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Abstract

Electrical impedance spectroscopy (EIS) as a label free and noninvasive analysis method receives
growing attention for monitoring three-dimensional tissue constructs. In this Article, we present
the integration of an EIS readout function into the hanging-drop network platform, which has been
designed for culturing microtissue spheroids in perfused multitissue configurations. Two pairs of
microelectrodes have been implemented directly in the support of the hanging drops by using a
small glass inlay inserted in the microfluidic structure. The pair of bigger electrodes is sensitive
to the drop size and allows for drop size control over time. The pair of smaller electrodes is
capable of monitoring, on the one hand, the size of microtissue spheroids to follow, for example,
the growth of cancer microtissues, and, on the other hand, the beating of cardiac microtissues in
situ. The presented results demonstrate the feasibility of an EIS readout within the framework of
multifunctional hanging-drop networks.
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Multicellular microtissue spheroids constitute an important in vitro tissue model system

in pharmaceutical compound development and are used as simple organ models in basic
research.1=3 Their three-dimensional (3D) structure provides cells with a more in vivo

like environment resulting in improved cell-specific functionality over longer periods of
time compared to cells in two-dimensional cell cultures. Cell constructs that are able

to approximately reproduce a humanbody response to pharmacological compounds are
important for drug discovery and studying human physiology.* A central strength of
microtissue spheroids compared to other engineered tissue formats is that they can be
formed from several cell types giving access to many organ models based on the same tissue
engineering technology.>~19 Further, their compact morphology makes them relatively easy
to handle on a larger scale by using many of the established cell culturing tools.

These advantages provide good reasons for their wide application in research and industry
and the fact that more and more culturing systems and assays are specifically designed for
use with spheroids. Among those are microfluidic assay setups. Capable of manipulating
small amounts of liquid volumes and, at the same time, small amounts of biological material
down to single cells, 2112 microfluidic systems have also become an important tool for
culturing spheroids and for precisely controlling the spheroid environment in space and
time. Spheroids can be either loaded into microfluidic devices after off-chip formation13-16

ACS Sens. Author manuscript; available in PMC 2021 April 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schmid et al.

Page 3

or directly aggregated in the microfluidic chips.17=23 Once properly positioned in such a
microfluidic chip, they can be cultured and exposed to different compounds, while they
can be analyzed through microscopy and biochemical assays. The small dimensions of the
microfluidic networks and tissue structures allows for using several identical arrangements
side-by-side, so that experiments can be executed in a parallelized fashion.

Despite these advancements in the past years, there is still a lack of methods for online
monitoring or analysis of microtissues. Most of the current methods have been optimized for
2D cell layers and have to be made compatible with 3D tissue formats, or they have to be
newly developed. Microscopy of tissue assemblies thicker than 200 pm, for example, suffers
from low light penetration depths and light scattering, which limits its use for microtissue
analysis.

Microfluidic culturing systems offer the possibility of directly integrating sensors close

to the cellular assemblies by using microfabrication techniques. Electrical impedance
spectroscopy (EIS), for example, receives growing attention and has previously been used
for the analysis of various types of single cells.24-26 EIS is based on applying an AC
voltage to a set of microelectrodes and reading out the resulting current to calculate the
corresponding interelectrode impedance values. Objects placed in the electric field between
these electrodes characteristically modulate the impedance properties so that impedance
spectroscopy can be used to assess samples located between the electrodes. EIS is label-free
and noninvasive and can be integrated on a small scale, which allows for in situ assessment
of cells and tissues.

Recently, different systems have been presented that prove the feasibility of EIS analysis
for spheroids.2” Apoptosis or tissue necrosis in breast carcinoma spheroids upon drug
exposure has been analyzed by using a capillary screening system.28 The handling of the
capillary system was later improved by a chip featuring microwells with electrodes for EIS
measurements located at the side walls.2® Another spheroid EIS chip relied on high-aspect-
ratio SU-8 structures within a PDMS channel to trap a spheroid between a set of facing
and interdigitated electrodes.30 It was shown that the EIS measurements could be used to
discriminate different dilutions of the microtissue medium and various particle sizes.

