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We present a versatile chip-based method to inflict microscopic lesions on cellular networks or

tissue models. Our approach relies on resistive heating of microstructured conductors to
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impose highly localized thermal stress on specific regions of a cell network. We show that
networks can be precisely dissected into individual subnetworks using a microwire crossbar

array. To this end, we pattern a network of actively beating cardiomyocyte-like cells into
smaller subunits by inflicting thermal damage along selected wires of the array. We then
investigate the activity and functional connectivity of the individual subnetworks using a Ca?*
imaging-based signal propagation analysis. Our results demonstrate the efficient separation of
functional activity between individual subnetworks on a microscopic level. We believe that the
presented technique may become a powerful tool for investigating lesion and regeneration

models in cellular networks.

Introduction

Over the past two decades, the development of lab-on-a-chip
devices for biological or biomedical research has become a
major aspect of interdisciplinary science at the interface of
biology, chemistry, and physics'. Lab-on-a-chip systems
provide the possibility of massively parallelized experiments to
achieve results with statistical significance and reduce material
and time consumption. This is of particular value in biological
research dealing with cells or cellular networks where the
complexity of the investigated system generates intrinsically
noisy data’®. Driven by advances in microfabrication
technologies, the ability to manipulate cellular networks down
to a single cell level has reached an unprecedented level®*,
Recent examples demonstrate subcellularly resolved action
potential recording®, parallelized single-vesicle release
measurements®’, or the high-throughput  mechanical
manipulation of individual cells?.

Simplified cellular networks, such as small scale neuronal
circuits, often serve as model systems in biological or
biomedical research®°. The controlled generation of lesions in
these model systems poses an important tool that helps to
elucidate the functions of complex networks by disrupting their
natural connectivity in defined locations'®. In this context, in
vitro models of spinal cord injury are of particular clinical
relevance as lesion studies conducted on these models may
point towards effective therapeutic strategies for regeneration®-
14 Other common in vitro model of lesion and subsequent
regeneration include wound assays induced by scratching®>€ or
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electrical means®’. In particular when read out electronically,
these allow highly reproducible and quantitative data
acquisition from biological model systems®’.

A very common technique to generate highly resolved lesions
in tissue models is laser-mediated ablation'®?'. A typical in
vitro approach uses a laser, which is coupled to the beam path
of a microscope and the target tissue or target cells are
thermally destroyed by high energy deposition?*?®, This
technique provides excellent flexibility since varying laser
patterns can be implemented. However, microscope setups with
coupled lasers require extensive alignment procedures and can
be costly?®. Furthermore, the use of advanced cell analysis
systems including microfluidic cell culture setups and
intransparent  functional  substrates (e.g. silicon-based
microscopic sensor arrays®) can make it difficult or impossible
to integrate laser-based stimulation.

Recent research has sought to combine the precise generation
of highly resolved lesions with the advantages of lab-on-a-chip
techniques'®?*2°. To this end, microfluidic techniques have
been effectively applied to induce lesion sites in models of
axotomy®*2* However, while allowing for high sample
numbers by means of parallelization, these systems intrinsically
impose certain constraints. Due to the flow-based nature of
microfluidic systems, intersecting or orthogonal lesion patterns
are difficult to realize. Furthermore, the generation of local
lesions without otherwise constraining the culture’s growth is
problematic. An ideal solution to this problem is given by the
direct integration of a reliable lesion-inducing method into the
surface of the chip, which is used for cell culture.
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Here, we present the application of microwire crossbar arrays
for the introduction of localized thermal lesions to on-chip cell
cultures. The arrays consist of two orthogonal layers of
microwires that are structured and isolated using standard
microfabrication technology (see Figure 1b and c). When
passing an electrical current through a given set of wires,
resistive heating causes a temperature increase in the wires.
Similar to electrocautery used in medical operations®*, this
increase in temperature can be used to locally impose thermal
stress on cells cultured directly on the chip (see Figure 1a). We
demonstrate the generation of highly resolved lesions and the
dissection of small functionally separated subunits from a
homogeneous cell network, making use of the microwire
crossbar architecture.

