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Impact of Static and Dynamic Magneto-Mechanical
Stimulation with Vortex Microdiscs on Glioblastoma
Cells Cultured on 2D Substrates with Physiological
Stiffness†

Andrea Visonà,∗ab Sébastien Soulan,a Bernard Dieny,b Robert Morel,b and Alice Nicolasa

External mechanical stresses acting on cellular compartments critically regulate cell behaviour and can
induce cell death. Magnetically actuated particles present a promising strategy to apply such forces
in a controlled manner, with potential applications in cancer therapy. In this study, we investigate the
effects of actuating vortex magnetic microdiscs on a glioblastoma cell line cultured on soft, biomimetic
substrates that mimic in vivo stiffness. Using a Halbach array, we applied either static mechanical
compression or a combination of compressive and low-frequency vibrational stresses (2–20 Hz). Our
results demonstrate that both compressive and vibrational stresses impair important cellular functions
associated with glioblastoma persistence in a dose-dependent and stiffness-dependent manner. In
particular on soft 2D substrates, sufficiently strong compressive loads limit proliferation, while the
addition of vibrations alter cell motility, cell morphology and the acto-myosin machinery. Our findings
demonstrate that magnetic particles-mediated mechanical stimulation can disrupt glioblastoma cell
aggressiveness in physiologically relevant 2D substrates, supporting its potential as an adjunct to
conventional chemo- and radiotherapies by both inducing cell death and limiting resistant populations.

1 Introduction
Application of mechanical stresses on cellular compartments are
known to influence cellular functions, being even able to cause
cell death1–3. In this context, applying intracellular mechanical
stresses is being considered as a potential adjunctive treatment
in some pathologies. For instance, nuclear compression triggers
change in cell migration mode4, and the deformation of the mem-
branes of the Golgi apparatus or of the endoplasmic reticulum af-
fects the flow of calcium or other ions, with consequence on cell
metabolism, polarity, migration, proliferation1. These forces may
arise from the stimulation of intern agents, such as actin fibre
contraction or osmotic imbalance5. They may also be caused by
external stresses such as hydrodynamic flows. Recently, advanced
microsystems based on optical or magnetic traps have been devel-
oped to remotely apply controlled mechanical stresses to precise
locations in cells6–8. For example, magnetic particles have been
used to apply traction forces on neurites and improve their out-
growth in the context of neural regeneration9,10. Similar par-
ticles were set in vibration by an alternating magnetic field to

a Univ. Grenoble Alpes, CNRS, CEA/LETI-Minatec, Grenoble INP, LTM, Grenoble F-
38000, France. E-mail: andrea.visona96@gmail.com
b Univ. Grenoble Alpes, CEA, CNRS, Spintec, Grenoble F-38000, France
† Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000/00000000.

stimulate insulin secretion in pancreatic cells11 or calcium influx
in mechanosensory neurons12. Several studies have also shown
that magnetic particles set in vibration in the Hz range could in-
duce cancer cell death13–18, possibly by mechanically altering the
plasma or the lysosomes membranes.

More specifically, the use of magnetically-actuated particles has
opened perspectives for the cure of glioblastoma, a lethal can-
cer for which no curative treatment is currently available19. The
challenge in curing glioblastoma resides in four main reasons:
its invasiveness (aggressive migration behaviour), heterogene-
ity (both patient-to-patient wise but also intra-tumour wise), its
rapid development and its resistance to chemotherapy20. In ad-
dition there is the difficulty of circumnavigating the brain blood
barrier that, while protecting the brain and making it a highly
controlled and exclusive environment, represents a real challenge
for molecules to be effectively delivered to brain tumours. In a pi-
oneering study, Kim et al.13 showed that low frequency vibrations
of magnetic microdiscs attached to the cell membrane could trig-
ger apoptotic pathways in relation to the stretching of the plasma
membrane and the activation of specific ion channels. Since then,
several groups have shown that internalised particles put in vibra-
tion at a frequency of few tens of Hz could efficiently kill model
glioblastoma cells15–17. In contrast to radiotherapy, the first-line
treatment for glioblastoma, particle-based treatment may target
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specific cell populations by biofunctionalising the surface of the
particles. However, it has been shown that killing cancer cells
was not successful to eradicate glioblastoma, as the surviving cells
drift toward more aggressive phenotypes21. For this reason, com-
bination of treatments that both destroy cancer cells and limit the
aggressiveness of the surviving ones are currently underway22.
Regarding magnetic particles, once the mechanical forces they
transmit have been optimised, they could be used as adjunctive
treatment, enhancing the efficacy of primary therapy and limiting
the activity of cells resistant, for example, to radiotherapy23.

In the past studies, the in vitro demonstrations of the efficacy of
treating cells with vibrating particles were carried out in standard
culture plates, with plastic surfaces (see24,25 for a review). But
the effectiveness of the vibrating particles to kill cancer cells was
not as successful with cells grown as spheroids25 or in vivo15,26.
A basic limitation of standard plastic plates is that, while they
are highly effective in enabling cell growth and imaging, these
culture conditions put cells in a mechanical environment bearing
little or no resemblance to that met in vivo, for instance being a
million times stiffer27,28. This is of primary importance, since the
mechanical properties of the extracellular environment have been
shown to be a key determinant of invasion, proliferation, and re-
sistance to radio-chemotherapy in glioblastoma29–31. Although
the difference between the in vitro and the in vivo assays cannot
be solely attributable to the difference in mechanical properties
of the extracellular environment, the interaction of the magnetic
particles with cells, as well as the signalling pathways involved
in cellular functions such as proliferation or migration, are reg-
ulated differently under these culture conditions32–34. Standard
culture conditions are for instance known to induce drifts of cell
phenotypes35, while cells grown either on soft substrates mim-
icking the stiffness of the tissue of interest or in 3D as spheroids
were shown to better preserve cellular phenotypes36,37.

In this context, we questioned whether mild stresses applied
by internalised particles could impair some basic cellular func-
tions involved in glioblastoma aggressiveness, for instance cell
migration and proliferation, when the cells display a physiologi-
cally relevant level of contractility. To this end, a model glioblas-
toma cell line was grown in vitro on soft supports whose stiff-
ness matches that of glioblastoma tissues to achieve a relevant
mimicry of the cellular characteristics encountered in vivo. These
simple substrates provide an easy platform to optimise the in-
tracellular forces generated by the particles, before moving to
more advanced in vitro systems. Following previous studies from
our group and others, we used magnetically actuated vortex mi-
crodiscs (MDs) to apply the mechanical stresses24. Vortex mi-
crodiscs are highly anisotropic particles in which the magneti-
sation in the absence of field has a vortex configuration. This
configuration limits the remanent magnetisation of the particles
and enables them to remain dispersed. Alternating or rotating
magnetic fields with a frequency of few Hz or tens of Hz were
shown to set the MDs in vibration or rotation. This treatment was
shown to trigger cell death in vitro in a dose-dependent manner.
In addition, it was shown that increasing the frequency had a de-
creasing impact on cell viability, suggesting that vibrations in the
Hz regime may have a stronger impact on cell fate compared to

tens of Hz13. This raises the question whether a static magnetic
stimulation of the MDs, resulting in a static mechanical force may
also alter cell functioning. In this context, we analysed the im-
pact of intracellular mechanical stimulations consisting of either
a static mechanical stress or the superimposition of static and dy-
namic vibrational stresses in the range of 2 to 20 Hz, all mediated
by the MDs.

