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ABSTRACT An in-depth understanding of the interface between cells and
nanostructures is one of the key challenges for coupling electrically excitable cells
and electronic devices. Recently, various 3D nanostructures have been introduced
to stimulate and record electrical signals emanating from inside of the cell. Even
though such approaches are highly sensitive and scalable, it remains an open
question how cells couple to 3D structures, in particular how the engulfment-like
processes of nanostructures work. Here, we present a profound study of the cell

interface with two widely used nanostructure types, cylindrical pillars with and

without a cap. While basic functionality was shown for these approaches before, a systematic investigation linking experimental data with membrane

properties was not presented so far. The combination of electron microscopy investigations with a theoretical membrane deformation model allows us to

predict the optimal shape and dimensions of 3D nanostructures for cell-chip coupling.
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everal techniques for interfacing exci-

table cells with electrical devices have

been developed to study ion channel
functionality over the long-term,' restore
lost sensing capabilities,® control motor
disorders,® and control heartbeat.* The suc-
cess of the numerous extracellular interface
concepts proposed in basic science is lim-
ited by problems ranging from improper cell
adhesion to inadequate device stability.”
To overcome such limitations, the design
of engineered interfaces®” is mainly based
on successful application of emerging tech-
nologies, such as nanotechnology.2~'" The
interface between cells and nanostructures
has been studied extensively.'?~'® In partic-
ular, the morphology of cells interfacing 3D
nanoelectrodes has been investigated in
detail,”’ %7 as these are prominent candi-
dates to solve the aforementioned problems.
Potential mechanisms for coupling between
electrogenic cells and multiple 3D nano- and
microstructures are proposed and used for
extracellular applications.®®'9262732 \ost
of these 3D nano- and microstructures can
be classified under two main types: cylindrical
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pillars with and without a cap. Here, the cell
response depends on the cytoskeletal con-
tribution driven by an actin ring, which forms
around the 3D nanostructures,*® enabling the
engulfment-like event3*3% Former studies
lack information about how a cell interfaces
a single 3D nanostructure, which is the basic
investigation needed for understanding the
cell interaction with multiple 3D nanostruc-
tures. Moreover, several important and fun-
damental questions were not addressed yet.
Which of the two most-used structures leads
to a better engulfment-like event by the cell?
How does the position of the engulfment-like
event affect the cell response and the cou-
pling to the 3D nanostructure? Here, we
present a methodical investigation of the
cell-3D nanostructure interface using focused
ion beam (FIB) and scanning electron micro-
scopy (SEM). We characterize the position of
the engulfment-like event of 3D nanopillars
by cardiomyocyte-like HL-1 cells*” and the
deformation of the extracellular membrane.
Finally, we investigate which 3D nanoelec-
trodes are optimal for engulfment by cardio-
myocyte-like cells to find the best design in
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terms of dimension and shape, and explain the bio-
logical driving forces that favor one structure over
the other. This work will facilitate a prediction of the
optimal parameter combination for the best coupling
of electrogenic cells with 3D nanoelectrodes for in vitro
and in vivo applications.

RESULTS AND DISCUSSION

HL-1 Cells on 3D Nanostructures: Position of the Engulfment-
like Event. First, we analyzed the location of the engulf-
ment-like event as schematically shown in Figure 1a.
It is known that during a typical endocytic event,
the cell membrane wraps around the particle that
is then internalized by a cell3®*° We investigated
the relative position of an engulfment-like event by