Figure 1: Microwire crossbar arrays for inducing localized thermal lesions. (a) 3D
schematic of a localized thermal lesion experiment. Passing current through a set
of wires (indicated in orange) leads to cell death in a confined region. (b)
Photograph of an encapsulated microwire array chip (chip dimension: 2.4 x 2.4
cm?). (c) Photomicrograph of the actual microwire array consisting of two
orthogonal layers of 17 parallel wires (scale bar: 150 um).
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shows an exemplary thermograph of the chip with 2 W applied
to the two left wires of the vertical set of wires (frame similar to
Fig. 1c). The heated microwires result in temperatures of
approximately 65 °C in the liquid above the active wires. Due
to the cylindrical nature of the temperature profile, these
dimensions can be assumed to approximately account to the
direction normal to the chip’s surface, too. Low penetration
depth thus limits the method to tissue models that are a single
or a few layers in thickness. In the center region, the second
layer of wires (extending along the y-axis) follows the
topography of the first layer of wires (extending along the x-
axis). This leads to an increased power density in this region
and thus to a wider zone of temperatures above 55 °C (approx.
50 pum compared to 30 um for the outer regions). The average
temperature in the vicinity of the wires is increased to 45-50 °C.
The high temperature region directly above the heated wires
should thus induce cell death while, at short exposure times of a
few minutes, the viability of the cells in the surrounding parts
should not be affected®’.
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Figure 2: FLIM thermograph of the microwire array with 2 W of electrical power
applied to the two left vertical wires (frame similar to Figure 1c).

Results and Discussion

Temperature distribution

In order to examine the thermal profile of the microwire arrays,
fluorescence lifetime imaging microscopy (FLIM) was
performed. In all experiments, a set of two neighboring wires
was used, as the width of this set (24 pum) approximately
corresponds to the lateral cross-section of a single cell. To
evaluate the temperature distribution at the location of the cell
layer, two horizontal or two vertical wires were supplied with
2 W each and the resulting temperature profiles were recorded
in a focal plane 5 pm away from the chip’s surface. Figure 2
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Network dissection

A layer of HL-1 cells was grown on the crossbar arrays and
thermal stimulation was applied to induce confined lesions on
the cell network. To assess the inflicted lesions, fluorescent
staining for live and dead cells was performed approximately
18 h after the lesion was inflicted. Exemplary fluorescence
images for lesion along one, two, and four lines are shown in
Figures 3a-c, respectively (frames similar to Figs. 1c and 2). In
each case 2 W were applied to a minimal set of 2 wires as
described above. The current was applied in successive pulses
of 1 min with a break of 1 min in between. For each set of
wires, two pulses were used.

The fluorescence signal displayed in red, indicating dead cells,
is limited to the area directly above the heated wires while the
green fluorescence, showing live cells, is prevalent in the
remaining parts of the culture. The red fluorescent dye used in
the experiments was ethidium homodimer (EtHD), which stains
the nuclei of dead cells. The green dye (calcein) selectively
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stains the cytoplasm of cells with an active metabolism.
Comparing Figures 2 and 3 it can be seen that cell death is
limited to the high-temperature region determined in the FLIM
experiments. The width of this region of dead cells was 43 +
3.8 um (n = 18) for the hottest parts of the wires, compared to
28 + 3.3 pym (n = 18) over the cooler parts of the wires (see
Figure 2). Furthermore, the images show that the width of this
region spans at least a single cell as intended to ensure
successful dissection of the network on a functional level.

Figure 3: Fluorescence staining of HL-1 cells one day after lesion. (a-c) HL-1 cells
stained with calcein (green, live cells) and EtHD (red, dead cells) after lesion on
one, two, and four sides (a, b, and c, respectively; scale bars: 200 um; frames
similar to Figure 1c and 2).

Signal propagation

To evaluate the effect of thermally induced lesion on
coordinated network activity, Ca®" imaging and subsequent
Ca?* propagation analysis was performed. For these
experiments HL-1 cells were chosen as a model system®.
These cells have been shown to be an excellent cardiac model
for the study of action potential propagation as they
spontaneously generate periodic  action potentials®®.
Furthermore, the electrical activity in cardiomyocytes is
directly correlated with intracellular Ca®" fluctuations*?. Intact
Ca?* propagation in the network is thus a good indicator of the
general network activity. In order to visualize the Ca®'
propagation in the network, correlograms of the Ca*" activity
were calculated and plotted using digital video processing of
the recorded fluorescence videos (a more detailed description of
the data processing is given in the Supplementary Information).
To this end, the activity of the individual pixels in the
fluorescence videos was evaluated. Pixels in regions of
correlated activity were identified by the same color (either red
or green) and inactive pixels were marked gray as shown in
Figure 4. Within the correlated regions, the brightness of the
color reflects the signal delay, thus indicating the direction of
signal propagation from dark to bright areas.
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Figure 4: ca®* propagation analysis of HL-1 cultures after lesion (imaging was
performed immediately after the lesion in the case of (a) and approx.. 18 h after
the lesion in the cases of (b) and (c)). Pixels with correlated activity are identified
by the same color. Inactive pixels are displayed in gray. The relative signal delay
within one group is shown by the brightness of the corresponding color. As can
be seen, lesion along one or two parallel lines (a and b, respectively) retains
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connectivity in the network by peripheral coupling. However, lesions along two
orthogonal pairs of lines (c), dissects a small subnetwork with uncorrelated
activity (indicated in green).