In this article, we thus report on the the sensitivity of U87-MG
cells to compressive and vibrating stresses resulting from the actu-
ation of magnetic microdiscs cells, highlighting a dose-dependent
effect and a sensitivity on the elastic properties of the extracellu-
lar environment, the more pronounced impact being observed in
cells grown on soft, biomimetic substrates. We show that gentle
mechanical stimulation, obtained with a minimal dose of parti-
cles, is impairing cell proliferation and motility, while irreversible
alteration of the cells shape is observed with particles vibration
between 10 and 20 Hz. Furthermore, we observe that sufficiently
large static compressive forces can impair cell proliferation, al-
though vibrating mechanical stresses have a more pronounced ef-
fect, with increased persistence at higher frequency. The impair-
ment of cell proliferation and motility is attributed to alterations
of cell vimentin and actin cytoskeletons, that are shown to drive
changes in cell contractile capabilities. By demonstrating that in-
tracellular mechanical stimulation, combining compression and
vibration, can both induce cell death and alteration of fundamen-
tal cellular functions such as cell contractility, our results suggest
a mechanistic link between externally applied forces and the acti-
vation of mechanotransduction pathways involved in more com-
plex biological processes such as proliferation and migration. A
precise identification of the molecular actors underlying this re-
sponse, such as specific ion channels or associated signaling axes,
remains to be established. Elucidating these pathways will be es-
sential to define the direct targets of particle-mediated mechan-
ical stimulation and to optimise its potential use as an adjuvant
strategy in cancer therapy alongside chemotherapy or radiother-
apy.

2 Methods

2.1 Magnetic microdiscs fabrication and characterisation

The vortex micro-discs were fabricated using a top-down ap-
proach as previously described38. Briefly, a double layer of PMMA
positive resist and ma-N negative resist was deposited onto a 100
mm silicon wafer and patterned using deep ultraviolet optical
lithography to create an array of circular wells with a diameter
of 1.3 µm in the ma-N resist. After developing the ma-N resist,
three successive metal layers – gold (10 nm), permalloy (Ni80Fe20,
60 nm), and gold (10 nm) – were deposited using electron-beam
evaporation (Fig. 1a). A first ethanol lift-off allowed removing
the top ma-N resist, leaving the array of particles attached to
the base PMMA resist (Fig. 1b). The magnetic properties of the
particles were characterised using vibrating sample magnetom-
etry (MicroSense EasyVSM). Figure 1c shows the magnetisation
curve with in-plane applied magnetic field, indicating a 60 mT
saturation field and a very low magnetic remanence. As already
reported, the low remanence ensures that the particles do not ag-
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a)

b) d)

5 µm 2 µm

c)

Fig. 1 a) Schematics of the structure of vortex microdiscs. b) Microdiscs
array still attached to the PMMA resist, after lift-off of the ma-N resist.
c) Normalised hysteresis loop of the microdiscs attached to the silicon
wafer with an in-plane magnetic field (scan directions of the field are
shown by the arrows). d) Liberated microdiscs, after lift-off of the PMMA
resist.

gregate when they are released in a liquid38. On the other hand,
due to their low saturation field, the particles can be remotely
actuated using permanent magnets devices. A second acetone
lift-off allowed to detach the particles from the PMMA base resist
(Fig. 1d). Particles were sonicated three times with hot acetone to
remove any resist monomer, after which they were washed three
more times with ethanol and stored in ethanol. The geometric
and structural specifications of the free vortex particles were ob-
tained by SEM imaging as described in32. Prior to use, particles
were dispersed by sonication and the ethanol was replaced with
culture medium, with extensive rinsing steps to minimise cell ex-
posure to ethanol.

2.2 Magnetic field device
The magnetic field was generated by an array of seven rare-earth
magnets (NdFeB N42 magnets Supermagnete, Gottmadingen,
Germany) assembled in a planar Halbach configuration39. The
array is attached to an orbital stirrer (IKA MS3 Digital, Staufen,
Germany) and set into motion under a fixed cell culture plate
(Fig. 2a–b). The size of the magnets is 40 x 8 x 4 mm3, with
the magnetisation either parallel to the horizontal x axis or the
vertical z axis according to the position in the Halbach array. The
spacing between each magnet is of 3 mm. The width and spacing
of the magnets is optimised such that, over the center region of
the array: 1) the field amplitude is almost constant at a distance
of 4 mm above the magnets and 2) given the orbital amplitude
of the stirrer rotation, of 4.5 mm, the angular variation in the
field direction at a fixed point above the array is maximum (Fig.
2c–d). Under these conditions the field components Bx and Bz

vary sinusoidally while the magnitude remains essentially con-
stant. When the magnet array moves beneath the cells, its orbital

Fig. 2 a) Top view picture of the rare-earth magnets array in a pla-
nar Halbach configuration, with a 35 mm diameter Petri dish. The red
dashed rectangle indicates the zone of the dish used for cell culture. The
schematics at the top shows the magnets magnetisation direction. b)
The orbital stirrer with the magnets array and the suspended Petri dish.
The magnitude of the magnetic field is adjusted through the distance
between the petri dish and the magnets array. c) Side view of the mag-
netic induction field B (blue arrows) 4 mm above the array centre when
the stirrer undergoes orbital motion. Field components Bx and Bz vary
sinusoidally while the magnitude (arrow length) remains constant. Red
arrows show the magnetisation of the individual magnets in the array.
Red dashed lines mark the cell culture region (same as (a)). In this re-
gion, the array’s orbital motion in the xy plane produces an oscillating
field, shown here in the xz plane. Panels depict the static condition (t0)
and the maximal magnet displacements along x at t0± 1/(4f), where f is
the oscillation frequency. d) Magnitude of the oscillating field (bar 1 cm).
Red dashed lines mark the region where cells are exposed to the static
field; the orange rectangle shows the expanded exposure area when the
magnet array undergoes orbital motion. With the Petri dish positioned
4 mm above the magnets and cells arranged as in (a), they experience
an oscillating magnetic field with an amplitude of 250 mT, an angular
excursion of 55 degrees, and frequencies up to 25 Hz.

motion in the xy plane produces an oscillatory translation of the
field along x, as illustrated in Figure 2c at successive time points.
As it is, the device allows for an oscillating magnetic field of 250
mT, with an angular amplitude of 55 degrees and a frequency up
to 25 Hz. This relatively high field compared to the literature25

was selected to ensure saturation of the MDs irrespective of their
orientation within the cell. As shown in Figure 2c, the applied
field is primarily out-of-plane, requiring a larger amplitude to sat-
urate the particles compared to the in-plane configuration shown
in Figure 1c. The device is operated inside an incubator at 37◦C
with controlled CO2 and humidity levels.

2.3 FEM modelling of the field and magnetic forces and
torques

Finite element method modelling of the magnetic field created
by the planar Halbach array was performed using the COMSOL
Multiphysics® software (COMSOL AB, Stockholm, Sweden, v.
6.3). The force F on a MD with magnetic moment m, resulting
from the magnetic induction field B gradient, is given by

F = (m ·∇)B (1)

Journal Name, [year], [vol.],1–15 | 3
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In this calculation, we made the assumption that the magnetisa-
tion is saturated in the direction of the local field:

m = m0
B
|B|

, (2)

with m0 = 6.4e-14 A∗m2 40. The magnetic torque T acting on the
particle is given by

T = m×B. (3)

For this second calculation we have considered the three situa-
tions where B is alternatively applied along the x, y or z direction.

2.4 Design of culture substrates

Culture supports were purchased from Cell&Soft. The soft sup-
ports, of 10 kPa stiffness, consist of a polyacrylamide hydrogel
layer covalently attached to a glass coverslip, and surface-coated
with 1 µg/cm2 of fibronectin. Glass supports were provided with
an identical coating of fibronectin. 10 kPa substrates containing
fluorescent beads of 200 nm were also purchased to performed
traction force microscopy (Cell&Soft, Mecatract). The growth
surface available on the substrate was limited to a specific area
where the cells experience a constant field amplitude (Fig. 2).

2.5 Cell culture and magnetic stimulation

The cell line used in this study is a GFP-tagged U87-MG pur-
chased from ATCC. Cells were grown in Dulbecco’s Modified Ea-
gle’s medium (DMEM, Gibco, ref. 31966047) completed with
10% fetal bovin serum (FBS, Gibco, ref. 10270106) and 1% ATAM
(Gibco, ref. 15240062). Cells were cultured in a humidified at-
mosphere of 5% CO2 at 37◦C. For the experiments, cells were
seeded at a density of 4000 cell/cm2 on the soft and the stiff sub-
strates. The microdiscs were introduced in the culture plates 6
hours post seeding at a concentration corresponding to 250 or
500 MDs/cell. The cells loaded with the magnetic particles were
exposed to the magnetic field after 16 h of incubation. Cells were
exposed to the field for 20 minutes, one condition right after the
other. This consequently introduced a lag of 20 minutes between
one and the other, which was taken into account during the cell
assays. The field stimulation was performed at 37◦C in a humid-
ified atmosphere of 5% CO2. After the magnetic stimulation, the
culture medium was changed to remove any detached cells.