an electrogenic cell type (HL-1 cells) on cylindrical
nanopillars with and without mushroom-shaped caps.
We fabricated nanostructure arrays with a pitch of
25 um, to ensure that in most cases a cell adheres only
to a single 3D nanostructure. We tested nanopillars
with stalk height, H, from 300 up to 1000 nm and
radius, R, from 150 to 400 nm (examples are given in
Figure 1b, i—vi), with aspect ratio, y (H/2R;), of the stalk
in the range of 0.4—3.3 (see Supporting Information S1).
For cylinders with caps, we considered a cap radius, R,
that varied in the range of 300—1000 nm. HL-1 cells®’
were cultured on 3D nanostructures for 3 days in vitro
(DIV) and then chemically fixed. The membrane and
the nucleus were fluorescently stained. The cells were
observed with fluorescent microscopy (Figure 1¢, i—iv)
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Figure 1. Investigation of engulfment-like events of HL-1 cells on 3D nanostructures. (a) schematic for the position of the
engulfment-like event in the cell on cylinders with and without caps (different stalk aspect ratios); (b) example of
nanostructured gold cylinders without caps (i—iii) and cylinders with caps (iv—vi) on planar gold (scale bar 0.8 um, tilt
52°); (c) DIC image of HL-1 cells on an array of 3D nanostructures (i) HL-1 nuclei stained with DAPI in blue (ii), wheat germ
agglutinin (WGA) staining of the cell membrane in green (iii) and merged DIC, DAPI, and WGA image (iv) (scale bar 25 um); (d)
scanning electron micrograph (SEM) of an HL-1 cell engulfing a 3D nanostructure in the center; (e) in the middle; (f) at edge of
the cell (yellow cross indicates the position of the pillar, scale bars 15 um); (g) normalized occurrence of engulfment events in

the center, middle, and edge of the cell.
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Figure 2. Free membrane deformation at the edge of the cell as response to 3D cylindrical nanostructures without caps.
(a) SEM micrographs of individual fixed HL-1 cells, each engulfing a cylinder without a cap ((i) scale bar 10 um, (ii) scale bar
1 um, (iii) scale bar 0.2 um); (b) FIB cross sections of fixed HL-1 on cylinders without caps (scale bars 0.3 um); (c) membrane
profiles for different diameter pillars with cylinder height of 1 um; (d) membrane profiles for different diameter pillars with
cylinder height of 0.3 um; (e) schematic of a cell promoting an engulfment-like event of a cylindrical nanopillar without cap at

the edge of the cell.

and SEM after critical point drying. To quantify the
relative position of a single 3D nanostructure, the cell
shape was fit with three equidistant and concentric
elliptical regions of interest (ROIs) with respect to the
ellipse axes (Figure 1d—f). The blue ROI determines the
edge of cell, the red ROI defines the middle of the cell
and the black ROI represents the center of the cell,
where the nucleus was located in most cases. We
found 23% of engulfment-like events in the center,
37% in the middle and 40% at the edge of the cell.
When normalizing the rate to the effective area, we find
double the occurrence of structures in the center of
the compared to the middle and at the edge of the cell
(Figure 19).

SANTORO ET AL.

Nanostructures Engulfed at the Edge of the Cell Favor
Engulfment and Free Membrane Deformation. Next, we stud-
ied engulfment-like events at the edge of the cell in
more detail. From our SEM investigation, we observed
cells deforming their cell membrane according to
the shape of the nanopillar (Figure 2a, 3a). To further
characterize the interface between the cell membrane
and the 3D nanopillars, we performed sequential
cross sectioning (see Supporting Information S2) of
cells (N = 110) with FIB and acquired images with SEM.
The junctional membrane detaches from the planar
substrate revealing the rough planar gold, which
was further analyzed by atomic force microscopy
(AFM) measurements (see Supporting Information S5).
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Figure 3. Free membrane deformation at the edge of the cell as response to 3D cylindrical nanostructures with caps. (a) SEM
micrographs of individual fixed HL-1 cells engulfing a cylinder with a cap ((i) scale bar 5 um, (ii) scale bar 1.5 um, (iii) scale bar
250 nm); (b) FIB cross sections of fixed HL-1 on cylinders with caps (scale bars 0.3 xm); (c) membrane profiles for different stalk
diameters with stalk height 1 um; (d) membrane profiles for different stalk diameter pillars with cylinder height of 0.3 um;
(e) schematic of a cell promoting an engulfment-like event of a cylindrical nanopillar with cap at the edge of the cell.