Here, we present the integration of electrical impedance spectroscopy into the hanging-
drop network platform.22 Hanging-drop networks consist of an array of interconnected
hanging drops that are specifically designed for spheroid aggregation and culturing. They
allow for precise control of spheroid culturing conditions under flow and enable on-chip
intertissue communication, which is at the base of realizing 3D microtissue body-on-a-chip
configurations. The measuring electrodes have been integrated in a modular setup as small
inlays and are located in the support structure of the hanging drops, in which then the
spheroids of interest were cultured. The electrodes allowed for measuring the size of tumor
spheroids and for monitoring the beating frequency of cardiac spheroids under continuous
perfusion. Further, the size of the hanging drop itself could be read out, which is important
for long-term operation of the hanging-drop network.
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Experimental Section

Device Fabrication and Assembly

The hanging-drop network has been fabricated by using polydimethylsiloxane (PDMS)
casting from a three-layer SU-8 mold. The electrode inlays were fabricated on glass and the
electrodes were patterned by using lift-off technology. Both processes are well established
and described in the Supporting Information including Figure S-1. The glass inlays were
fixed and wire bonded onto a custom-made printed circuit board (PCB) that served as
interface for the electric connections to the four electrodes. The glass inlay was inserted
into the recess of the PDMS hanging-drop network and fixed by applying two-component
glue between the PCB and the microscope slide to which the hanging-drop network was
previously bonded. In some device assemblies, the glass inlay protruded the PDMS in a
range of 50-100 xm, which, however, did not alter the functionality of the device. In all
cases, the electrode plane has been chosen as origin for the drop height measurements. The
device was fixed on a custom-made device holder, which was placed inside a polystyrene
box together with a humidifier pad to reduce evaporation (see Figure S-2 for pictures of the
fabricated devices).

Experimental Setup

For liquid control, we used high-precision syringe pumps and plastic or glass syringes with
Luer-Lock connectors. The syringes were connected to rigid PTFE tubing. On the other end
of the tubing, we used right-angled metal tips as connectors to the hanging-drop network.

The impedance setup comprised of an impedance spectroscope (HF2IS) and a
transimpedance amplifier (HF2TA, both from Zurich Instruments AG, Switzerland). The
transimpedance amplifier was interconnected between sensing electrodes and the input of
the impedance spectroscope. The stimulating electrodes were directly connected to the
output of the impedance spectroscope. We used shielded coaxial cables for all connections.

All experiments were carried out on a Leica DMI6000B inverted microscope, placed inside
an environmental chamber featuring a controlled temperature of 37 °C. We used a Leica
DFC 340FX CCD camera for image acquisition. The heights of the hanging drops were
measured by using the z-position of the microscope objective and setting the focal plate to
the lowest point of the drops.

Liquid Handling

The HDN was continuously perfused with spheroid-specific maintenance medium (see
section Cell culturing in the Supporting Information) while performing the EIS recordings.
The inflow and outflow rates were kept at 10 z/min unless otherwise noted. Since the HDN
comprised two parallel rows of drops (cf. Figure 1A), the effective flow rate through each
row was 5 gL/min. For the same inflow and outflow rates, the drop sizes remained constant.
The drop size could be increased or decreased by increasing the inflow or outflow rate to 20
uL/min while keeping the other flow rate at 10 /min. EIS recordings did not start earlier
than 10 s after changing the flow rates, to allow for drop size and EIS signal stabilization.
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Initial liquid loading was carried out after having applied an oxygen plasma treatment to
selectively increase the wettability of the PDMS inside the drop structures. Liquid medium
was applied by using a standard pipet.

The spheroids were loaded into the chip by flipping the chip upside down and letting the
spheroid sediment from a pipet into the drop, which was facing upward. After loading a
spheroid the chip was flipped back and the liquid network was perfused with fresh medium
for at least 1 min to reduce the influence of liquid carry-over from the spheroid culturing
plate.

