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Abstract

Microfluidic hanging-drop networks enable culturing and analysis of 3D microtissue spheroids
derived from different cell types under controlled perfusion and investigating inter-tissue
communication in multi-tissue formats. In this paper we introduce a compact on-chip pumping
approach for flow control in hanging-drop networks. The pump includes one pneumatic chamber
located directly above one of the hanging drops and uses the surface tension at the liquid—air-
interface for flow actuation. Control of the pneumatic protocol provides a wide range of
unidirectional pulsatile and continuous flow profiles. With the proposed concept several
independent hanging-drop networks can be operated in parallel with only one single pneumatic
actuation line at high fidelity. Closed-loop medium circulation between different organ models for
multi-tissue formats and multiple simultaneous assays in parallel are possible. Finally, we
implemented a real-time feedback control-loop of the pump actuation based on the beating of a
human iPS-derived cardiac microtissue cultured in the same system. This configuration allows for
simulating physiological effects on the heart and their impact on flow circulation between the
organ models on chip.

Introduction

The design of microphysiological systems constitutes a next step towards more biomimetic
in vitromodels.1 Such systems comprise conventional or advanced three-dimensional cell
cultures and a fluidic routing scheme, which allows for interconnecting the different organ
models for controlled perfusion and metabolite transfer.2—8 The growing interest in these
systems is due to their potential to enable better predictions of the impact of compounds on
the human body and their potential to enable better understanding — in a more systemic way
— of how different organs interact with each other under different experimental conditions.

One possible realization of a microphysiological system includes configurable hanging-drop
networks (HDNSs) that host microtissue spheroids. These systems are aimed at realizing
complex multi-organ systems and, in particular, at enabling associated continuous tissue—
tissue interactions and molecule exchange.9 Spheroids as three-dimensional tissue models
currently experience large interest, as they have been demonstrated to better represent /n

olivier.frey@bsse.ethz.ch; Fax: +41 61 387 3994; Tel: +41 61 387 3344.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Yazdi et al.

Page 2

vivo like conditions with respect to cell morphology and functionality compared to standard
2D cell cultures.10 Further, spheroids simply form by self-aggregation of cells in solution
and are easy to handle by using conventional pipetting tools. Spheroids can be derived from
different cell types so that a multitude of different organ models based on the same
fabrication technology becomes available. Example organ models include liver,11 pancreas,
12 heart,13 brain,14 as well as a large variety of spherical tumor models.15-17 Spheroids
are predominantly formed by using the hanging-drop technique, in which a drop of cell
suspension is pipetted onto a substrate that is subsequently inverted. The cells then sediment
to the liquid—air interface of the now hanging drop and start to attach to each other and form
the spherical 3D tissue constructs as no surface is present to which they could adhere.

Hanging-drop networks provide an ideal formation and culturing environment for spheroids
and include microfluidic channels and other units to interconnect the different drops so as to
obtain functional drop networks. Flow through a network of hanging drops can be precisely
controlled, which substantially increases the experimental options in using spheroids and
paves the way to complex multi-tissue, or so-called “body-on-a-chip” formats. The
microfluidics of HDN systems have been realized by patterning hydrophobic rim structures
on the surface of a PDMS substrate that is afterwards turned upside down. The rim
structures delimit wetted areas and prevent the liquid from spreading over the whole surface.
By using circular structures it is therefore possible to define drops; narrow grooves are used
for realizing the interconnecting channels, so that bottom-open, complex microfluidic
networks of hanging drops can be obtained.

Until now, medium flow in such systems has been controlled by using external pumps and
tubing that were connected to the devices. Tubing, however, increases medium volume,
bears the risk of compound adsorption at internal surfaces and compromises the ease-of-use
and the potential for parallelized experiments. A compact on-chip pump solution would help
to overcome these limitations. The integration of a pump into the HDNs should, however,
not significantly increase device complexity. The pump should be simple and robust in
operation and controllable through a minimal number of control lines. There is a plethora of
on-chip micropump designs that have been reported for different applications in the past.18—
20 The vast majority of those, however, was designed for driving liquid flow in closed
microfluidic systems so that they are of limited use for open microfluidic systems, including
the hanging-drop networks.