2.6 Quantification of the number of particles per cell

The number of particles interacting with cells was quantified at
three different nominal concentrations on the polyacrylamide and
glass substrates via vibrating sample magnetometry, following the
protocol described in Ref.32. A linear correlation between the
areal concentration of particles and the number of particles inter-
acting with cells was found in the range of concentration studied
(Fig. 3). The fitting function was used to adjust the nominal con-
centration to be added in the culture medium to obtain the de-
sired amount of particles per cell. Two particle loads were chosen
for the experiments, of 250 and 500 MDs/cell, which correspond
to a areal concentration of respectively 5 and 10 µg/cm2 for cells
grown on the soft substrate, and of 10.3 and 15.5 µg/cm2 for

cells grown on glass.
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Fig. 3 Relation between the concentration of microdiscs (MDs) delivered
in the culture medium and the number of microdiscs interacting with the
cells.

2.7 Cell growth, death and motility assays
Cell counting and tracking was performed by live staining the nu-
clei with Incucyte Nuclight Rapid Red Dye (Sartorius, ref. 4717).
The DNA stain was used at a dilution of 1:2000. It was added
concomitantly with the magnetic particles. Cell death was quan-
tified using propidium iodide at a concentration of 1:2000 (PI,
Molecular Probes, ref. P3566).

After the magneto-mechanical stimulation, the cells were trans-
ferred to an inverted microscope equipped with a motorised stage
(IX83 Olympus, Olympus France, Rungis, France) and an incu-
bation chamber with controlled temperature, humidity and CO2

pressure (Okolab, Rovereto, Italy). The cells were imaged at
10x magnification in five fields of view evenly distributed across
the culture plate. Cell nuclei as well as PI-positive nuclei were
counted 4 h and 24 h after the magneto-mechanical stimulation.
Cell morphology was also quantified at these time points by cap-
turing the green fluorescence of the cytoplasm. Cell motility was
quantified by acquiring one image every 20 minutes for 3 h, be-
ginning either 4 h and 24 h after the magneto-mechanical stimu-
lation. The 20-minute time lag between samples imposed by the
magnetic stimulation was taken into account in the implementa-
tion of the video time lapse. Since the time step is equivalent
to the delay between one stimulation and the other, by carefully
choosing the start and end frame of the three-hour sequence, we
were able to extract a 2-hour time lapse that starts at the sched-
uled time of 4 h and 24 h for each condition. A control condition
corresponding to cells with MDs not subjected to field was in-
cluded for both type of substrates.

2.8 Image analysis
The nuclei of Nuclight positive cells were segmented with a
trained Cellpose model41. The training was implemented start-
ing from cyto2 pre-trained model as described in Ref.32. The
cell number was obtained from the segmented masks with an in-
house Python 3 script, summed over all fields of view, and normal-
ized to the control condition, consisting of cells loaded with MDs
but not exposed to the magnetic field. Given the low number of
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PI positive cells and the low contrasted signal, CY3 positive cells
were counted manually over all the fields of view. The proportion
of dying cells was obtained by calculating the ratio of this num-
ber relative to the total cell number. Motility was determined by
tracking the nuclei of Nuclight positive cells. As above, the nuclei
were segmented with the trained Cellpose model. ImageJ Track-
Mate plugin42 was applied on the segmented images. For each
stack, the velocities at every step were pooled together, regard-
less of the cell trajectory they belonged to. The median velocity
was calculated from the pooled data set. Mean of the medians
was then calculated for every condition.

Change in cell morphology was quantified by measuring the
intensity of fluorescence of the cytoplasm of the GFP-tagged U87-
MG. When a cell shrinks, the intensity level per pixel increases
since it is the projection of the volume concentration of the GFP.
To conduct this analysis, the GFP images were segmented using
a Cellpose-trained neural network. The network was trained in a
similar way to that used for nuclei detection. The raw GFP images
were then multiplied by the binarised mask to obtain the distri-
bution of intensities of every pixel belonging to cell bodies. This
distribution was corrected by the background signal as follows:
the mask was inverted, multiplied by the raw image. The me-
dian intensity of the resulting image was calculated. The median
background intensity was subtracted from the cell intensity dis-
tribution. This correction was applied frame-by-frame. Negative
values were filtered out.

2.9 Immunofluorescence and confocal imaging

Two hours post field stimulation, the cells were permeabilised for
15 min in a solution of PBS+/+ containing 4% PFA and 0.5% of
Triton 100x. They were then fixed with a solution of 4% of PFA
in PBS+/+ for 45 min. The permeabilisation step allowed to sig-
nificantly decrease the fluorescence levels of the GFP in the cyto-
plasm of the cells and of the Nuclight stain. Vimentin was stained
with a mouse monoclonal antibody (Vimentin V9 Ref. sc-6260,
Santa Cruz Technology) at dilution 1:50 and a goat anti mouse
CY2 secondary antibody (Jackson Immunology, ref. 115225146)
at dilution 1:200. Actin was stained using Alexa Fluor Plus 647
Phalloidin (Invitrogen, ref. A30107) at dilution 1:400 following
provider’s recommendations. Finally, the nuclei were stained with
Hoechst 33342 at dilution 1:1000. These concentrations of anti-
bodies allowed to get a signal that strongly dominates the remain-
ing fluorescence of the cytoplasm and of the Nucligth stain.

The stained samples were imaged with confocal microscopy
(LSM 880, Zeiss) at either 63x and 40x magnification, using oil
immersion objectives. In-depth images of the samples were ac-
quired with a spacing of 0.3 µm. MDs were imaged at the same
altitudes using the reflected light at 488 nm.

2.10 Traction force microscopy

Cells were seeded at 4000 cell/cm2 on the polyacrylamide hydro-
gels designed for traction force microscopy (TFM). Image acquisi-
tion was performed using a 60x oil immersion objective (NA 1.4)
2 h and 5 h after the cells have been exposed to the magnetic
field, or, for the control condition, 26 h and 29 h post seeding.

Stacks of images of the fluorescent beads were acquired in the
vicinity of the surface of the hydrogel with 0.3 µm spacing in or-
der to compensate for any vertical drift of the surface. In parallel
to capturing images of the fluorescent beads, phase contrast and
GFP images were captured to visualise the cells and the MDs. The
latter appear either black or bright green on the GFP images when
in contact with cells, while they are more visible on phase contrast
images, when they lay in the surrounding area. At the end of
the experiment, the cells were detached using 0.5% trypsin-EDTA
(Trypsin-EDTA 10 x, Gibco, Thermo Fisher Scientific, Gennevil-
liers, France, ref. 15400) for one hour. This allowed to image the
relaxed state of the gel, or reference state.

The quantification of the hydrogel deformation field is detailed
in a previous publication43. In brief, the deformation field is
obtained by measuring the displacement of fluorescent beads lo-
cated in the close vicinity of the surface. This is achieved by com-
paring the beads position while the cell is present and pulling
on the gel, the strained state, to the cell-free hydrogel, the ref-
erence state. A reference image is selected from the reference
stack, that is the closest to the surface of the gel. A home-made
registration algorithm was used to compensate for the in-depth
and lateral drifts of the strained image by comparing the beads
position in regions of the strained state that are far from the
cells (and therefore where a reduced deformation of the sub-
strate is expected) to the reference image. Once the images were
corrected for drifts, the deformation field was quantified using
Kanade–Lucas–Tomasi pyramidal optical flow algorithm as de-
scribed in43. Between 45000 and 52000 fluorescent beads were
tracked on images whose size is of the order of 2000 × 2000
pixels. Four levels in the pyramid were used, thus working with
subsampling the original image with new pixel sizes of respec-
tively 64, 16, 4, 1 times the original pixel area. The size of the
interrogation windows used to track the displacements were re-
spectively 402 , 302 , 202, 202 pixels, the unit pixel size referring
to that of the level of the pyramid. The calculation of force field
was performed using Fourier transform traction cytometry44. The
noise level of the traction forces was quantified from the force
field out of the cells (Fig. S1). To do so, masks were drawn based
on the GFP and phase contrast images to differentiate cell body
from background. Since the U87-MG have the tendency of over-
lap and form small groups, the forces were analysed per field of
view and not per cell, as it was not possible to single out individ-
ual cells within colonies. Then a mask of areas devoid of MDs and
cells was drawn for each image and the distribution of forces out
of cell bodies and adhered particles was calculated. The 0.025
and 0.975 quantiles of the distribution of the x and y components
of the traction stresses were calculated. The upper value of the
quantile was used to filter the data measured in cells: only val-
ues that exceeded this threshold were used for further analysis.
An example of this filtering process is reported in supplementary
Figure S1.