Impedance Measurements

Simulations

The EIS recordings were performed by means of an HF2IS impedance spectroscope that
generated the input voltage of the chip and recorded the resulting output current signal.
Measurement data were stored on a PC for later off-line analysis using a custom MATLAB
tool. The impedance spectra were recorded in two different modes: (i) continuous frequency
sweeping for measuring spheroid and drop sizes and (ii) using eight specific frequencies

in parallel for the characterization of the cardiac beating behavior and spheroid growth.
For the sweeps, the frequency was increased from 100 Hz to 40 MHz in equidistant

steps on a logarithmic scale. For the parallel assessment, eight frequencies were chosen
equidistantly on a logarithmic scale between 10 kHz and 15 MHz and superimposed via
the same electrode set. In both cases, the output voltage amplitude was set to 100 mV per
frequency. The resulting current recorded from the chip was transformed into a voltage by
using an off-chip HF2TA transimpedance amplifier at a feedback gain of 100 V/A. The
experimentally obtained output signals are, therefore, displayed in units of "volts" in the
figures, which represent a direct measure of the impedance. For the sweeps, raw signal
magnitude values are displayed.

Three-dimensional simulations of the impedance in a hanging drop were conducted by using
COMSOL 4.3a (COMSOL Multiphysics GmbH, Germany). The drop was approximated as
a spherical cap attached to a cylinder, both with base diameter of 3.5 mm. The conductivity
of the medium was set to 1.2 S/m approximating that of RPMI 1640 growth medium. An
electrical current study was performed by applying a voltage of 1 V across the respective
electrodes. The spheroid was approximated by a non-conductive sphere, introduced at the
bottom of the drop.

Results and Discussion

Design of the Microfluidic Device

Previously, we demonstrated that it is possible to array hanging drops in an open
microfluidic system by constraining the fluid spreading by an arrangement of hydrophilic
and hydrophobic PDMS surfaces and rims so that parallel multitissue interaction studies
could be performed.22 The device presented here relies on the same approach so that

all previously developed functions of the hanging-drop network (HDN) technology are
preserved. The integration of electrodes and impedance spectroscopy functionality into the
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hanging-drop network was realized by using a modular, hybrid approach. The idea was to
fabricate the electrodes on a small glass inlay by using standard MEMS fabrication methods.
The inlay then fits into a recess in the microfluidic hanging-drop device. Figure 1A shows
the microfluidic layout of the device consisting of two rows of four drops with a single

inlet and a single outlet. The liquid is confined by PDMS rims surrounding the drops and
microchannels. We further included two loading ports for additional fluid connections. The
rectangular recess for the glass inlay was implemented at the location of one of the drops. As
can be seen, the recess also interrupts the rim structure. Therefore, an SU-8 rim structure on
the inlay itself (indicated in green color) is used to complete the rim once the inlay has been
placed in the recess so that the fluidic confinement of the device is preserved. Plugging the
inlay into the PDMS device is schematically illustrated in Figure 1B. The modular approach
is not limited to the current design, but allows for individual adaptations of the microfluidic
layout, the electrode configuration on the inlay, and the number of inserted inlays so that
more complex multifunctional hanging-drop networks can be realized.

Figure 1C shows the design of the inserted inlay in details featuring two pairs of Pt
electrodes located around the center of the drop. The SU-8 walls on the inlay complement
the PDMS rim. We designed big electrodes near the edges of the inlay to measure the

size of the hanging drop. We also fabricated a pair of smaller electrodes to measure the
impedance near the center of the drop. The smaller electrodes are used to assess the size of
microtissue spheroids and to record the beating of cardiac spheroids. As hanging drops can
be varied in size, the drop height has been reduced and thereby the spheroid has been moved
upward closer to the electrodes in order to increase impedance measurement sensitivity.
Additional SU-8 structures form a trap so that the spheroids are reliably positioned between
the electrodes upon reduction of the drop size. Further, these SU-8 structures also help to
focus the electric field between the small electrodes. Figure 1D shows a crosssection through
the drop indicating dimensions and illustrating the position of the electrodes at the drop
ceiling. Pictures ofthe fabricated devices can be found in Figure S-2.