We refer to the extracellular membrane domain facing
the substrate as “junctional” membrane, and the do-
main facing the culture medium as “free” membrane as
previously established in literature.*® Analyzing the
cross sections through the center of the nanopillar,
we trace the shape of the free membrane (solid line) as
in Figure 2b, Figure 3b. At the cell edge, we found that
the junctional membrane adheres around the nano-
pillar for all shapes and dimensions and also remains
attached to the surrounding flat gold substrate while
the free membrane develops different shapes. For
a detailed study of the free membrane response to
nanopillars with different dimensions and shapes,
we plot the membrane shapes for different H and R,,
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as shown in Figure 2¢,d and Figure 3c,d. Cylinders
without caps favor a “tent-like” deformation of the
free membrane (Figure 2c,d) independent of the actual
cylinder dimensions. Independent of R, tent-like de-
formations were observed only around cylinders with
caps only in the case of small H (and thus low y),
as shown in Figure 3d. High pillars with caps promote
an hourglass shape, in particular for the smallest R
(150 nm) as shown in Figure 3c with v = 3.3. From our
experimental investigation, we could distinguish two
elementary scenarios: hourglass-like membrane shapes,
as induced by taller capped cylinders (Figure 3e),
and tent-like shapes, as induced by cylinders without
caps (Figure 2e) or small capped cylinders. These two
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Figure 4. Theoretical analysis of the membrane deformation profiles at the edge of the cell. (a) Bending energy for different
stalk heights, H, and cap radii, R, as a function of the detachment length, Ry ¢/R.. Because of the scale invariance, the bending
energy depends only on the ratios H/R. and Ry ¢/R. and not on the absolute values of the dimensions. (b) Membrane shapes for

the parameter values indicated by the arrows in the inset of (a).

scenarios can be better understood by analyzing
the FIB/SEM micrographs in Figure 2b and Figure 3b,
where we observe that the intracellular region is very
thin because of the nearly 2D structure of the cyto-
skeleton®' at the edge of the cell. Motivated by the
experimental observations described above, we con-
struct a theoretical model to investigate the role of
capped pillar height by neglecting the cytoskeletal
contribution, and estimating the deformation energy
by a continuum curvature-elasticity Helfrich description
of the membrane.*? We considered a semispherical
cap of radius R. placed at height H above the planar
substrate. The free membrane wraps around the cap
and flattens onto the planar substrate at detachment
length, Ry4f, closely paralleling the junctional mem-
brane, with only a thin layer of intracellular material.
To investigate how the pillar height influences the free
membrane response, we define the ratio H/R. as a
fundamental parameter. We assume that the mem-
brane has a bending rigidity, x, which expresses the
resistance of the membrane to bending deformations.
A final parameter is Rqg/R., which indicates the cell's
response to the planar substrate vs the width of the cap.
We use k = 50kgT (resulting in a Young's modulus
E ~ 10°—107 Pa for a thin membrane sheet), as pre-
viously shown for red blood cells.** We evaluate the
free membrane's shape at equilibrium by calculating
the deformation energy for several values of H/R. as
a function of the detachment length, i.e., as a function
of Ryf/R.. Hourglass membrane shapes occur only at
intermediate H/R. (i.e., 2 and 2.5) and only when Ry ¢/R.
is small. In these cases, the deformation energy is
smaller than that for low or high H/R. with small Ry¢/R.
(Figure 4a). However, the hourglass membrane profiles
(states (i) and (ii) in Figure 4) for small Rq¢/R. require
higher deformation energy costs Epeng than tent-like
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shapes with large Ry /R (states (iii) and (iv) in Figure 4
(see also Supporting Information S8). An effective con-
tact interaction of the free membrane can be charac-
terized by the adhesion strength w which can be
extracted from the local mean curvature of the free
membrane at the detachment point (see Supporting
Information S8). In our experiments, we utilized caps
with an average radius of 400 nm, and H/R. = 1.25 or
H/R. = 2.5 that correspond to stalk heights of 0.5 and
1 um, respectively. We calculate the membrane defor-
mation profiles for structures of these two heights for
different detachment lengths (see Supporting Informa-
tion S8). As expected from the deformation energy
calculations, hourglass deformations are found for
these favorable nanopillar heights (Figure 3c), while
the shorter pillars, as in Figure 3d are wrapped less.
Figures 3c and 3d illustrate that the membrane defor-
mation scales with stalk radius, Rs, for cylindrical pillars,
as expected for systems dominated by bending rigidity.
However, the higher bending-energy costs for the
hourglass states compared to the tent-like states need
to be compensated; we believe that this is achieved
by the actin of the free membrane joining toward
the junctional membrane (Figure 3b) thereby providing
higher effective contact interaction.

