum A(2ω) decreased with the 
increasing viscosity of the suspension medium (Fig. 2(b)), which was 
varied by changing the composition of the water/glycol suspension 
medium. Notably, this effect is relevant because the NPLs up-taken by 
the cells will experience an effective viscosity of the intracellular me
dium that is higher than that in water. The viscosity of the cytoplasm is 
cell-specific, spatially heterogeneous and scale dependent, i.e., objects 
of different sizes can experience different viscosities. The cytoplasm 
behaves as a liquid for smaller NPs and as a physical gel for larger 
particles [46]. For example, in HeLa cells NPs smaller than approxi
mately 86 nm experience a viscosity of ≈2.0 mPa s [47]. However, the 
movement of NPs can also be influenced by interactions with internal 
structures, such as membranes. At a viscosity of 2 mPas the A(2ω) 
reached a maximum at a frequency of around 200 Hz, after which it 
started to decrease monotonously. However, when the NPLs are inside 
small vesicles, the effective viscosity experienced by the NPLs might be 
higher. For that reason, we selected frequencies in the range 1–100 Hz 
for the MMA experiments. 

2.3. Internalization of the nanoplatelets into cancer cells 

The internalization and subcellular distribution of the NPLs in the 
MDA-MB-231 and HeLa cells were determined using TEM. We analysed 

the cells treated with the NPLs for 3 h with and without exposure to the 
AMF (B = 10 mT, f = 10 Hz, for 1 h). A STEM analysis confirmed that the 
NPLs up-taken into the cells retained their original morphology and the 
composition of the scandium-substituted barium-hexaferrite NPLs [48] 
(see Fig. S2 in the Supplementary Data). The NPLs were always located 
in membrane-enclosed compartments of the endosomal-lysosomal sys
tem. Fig. 3 shows TEM images of the NPLs internalized into the MDA- 
MB-231 cells, while TEM images of the HeLa cells are shown in 
Fig. S3 in the Supplementary Data. The NPLs were present within early 
and late endosomes/multivesicular bodies and endo-/lysosomes (Fig. 3). 
Furthermore, the NPLs were also found in amphisomes. 

Only a small proportion of the ultra-thin sections of the cells con
tained NPLs. For example, only 13 NPLs were found in the ultra-thin 
sections of 42 MDA-MB-231 cells (13 ± 7 % of MDA-MB-231 cells on 
ultra-thin sections contained the NPLs). Assuming that the endosomal 
compartments containing NPLs are homogeneously distributed 
throughout the cells and given that the ultra-thin slice only represents 
approximately one 167th of the cell volume, we estimated that each 
MDA-MB-231 cell, on average, contained 52 NPLs. In the HeLa cells, 9 
NPLs were found in 53 cells on ultra-thin sections (12 ± 4 % of the ultra- 
thin sections of the HeLa cells contained NPLs), which led us to estimate 
approximately 28 NPLs per HeLa cell. Assuming a homogeneous distri
bution of the NPLs and the size of the endosomal compartments (the size 
of endosomal compartments was measured from the TEM images to be 
866 nm and 384 nm for the MDA-MB-231 and HeLa cells, respectively), 
we can roughly estimate that the individual endo/lysosomes contained 
up to 20 NPLs. Importantly, the NPLs within an individual compartment 
were never in direct contact (Fig. 3). Agglomerates of NPLs were never 
observed. 

Notably, even though a small proportion of NPLs was present in the 
form of small groups containing several NPLs, the individual NPLs were 
never in close contact. Moreover, the random mutual orientation of the 
NPLs within a group excludes the influence of magnetic dipolar in
teractions on the group’s formation. Namely, the magnetic interactions 
between permanently magnetic NPLs with the magnetic moments ori
ented perpendicular to the platelet plane would result in their assembly 
into columnar aggregates, where the NPLs are stacked in contact with 
the large platelet faces [49,50]. Such columnar aggregates have never 
been observed inside the cells, not even after the cells were exposed to 
the AMF. Based on these results we can conclude, with high confidence, 
that the NPLs behave as non-interacting particles during the exposure to 
an AMF, i.e., individual NPLs tend to rotate in the AMF independently 
and not collectively as agglomerates. 

Additionally, it is important to emphasize that the inspection of the 
cells that were treated with the NPLs and exposed to the AMF did not 
reveal any changes to the structure of the cell. 