Measuring Drop Heights through EIS

Drop sizes in a microfluidic hanging-drop network can vary upon changing flow protocols,
so that, in contrast to closed microfluidic systems, the volume in such open microfluidic
systems also can change. A higher inflow rate, compared to the outflow rate, for example,
leads to an increase in drop size and can make drops drip off in the most unfavorable

case. A possibility to continuously measure the drop size—preferably independently of a
microscope-is, therefore, highly desirable.

We used the big electrodes at the edge of the glass inlay for drop size monitoring. The
electrical field generated between the two electrodes is confined through the conducting
liquid (Figure 2A). As a function of the drop volume and height, the electric field lines

are either compressed or expanded, which changes the impedance between the electrodes.
Position and size of the electrodes have been optimized with respect to maximal sensitivity
to drop size by using numerical simulations with COMSOL software (Figure S-3). As a
result, electrodes were placed at maximum distance within the drop radius and were made as
wide as possible within the geometrical margins of the inlay.
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We observed a significant dependence of the signal magnitude on drop height and medium
conductivity over a large spectrum of frequencies. An important parameter in the system
included liquid or water evaporation from the drops. Evaporation not only led to a
reduction of the drop size, but also to an increase in medium salinity and conductivity.
These two effects influenced the recorded signals and resulted in low baseline stability
and considerable signal drift (Figure S-4). To counteract these effects, we conducted the
measurements under continuous-flow conditions at a flow rate larger than 5 g/min, so
that no baseline drift was observed. It is worth mentioning that, compared to the setup
here, biological experiments are generally conducted at similar flow rates, however, at much
higher relative humidity levels in incubators (>90% as opposed to 40—50% here), which
substantially reduces evaporation.

A clear change in the spectra has been measured as a function of the drop height (600—
1300 1m), as is depicted in Figure 2B. The largest difference between the signal magnitude
curves and, hence, highest sensitivity to drop size was observed at 730 kHz (dotted line, see
also differential magnitude in Figure S-5). At the same time, the magnitude spectra recorded
at the beginning and at the end of an experiment (~4 h overall experiment duration) were
very similar (see zoomed view of the two curves at 1300 m drop height in Figure 2B). The
impedance measurement was, therefore, reproducible over time and showed only a minor
drift. The dependence of the signal magnitude at 730 kHz upon drop height is plotted in
Figure 2C (big electrodes, circles). We observed that the signals of the small electrodes
(originally designed for spheroid detection) also showed some drop-height dependence,

but were significantly less sensitive to drop height, especially for larger drops (Figure 2C,
crosses). This effect can be assigned to comparably smaller changes in the electric field
between the small electrodes upon drop height variation.

These drop-size calibration measurements were performed without the presence of a
spheroid in the hanging drops. The presence of a spheroid, however, influenced the signals
obtained by the big electrodes as well, especially when the drop height was small (~700
um). Consequently, some interference between drop size measurements and presence of a
microtissue exists, which is, however, relatively small (see Figure S-6). The normal culturing
conditions involve large drop heights (1300 4m), which then have to be controlled by
impedance measurements. For these large drop heights, the impedance signal of the big
electrode set was found to be largely independent of the presence of a spheroid.

Measuring Spheroid Size through EIS

The small electrodes were placed close to the presumable spheroid location, but off-center

in order to allow for optical access to the spheroid. For measuring the spheroid size, the

drop size has been reduced in a controlled way so that the spheroid located at the liquid-air
interface at the bottom center of the drop was lifted upward to a location between the
electrodes and inside the electrical field. By applying this strategy, the presence of the
spheroid disturbed the electric field lines and, consequently, changed the impedance much
more than it would have been the case without reducing the drop size. The alteration of the
electric field has been confirmed through simulations as shown in Figures 3AB. Here, output
current values have been calculated as a result of impedance changes for an applied voltage
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of 1 V. The changes in current magnitudes in dependence of the spheroid size were found to
be the larger, the shorter the spheroid-electrode distance was.