2.11 Statistical analysis

Every assay was performed in triplicate, with cells coming from
different passages in order to yield three independent experi-
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ments (n=3). Mean and standard deviations were calculated over
these three values.

One sample Student’s t-tests compared to 1 were used when-
ever we calculate ratios or normalised values (cell detachment or
proliferation), with 0.05 significance level to reject the null hy-
pothesis. As we expect the magnetic stimulation to damage cells,
we used one-tailed t-tests to test the null hypothesis when com-
paring the positivity of PI-staining in cells that have been stim-
ulated by the magnetic field to the control, unstimulated cells.
Similarly, one-tailed Student’s t-tests were used to assess the sig-
nificance of the contribution of MDs vibration to the increase in
the proportion of PI-positive cells compared with the 0 Hz con-
dition. In all other cases, two-tailed Student’s t-tests were used.
One way Anova tests were used to assess any variation with fre-
quency. For all tests, a significance level of 0.05 was chosen to
reject the null hypothesis.

For the analysis of morphological changes, the corrected dis-
tributions of pixels values was pooled between the three inde-
pendent experiments, condition per condition. The cumulative
distribution function (CDF) was then calculated over the whole
set of data.

Regarding the motility measurement, the median velocity per
condition was calculated from the distribution of velocities of ev-
ery cells displacement in each independent experiment. Means
of the medians were used to asses any statistical difference with
the control using two-tailed t-tests, as previously described. The
data of the three experiments were then pooled to calculate the
general distribution per condition.

To evaluate any significant difference in cellular traction forces
between conditions, the median values of the filtered distribution
of the cellular traction forces was calculated per field of view. The
mean of the medians was then calculated per experiment. Two-
tailed t-tests were used to compare to the control condition, con-
sisting of cells loaded with MDs but not exposed to the magnetic
field. Moreover, the distribution of filtered force amplitudes were
pooled by condition to calculate the associated CDF.

3 Results

3.1 The magnetic particles exert oscillating torques and
compressive forces when actuated by a rotating Halbach
array

Using FEM, we calculated the magnetic torque that arises when a
magnetisation is submitted to the oscillating field (Fig. 4). This
models a MD that is immobilized, and whose magnetisation is
saturated and remains so under field oscillations. As the torque
value depends on the relative orientation between the MD mag-
netisation and the local magnetic field, we have considered the
three limiting cases where the saturated magnetisation is along
the x, y or z direction. Focusing on the central region of the array
where the cells are grown, the largest torques are experienced
when the MD magnetisation is within the xy plane, with an am-
plitude of about 15 nN·µm (Fig. 4b,d). Vertical-pointing mag-
netisation along z-axis results in a much reduced magnetic torque
(Fig. 4f). Because the MDs are highly anisotropic in shape, the
magnetic torque T only transfers into a mechanical torque when

it is parallel to the flat plane of the particle, the xy plane. And
for instance, Tz torque induces magnetisation rotation within the
xy plane, but no mechanical torque. Considering now the orbital
motion of the magnets in the xy plane, the simulation shows that
it induces either a variation in the magnetic torque amplitude
when the particle is saturated along the x or the z axis, or a trans-
fer of the torque from the x to the z axis while keeping its am-
plitude fairly constant when the particle is saturated along the
y axis (Fig. 4). This simulation also indicates that the order of
magnitude of the torque is in the nN·µm range, therefore being
sufficient to reorganise and alter cell cytoskeleton45 or disrupt
cell membrane46, but not sufficient to induce a thermal effect40.

Fig. 4 2D maps of the magnetic torques applied by the Halbach array
to immobilised particles positioned 4 mm above the magnets and whose
magnetisation is saturated. The maps are organised in a table. Dif-
ferent orientations of the magnetisation, illustrated by a red arrow on
the schematics on the left of the table, are shown in rows. The blue
arrows in the schematics on top of the table illustrate components of
the rotational motion possibly induced by the magnetic torque T. The
last column shows |T|, the amplitude of the torque vector. (a–b) The
magnetisation is oriented along the x axis. (a) Components along x, y
and z axis and (b) amplitude of the magnetic torque. The torque is pre-
dominantly aligned along the y axis. (c–d) Same with the magnetisation
being oriented along the y axis. In this geometry, the torque components
along the x and z axis have similar amplitudes. (e–f) Same with the mag-
netisation being oriented along the z axis. The torque is predominantly
aligned along the y axis. The red and the grey dashed rectangles show
the regions of interest, resp. in static regime and when the array is set
in orbital motion.

In addition to the magnetic torques, the finite elements compu-
tation also shows that the Halbach array exerts forces on the MD.
As shown in Fig. 5 the forces in the xy plane are below 1 pN. On
the other hand the vertical, downward force is larger, of about 3.5
pN. Such force amplitude can be expected to trigger ion channel
opening, but is not sufficient to rupture membranes47. However,
the actual forces might exceed the values reported here in the case
where particles aggregation occurs in cells. These clusters are ex-
pected to give rise to forces of larger magnitude, in proportion
to the number of particles in the aggregate. Field-induced trans-
lational forces could then become sufficient to provoke cellular
damages, such as impairment of the integrity of the cytoskeleton
or disturbance of protein assemblies48.
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Fig. 5 (a–c) 2D maps of the translational forces on particles with satu-
rated magnetisation along the local field. The particles are positioned 4
mm above the magnets. The red and grey dashed rectangles show the
regions of interest, resp. in static regime and when the array is set in or-
bital motion. (d) Time variation of the translational forces for a particle
positioned at the center of the red dashed rectangle and saturated along
the x-direction. ω is the pulsation of the orbital movement of the array
of magnets.

3.2 At equal particles load, soft extracellular environment
enhances the adverse effect of stimulation over cell de-
tachment, viability and proliferation

U87-MG cells were first exposed to the magnetic microdiscs at a
concentration such that the cells are loaded with an average of
500 particles per cell. Since cells grown on a stiff or on a soft
substrate do not capture the same amount of microdiscs32, the
volume concentration of particles was adapted to each condition
(see Materials and Methods). In a previous work, we had shown
that this concentration of microdiscs does not significantly alter
the viability of U87-MG cells on both substrates32. The cells were
then exposed to the magnetic field, of amplitude 250 mT. The fre-
quency of the rotation of the Halbach array was assayed between
0 Hz (static field) and 10 Hz.