Figures 4a-c show exemplary correlograms of HL-1 cultures
after lesion on one, two, and four sides, respectively (compare
Supplementary Videos 1-3). In agreement with the temperature
measurements and the live/dead staining (Figures 2 and 3a,
respectively), no Ca®" activity could be detected along the
heated wires (n = 35 in the case of single lesions). The
surrounding network, however, displays Ca?" propagation
indicating a low effect on the biological functionality of these
areas. As can be seen in Figure 1b, the microwires widen in the
peripheral parts of the chip. This causes the influence of the
resistive heating to decrease in these areas and retains coupling
in larger network. The Ca2" activity in the left and right part of
Figure 4a thus remains correlated after the lesion due to this
peripheral coupling (see Fig. S4 in the Supplementary
Information).

To assess the lesion efficiency, only samples showing clear
Ca?* propagation were investigated (approximately 70%
depending on culture status and passage number). In the
experiments where a single lesion was inflicted, none of the
samples showed activity at the lesion site, while 80% (n = 35)
of the samples showed clearly separated propagation patterns
on both sides of the lesion. The remaining 20% were either not
successfully separated or displayed indeterminant propagation
patterns. In combination, this indicates an effective destruction
of the target tissue while maintaining the biological function of
the surrounding cells. Similarly, in the case of a double lesion
(Fig. 4b) no activity was detected along the heated wires while
the surrounding network remains active. A large-scale signal
propagation from right to left due to the peripheral coupling as
well as propagation inside the individual active stripes can be
seen.
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Figure 5: Exemplary frames from the ca” imaging sequence of the sample
shown in Figure 4c (frame size corresponds to approx. 466 x 466 umz). While the

center square has its peak intensity at approximately 0.9 s, all of the outer
squares show activity between 2.6 and 2.9 s.

In order to dissect functional subunits of the network, lesions
were introduced on all four sides of the array (see correlogram
in Fig. 4c). As in Figures 4a and b, no activity can be seen over
the heated wires and the outer parts retain correlated activity via
peripheral coupling. The center square’s activity, however, was
not correlated with the outer sections of the network (see
Supplementary Video 3). Figure 5 shows exemplary frames
from the Ca?" imaging sequence of the sample shown in Figure
4c. As can be seen, the center squares activity peaks at different
times compared to the remaining squares. In addition to the
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propagation analysis, we investigated the activity of the
individual regions in the frequency domain (compare
Supplementary Fig. 3). As discussed in the Supplementary
Material, this analysis yielded differing frequencies and
different periodicities in the case of a successful lesion. In
summary, the results unequivocally show that the center
square’s activity is completely independent from that of the
outer regions. Thus, we demonstrate the microscopic dissection
of functionally autonomous subnetworks of less than 100 cells
by localized heating using a substrate with an incorporated
microwire crossbar array.

Lesion parameters

In addition to the propagation analysis presented above, the
effect of varying the electrical power used to heat the
microwires was investigated. To this end, a series of pulses
with increasing electrical power was applied to the samples.
The duration of each pulse was 1 min and the pulses were
separated by a break of 1 min. Corresponding Ca?" imaging
sequences were recorded during and in between the pulses and
analyzed as described above. Figure 6a shows the percentage of
separated samples at a given time during the experiment (n =
26). A sharp increase in separated samples can be noted after
applying 1.5 W to two neighboring wires. After the application
of 2 W, more than 90% of the samples exhibit clearly separated
propagation patterns.