Figure 3C shows photographs of a hanging drop of colored liquid of two different heights
below the recording electrodes (no spheroid was present for these pictures). SU-8 trapping
structures were used to precisely position the spheroid between the electrodes when
decreasing the height of the hanging drop. Figure 3D shows micrographs of two spheroids
of different sizes positioned in the SU-8 trap for a drop height of 600 zm. Further, the SU-8
structures help to confine the electrical field lines, thereby improving sensitivity.

We measured a clear frequency-dependent impedance magnitude change in dependence of
the spheroid size. Figure 3E presents the impedance spectra of two different spheroid sizes
(400 and 600 zm in diameter) recorded for a drop height of 600 xm, and two spectra of the
empty drop. The spectra are clearly separated. The impedance change in dependence of the
spheroid size was visible at different drop heights (600, 700, and 900 4m) and decreased
with increasing drop height (Figure S-7A-C). This trend is even more pronounced in Figure
S-7D-F showing the signal magnitude differences, calculated as the signal magnitude of a
drop containing a spheroid of a certain size after subtraction of the impedance magnitude
of the respective empty drop. The magnitudes of empty drops were again measured at the
beginning and at the end of the experiments. The variation of the magnitude values between
these two time points is low for all drop heights, (Figure 3E and S-7G-1), which proves

the robustness of EIS measurements over time under flow conditions. This variation can be
taken as a measure of the signal stability and baseline drift of the system. In a next step,

we tried to establish a relation between spheroid-size-induced changes in the impedance
magnitude and the f luctuation over time of the empty-drop impedance signal. It is evident
that drop size variations, baseline drift and their influence on the impedance signals have
to be kept at a minimum in order to enable reliable spheroid-size measurements, which
entails that the flow rate through the hangingdrop system must be precisely controlled.

The ratio of spheroid size-induced signal changes to f luctuation in the empty-drop signal,
thus, will give a measure of how repeatable the microtissue size measurements are over
time. Figure 3F shows a plot of this ratio for the two different spheroid sizes and three
different drop heights over the full impedance frequency range. As can be seen, there are
different optimal frequencies for the various drop heights. Further, as expected, the largest
values were observed for small drop heights (z = 600 zm). In this particular case, the
signal change due to baseline fluctuations over time is in the range of 0.5% of the signal
difference between a spheroid with a diameter of 400 xm and a spheroid of 600 ym. This
results in a diameter resolution of below 5 4m in that specific size range considering three
times the baseline drift as limit for the minimal detectable signal. The optimal frequency
was in all cases only depending on the drop height and was the same for both spheroid
sizes. It should be noted that Figure 3F has a log scale on the y~axis. Figure 3G presents
the signal magnitudes at the optimal frequencies per drop height and for different spheroid
sizes (a spheroid size of 0 um represents the value of the empty drop). The trends in the
measured values qualitatively resemble those of the simulation (Figure 3B). Finally, Figure
3H presents the system sensitivities (1A//um) for measuring spheroid sizes in hanging drops
of different drop heights. They were calculated as signal magnitude change at optimal
frequency (in /) per variation in spheroid diameter (in gm). The left bars in each group
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represent the output signal sensitivity in (/M/um for the range between no spheroid present
until 400 zm spheroid diameter, while the right bars represent the output signal sensitivity in
N/ um for the diameter range between 400 and 600 pm. Again, the highest sensitivity was
obtained for small drop heights (600 zm), at which the spheroid is positioned close to the
electrodes. Further, the sensitivity with respect to diameter changes above 400 umis higher.
For the current spheroid trap, only spheroids smaller than ~700 gm can be measured. Larger
spheroids would not fit in between the SU-8 trap structures (see Figure 3D).

We further investigated the possibility of continuously monitoring spheroid growth over
time. Gravity-induced spheroid aggregation requires hanging drops with a large curvature
(2> 1200 pm). Once the spheroid has been formed, the drop height can be permanently
reduced to 600 xm for subsequent EIS measurements (Figure 31). Figure 3J shows the
continuous decrease of the signal magnitudes of -22-26% at different frequencies over 40 h
as a result of a growing HCT116 colon cancer spheroid (images in Figure 3I). Nongrowing
human liver spheroids produced the expected constant signal magnitudes with a decrease
of <0.5% over 13 h. In control experiments without spheroids in the hanging drops, signal
magnitudes varied less than 0.5% over time for frequencies between 192 kHz and 1 MHz
(Figure S-8).