While these stimulation conditions do not impact cell be-
haviour in the absence of microdiscs15,17 (Fig. S2), they may
cause an increase in cell death and a decrease in proliferation
(Fig. 6, one way Anova test on respectively gel and glass (b) p
= 0.02, 0.005, (c) p=0.03, 0.25, and (d) on gel p = 0.01). In-
deed, Figure 6 shows that the magneto-mechanical stimulation
has more adverse effects in cells grown on the soft substrate. For
instance, a significant proportion of cells, of about 40%, has de-
tached of the soft support 4 h after the 10 Hz, 20 min long mag-
netic stimulation (Fig. 6a) (p = 0.01). This is in contrast to glass
(pglass−10kPa = 0.01), where all the cells remain adhered. Simi-
larly, the loss of viability is more pronounced in cells grown on
10 kPa substrate than on glass (Fig. 6b,c) (2 way Anova test 4 h
post stimulation: p = 0.01). Nevertheless, field application has
an effect in both culture conditions. In particular, we note that
exposure to the static field alone for 20 min (0 Hz) triggers an
increase of the amount of cells entering death processes in the
first hours following the stimulation (p = 0.01 (glass), p = 0.02
(10 kPa)). Superimposed alternating field leads to additional sig-
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Fig. 6 Field application perturbs cells more when grown on 10 kPa sub-
strate. a) Proportion of remaining cells respective to control 4 h after
field application at 3 different frequencies, for the two substrates: glass
and 10 kPa polyacrylamide hydrogel both coated with 1 µg/cm2. b – c)
Application of the magnetic field increases the proportion of PI-positive
cells (b) 4 h and (c) 24 h after field application. Vibrating particles
have a significantly stronger detrimental effect than those submitted to
a static field on the soft substrate. d) Cell proliferation is halted after
field application in cells grown on 10 kPa substrate, in presence of either
a static or an oscillating field. Black symbols show independent experi-
ments (n=3). Error bars represent standard deviation of the means. *,
**, *** denote significance with respectively p < 0.05, 0.01, 0.001. Gray
stars refer to statistics for the soft substrate condition while black stars
refer to the glass substrate. Only significant differences are labelled.

nificant damages, but only in cells grown on the 10 kPa support
(p = 0.03 at 10 Hz). This effect persists 24 h after the field has
been released (Fig. 6c, p = 0.02). This is in contrast to glass on
which setting in vibration microdiscs that exert a static pressure
does not induce additional alteration in cells compared to a stim-
ulation consisting of a static pressure only (p = 0.5 at 10 Hz).
And finally, we observe that the magnetic stimulation halts cell
proliferation, but again this happens only on the soft substrate
(Fig. 6d, one way Anova on 10 kPa: p = 0.01; one sample t-test
respectively on glass and 10 kPa: p = 0.001, 0.007 (Ctrl), p =
0.03, 0.23 (0Hz), p = 0.0008, 0.13 (2 Hz), p = 0.01, 0.11 (10
Hz)).

As a whole, we conclude that U87-MG cells loaded with an
average of 500 MDs/cell are more affected by the magnetic stim-
ulation when they are grown on a physiologically soft substrate
than on a substrate with an out-of-physiology stiffness. The mag-
netic actuation of the MDs results in cell detachment, halt in cell
proliferation and loss of viability. An important observation is that
while the static field, and the resulting vertical pressure exerted
by the particles, is enough to induce damages in the cells, vibrat-
ing particles trigger additional detrimental effects that are only
visible in cells grown on soft substrates although the average load
of particles per cell is identical in both culture conditions.
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3.3 At lower particle load, cells grown on 10 kPa exhibit sig-
nificant frequency-dependent halt in proliferation, and
transient reduction in viability and motility

Our goal then is to better understand how the actuated particles
may alter cell normal fate. Loading cells with an average of 500
MDs leads to cell detachment for cells grown on the soft substrate
(Fig. 6a). This inevitably results in cell selection, with only the
least particle-laden cells or the most robust phenotypes being se-
lected. This selection then influences, and may bias, subsequent
cell viability or proliferation experiments. And indeed, we ob-
serve that the dispersion of the data is much larger in the exper-
iments conducted on the soft substrate than on glass where the
cell number does not decrease after treatment. We attribute this
difference to the selection in favour of the cells least affected by
the mechanical disturbance. As detachment may depend on the
state of the neighbouring cells, therefore on the local cell density,
the state of the remaining cells is susceptible to be more variable.
We confirmed this hypothesis by comparing the dispersion in the
proportion of PI-positive cells through out the substrates in each
independent experiment (Fig. S3).

When the load is reduced to 250 particles/cell, the stimula-
tion does not induce significant cell detachment, thus avoiding
to select specific phenotypes (Fig. 7a, p>0.3 for all conditions).
Then we can evaluate the impact of the magnetic stimulation on
the heterogeneous cell population, loaded with variable amount
of particles as would occur in conditions where cells cannot be
discarded from the experiment (like in vivo).
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Fig. 7 With a mean load of 250 MDs/cell, field application alters cell
viability, proliferation and motility. a) Cells remain attached to the 10 kPa
substrate when treated with a static pressure (0 Hz) or vibrating particles.
The proportion is calculated relative to the control in the absence of field.
b) The proportion of PI-positive cells increases 4 h but not 24 h after
field application relative to the control. c) Cell proliferation is halted
after field application in cells submitted to an oscillating field but not
a static one. d) Cell migration is on averaged slowed down 4 h after
the treatment but recovers 20 h later. Black symbols show independent
experiments (n=3). Error bars represent standard deviations of mean (a
– c) of median (d) values. * and ** denote significance with respectively
p < 0.05 and 0.01. Only significant differences are labelled.

With this lower dose of MDs, we thus report on the response
of the whole cell population, having heterogenous load of par-
ticles and therefore variable intensities of perturbation. Figure
7b shows that 4 h post treatment, cell viability is significantly
altered at all frequencies, including the static treatment (0 Hz).
Although the effect seems to increase with frequency, a frequency-
dependence could not be assessed due to the large variability in
cell responses (one way Anova: p = 0.13). Nonetheless the fre-
quency of the treatment has a significant impact on cell prolif-
eration (Fig. 7c). Proliferation is impaired only when the par-
ticles vibrate: with this load of particles, static compression (0
Hz) is not sufficient to alter this function, although 20 min of
vibration at any of the assayed frequencies does. Similarly, cell
motile capabilities decrease when the particles are stimulated by
the magnetic field (Fig. 7d, one way Anova: p = 0.008). But this
decrease is only significant relative to control when the particles
vibrate, not under static stimulation (p = 0.06 (0 Hz), 0.01 (2
Hz), 0.005 (10 Hz), 0.001 (20 Hz)). Nevertheless, the impact of
the mechanical stresses exerted by the particles on cell viability
and motility decreases in time. None of these read-outs remained
significant 24 h post treatment. Thus we conclude that the most
obvious persistent effect of the stimulation is to stop cell prolifer-
ation for at least 24 h.

3.4 Cell morphology on soft substrate is persistently altered
at both microdiscs loads assayed but only when vibrated

As shown above, mechanical perturbations of the cells by the
actuated MDs have consequences whose persistence in time de-
pends on the cellular function considered. The ones we focused
on, viability, proliferation or migration are key concerning can-
cer evolution but they result from the integration of many highly
regulated biochemical reactions. In contrast, cell shape is a lower
level read-out in terms of biological complexity, that can be pre-
dictive of cell outcome49. We therefore focused on cell morphol-
ogy and analysed how the mechanical perturbation would impact
it. By carefully looking at cell shape dynamics, we observed that
in some conditions, after an immediate collapse, some cells were
spreading again few hours later (Fig. 8a). We took benefit from
the fluorescence of the GFP tagged U87-MG cells to quantify the
change in morphology, collapsed cells having a larger fluorescent
signal per pixel (Fig. 8b). We therefore measured the fluorescent
signal of every pixel associated to a cell and plotted the cumula-
tive distribution function (CDF) of the normalized, background-
corrected, intensity. An example of such a cumulative function
is shown for cells grown on the soft substrate, bearing an aver-
age load of 500 MDs per cell and observed 4 h after magnetic
stimulation (Fig. 8c). It shows that after stimulation, the inten-
sity of fluorescence is shifted toward larger values compared to
the control condition, meaning that cells have adopted a more
rounded morphology. In all conditions, we observed that the
CDF departs from the control condition toward larger fluorescent
intensity (Fig. S4). We quantified this observation by calculat-
ing the Wasserstein distance (dw) between the control condition
(particle-laden cells unexposed to the magnetic field), and those
submitted to a static or alternating field, for cells grown on glass
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Fig. 8 a) Cells undergo morphological changes due to the field-induced
particle actuation, collapsing to a round shape. The morphological
change is reversible when the cell is not dying, as highlighted by the
cells inside the dashed circles. Scale bar 100 µm. b) The shrinkage of
the cells causes an increase of the fluorescence of the pixels in the cell
coming from the reduced volume. Scale bar 50 µm. c) Cumulative distri-
bution function (CDF) of the fluorescence intensity per pixel of the cells
4 h post treatment, when the cells are grown on 10 kPa substrate and
are loaded with 500 MDs/cell. d) Wasserstein distance (dw) between
control conditions and cells submitted to the magnetic field measured
4 h or 24 h post treatment, for different culture conditions (glass and
10 kPa substrate) and density of MDs (250 or 500 MDs/cell). e) The
variation of the Wasserstein distance in time informs on the evolution of
cell morphology compared to control.