Fig. 2. Optical properties of NPL suspension at a concentration of 50 µg NPLs/mL under static and alternating magnetic fields. (a) Transmittance spectrum measured 
without and with an applied static magnetic field B = 4.5 mT oriented parallel to the light’s polarization. (b) Amplitude of transmittance variations A(2ω) (measured 
at 617 nm) as a function of the AMF frequency ω for NPL suspensions in liquids with different viscosities. 
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2.4. Effect of nanoplatelets on the cancer-cell viability when exposed to an 
alternating magnetic field 

To find out whether MMA can reduce the viability of cancer cells 
treated with NPLs, we first treated MDA-MB-231 breast-cancer cells with 
NPLs in the presence or absence of an AMF of B = 10 mT at different 
frequencies. Because cancer cells are often exposed to nutrient stress in 
their micro-environment, we also studied whether their sensitivity to 
NPL/AMF treatments might differ in nutrient-replete and in serum- 
starved conditions. We found that treating highly tumourigenic and 
metastatic MDA-MB-231 breast-cancer cells with NPLs in the absence of 

an AMF does not affect their viability (Fig. 4). On the other hand, 
exposing the NPL-treated cancer cells to the AMF did compromise their 
viability. This effect was most significant when amino acid- and serum- 
starved cancer cells were treated with an AMF of higher frequencies, i.e., 
10 Hz and 100 Hz (Fig. 4). This suggests that nutrient deficiency sen
sitizes the breast-cancer cells to magneto-mechanical actuation. Conse
quently, whereas NPL treatments alone did not affect the growth of the 
MDA-MB-231 breast-cancer cells, cell viability was significantly 
compromised upon exposure of the NPL-treated cells to an AMF. 

To further corroborate our findings, we compared the sensitivities of 
two different cancer-cell lines, grown in either nutrient-rich or 

Fig. 3. TEM micrographs of MDA-MB-231 breast-cancer cells after 3 h of incubation with NPLs. NPLs (red arrows) are seen internalized in the membrane-enclosed 
compartments, indicating the different endolysosomal compartments (a–d). In b) the NLP is seen in amphisome. Scale bars are 400 nm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. MDA-MB-231 cells were grown in nutrient-replete (CM, complete media) and starvation conditions (RPMI, “mild” starvation in serum-free conditions; HBSS, 
“severe” starvation in the absence of amino acids and serum). Cells were treated with 50 µg/ml of NPLs for 3 h, exposed to AMF of B = 10 mT and f = 2 Hz, 10 Hz or 
100 Hz, for 1 h and left to recover for 24 h. Viable cells were counted using the Scepter™ 2.0 Cell Counter. Cell numbers in each growth condition were normalized to 
control, i.e., untreated, cells. Values on the graphs are presented as means ± SEM of three independent experiments and results that are statistically significant are 
indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; multiple unpaired t-tests). 
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starvation conditions, to treatments with different concentrations of 
NPLs. We found that treating aggressive MDA-MB-231 breast-cancer 
cells with 25 µg/ml of the NPLs and exposing them to an AMF of B = 10 
mT reduced the cell viability, already at the lowest frequency of 2 Hz, 
and particularly in starvation conditions (Fig. 5 (a)). In contrast, HeLa 
cervical cancer cells were found to be less sensitive to magneto- 
mechanical actuation treatments with the NPLs (Fig. 5(b)), although 
the effect of the MMA was stronger in starvation conditions. Taken 
together, we found that the growth of the two cancer-cell lines, which 
have different tissue origins, oncogenic alterations, growth character
istics and tumourigenic properties, was compromised upon magneto- 
mechanical actuation treatments with the NPLs. 