Detection of Cardiac Microtissue Contractions through EIS

The spontaneous beating of cardiac spheroids (hCdMT) was assessed by using
multifrequency EIS and microscope video recording in parallel. For these measurements,
the drop height was again reduced, so that the hCdMT was positioned inside the SU-8

trap between the small electrode pair. Figure 4A shows the baseline-subtracted 5.3 MHz
magnitude signal (red, right axis) and the differential and thresholded pixel count of the
video sequence (blue, left axis), which were acquired in parallel. The signal magnitude at

a frequency of 5.3 MHz was found to yield the highest signal-to noise ratio. The spikes in
the EIS signal coincided with spikes in the optical signal and corresponded to contractions
of the cardiac tissue. The change in the impedance signal upon beating of the tissue was
due to changes in shape and geometry of the spheroid. The spheroid was located between
the electrodes and, therefore, any shape change upon contraction of the spheroid altered the
interelectrode impedance. The changes in the optical signal upon deformation of the tissue
showed a double peak for every contraction owing to the differential image analysis. The
optical signal was extracted as the (absolute) difference of succeeding video frames, after
thresholding and estimating the number of pixel changes above threshold. The correlation
between the impedance signal and optical recordings shows that EIS is a suitable method to
extract the beating rate of a cardiac spheroid in a hanging drop. The details of the beating
analysis are shown for a single contraction-relaxation cycle in Figure 4B: The differential
image sequence was obtained by subtracting the first frame from all following frames in the
video sequence. Thus, dark pixels constitute changed pixels and white pixels correspond to
unchanged pixels in reference to the first image frame. From the sequence it can be seen
that,in agreement with previous reports,’ the contraction of the microtissue spheroid was
happening in less than 200 ms, whereas the relaxation was taking up to 1 s. The same
outcome can be observed in the multifrequency magnitude spectra shown in Figure 4C that
have been recorded at the same time points as the video frames depicted in Figure 4B.
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Conclusions

We present a new method for the analysis of microtissue spheroids relying on electrical
impedance spectroscopy inside a hanging drop. We have used a modular approach by
realizing glass inlays carrying the electrodes for the hanging-drop microfluidic systems.
These glass inlays were placed into recesses of the microfluidic drop support, so that the
electrodes are placed in the “ceilings”. The modularity of this approach allows for great
flexibility in designing hanging-drop networks and for selecting the hanging drops, in which
the EIS functionality should be added for in situ monitoring. Further, the technological
approach of the presented electrode integration into hanging-drop networks can be used for
a variety of other sensor types including, for example, biosensors. The overall microfluidic
layout, based on PDMS, remains the same, so that all previously developed functions of the
hangingdrop network technology are preserved.

The system has been optimized with respect to electrode dimensions, spheroid positioning,
definition of the electric field and performance of the experimental setup. We further
developed methods for evaluating measurement frequencies to obtain maximal sensitivity
and stability over time. These methods are required to deal with chip-to-chip variations
and the influence of external effects originating from the fact that impedance spectroscopy
is a very sensitive method. In proof-of-concept studies we measured the different sizes of
cancer spheroids by using EIS. Further, the beating of cardiac spheroids could be recorded
in real-time directly inside the hanging drop and could be correlated to the results of
optical imaging. We demonstrated that EIS is suited to monitor and control experimental
parameters, such as the height of hanging drops, so that automated drop height control

and adjustment is feasible. Finally, the growth of cancer spheroids could be continuously
monitored over 2 days by means of EIS in a perfused on-chip culture.