Nanopillar Shape and Dimension Induce Differences in Junc-
tional Membrane Deformation at the Cell Center. Finally, we
investigated the interface of HL-1 cells on 3D nano-
structures when an engulfment-like event occurs at the
center of the cell. We observed that the free membrane
does not sense the structure underneath, which allows
us to focus on the interaction of the 3D nanostructure
with the junctional membrane. During the endocytosis
of a nanoparticle, the actin filaments provide key active
forces during membrane wrapping.>*~3¢ In the case of
3D nanostructures fixed on a substrate, the membrane
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Figure 5. Junctional membrane deformation investigation in the center of the cell. (a) FIB cross section of HL-1 engulfing a
cylinder with a cap in the center of the cell (scale bar 1 um); (b) FIB cross section of HL-1 engulfing a cylinder without a cap in
the center of the cell (scale bar 1 um); (c) schematic of experimental parameters calculated for cylinders with caps and (d)
schematic of junctional membrane attaching a cylinder without cap; (e) junctional membrane detachment length, Ry ),
plotted as a function of the stalk aspect ratio, y; (f) area, A, plotted as a function of y; (g) engulfment percentage, f, plotted as a
function of y; (h) angle, a, plotted as a function of y, with the engulfment threshold at 90°; (i) ring like structure on the stalk at
different values of y (I and ii scale bar, 1 um; iii and iv scale bar, 1.5 um).

does not form a complete bud encapsulating the
structure, but the junctional membrane deforms
and establishes a ring-like assembly around the 3D
structure.3 In the center of the cell, the central junc-
tional membrane only partially attaches to the pillar,
and detaches from the flat gold surface of the substrate
(Figure 5a,b). These phenomena were previously ob-
served for Neuro-2a'® and primary neurons,** where
the membrane engulfing a mushroom-like nanostruc-
ture in the center of the cell detached from the planar
substrate. We investigated the junctional membrane

SANTORO ET AL.

responses to the 3D nanostructures by analyzing
FIB cross sections through the center of the pillar
(Figure 5a,b). The junctional membrane was character-
ized with regard to four independent parameters as
shown in Figure 5¢,d (see also Supporting Information
S2). These parameters are the detachment length of
the junctional membrane (Ry j), the cross-sectional area
of the detaching membrane (A), the engulfment length
(de), and the attachment angle (). Rq ; is the horizontal
distance from the membrane attachment point on
the planar substrate to the central z-axis of the pillar.

VOL.8 = NO.7 = 6713-6723 = 2014 A@M\K}

WWww.acshano.org

1101 L¢

6718



d. is evaluated as the vertical projection from the top of
the pillar to the membrane attaching point on the pillar
stalk, as shown in Figure 5c. ais the angle between the
curving membrane and the vertical of the pillar, at
the point where the membrane is not attached to the
stalk under the cap (see Supporting Information S3).
On the one hand, for stalk aspect ratios between
0.4 and 0.75, Ry, for the nanopillars with and without
cap are comparable (0.75 um in average) as shown in
Figure 5e. On the other hand, when the aspect ratio is
highest (3.3), we observed an average Ry, of 0.25 um
on for a nanopillar without a cap, while Ryq; was more
than 10 times higher (2.6 um) for a nanopillar with a
cap. The difference in Ry, causes the resulting differ-
ence in A of 0.42 and 0.04 um? for a cylinder with a cap
and without a cap, respectively (Figure 5f). We calculate
the engulfment percentage, f, as the ratio between
d. and the total height of the pillar (Figure 5g). For
both shapes, the highest engulfment percentage was
achieved at the highest aspect ratio (y = 3.3). In this
case, the cells engulf 75% of the volume of nanopillars
without cap and up to 95% of the volume of nanopillars
with cap. To analyze a, the tangent of the junctional
membrane was extended to the vertical axis of the
pillar (see Supporting Information S3). We define a
threshold engulfment angle when the membrane
forms an angle less than 90° with the vertical axis of
the pillar, as shown in Figure 5h and described in details
in the Supporting Information S3. According to our
data, all nanopillars with caps promote an engulf-
ment-like event, except for structures of the lowest
aspect ratio, y = 0.4. We assume that the curvature of
the junctional membrane is influenced mostly by the
cytoskeletal forces pulling the junctional membrane
toward the free membrane while the actin ring around
the nanopillar is mostly generating forces pulling the
junctional membrane toward the substrate.® More-
over, we assume that the actin filaments influence the
membrane attachment point on the stalk (Figure 5i).
At highest aspect ratio (i.e., 3.3), we found the biggest
detachment length (and thus the area), the highest
engulfment percentage and the smallest attachment
angle. The angle, in particular, is a very important
parameter since angles lower than 90° indicate that
the membrane highly deforms around the 3D nano-
structure. In fact, such a high wrapping state is compar-
able to what happens for complete phagocytosis
events where the membrane deforms around the
particle until the complete encapsulation. This means
that for typical phagocytosis events, the membrane
pulls toward the particle to form an invagination. Here,
the membrane “tries” to invaginate the 3D nanostruc-
tures and deforms accordingly. Since the 3D nanostruc-
ture is fixed on the planar substrate, the cell is not able
to internalize it but the cell membrane stays in the
invaginating deforming status. For angles greater than
90° the membrane has a tent-like deformation, which is
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clearly a sign for a nonencapsulating—like membrane.
On the basis of the calculated parameters, we approxi-
mated effective seal resistances in the vicinity of
the nanoelectrodes with an assumed constant gap
between adhered junctional membrane and the n-
anoelectrode (see Supporting Information S6).