3. Discussion 

In contrast to many studies where the effect of MMA on cells was 
clearly associated with a collective energy transfer of many agglomer
ated MNPs [8,23,28–33] or using larger, lithographed particles [22], we 
demonstrated a significant decrease in the cell viability upon MMA using 
dispersed, non-interacting nanoparticles. Instead of commonly used, 
small, superparamagnetic NPs with an isotropic shape (with sizes typi
cally below 15 nm), we applied permanently magnetic, barium- 
hexaferrite nanoplatelets (~50 nm wide and 3 nm thick) with a 
perpendicular orientation of the magnetic moments [45,48]. Moreover, 
the NPLs actuated with a low-frequency (2–100 Hz) AMF with a rela
tively low amplitude (10 mT) reduced the cancer-cell number and 
viability, even though they were internalized into the cells in relatively 
very low concentrations (less than one hundred NPLs per cell). Usually, 
several NPLs (up to 18 NPLs) were situated in individual endosomal- 
lysosomal compartments. The individual NPLs inside the compart
ments were never in close contact or mutually oriented in a way sug
gesting that they were magnetically interacting with each other. In our 
particular case, the weak uptake of the NPLs by the cells in vitro is most 
probably associated with the very good colloidal stability of the dextran- 
grafted NPLs in the cell medium. As the NPLs do not sediment on 
exposed cells, only a small proportion of the NPLs comes into the contact 
with the plasma membranes to have a chance of being taken up. 
Nevertheless, the demonstrated effect of the MMA, mediated even by a 
low concentration of the internalized NPLs, is important for further 
practical applications. Namely, the translation to clinical use is faced 
with various difficulties, including inefficient internalization into 
tumour cells [16,17]. It is difficult to see that the MNPs will internalize 
into the cancer cells in high enough concentrations to enable their ag
gregation (swarming) under the influence of an applied magnetic field in 
clinical conditions. In fact, the strong magnetic character of the particles 
(in contrast to the weak response of superparamagnetic nanoparticles) 
will probably help their internalization into tumours through magnetic 
targeting [3]. 

The effect of MMA mediated with the non-interacting NPLs was 
demonstrated on two different cancer-cell lines and under different cell- 
culture conditions, which are rarely studied, even though it may affect 
the outcome of the MMA. It is not clear if the culturing conditions affect 
the cytotoxicity generated by MMA directly or if they only increase the 
sensitivity of the cancer cells to the MMA. Importantly, the non-actuated 
NPLs did not show any cytotoxic effects when tested in different culture 
media. Accordingly, we did not observe any effects of the NPLs on the 
MDA-MB-231 cell number in the absence of an AMF, regardless of their 
growth in media containing varying levels of nutrients and growth 
factors. This demonstrates that their effect on the cancer-cell viability 
depends solely on the MMA. Indeed, aggressive cancer cells driven by 
the Ras oncogene, such as MDA-MB-231 cells, have enhanced capacities 
to adapt to various stress conditions induced by nutrient or oxygen de
ficiencies [51,52]. These cancer cells can modulate their metabolic and 
signalling pathways to match the growth rates with nutrient availability. 
For example, the absence of serum, which is the primary source of lipids 
during growth in nutrient-rich media, activates the metabolic pathways 
in the MDA-MB-231 cells that convert glucose to lipids (de novo lipo
genesis) to compensate for the lack of lipids and maintain membrane 
homeostasis and cell survival [53,54]. Serum-free cell-culture media 
still contain enough glucose, amino acids and vitamins to support lipo
genesis and cancer-cell survival under these conditions. During severe 
nutrient deficiency, which can be mimicked in vitro using a buffer con
taining minimal levels of glucose, such as HBSS, aggressive cancer cells 
also employ opportunistic modes for the acquisition of extracellular 
material through macropinocytosis, thereby engulfing the extracellular 
proteins, apoptotic bodies and even living cells [55]. Thus, nutrient 
availability and the metabolic status of cancer cells can have a strong 
impact on their propensity to uptake extracellular material. In this 
study, the effects of NPLs on cancer cells were examined in three 
different media that induce varying levels of stress and modulate the 
essential metabolic and nutrient-acquisition pathways. Although the 
effects of MM-actuated NPLs on cell viability were slightly more pro
nounced in starvation media, the presence or absence of the serum did 
not alter these effects significantly. Moreover, serum-starved and 
severely starved MDA-MB-231 cells had comparable sensitivities to the 
MM-actuated NPLs. In addition, HeLa cervical cancer cells, which differ 
from the MDA-MB-231 cells in the underlying oncogenic drivers and 
metabolic hallmarks, were also sensitive to the MM-actuated NPLs. 
Interestingly, the HeLa cells seem to be more sensitive to the starvation 
conditions than the MDA-MB-231 cells. The TEM analysis suggested that 
the NPLs were internalized to a similar extent in the various growth 
conditions and in both cell lines, irrespective of their intrinsic differ
ences in the stress-induced metabolic and nutrient-acquisition mecha
nisms. This indicates that the observed heightened sensitivity of starving 
cancer cells to MM-actuated NPLs is not attributable to varying effi
ciencies in NPL internalization. Instead, specific alterations in cancer- 