With the presented EIS integration we realized an important new readout feature for the
hanging-drop network platform, which is independent of and complementary to optical
observation through a microscope and has the potential to record at higher temporal
resolution as a feature for future applications.24:26 The method will enable us to acquire
comprehensive data sets in multitissue or so-called “body-on-a-chip” experiments.

Associated Content

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and concept of El S-electrode integration in hanging-drop networks (HDNSs).
(A) Overview of the 2 x 4 drop microfl uidic device and the glass inlay containing four

electrodes. (B) 3D visualization illustrating the insertion and final placement (zoomed view)
of the glass inlay into the PDMS device. (C) Detailed view of the glass inlay inserted into
the hanging drop. SU-8 rim structures on the glass inlay complete the PDMS rim that confi
nes the fluid. (D) Cross section of the hanging drop formed between the rim structures. The
glass inlay is plugged into a recess in the PDMS so that the electrodes are located at the
ceiling of the readout drop.
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Figure 2. Hanging-drop height monitoring by using EIS.
(A) Simulation of the electric field lines in the hanging drop at two different drop heights.
(B) Absolute signal spectra for different drop heights, which were recorded by using the
big electrode pair. For z = 1300 4m the spectrum has been recorded before and after the
measurements and showed only little variation (zoomed view in the inset). Dashed lines
indicate the optimal frequency of 730 kHz. (C) Signal magnitude at 730 kHz for different

drop heights as recorded with the big and small electrode pairs.
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Figure 3. Spheroid size measurementsthrough EIS.
(A) Modeling of the tissue-evoked impedance changes in hanging drops for two different

drop heights (700 and 1400 pm). (B) Based on the model, the current signals of two
different spheroid sizes (260 and 500 xm) have been simulated for a applied voltage of
1 V. Low drop heights entail higher signal sensitivity to spheroid size. The 0-xm value

0

10 20 30 40
Time [h]

corresponds to that of an empty drop with no spheroid present. (C) Photographs of hanging
drops of colored liquid of different heights below the recording electrodes (no spheroid was
present for these pictures). (D) Micrographs of two spheroids (400 and 600 xm diameter)

ACS Sens. Author manuscript; available in PMC 2021 April 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schmid et al.

Page 16

positioned in the SU-8 trap in the drop support. (E) Signal magnitude spectra as a function
of spheroid size for two different spheroid diameters (400 and 600 x/m) and the empty

drop before and after the experiment. (F) Ratio of spheroid size-induced signal magnitude
changes (spheroid diameters of 400 and 600 £m) and fluctuation in the empty- drop signal
over the full frequency spectrum (log scale). Optimal frequencies for each drop height are
indicated as dotted vertical lines. (G) Signal magnitudes of spheroids of different size at
optimal frequencies for the different drop heights. The 0 xm value corresponds to that of an
empty drop with no spheroid present. (H) Calculated sensitivities; the left bars in each group
represent the output signal sensitivity in (/AM/um for the range between no spheroid present
until 400 zm spheroid diameter, while the right bars represent the output signal sensitivity

in tNV/um for the diameter range between 400 and 600 ¢m. Measured signal magnitudes

are raw measured values in units of volts (in contrast to the FEM model, where we had
current values) due to the trans-impedance amplification. (1) Schematic of on-chip spheroid
formation in the hanging drop and subsequent growth monitoring in low-height hanging
drops including images at different time points (scale bars are 100 xm). (J) Signal magnitude
over time of a growing HCT116 spheroid depicted in (I). (K) Signal magnitude variation of a
nongrowing primary liver spheroid over 13 h (scale bar is 100 gm).
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Figure 4. Monitoring of the contractions of human cardiac microtissue spheroids (hCdMT) in
hanging drops.

(A) Beating sequences obtained by microscope video recordings (blue, left y~axis) and
EIS-recordings (red, right y~axis). Single beat characteristics observed optically (B) in terms
of differential images (first image frame is subtracted from the subsequent ones) and through
EIS (C) in terms of signal magnitude spectra after baseline subtraction. The timing of the
video frame acquisition coincided with selected time points in the impedance magnitude
spectra. The time points are listed above the images in (B), in the legend in (C) and are
indicated by color coding.
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