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Characterization of the mechanical properties of HL-1 cardiomyocytes
with high throughput magnetic tweezers
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We characterized the mechanical properties of cardiomyocyte-like HL-1 cells using our recently
developed multi-pole magnetic tweezers. With the optimized design, both high force and high
throughput are achieved at the same time. Force up to 100 pN can be applied on a 1 um diameter
superparamagnetic bead in a workspace with 60 um radius, which is encircled symmetrically by 3
sharp magnetic tips. By adjusting the coil currents, both the strength and direction of force can be
controlled. The result shows that both viscosity and shear elastic modulus of HL-1 cells exhibit an
approximately log-normal distribution. The cells became stiffer as they matured, consistent with a
transition from proliferating cells to contractile muscle tissue. Moreover, the mechanical properties
of HL-1 cells show high heterogeneity, which agrees well with their physiological structure.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928322]

Both the mechanical properties of cells and their response
to mechanical signals usually play an important role in vari-
ous biological processes, such as differentiation, motility, ad-
hesion, and mechanical signal sensing.'™ In the last decades,
a variety of microrheology techniques have been developed to
actively or passively investigate the mechanical properties of
cells.*” Due to their simple architecture and the specific prop-
erties of magnetic micro- and nanoparticle probes, magnetic
tweezers (MTs) have been increasingly applied in studies of
single molecules and of cell biophysics.®™ It is well known in
biology that statistical significance can only be achieved by
multi-sample measurements because of large inherent varia-
tion from cell to cell. So, high throughput experimental setups
are always favorable. Based on the developed inverse force
model, our recently reported multi-pole magnetic tweezers
combine high force output, good maneuverability due to
active feedback control, and a large workspace.'” This allows
us to address multiple cells in a single sample—reducing sam-
ple to sample variability and increasing throughput.

It was well established that the cytoskeleton in cardio-
myocytes plays a pivotal role in sensing mechanical stress,
mediating structural remodeling, and functional response in
both physiological growth and pathological stimuli.'' The
HL-1 cell line of cardiomyocyte-like cells, derived from a
mouse atrial cardiomyocyte tumor persists in culture, yet
matures to exhibit the essential characteristics of adult cardi-
omyocytes such as spontaneous electric activity and mechan-
ical contraction upon reaching confluency.'? It has been used
for studies of structure, function, and pathological conditions
of cardiac muscle cells.'? In this work, we use our improved
MT to study the mechanical properties of HL-1 cells.

Our magnetic tweezers consist of a main hexapole yoke
and a specific fluidic cell with magnetic tips. The main yoke
parts and the tips were laser-cut to the designed geometry
(manufactured by SEKELS GmbH, Germany). As the magne-
tomotive source, the hexapole yoke is made of FeNi alloy
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(PERMENORM® 5000 H2, Vacuumschmelze GmbH & Co.
KG, Germany), which has a high permeability and a low coer-
civity. In order to generate a high force, the fluidic cell
is equipped with 3 sharp magnetic tips made of high
saturation magnetization FeCo-V alloy (VACOFLUX® 50,
Vacuumschmelze GmbH & Co. KG, Germany). In 3 poles
MT, the maximum magnetic force can be achieved when the
width of the tips equals the radius of the workspace.'® In case
of thin tips, the practically achievable magnetic force is usu-
ally reduced by magnetic leakage flux bypassing along both
sides of the tip. Only when the thickness of the tips is compa-
rable to the distance between the tips, does this effect become
negligible. In this work, the tips were cut from 100 um thick
magnetic FeCo-V foil. Both the radius of the workspace and
the width of the tips were set to 60 um. Individual magnetic
tips were aligned and fixed on a cover slip under the micro-
scope with a small amount of slow setting glue. After drying
of the glue, a glass ring was fixed on the cover slip with poly-
dimethylsiloxane (PDMS, Sylgard 184, Dow Corning
Corporation, USA). The magnetic force on a magnetic bead
was calibrated by analyzing the viscous drag according to
Stokes” formula.'” In the center of the workspace, forces
higher than 100 pN can be applied on a Dynabeads® MyOne
Carboxylic Acid bead (Thermo Fisher Scientific, Inc., USA),
which has a diameter of 1 um and a hydrophilic shell coating.
In order to achieve good resolution, a high magnification
water immersion objective (W Plan-Apochromat 63 x /1.0
VIS-IR, Carl Zeiss AG, Germany) mounted on an upright
microscope (Axio Scope.Al, Carl Zeiss AG, Germany) was
used. The fluorescence and bright field images of the cells
were captured using an ultra-low noise SCMOS camera (Zyla
5.5, Andor Technology Ltd., UK). The light from a light emit-
ting diode (LED) cold-light source (CL 6000 LED, Carl Zeiss
AG, Germany) was used to illuminate the workspace with a
flexible light guide from the bottom of the fluidic cell. An
illustration of this setup is shown in Fig. 1(a). The cells with
magnetic particles were cultured on a small cover slip. In
experiments, the cover slip was flipped upside down on the
magnetic tips, as depicted in Fig. 1(a). The images acquired
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during the experiment were analyzed with a customized
multi-bead tracking algorithm which combined the advantages
of optical flow (OF) and cross-correlation (CC) algo-
rithms.'®!'* Each frame is first analyzed with OF. Then CC is
carried out in a small local area based on the result of OF.
Finally, the CC result is taken as the actual position of the
bead, which is also used to update its initial position in the OF
algorithm for the next frame. Thanks to the high magnification
objective and the low noise camera, the achieved tracking re-
solution is less than 10 nm, which agrees well with the find-
ings of Ref. 15.