Figure 6b shows the frequency of the surrounding network’s
Ca?" activity. Since the frequency of the Ca®" activity in HL-1
cells varies (depending on the sample, the passage number,
etc.), the data were normalized with respect to the frequency
before the application of any stimuli. A clear increase in the
frequency can be seen during the application of electrical
power. This increase becomes more pronounced with
increasing electrical power. The induced heating of the
peripheral regions (compare Figure 2) causes an increase in the
beating frequency as previously described®. In between the
stimuli, the network’s activity returns to its original frequency,
indicating the surrounding areas do not show signs of
permanent cell damage.
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Figure 6: Effect of increasing electrical power on the separation efficiency and
the frequency of the surrounding network’s activity. (a) Percentage of separated
samples during the sequential application of pulses of increasing electrical
power. (b) Frequency of the ca®* activity in the surrounding of the lesion site
during the sequential application of pulses of increasing electrical power.
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Materials and Methods

Chip fabrication

Microwire crossbar arrays were fabricated in the clean room
using state-of-the-art microfabrication methods. Briefly, p-
doped silicon wafers (Si-Mat Silicon Materials, Kaufering,
Germany) were insulated by thermally growing 1 um of silicon
oxide under wet conditions. Subsequently, the first layer of
wires (comprised of 17 wires with a width of 10 pm and an
interwire spacing of 4 um) was structured via photolithography
using a double Ilayer resist (LOR3B and NLOF2020,
microresist technology, Berlin, Germany). After exposure and
development (MIF326, microresist technology, Berlin,
Germany), a metal stack of Ti/Al/Ti (15/300/10 nm in
thickness, respectively) was deposited in a sputter deposition
process (LLS Evo Il, Oerlikon Systems, Balzers,
Liechtenstein). An insulating stack of silicon dioxide/silicon
nitride/silicon  dioxide (100/50/100 nm in thickness,
respectively) was then deposited using plasma enhanced
chemical vapor deposition (Sentech Instruments GmbH, Berlin,
Germany). After structuring the second set of microwires, a
polyimide layer (P1-2610, HD Microsystems GmbH, Germany)
was spin coated (6000 rpm, 30 s) to passivate the chip for cell
culture conditions. To open the chip’s contact pads, a single
layer resist lithography (AZ-5340, AZ Electronic Materials
GmbH, Wiesbaden, Germany) with subsequent wet chemical
etching in AZ-326 (metal ion free, MicroChemicals, Ulm,
Germany) and resist stripping in acetone was performed. The
chip fabrication was then completed by gluing a glass ring to
the chip using poly(dimethylsiloxane) (Sylgard 184, Dow
Corning cooperation, Midland, USA).

Thermography

Thermal images of the chips were recorded using fluorescence
lifetime imaging microscopy (FLIM). To this end,
approximately 20 pL of Rhodamine B (0.3 mg mL™ in MilliQ)
were encapsulated on the chip using silicon grease and a glass
cover slip. The sample was then mounted in a laser scanning
microscope (Olympus 1X-71 with FV3-294 confocal unit and
PicoQuant FLIM system) and the fluorescent decay data were
recorded using a 485 nm laser and a long pass emission filter at
500 nm (HQ 500 LP, Leica Microsystems GmbH, Wetzlar,
Germany). The data was preliminarily processed with the
SymPho Time software (PicoQuant) to produce lifetime
images. Subsequently, the temperature images were calculated
from the lifetime images by means of custom Python scripts
using a calibration curve from Miiller et al.**.

Cell culture

Cardiomyocyte-like HL-1 cells were kindly provided by the
Claycomb lab and cultured on the chips as follows: Prior to
culture, the chips were cleaned in 70% EtOH and dried with
pressurized nitrogen. The inner area of the rings (compare
Figure 1b) was then incubated in a mixture of fibronectin (5 pg
mL™, Sigma) and gelatin (0.02 pg mL™?, Fischer Scientific) for
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approximately 60 min and rinsed once with bidistilled water.
HL-1 cells were then plated to be confluent on the third day in
vitro (DIV 3). The culture medium (Claycomb Medium
purchased from JRH Biosciences supplemented with 10% fetal
bovine serum, 100 U mL? Penicillin, 100 pg mL?
Streptomycin, 2 mM L-glutamine purchased from Life
Technologies, and 0.1 mM norepinephrine purchased from
Sigma) was exchanged daily and the samples were incubated
under physiological conditions (37 °C, 5% CO,).