or on the 10 kPa substrate (Fig. 8d). On glass, a narrower fre-
quency range, from 0 Hz to 10 Hz, was spanned, as we had not
observed any frequency-dependent loss of viability or prolifera-
tion (Fig. 6). The Wasserstein distance provides here a metrics
of the integrated distance between the two CDFs. Comparing the
Wasserstein distances calculated 4 h and 24 h post treatment al-
lowed to assess whether the cells recover a morphology closer
to the control or evolve toward an even more rounded shape, a
priori associated to dying processes (Fig. 8e). As a whole this
analysis highlights that the shape of cells grown on the soft sub-
strate is persistently altered when they are exposed to a 10 Hz
or 20 Hz stimulation, at the two doses of MDs assayed. This is
in contrast to glass where the Wasserstein distance decreases in
time at 10 Hz, suggesting that the cells recover progressively their
morphology.

Figure 8d also shows that the static field has a short term im-
pact on cell morphology in all culture conditions, that is more pro-

nounced at larger concentration of MDs, in consistence with the
fact that the static field generates a downward mechanical pres-
sure whose amplitude is proportional to the number of particles
per unit surface. Nevertheless, we observe that the morphology
of cells grown on glass evolve toward their unperturbed morphol-
ogy faster than those grown on the soft substrate at equal particle
load (Fig. 8e). The evolution of the Wasserstein distance with fre-
quency seems to be non monotonic in all conditions, and differs
between cells grown on glass or on the soft substrate (Fig. 8d).
For instance addition of a mechanical vibration at 2 Hz seems to
have a large initial impact on cell morphology in cells grown on
the soft substrate, but cells progressively recover a spread mor-
phology few hours later. This is in contrast to the effects of vibra-
tions at 10 Hz or 20 Hz, that appear more persistent.

3.5 The microdiscs interact with the actin and vimentin cy-
toskeletons

We observed that cell morphology is differentially altered as a
function of the stiffness of the substrate and the frequency of the
mechanical perturbation. Cell shape closely relates to the organi-
sation of the cytoskeleton, which differs whether cells are grown
on a soft or a stiff substrate50,51 (Fig. S5). We therefore ques-
tioned whether the mechanical vibrations of the particles, that
enhance the detrimental effects of particle actuation on cell vi-
ability, proliferation or migration compared to a compressional
stress alone, could lead to visible damage of the cytoskeleton or-
ganisation.

In previous studies11,32, we and others had shown that in the
absence of surface functionalization, the MDs are internalised in
cells. TEM imaging11 as well as DIL staining32 did not high-
light any membrane around the particles, suggesting that they
could enter cell body through a translocation process52. And in-
deed, many of them can be seen in the cytoplasm of the GFP-
tagged U87-MG cells (Fig. S6). We thus imaged the actin and
the vimentin cytoskeletons of cells loaded with an average of 250
MDs that had been submitted to a compressional stress alone or
a combination of compressional and vibrational stresses. Both cy-
toskeletons were immuno-stained 24 h post treatment and com-
pared to particle-laden cells that were not exposed to the mag-
netic field (Fig. 9).

Confocal imaging provided some information on the localiza-
tion of the MDs relative to the cytoskeleton. We observed that
the particles are positioned either at the cell membrane, into the
vimentin network or in contact with actin fibres, or that they are
trapped into vacuoles devoided of vimentin and actin that are
presumably related to autophagy (Fig. 9). Of note, U87-MG cells
are cancer cells with highly active autophagy processes even in
the absence of particles53. And we confirmed that these vacuoles
embedded into the vimentin cytoskeleton are also found in the
absence of particles, although they are more frequent in their
presence (Fig. S5). Few depletion of actin filaments were ob-
served in cells exposed to a 10 Hz stimulation, while none were
visible in the vimentin cytoskeleton (Fig. S7). No such actin de-
pletion was visible in the control condition. Nevertheless, these
events were rare and hardly visible. They could not be quantified
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Fig. 9 Representative snapshots of immunostained U87-MG cells exposed
to the microdiscs for 24 h in the absence of magnetic field. The cells are
grown on (a) glass or on (b) 10 kPa substrate. Actin is shown in grey,
vimentin in green and nuclei in blue. Bottom and right hand side panels
show in-depth cross sections of cells acquired along the labelled dashed
lines. The white stars point toward microdiscs trapped in void regions
of the vimentin cytoskeleton. The white triangles (resp. arrows) point
toward particles embedded into the vimentin (resp. actin) cytoskeleton.
Plus (+) symbols show microdiscs bound to the membrane. In-plane bar:
20 µm. In-depth bar: 5 µm.

to conclude about a differential alteration of actin cytoskeleton
when the frequency is varied.

3.6 The vibrations of the microdiscs alter cell contractility
The optical analysis of the actin and vimentin cytoskeletons pro-
vides us information on the location of the particles relative to
them but this analysis lacks resolution to conclude about the im-
pact of the vibrational movement of the particles on their in-
tegrity. For this reason, we quantified the mechanical stresses
the cells exert on the substrate. These stresses inform on cell con-
tractility54, a read-out of the integrity of the cytoskeleton.

We conducted this analysis by both looking at the cells-
averaged contractility and the subcellular force patterns. We com-
pared the contractility of cells loaded with an average of 250 par-
ticles/cell and exposed to static (0 Hz) or alternating fields (2, 10,
20 Hz) to two control conditions: MD-free cells and MDs-laden
cells, both in the absence of magnetic field (Fig. 10). The control
without particles was performed to identify a potential perturba-
tion of cellular forces coming from the internalised particles, in
the absence of magnetic field.

Amplitude maps of the mechanical forces per unit surface the
cells transmit to the substrate were calculated from the displace-
ments of nano-scaled fluorescent polystyrene beads embedded
into the hydrogel substrates as described in Materials and Meth-
ods. The stress map was restricted to the inside of the cellular
contour. The outer signal, at the exception of that coming from
non-internalised magnetic MDs lying on the substrate, was used
to determine the noise level of the measurement. The inner signal
could thus be filtered and only stresses above the noise level were
considered (Fig. S1). Data were acquired 2 h and 5 h after mag-
netic stimulation to analyse the immediate evolution of cellular
forces following the mechanical perturbation.

We first observed that in the absence of magnetic stimulation,
cells having no particles inside exert significantly larger stresses
than those loaded with 250 particles/cell (Fig. 10a, p = 0.008).

This evidences that although the MDs were shown to be inert con-
cerning cell metabolic activity, viability, proliferation or migration
at this dose of particles32, they do perturb a very basic regulator
of many cellular functions, the contractile machinery. Secondly,
while we do not observe any significant variation of the cellular
stresses after the particles have exerted a static compression (p0Hz

= 0.71), we observe that the 2 Hz treatment results in a signifi-
cant increase of the amplitude of the stresses compared the con-
trol situation of cells loaded with MDs (p2Hz = 0.008). Increase
of the frequency of the vibration however leads to less significant
outcome, the effect being fully lost at 20 Hz (p10Hz = 0.11, p20Hz

= 0.83). This suggests that the vibrations of the MDs only alter
cell contractility in a narrow range of frequency, of few Hz. Look-
ing at the median values of the traction forces, the perturbation
appears transient, the significance of the effect being lost 5 h post
treatment (p2Hz = 0.08 ,p10Hz = 0.16, p20Hz = 0.90). However,
analysing the median values alone might lead to incomplete re-
sults, seen the difference in the distribution of the force points
through the cells after they were submitted to an alternating field
or not (Fig. 10b). Large amplitude traction points were often
observed in cells submitted to the stimulation, in contrast to the
control. This qualitative observation was made more quantitative
by comparing the cumulative distribution function of the force
amplitudes (Fig. 10c). Consistently, we observed a positive shift
of the CDFs at 2 and 10 Hz relative to the non stimulated cells
loaded with MDs, meaning that these two conditions generate lo-
cal forces of larger amplitude. In contrast, the 20 Hz stimulation
did not induce any change in the amplitudes of the local cellu-
lar stresses compared to those of the control condition. Calcu-
lation of the Wasserstein distance relative to the non-stimulated
control condition additionally showed that the alteration in cell
contractility persists 5 h post treatment but only when the cells
are stimulated with 2 Hz or 10 Hz (Fig. 10d).