We analyzed the central membrane deformation
profiles theoretically (see Supporting Information S7)
by the same model used for the description of the
engulfment-like event at the edge of the cell. In addi-
tion, we consider the contribution of the cytoskeleton
stress, which we quantify by an effective pressure, p,
normal to the planar substrate. For fixed engulfment
percentage and detachment length, we find a transi-
tion from a tent-like deformation without cytoskeletal
stress, to more curved shape of the junctional mem-
brane at high cytoskeletal stress (Figure 6a, i—iv). The
theoretical model is applicable for fitting every experi-
mental data set with good agreement, here we
show few examples in Figure 6d—g. This agreement
justifies the choice of an effective pressure for the
cytoskeleton stress in our model, as schematically
shown in Figure 6b. As done previously for the edge
of the cell, we assumed a bending rigidity of « = 50kgT
for the junctional membrane. The cytoskeletal stress
and adhesion strength of the cell to the substrate
are extracted from the averaged experimental data
(Figure 6¢ and inset). The cytoskeletal stress for cylin-
ders without caps is p < 440 Pa, which is comparable to
cytoskeletal stress reported for fibroblasts*® (range
from 10 Pa to several kPa). Up to v = 1.6, the cyto-
skeletal stress increases with the pillar's aspect ratio.
Then it appears to have decreased again at y = 3.3.
However, the uncertainty for the calculated high cyto-
skeletal stress is large, as discussed in the Supporting
Information S7. Surprisingly, in the case of cylinders
with caps, the cytoskeletal stress is 1 order of magnitude
smaller than for cylinders without caps for that the
cytoskeletal stress is p < 30 Pa. This shows that the cell
is actively responding to the presence of the nanopillars
and that the cytoskeleton adapts to the substrate under-
neath. This distinguishes our model from the model of
Xie et al.®” where the membrane deformation is influ-
enced mostly by gravitational forces. For capped nano-
pillars with y = 1.6 and y = 3.3, we find cytoskeletal
stresses of only p < 2 Pa. This indicates that capped
nanopillars with high aspect ratio more easily promote
an engulfment-like event by HL-1 cells than all other
nanopillars that we have studied. Points of attachment
with enriched adhesion molecules have been reported
previously on 3D nanostructures.*® We find for cylinders
with and without cap that these regions of presumably
higher adhesion strength correspond to areas requiring
strong cytoskeletal pulling forces to achieve the mem-
brane deformations observed (inset Figure 6c). We
found adhesion strengths between the cell and the
substrate of up to w = 5 uJ/m? for cylinders without cap
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Figure 6. Theoretical analysis of the membrane deformation profiles in the center of the cell. (a) Membrane deformation for
fixed pillar radius, R, membrane height at the stalk height, H, detachment length, R4, and several values of cytoskeletal
stress, p. (b) Schematic describing the theoretical model. (c) Cytoskeletal stress and strength of adhesion to the substrate
for several aspect ratios, extracted from the experimental data given in Figure 5d—g), comparison of experimental and

theoretical deformation profiles.

and down to w = 500 nJ/m? for cylinders with cap. The
values of the adhesion strengths are similar to those
that have been measured for adhered vesicles*” but
smaller than those quoted by Xie et al.?’