HL-1 cells were cultured on cover slips for 2—-3 days.
The nuclei of the living cells were stained with 4’,6-diami-
dino-2-phenylindole (DAPI). The magnetic beads were
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FIG. 1. (a) Schematic of our setup. The
blue dashed lines illustrate the magnetic
flux. (b) SEM image of HL-1 cells cul-
tured on a 10 x 10mm? silicon wafer
substrate. The bright dots indicate mag-
netic beads. The beads in the red circle
are located on the surface of the sub-
strate in an area without cell coverage.
The inset depicts a cross section after
FIB cutting which was prepared parallel
to the green dashed line. Pt deposition
layer, cell material, magnetic bead, and
Si substrate are shown, respectively, in
yellow, green, blue, and red. The scale
bar for inset figure is 2 pm.
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mixed in advance with cell medium, and kept at 4 °C. One
night before mechanical measurement, the cells were fed
with cell medium which includes both magnetic beads and
DAPI. The final concentrations of beads and DAPI in me-
dium were 7-12 x 10%ml and 10 ug/ml, respectively.
Before the experiment, the cover slip with cells was rinsed
with phosphate buffered saline (1 x PBS). The fluidic cell
was filled with 0.3 ml PBS.

With the amide bonding reaction of carboxylic acid, the
small beads bound to proteins and were easily endocytosed by
the cells in culture. The real position of the beads was checked
by focused ion beam-scanning electron microscope (FIB-
SEM). For this experiment, cells were cultured on a silicon
substrate under the same conditions as mentioned before.
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The blue spots represent the cell nuclei
stained with DAPI. The scale bar is
20 um. (b) Displacement responses of
0 beads 6 and 1 according to the applied
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force sequence. The inset depicts the
second spike response of bead 6 and its
fitting to the mechanical model, Eq.
(1). (c) Viscosity 1o distribution of 99
measured beads. The 5 beads out of
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Then the cells were chemically fixed with 3.2% glutaralde-
hyde in PBS and dehydrated via ultrapure ethanol. In order to
preserve the cell morphology, the ethanol in the samples was
exchanged with CO, via the critical point drying method. A
sample with high density cell culture is depicted in Fig. 1(b).
The beads’ positions can be confirmed roughly using different
electron acceleration voltages. For example, the beads on the
surface are brighter, and the beads in cells are only visible
under high energy electrons. In order to verify this finding,
FIB cutting was carried out. As shown in the inset of Fig.
1(b), 3 beads piled above 3 other beads are in the cortex
region of the cell. However, there were also some beads
bound on the surface of the cells. And because of the activated
surface of the beads, a few beads adhered on the substrate
with the help of the cell medium (marked with a red circle in
Fig. 1(b)), which can be distinguished by the response time of
bead to the applied force. The bead bound on the substrate
responds faster than the resolution of our optical detection.
Fig. 2(a) depicts a light microscope image of a measured
sample. Only single beads were analyzed, bead clusters were
ignored. In order to avoid possible interference from the
neighboring bead clusters, bead 8 and bead 9 were also not
included in the result. The responses of beads 6 and 1 are
shown in Fig. 2(b). There are usually some “slips” in the first
spikes which may come from the loose linkage between the
bead and the cytoskeleton.'® Therefore, only the second or
third spikes were analyzed in data processing. The response
of the bead was fit by a simple mechanical model that con-
sists of a Voigt body and a dashpot in series as shown in the
inset figure in Fig. 2(d). The bead creep compliance can be
described with'”'8
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Here, g = 67r is a geometric factor related to the radius r of
the bead and t= n,/u is a relaxation time, depending on the
Voigt body’s viscosity n; and on the spring constant, the
shear elastic modulus u. A total of 99 beads were analyzed.
Both viscosity () and shear elastic modulus (i) show an
approximately log-normal distribution, as seen in Figs. 2(c)