Thermal lesion and calcium imaging

Thermal stimuli were applied on DIV 2 in normal growth
medium. The stimuli were applied using a home-built power
supply operated by a custom LabView® software. This power
supply was capable of applying voltages of up to 25 V per
channel. The maximum current applicable per channel was
approximately 200 mA. Concerning the average resistance of
the individual wires of the array (approximately 50 ), this
corresponds to a maximum applicable power of 2 W per
channel. To reliably induce lesions, 2 W per wire were applied
to two neighboring wires for 1 min. After a subsequent
recovery time of 1 min, the application was repeated once. In
the case of multiple lesions the next stimulus was then applied
in the same manner. Detailed information on the thermal
profiles based on simulated data is given in the supplementary
information.

Ca?" imaging of the samples was performed on DIV 3. To this
end, each sample was incubated with a calcium sensitive
fluorescent dye (fluo-4 purchased from life technologies) for
15-30 min. The medium was then exchanged, the sample was
transferred to the measurement setup, and Ca®" imaging
sequences of 1-2 min were recorded using an emCCD camera
(ImageMC9100-13, Hamamatsu Photonics  Deutschland
GmbH, Herrsching am Ammersee, Germany) coupled to an
upright microscope (Zeiss Axiotech Vario, Carl Zeiss
Microscopy GmbH, Gottingen, Germany). To filter the
fluorescence of fluo-4, a BP 450-490 excitation filter was used
in combination with an FT 510 beam splitter and a long pass
emission filter at 515 nm (Zeiss Filter Set 9, Carl Zeiss
Microscopy GmbH, Gottingen Germany).

Fluorescent staining

In order to stain for live and dead cells, calcein-AM and
ethidium homodimer (purchased from life technologies) were
used, respectively. The samples were stained according to the
supplier’s recommendations and the staining solution was
exchanged for phosphate buffered saline after an incubation
time of approximately 15 min. Fluorescent imaging was
performed immediately after incubation using an Axiolmager
Z1 (Carl Zeiss Microscopy GmbH, Géttingen, Germany).

Ca’* imaging analysis

A detailed description of the data analysis is given in the
supplementary material. Briefly, each pixel’s intensity trace
was normalized by calculating (I-lyean)/Imeans Where  liean
represents the pixel’s average intensity. Active pixels where
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then discriminated from inactive pixels by calculating each
pixel’s root-mean-square (rms) intensity. A binary mask of the
active and inactive pixels was analyzed for connected regions
to yield the patterns shown in Figure 4. The intensity traces
where then smoothed using a Gaussian filter with a width of
300 ms. For correlation analyses, each pixel was cross-
correlated with the average intensity trace of its corresponding
region. To find groups of regions with correlated activity, the
average intensity traces of all regions where cross-correlated
and regions with a correlation of more than 70% were grouped
together. Each group of regions was then shifted to a common
time scale using the cross-correlation of the average intensity
traces of the group’s individual regions.

Conclusion

We presented the use of microwire crossbar arrays for inducing
defined thermal lesions on cell networks in vitro. As an
exemplary application, we dissected an active network of
cardiomyocyte-like HL-1 cells into smaller autonomous
subunits. Analyses of Ca?" propagation patterns revealed the
clear separation of functional activity in isolated subnetworks.
We think that our approach will be useful for future
investigations of functional cellular networks. In particular, it
will be a powerful tool for studies of axotomy and subsequent
regeneration®®. Here, our method can be used to cut axons
grown across the microwires. Furthermore, we believe that the
generation of lesions of variable width by using a varying
number of wires is of benefit in the context of scratch wound
assays. In combination with electronic read-out our method
could allow automated studies of healing processes.

Apart from applying the crossbar architecture presented in this
work, arbitary lesion patterns can be generated by modifying
the geometry of the structured microwires. By locally varying
the lateral dimension of the microwires, and thereby the
electrical resistivity, it should be possible to limit the high
temperature zones to certain parts of the wire facilitating short-
segment or point-shaped lesions. The use of standard
microfabrication technologies renders this concept easy to
integrate into analytical chip-based platforms such as high-
density microelectrode arrays. In addition, when using
transparent materials such as indium tin oxide on glass wafers,
our method can be directly combined with long-term imaging
methods (e.g. genetically encoded calcium or voltage sensors
combined with live-cell imaging)*®**’. Combining the
possibility to apply lesions to a given cell culture model with a
parallel method for analyzing the network’s response will
enable high-throughput necessary for biological and biomedical
studies.
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