Fig. 5. MDA-MB-231 breast-cancer (a) and Hela cervical cancer (b) cells were treated with 25 or 50 µg/ml of NPLs for 24 h followed by exposure to AMF, B = 10 mT, 
f = 2 or 10 Hz for 1 h. After 24 h, cell viability was determined by Presto Blue staining and fluorescence measurements. Fed cells were grown in a culture medium, 
whereas starved cells were in HBSS. Values on the graphs are presented as means ± SEM of at least two independent experiments and results that are statistically 
significant are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; two-way ANOVA with Tukey’s adjustment). 
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cell metabolism and function induced by starvation [47] appear to 
render them more responsive to the effects of MMA mediated by inter
nalized NPLs. Therefore, it is plausible that nutrient deficiency, 
frequently encountered by cancer cells during tumour initiation, pro
gression, and metastasis in poorly vascularized microenvironmental 
regions, or pharmacological treatments targeting cancer metabolism 
that induce starvation-like states in cancer cells, could potentially 
enhance the efficacy of a magnetic cancer treatment. 

Since the effect of the MMA was related to the low concentration of 
NPLs present in the cells, we were not able to identify any specific 
cellular mechanism as being responsible for the observed decrease in the 
cell viability. However, our tests on giant unilamellar vesicles, which 
represented a simple model for the cell membrane, showed that the 
hexaferrite NPLs could exert large mechanical forces to disrupt the 
phospholipid bilayer membranes when actuated with a homogeneous 
uniaxial AMF (3–100 Hz) at relatively modest amplitudes, below 10 mT. 
In contrast to previous theoretical considerations suggesting that the 
membrane ruptures are due to the local action of an assembly of several 
NPLs [19], we demonstrated that non-agglomerated NPLs can efficiently 
compromise cell viability. 

4. Conclusions 

A study of the viability of cancer cells using magneto-mechanical 
actuation (MMA) mediated by non-agglomerated, permanently mag
netic (MS ~ 40 Am2/kg), silica-coated barium-hexaferrite nanoplatelets 
(NPLs) was presented in cells at very low concentrations (ca. 50 NPLs 
per cell), located within the membrane-enclosed compartments of an 
endosomal-lysosomal system (1–5 NPLs per compartment). Even at low 
concentrations of the non-interacting NPLs the MMA (2–100 Hz, 10 mT) 
effectively reduced the cell viability in two cancer-cell lines (MDA-MB- 
231 human breast adenocarcinoma cells and HeLa cervical adenocar
cinoma cells). Notably, the impact of the MMA was greater in nutrient- 
deprived cancer cells, and this sensitization was not dependent on var
iations in the NPL internalization efficiencies in nutrient-rich and star
vation conditions. We speculate that specific metabolic and functional 
changes induced by nutrient deficiency in cancer cells underlay this 
increased sensitivity, but the mechanisms remain to be investigated. 
Nonetheless, our observations suggest a potential for enhancing mag
netic cancer therapy by combining drugs that specifically target cancer- 
nutrient sensing and metabolic pathways in cancer cells alongside MMA 
mediated by NPLs. Thus, the synergistic effect of starvation and MMA 
presents a promising avenue for further research and potential treatment 
options for cancer. To conclude, our results pave the way for efficient 
magneto-mechanical tumour eradication in vivo, where the internaliza
tion of large numbers of nanoparticles into cancer cells cannot be 
expected. 

5. Methods 

5.1. Preparation of nanoplatelet suspensions 

Colloidally stable, aqueous suspensions of NPLs were prepared as 
reported [45]. First, the hydrothermally synthesized, scandium- 
substituted, barium-hexaferrite NPLs [56] were dispersed in water 
using electrostatic stabilization of the suspension with citric acid. Then, 
the NPLs were coated with a thin layer of silica by hydrolysis and the 
polycondensation of tetraethyl orthosilicate (TEOS) in suspension [57]. 
For tracking the NPLs with methods based on fluorescence microscopy, a 
fluorescent dye called rhodamine B was incorporated into the silica 
deposited on some of the NPLs. Finally, dextran molecules (MW ca. 
20,000 Da) were covalently grafted onto the surfaces of the silica-coated 
NPLs using the 3-glycidyloxypropyl-trimethoxysilane linker to enable 
their colloidal stability in cell media. The details of the suspension- 
preparation procedures are given in the Supplementary Data. 