CONCLUSION

Previous works regarding in-cell recordings consid-
ered the possibility to have a 3D nano- or microelec-
trode in the very proximity of the cell junctional
membrane. This very close contact, confirmed also by
TEM studies, improved the electrical seal resistance and,
thus, the quality of the recorded action potentials from
electrogenic cells. In this work, we have studied the
effect of shape and dimensions of 3D nanopillars/
nanoelectrodes using a systematic approach for analyz-
ing the cell—nenoelectrode interface. First, we found
that HL-1 cells prefer to engulf 3D nanostructures in the
center of the cell compared to the periphery. Cells
deform their membranes in different ways depending
on the position of the engulfment-like event. It is very
likely that the engulfed nanopillar is stabilized by
an actin network in the center of the cell, while this

SANTORO ET AL.

network is in a much more dynamic state at the edge
of the cell, driving the filopodia on the planar substrate.
Then, we performed combined experimental and
theoretical studies at the periphery of the cell, which
allow the prediction of free membrane deformations
by considering simple lipid-bilayer deformations. For the
center of the cell, we need to additionally account for
the contribution of the cytoskeletal stress. Consequently,
we can estimate the junctional membrane deformation
depending on nanopillar shape and dimensions, assum-
ing that the free membrane cannot sense the 3D nano-
structure underneath due to the intervening contents of
the cell. We conclude that in both scenarios—edge and
center—higher membrane coverage of the 3D electrode
is observed for the cylinder with cap. We estimated the
effective seal resistance in the vicinity of our nanoelec-
trode from the SEM images according to the method
described by Fendyur et al,*® assuming a cleft between
the adhered cell membrane and nanoelectrode of 25 nm
(see Supporting Information S6). In the center of the cell,
we obtained seal resistances of about 6 and 54 MQ
for v of 0.4 and 3.3, respectively, for capped cylinders.
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These values are similar to those reported before by
modeling.?®?* Beside the shape of the 3D nanostruc-
tures, the dependency of the seal resistance on the
engulfment-like position suggests that for in-cell re-
cording the position of the cell on the active electrode
plays a key role for the quality of the signal. In
summary, capped cylinders with y = 3.3 energetically
and biomechanically favor hourglass-like adhesion
compared to nanopillars with smaller y. We can
conclude that for interfacing electrogenic cells with

METHODS

Chemicals. Unless otherwise noted, all the chemicals were
provided by Sigma-Aldrich GmbH.

Fabrication of Gold Spines. Gold 3D nanostructures were fabri-
cated similarly as previously shown.?’ In summary, a layer of
evaporated gold of 40 nm was deposited on a 12 x 12 mm?
silicon oxide substrate. To fabricate the 3D nanostructures with
different stalk heights, three different electron beam resists have
been spin-coated on to the substrates: AR-P 669.04, 679.04, and
669.07 (Allresist GmBH) at 3000 rpm, which resulted in a resist
thickness of about 300, 500, and about 1000 nm, respectively. The
arrays of circular apertures (300, 500, 800 nm of diameter) were
created by means of electron beam lithography with a pitch of
25 um. Next, the samples were baked at high temperature in
order to form round shaped aperture edges. Subsequently, these
apertures were filled with gold by electrodeposition. In the case
of the mushroom shaped pillars, the electrodepostion was
performed in order to have caps of 300—2000 nm in diameter.
Asfinal step, the resist was removed in acetone. The samples were
then cleaned in 2-propanol and flowing distilled water for 4 h,
sterilized with UV, and coated with fibronectine and 0.02% Bacto
Gelatin (Fisher Scientific) for 1 h.

HL-1 Culture. Confluent HL-1 cells*® in a T-25 flask were
treated with 0.05% Trypsin/EDTA (Life Technologies), suspended
in 5 mL of Claycomb medium and centrifuged for 5 min at
1700 rpm. The cell pellet was resuspended in 5 mL of medium;
15 uL of the suspension was then plated on every substrate,
and after 1 h, the medium volume was filled up to 3 mL for every
sample.