4 Discussion
Previous studies using conventional 2D culture plates have
demonstrated that low-frequency, field-induced vibration of mi-
crometric disc-shaped particles can elicit cell death at remarkably
high rates, ranging from 60% to 90%13,15,17,55. Notably, Kim
et al.13 and Leulmi et al.55 functionalised these discs to target
the cell membrane, achieving comparable results with two differ-
ent cancer cell lines, glioblastoma and renal tumour respectively.
The initiation of apoptotic pathways was attributed to an elevated
influx of calcium ions, driven by the magnetic-induced stimula-
tion13. Additionally, studies have reported instances where in-
ternalised particles, when actuated, trigger cell death in glioblas-
toma cell line U87-MG15,17,56, suggesting the potential of this ap-
proach for innovative anti-cancer therapies. However, translating
these promising in vitro findings to more complex environments,
such as 3D artificial scaffolds or in vivo models, has proven chal-
lenging15,25,26. Among the factors differentiating conventional
culture substrates from 3D substrates and in vivo tissues, the me-
chanical properties of the extracellular environment are partic-
ularly significant. Notably, culturing cells on 2D soft substrates
has been shown to better preserve cell phenotypes and enable
transcriptomic expression profiles that closely resemble those ob-
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Fig. 10 The mechanical stimulation enhances cell contractility. a) Ampli-
tude of the cellular stresses transmitted to the substrate. Empty symbols
show median values for each field of view, while filled symbols are the
mean of the medians per experiment. Different shapes indicate inde-
pendent experiments (n=3). The horizontal bars are the means of the
replicates. Significance was calculated against the control condition Cells
+ MDs with two-tailed t-student test. Black (resp. red) colour shows
results and statistics 2 h (resp. 5 h) after stimulation. ** denotes sig-
nificance with p < 0.01. Only significant differences are labelled. b)
Representative traction force patterns, 2 h post treatment. The control
condition consists of particle-laden cells not exposed to the magnetic
field. Scale bar 25 µm. c) Cumulative distribution function (CDF) of
the stress amplitude for the different mechanical perturbations. d) The
Wasserstein distance (dw) shows that the 2 Hz and 10 Hz treatments
have the greatest impact on cell contractile capabilities, but that this
impact tends to decrease in time.

served in vivo36.
Motivated by the discrepancies in cell outcomes observed be-

tween conventional plastic plates and more biomimetic environ-
ments, this study examines the role of extracellular matrix soft-
ness in shaping cell fate following the actuation of magnetic mi-
crodiscs. Specifically, we seek to determine whether the me-
chanical properties of the extracellular environment modulate the
cellular response to the microdiscs-induced mechanical perturba-

tions. Our experimental setup involves superimposing compres-
sive forces and shear stresses coming from particles actuation.
The soft extracellular environment is mimicked using a 50 µm-
thick layer of polyacrylamide hydrogel coated with fibronectin, a
protein of the extracellular matrix. This stiffness is representative
of the core of solid glioblastoma tumour, although not consider-
ing stiffness heterogeneity produced by the extensive fibrotic-like
ECM remodelling which results in peritumoral stiffness values be-
tween 0.3 and 10 kPa28. Glass substrates coated with the same
amount of fibronectin serve as controls for conventional 2D cul-
ture. This protocol enables to discriminate the impact of the ex-
tracellular matrix softness from other cues, such as chemical in-
teractions of the cells with the surface.

Here we employed U87-MG cell line, a well-established in vitro
model of gliobastoma cells. The response of these cells to in-
tracellular particle actuation has been analysed in several former
studies, using conventional culture plates13,15,17,56. They all con-
cluded to the efficiency of the vibrating particles to induce cell
death. When performing similar analysis with cells grown on a
soft substrate, of 10 kPa, our main observation is that the cells are
even more sensitive to the magneto-mechanical stimulation com-
pared to those grown on stiff substrates. This suggests that even
when used at a non toxic dose, the particles may trigger signifi-
cant responses in cells grown on substrates with physiologically
relevant mechanical properties at lower doses than previously an-
ticipated in plastic plates. While the majority of the literature
on vortex microdiscs has focused on glioblastoma, the agreement
with the findings of Leulmi et al.55 indicates that similar trends
could also be present in other tumour models.

More specifically, our first key finding is that the mechanical
perturbation exerted by the static pressure of the MDs is suffi-
cient to induce cell death and limit proliferation, with this effect
being more pronounced in cells grown on a soft substrate (Fig.
6). Our second key finding is that superimposing vibration onto
the compressive force significantly enhances treatment efficacy in
cells grown on the soft substrate, unlike those grown on glass
(Fig. 6). Although it was not possible to assay vibration alone
in this setup, the lack of significant difference in cell death rates
between static compression and combined compressive and vi-
brating stimulations at a lower dose of MDs (Fig. 7) suggests that
both stimulations play complementary roles in compromising cell
integrity.

A plausible mechanism underlying this phenomenon is that the
compressive forces exerted by the particles in the cell body impair
the integrity of cellular membranes and the cytoskeleton. This is
supported by our observation that the MDs interact with both cell
compartments32 (Fig. 9, Fig. S7). As demonstrated by Kim et
al., membrane bending may activate mechanosensitive ion chan-
nels, initiating cell death programs13. Additionally, compressive
stresses in the order of tens of kPa (nN/µm2) can rupture the
cell membrane46, a range achievable when several hundred MDs
aggregate. Similar compressive forces are also in principle suf-
ficient to alter the integrity of membrane-bound organelles such
as autophagosomes and lysosomes, leading to the release of their
acidic content57.

The differential response of cells grown on a soft or a stiff sub-

Journal Name, [year], [vol.],1–15 | 11

Page 11 of 16 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 1
0:

51
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5NA00976F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00976f


strate may be attributed to the softer rheological properties of
cells grown on soft substrates58–60. This is associated to a re-
duced content of actin stress fibres61 (Fig. S5). The adaptation
of actin cytoskeleton organisation to the stiffness of the extracel-
lular matrix is well-documented62–64 and correlates with changes
in cellular rheological properties65. In our study, as the MDs are
internalised by the cells (Fig. 9), their motion is constrained by
the mechanical properties of the cell interior, with stiffer com-
partments impeding particle vibration40. This may explain why
adding vibration to the compressive force has no additional ef-
fect on cells grown on glass, whereas on the 10 kPa substrate,
vibration significantly enhances cell death and detachment (Fig.
6). Another factor contributing to the resilience of cells grown
on hard substrates to mechanical perturbation is the different or-
ganisation of vimentin intermediate filaments and their interac-
tion with actin and microtubule cytoskeletons. The vimentin cy-
toskeleton exhibits visco-elastic properties66. It thus dissipates
mechanical energy67 and provides mechanical support to various
cellular functions, such as trafficking and adhesion68. Moreover,
vimentin can directly cross-link to actin and microtubules and sta-
bilise them63. And finally, vimentin is upregulated in cells grown
on stiff substrates61, which may provide an additional protection
to the cells against intracellular mechanical perturbations. Con-
sistently, we qualitatively observe separated vimentin and actin
cytoskeletons in cells grown on the 10 kPa substrate, while they
are intertwined in cells grown on glass (Fig. S5). Since the sensi-
tivity of cytoskeletal organisation to the surrounding mechanical
environment is not specific to glioblastoma cells, we expect that
similar behaviour may extend to other cancer cell types, with of
course some variations depending on the specific cell type.