5.2. Characterization of nanoplatelet suspensions 

The NPLs were characterized using a transmission electron micro
scope (TEM Jeol 2010F) and a probe spherical-aberration corrected (CS) 
scanning-transmission electron microscope (STEM Jeol ARM 200CF). 
The magnetic properties of the NPLs were measured at room tempera
ture with a vibrating-sample magnetometer (VSM, Lakeshore 7407) 
after they were aligned in the magnetic field. The NPLs hydrophobized 
by the adsorption of ricinoleic acid onto their surfaces were dispersed in 
a hot liquid wax, aligned with the homogeneous magnetic field (H =
1000 kA/m) and then the wax was solidified by cooling to retain the 
texture (see the Supplementary Data for details). The zeta-potential and 
the hydrodynamic size of the NPLs in suspensions were measured with 
ZetaPALS (Brookhaven Instruments Corporation) and Analysette 12 
DynaSizer (Fritsch) instruments, respectively, based on dynamic light 
scattering (DLS). 

The rotational dynamics of the dispersed NPLs under a homogeneous 
AMF were followed by measuring the fluctuations in the intensity of a 
laser beam transmitted through the suspension. The rotational oscilla
tions of the NPLs under the AMF result in a strong magneto-chromic 
effect, i.e., an intense modulation of the light transmitted through the 
suspension of NPLs [58,59]. The light-intensity fluctuations using a 617- 
nm-wavelength laser were measured as a function of the AMF frequency 
in liquid media with varying viscosity. The viscosity of the medium was 
varied by mixing water and glycol in different proportions. 

5.3. Materials, cell culture and treatments 

Human breast adenocarcinoma cells (MDA-MB-231), HeLa cervical 
adenocarcinoma cells and a RPMI-1640 culture medium were obtained 
from ATCC (USA), foetal bovine serum (FBS), high glucose DMEM media 
supplemented with GlutaMAX, Dulbecco’s phosphate-buffered saline 
(DPBS), Hanks’ balanced salt solution (HBSS) and TrypLE Select from 
Gibco (USA). Propidium iodide was from Life Technologies (USA), 
Presto Blue Cell Viability Reagent from Invitrogen (USA), and fatty acid- 
free bovine serum albumin (BSA) (cat. No. A8806) from Sigma-Aldrich 
(USA). 

MDA-MB-231 cells were cultured in RPMI-1640 and HeLa cells in 
DMEM media, both supplemented with 10 % FBS (hereafter termed 
“complete” media). Adherent cells were detached using TrypLE Select. 
Unless otherwise indicated, MDA-MB-231 and HeLa cells were seeded in 
24-well plates at a density of 1.6 × 104 cells/cm2 and 0.8 × 104 cells/ 
cm2, respectively, and grown for 24 h in complete medium. After 24 h, 
the cells were washed twice with DPBS, placed in starvation media 
(either serum-free RPMI-1640 medium containing 0.02 % BSA or serum- 
and amino acid-free HBSS buffer containing 0.02 % BSA) and treated 
with 50 µg/ml of the NPLs for 3 or 24 h. After the treatment, the cells 
were exposed to the AMF at room temperature and left for an additional 
24 h at 37 ◦C and 5 % CO2 to recover. 

5.4. TEM analysis of cells 

MDA-MB-231 cells at 4.3 × 104 cells/cm2 and HeLa cells at 2.2 × 104 

cells/cm2 were grown on 35-mm plates in complete medium. After 24 h 
the cells were treated with 50 µg/ml of the NPLs in complete medium for 
3 h. Then, the cells were exposed to the AMF (f = 10 Hz, B = 10 mT), for 
1 h at room temperature. After 24 h, the cells were washed with DPBS 
and fixated in a mixture of 3 % glutaraldehyde (v/v) and para
formaldehyde (w/v) in 0.1-M cacodylate buffer, pH 7.4 at 4 ◦C for 3 h, 
followed by overnight rinsing in 0.33-M sucrose at 4 ◦C. The samples 
were then post-fixed in 1 % (w/v) osmium tetroxide for 1 h at room 
temperature, rinsed in distilled water, and incubated in 2 % uranyl ac
etate for 1 h at room temperature and rinsed again in distilled water. 
Samples were then dehydrated in a graded series of ethanol (50, 70, 90 
%) for 15 min each and 100 % ethanol for 30 min, twice. Dehydrated 
samples were then embedded in Epon by infiltration. The 
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polymerisation of Epon was performed over the next 5 days with a 
gradual temperature increase (35 ◦C, 45 ◦C, 60 ◦C, 70 ◦C and 80 ◦C) 
every 24 h. The untreated cells (control), the cells treated with the NPLs, 
and the cells treated with the NPLs and exposed to the AMF were pre
pared in parallel. Next, 60-nm ultra-thin sections were prepared with 
Ultramicrotome (Leica EM UC6) and collected on formvar-coated cop
per grids and counterstained with uranyl acetate and lead citrate. The 
samples were observed on a Philips CM 100 electron microscope oper
ating at an accelerating voltage of 80 kV. 