and 2(d). This may derive from the high heterogeneity and
intrinsic large variation of cell cytoskeletons, which were
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also widely observed in other rheology experiments.'*" It
was found that the 69 out of 99 beads that were taken up in
high cell density cultures (>80% coverage) encountered
stiffer mechanical properties, i.e., a geometric mean viscosity
of 1p=209.83 =3.01Pa s, a geometric mean shear elastic
modulus of u=4833*2.2Pa, and a relaxation time of
7 =0.171 £ 0.157 s. Moreover, 5 of the beads were found to
be out of measurement range, of which the displacements
were too small. This could be because the stiffnesses were
too high or the particles were bound on the surface of the
cell. In contrast, the other 25 beads that were found in less
dense cell cultures (<50% coverage) exhibited 79=136.20
*+1.81Pa s, u=35.64 £2.05Pa, and 71=0.247 =0.152s.
Student’s t-test was used to test for statistically significant
differences in the parameters. The significant (probability of
the difference occurring by chance >0.9824) observed
stiffness increase with higher confluence probably originates
from the cytoskeleton architecture remodeling and intracellu-
lar prestress reinforcing after cell-cell adhesions.*'!
However, our resultant mechanical parameter values such as
elastic modulus are much lower than the results obtained in
primary cardiac myocytes measured by atomic force micros-
copy.>'*? We assume this difference may be due to the fol-
lowing facts: (1) these two methods actually characterize
different cell regions which have different stiffnesses,
according to Ref. 16. (2) The mechanical measurements are
usually strongly dependent on how the mechanical model
describes the linkage between the probe and cell cytoskele-
ton.* (3) The cytoskeleton structure of HL-1 cells is different
from the adult primary cells.

With the help of good maneuverability in the multi-pole
MT, we also observed obvious heterogeneity of cell mechan-
ical properties. As shown in Fig. 3(a), when the bead was
actuated towards the nucleus, the response became stiffer.
This effect can be interpreted by a denser actin meshwork
and stress fibers close to the nuclei.!®?? Besides, there is an
active response along the y direction. Unlike the regularly
striated morphology of muscle tissue in vivo, the individual
HL-1 cells cultured on glass still have a more radially organ-
ized cytoskeletal structure.”® In the protruding part of the
cell, the stress fibers usually align, by which the cytoskeleton
could anchor tightly with extracellular matrix and contribute
to the protrusion. As seen in Fig. 3(b), it is obvious that the
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FIG. 3. Applied force sequence
(dashed line) and observed particle tra-
jectories (symbols) in horizontal x and
vertical y directions in case of (a) a
particle close to the cell nucleus (the
arrow shows the force direction) and
(b) in the protrusion far away from the
nucleus (the dotted arrow shows the
force along the protrusion, the dashed
arrow shows the force vertical to the
protrusion). Both scale bars are 10 um.
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elasticity is different in the directions parallel and perpendic-
ular to the cell protrusion.

In conclusion, we characterized HL-1 cells’ mechanical
properties with high throughput, high force magnetic tweez-
ers. Compared to commonly used single pole MTs, our
multi-pole MT with a large workspace allows us to charac-
terize many cells at a time. Thus, good statistics and effi-
ciency can be easily achieved. Thanks to the good
maneuverability in the multi-pole magnetic tweezers, a liv-
ing cell can be probed in different directions to investigate
cell heterogeneity without additional sample handling. The
result shows that HL-1 cells have a log-normal distribution
of their mechanical properties. The cell structure becomes
stiffer with increasing confluence, i.e., when the cells begin
to mature due to feedback from contact with neighboring
cells. In addition, the mechanical properties of cells exhibit
strong heterogeneity. The system can be enable comparative
characterization of cell mechanics, for example, under
genetic or pharmacological perturbations.
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Council (No. 201206890062).
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