Membrane Stain and Fixation of Cells. After 2 DIV, the cells were
washed with phosphate buffer saline (PBS) solution (137 mM
NaCl, 2.7 mM KCl, 8 mM Na,HPO,, 1.8 mM KH,PO,), chemically
fixed with 3.2% glutaraldehyde in PBS. Cell membranes and
nuclei were stained with 1:1000 dilution in PBS of Wheat Germ
Agglutinin Alexa Fluor 488 (Life Technologies) and 1:500 in PBS
of DAPI. The cells were observed in a fluorescence microscope
(Axiolmager Z.1, Carl Zeiss AG) and then, prepared for the
scanning electron microscope. For the actin stain, the membrane
was permeablized with 0.1% TritonX in milk blocking solution,
Phalloidin-Biotin-XX (Life Technologies) compound was diluted
in a 1:500 concentration in the total volume, and, finally,
Streptavidin-Nanogold-AlexaFluor 488 (Life Technologies) was
used in a dilution of 1:50 in milk blocking solution. In addition,
the samples were stained with 0.5% osmium tetroxide and
washed with water. The water was replaced with ethanol in
different concentrations (10%—100% v/v), and finally, the cells
on the substrates were dried by critical point drying (see
Supporting Information S4). Before the SEM, a thin layer of
platinum was sputtered on the samples.

Scanning Electron Microscopy (SEM) and Focused lon Beam (FIB). The
focused ion beam cross-sectioning was performed with a Helios
Nanolab Dual-beam (FEI Company). First, a 0.4 um layer of
platinum was deposited via electron beam induced deposition
(EBID). The sample was then tilted by 52° and an additional
0.4 um thick platinum layer was deposited by ion beam induced
deposition (IBID) with a current of 0.43 nA at 30 kV. The milling
and the polishing of the cross sections have been performed
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3D nanoelectrodes positioned within the cell, the
shape and size of the 3D nanoelectrode matter. Future
studies shall focus on recordings of electrogenic cells
with nanopillars whose caps have been designed on
the basis of the results presented here. Furthermore,
we will investigate whether neuronal cell membranes
respond differently to the HL-1 cells considering
that neuronal cells are definitely less stiff than
cardiomyocytes-like cells, which are typically as stiff
as fibroblasts.

using a voltage of 30 kV and a current of 80 pA.*° The images
were then acquired in scanning electron mode fixing a voltage
at 3 kV.

Image Processing and Analysis. Images were processed and
analyzed with Imagel. The contrast and the brightness were
not varied from the original SEM pictures. All the parameters
evaluated and discussed in the paper were manually analyzed,
except for the membrane profile, in the case of the pillar
positioned at the edge of the cell. In this case, an automatic
macro utility was used for the outline recognition (courtesy
of Zhanna Santybayeva, ICS-7, Forschungszentrum Juelich,
Germany). For data analysis and plotting, we used Origin 8.2
(OriginLab).

Theoretical Model. The deformation energy cost due to bend-
ing energy for a fluid membrane is given by,

Epend = 2K / ds H?
S

where « is the bending rigidity of the membrane, H = (¢; + ¢,)/2
the mean curvature, and S is the entire membrane area.
The curvatures ¢; and ¢, are the principal curvatures, ie., the
smallest and the largest curvature at each point of the mem-
brane. We show that the experimentally measured membrane
deformation profiles can be described well even with a vanish-
ing surface tension contribution. The adhesion energy gain
is given by the contact energy between the pillar and the

nanostructure,
Ead = 7W/ ds
Sad

where w is the adhesion strength and S,q is the membrane area
adhered to the structured substrate. For calculating the defor-
mation profile of the lower membrane, we use in addition a
homogeneous pressure term, —ph(x,y), where the membrane is
described by a height field h(x,y) and the pressure mimics the
contractile forces of the cytoskeleton. Assuming a perfect
wetting condition, i.e., a contact angle of & at the detachment
point of the tensionless membrane with either the substrate
(for the junctional membrane deformation at center of the cell)
or on the junctional membrane (for the free membrane defor-
mation at the edge of the cell), we estimate an effective strength
of the adhesion w using the local curvature c at the detachment
point such that, ¢ = (2w/k)"2.
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