To estimate the internalization of the NPLs in MDA-MB-231 and 
HeLa cells treated with NPLs, five 60-nm ultra-thin sections were sys
tematically prepared from each sample as described in [60]. Each 
sample was sectioned with the ultra-microtome at 100 µm intervals (60- 
nm ultra-thin sections were made), so that each individual cell was 
sectioned only once. For the TEM analysis, high-quality micrographs 
were independently assessed by two of the authors. The assessors had no 
prior knowledge of the cell type or how the cells were treated. TEM 
micrographs at 6600–11,500× magnification were used to examine 
each cell on the sections for internalized NPLs. Only cells with visible 
nuclei were analysed. Notably, NPLs were always found in membrane- 
enclosed compartments. The percentages of MDA-MB-231 and HeLa 
cells containing NPLs in the endosomal compartment were determined 
by analysing cells on five ultra-thin sections (average 9 cells per section). 
We analysed all the cells on the ultra-thin sections and classified them as 
positive or negative for NPLs, assuming that the endosomal compart
ments containing NPLs were homogeneously distributed throughout the 
cells. Subsequently, the number of NPLs per cross-section of NPL- 
positive endosomal compartments of MDA-MB-231 and HeLa cells was 
counted manually. 

5.5. Cell-viability assay 

MDA-MB-231 cells were seeded on 96-well culture plates at 2.1 ×
104 cells/cm2 and HeLa cells at 1.0 × 104 cells/cm2. After 24 h the cells 
were washed twice with DPBS and incubated for the next 24 h in either 
complete medium or in serum-free starvation medium (RPMI-1640 
containing 0.02 % BSA for MDA-MB-231 cells and DMEM containing 
0.02 % BSA for HeLa cells). Cells were then treated with 25 or 50 μg/ml 
of NPLs for 3 h followed by an exposure to an AMF of f = 2 Hz, f = 10 Hz 
or f = 100 Hz and B of 10 mT for 1 h at room temperature, and left in the 
incubator (37 ◦C, 5 % CO2) for an additional 24 h to recover. Cell 
viability was determined using the PrestoBlue Cell Viability Reagent 
(Invitrogen, USA) according to the manufacturer’s instructions and a 
Tecan Infinite M1000 microplate reader (Tecan, Austria). 

5.6. Cell counting 

The MDA-MB-231 cells were seeded on 12-well culture plates at 1.7 
× 104 cells/cm2 in complete medium. After 24 h the cells were washed 
twice with DPBS, the media replaced with fresh complete or starvation 
media (either serum-free RPMI-1640 medium containing 0.02 % BSA or 
serum and amino acid-free HBSS containing 0.02 % BSA) and the cells 
treated with 50 µg/ml NPLs for 24 h. The cells were then exposed to an 
AMF of f = 2 Hz, f = 10 Hz or f = 100 Hz and B of 10 mT for 1 h at room 
temperature and left for an additional 24 h at 37 ◦C and 5 % CO2 to 
recover. For viable-cell counting, the cells were detached, resuspended 
in DPBS and 50 µl of the cell suspension was drawn through the cell- 
sensing tip of a Scepter™ 2.0 Cell Counter (Millipore, USA) and ana
lysed using the Scepter 2.0 software. 

5.7. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9.0.2 
(GraphPad software, USA). Unless otherwise indicated, data are pre
sented as means ± SEM of at least three independent experiments. 
Statistical significance was determined using Student’s t-test, one-way 

or two-way ANOVA followed by Bonferroni or Tukey’s post-hoc tests. 
P values lower than 0.05 were considered statistically significant. 
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[53] A. Pucer, V. Brglez, C. Payré, J. Pungerčar, G. Lambeau, T. Petan, Group X secreted 
phospholipase A2 induces lipid droplet formation and prolongs breast cancer cell 
survival, Mol. Cancer 12 (2013) 111. 

[54] T. Petan, Lipid Droplets in Cancer, Rev. Physiol. Biochem. Pharmacol. 185 (2023) 
53–86. 

[55] W. Palm, C.B. Thompson, Nutrient acquisition strategies of mammalian cells, 
Nature 546 (2017) 234–242. 
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Increased endocytosis of magnetic nanoparticles into cancerous urothelial cells 
versus normal urothelial cells, Histochem. Cell Biol. 149 (2018) 45–59. 
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