Soft substrates, by allowing the translation of MD forces and
torques into noticeable deformation of intracellular compart-
ments, thus appear as an interesting platform to study the in-
fluence of local mechanical vibrations in cells grown in mechani-
cally relevant environments. Working with a reduced load of 250
MDs/cell on average allowed to limit cell detachment and phe-
notype selection. At this load, we observe that the static pressure
exerted by the particles is sufficient to transiently alter cell viabil-
ity and morphology, but not proliferation or motility (Fig. 7, 8).
In contrast, superimposing a vibration onto this compressive force
significantly impairs cell proliferation and motility, while it does
not significantly enhance the loss of viability compared to a static
pressure alone (one way Anova, p = 0.35). The impact on cell
morphology is also more persistent when the particles are set in
vibration (Fig. 8). Although we could not clearly attribute the im-
pact of vibrations to a disorganisation of the actin cytoskeleton,
we found that particles vibrations indeed alter cellular traction
forces, an indirect readout of cytoskeleton integrity (Fig. 10). We
observed that this alteration is frequency dependent, being maxi-
mal at 2 Hz and 10 Hz while it is lost at 20 Hz. This observation
is consistent with our theoretical analysis predicting a cut-off fre-
quency above which the vibration of the MD is dampened40. In
this previous study, modelling the motion of a MD subjected to an
oscillatory field had revealed that particle motion is governed by
the trade-off between the reorientation of magnetisation in the
MD to align with the field (but which is costly to move away from

the particle plane) and the viscoelastic properties of the intracel-
lular environment, which resist and delay rotation. Increase in
frequency was predicted to decrease the amplitude of the MD vi-
bration. A cut-off frequency was estimated in the range [13 Hz –
450 kHz] for physiologically relevant values of Young’s modulus
and viscosity, respectively in the range [0.05 – 10] kPa and [10 –
1000] Pa.s. Our result here suggests that that the particle motion
is impeded by a viscoelastic medium with low Young’s modulus,
of few tens of Pa, and large viscosity, of several hundreds of Pa.s.

At low frequency, the alteration of contractility levels and the
concentration of force points around focal points (Fig. 10) may
reflect the laceration of actin filaments. Similar findings were re-
ported by Kumar et al.69 who showed that cutting single actin
filaments using a laser ablation technique leads to a transient in-
crease in cell contractility and localisation of force point around
focal adhesions. Indeed, we expect the MD vibration to apply
torques in the nN.µm range (Fig. 4). The excursion angle of
the oscillating magnetic field being close to θ0 ≃ 1rad, the oscilla-
tory motion of the MD explores a fraction of the arc Rθ0 ≃ 0.6µm,
depending on the visco-elastic properties of the intracellular com-
partment40. Therefore the force exerted by one vibrating MD on
the actin network is likely larger than a few nN, resulting in a
local pressure in the order of a few kPa. This value is well above
experimental results measuring in vitro actin networks breakage
for stresses of 0.1 Pa45. Thus MD vibration is capable of disrupt-
ing the actin cytoskeleton, unlike vimentin network which resists
much larger strain and stress before breaking45. And indeed, we
consistently could not observe any depletion of vimentin in the
vicinity of vibrating MDs, unlike actin (Fig. S7).

An alternative possibility is that the vibration of particles may
be transmitted to the cytoplasmic membrane and activate ion
channels. When in contact with the membrane, previous studies
showed that particle vibration indeed induces excessive calcium
influxes through membrane alteration, triggering cell death13. In
our experiment, most of the particles are embedded into the cell
body, not interacting directly with the cell membrane. Neverthe-
less, the mechanical strains they generate can propagate to the
cytoplasmic membrane. These attenuated perturbations could
then trigger the activation of Piezo channels, overexpressed in
glioblastoma cells70, resulting in calcium influx71. Such calcium
influxes have been shown to enhance cell contractility and pro-
liferation in glioblastoma-like cells72. Furthermore, Piezo chan-
nels activation was shown to be sensitive to both the amplitude
and the frequency of the mechanical stimulation. For instance,
Piezo1 activation in HEK293T cells peaked at 10 Hz when ex-
posed to 5 Pa ultrasonic shear stress, beyond which activation
plateaued73. This frequency dependence mirrors our observa-
tions regarding traction forces (Fig. 10), though not cell growth
rates (Fig. 7). In our experimental system, this effect may com-
pete with pro-apoptotic pathways arising from either disruption
of the cytoplasmic membrane, as reported by Kim et al13, and
the rupture of internal vesicles. Many MDs are indeed concen-
trated into autophagosome-like vesicles (Fig. 9), whose mem-
brane rupture could release cytotoxic acidic content. While all
these scenarios are plausible and may act in parallel, the precise
mechanotransduction pathways activated under these conditions
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remain to be elucidated. Identifying the specific molecular medi-
ators involved will be essential to fully understand how externally
applied magneto-mechanical forces are transduced into biological
responses.

At 2 Hz and to a lesser extend at 10 Hz, the alteration in
cell contractility persisted for 5 h post-treatment. Within this
frequency range, we observed persistent alteration in cell mor-
phology and proliferation 24 h post treatment (Fig. 7 and Fig.
8). These findings support the idea that the alteration of these
cellular functions is a consequence of alteration of cell contrac-
tility, consistent with numerous studies correlating cell contractil-
ity levels with proliferation or migration capabilities74–76. How-
ever, this correlation did not hold when comparing contractil-
ity and cell morphology evolution in cells exposed to 20 Hz
orbital field (Fig. 8d). While the vibration of the MDs had
no noticeable effect on cell contractile capabilities, cell shape
was significantly altered, evolving in time toward more rounded
shapes. These cells also exhibited the highest death rate (Fig.
7b). While the limited impact on cell contractility can be un-
derstood by the reduced deformation of the intracellular mate-
rial at this larger vibration frequency40, yet it results in more
severe damages to cells. This suggests that the loss of viabil-
ity at higher frequency is likely due to the way the particles
disorganise the actin (or vimentin) cytoskeleton and other cel-
lular compartments, rather than the amplitude of the perturb-
ing oscillation and stress. These findings also suggest that the
cellular response to magneto-mechanical stimulation likely ex-
tends beyond the sole activation of mechanosensitive ion chan-
nels frequently emphasised in the literature13,18. The complex-
ity of the applied mechanical perturbation, combining compres-
sion, dynamic actuation, points toward a broader involvement of
cytoskeletal and force transmission pathways, which have been
shown to play a central role in mechanotransduction and cellular
functions. The present study therefore provides a first evidence
to interrogate these effects and raises new questions regarding
the molecular cascades underlying the observed responses. Ad-
dressing these mechanisms will require dedicated investigations
integrating molecular and genetic approaches, and represents a
natural continuation of this work.

5 Conclusions
Overall, our study demonstrates that the mechanical properties
of the extracellular environment significantly influence the effi-
cacy of magneto-mechanical stimulation by micrometric magnetic
discs. Glioblastoma cells grown on soft polyacrylamide substrates
mimicking the stiffness of fibrotic tissues were more sensitive to
treatment than those grown on stiff substrates at equal parti-
cle loads. This enhanced sensitivity was attributed to stiffness-
induced cytoskeletal reorganisation and the resulting changes in
cellular rheology. Furthermore, we showed that superimposing
vibration onto compressive forces enhances treatment efficacy in
a frequency-dependent manner. At low frequencies (2–10 Hz),
the mechanical stimulation markedly affected the actomyosin ma-
chinery, indicating that the cytoskeleton is a primary target. At
higher frequencies (>10 Hz), alterations in morphology, prolifer-
ation, and motility did not correlate with actin contractility im-

pairment, suggesting the involvement of additional mechanisms.
These findings underscore the potential of magneto-mechanical
stimulation as both a standalone and adjunct nanomedicine strat-
egy for glioblastoma treatment.
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