Here, we present a novel integrated pump concept specifically developed for microfluidic
hanging-drop networks. The pump itself is based on a hanging drop and relies on surface
tensions at the liquid-air interface to drive liquid through hanging-drop networks. The pump
is actuated v/a a single pneumatic control line and allows for realizing a variety of different
flow schemes including physiological pulsatile flow. Pumping units can be operated in
several networks in parallel, while all of them rely on the same single actuation line. Larger
HDNs can be perfused by using more than one pump stage in serial configurations. Finally,
we implemented a feedback control, in which the pump rate has been coupled to the
spontaneous contraction of a human iPS-derived cardiac microtissue, which has been
included in the system. The aim was to be able to also mimic physiologically induced
alterations of the pump rate upon temperature change or compound dosage as they occur /n

Lab Chip. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Yazdi et al.

Page 3

vivo. We then show how external stimuli, e.g., through adding drugs, affect the overall
medium flow and related drug distribution in the “body-on-a-chip” multi-tissue HDN
system.

Results and discussion

Device architecture

Fig. 1a illustrates the design of a simple microfluidic hanging-drop loop with an integrated
pump. The loop consists of 10 hanging drops in a series, each with 3.5 mm base diameter
(circular areas) arranged on a 4.5 mm grid (384-well-plate format). The hanging drops are
connected through 200 um-wide microchannels. Hydrophobic PDMS rims confine the liquid
and allow for building up the completely open hanging-drop network at the bottom of a
substrate. For more details on the concept see reference Frey ef a/.9 Three of the hanging
drops form a pneumatically driven hanging-drop pump (cross-section AA”). The other seven
hanging drops can be used to host the microtissue spheroids for investigations (cross-section
BB").

Pump concept

The pump is operated by pressurizing a pneumatic chamber (typically 20-60 kPa) located
above the center pump drop through a pressure control line (indicated in red in Fig. 1a). The
increase of pressure bulges the membrane between pneumatic chamber and drop ceiling
(500 um thick) and closes, at the same time, an integrated valve at the inlet channel of the
drop (Fig. 1b). The valve consists of a small PDMS structure with a size of 0.5 mm x 1.2
mm and the same height as the rim structure. The PDMS structure is localized at the edge of
the membrane at a distance of 25 pm (membrane in not-deflected position) from the channel
inlet; it tilts and blocks the inlet of the channel upon membrane deflection. The blockage
increases the fluid resistance and substantially reduces liquid flow to and from the left of the
pump drop. Position and shape of the PDMS block have been optimized with respect to
optimal inlet closure (see Fig. S1t).

The membrane deflection virtually increases the volume of the drop (indicated in red in Fig.
1cl). When the drop gets bigger (towards a hemisphere), its radius gets smaller. Based on
Young-Laplace's equation, AP = 24/, the decrease of the radius of the air-liquid interface
results in a pressure increase. The resulting pressure difference between drop 1 and drop 2
(AP, > AP,) and the simultaneous closure of the valve that prevents back-flow induce a
directional flow from the center pump drop to the right neighboring drop (Fig. 1c2,
transferred volume shown in orange). The flow is maintained until both radii are the same,
and the pressure is equilibrated.

Upon release of the pneumatic pressure, the pump drop membrane returns to the resting
state, and liquid from both neighboring drops flows into the center drop thereby restoring
equilibrium conditions (Fig. 1¢3). This sequence is repeated with each pump stroke, and a
uniform flow through the hanging-drop loop in generated. The pump actuation protocol
(shown as a square wave function in Fig. 1b) consists of two states maintained for two
different durations. The time oy refers to the time when a certain pressure is applied to the
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pneumatic chamber. In this state the membrane is deflected, and the valve is closed. forr
stands for the time at resting state when no pressure is applied. The rather thick — and
therefore stiff — PDMS membrane ensures short transition times. Different flow schemes can
be programmed by varying pressure and state durations.

Integration of flow buffers

The two drops up- and downstream of the center pump drop are buffers (diameter of 3.5
mm) that act as low-pass filters to reduce flow pulsation. Due to the two discrete membrane
states and the design of the valve, the flow is intrinsically pulsatile, which needs to be
controlled, or pulsatility needs to be reduced for some applications. Fig. 2 illustrates
measured position and calculated flow rate of a tracked particle in the channel after the
pump drop versustime using fon = 50 ms and opr = 50 ms as actuation protocol. Without
buffer (Fig. 2a and c), a large back flow, which is substantially larger than the resulting net
flow was observed for every pump stroke. In the presented example, peak-to-peak values
larger than 120 pl min~1 were observed at a net flow of 5.6 pl min~L. By integrating the two
buffer drops before and after the pump drop the pulsation was drastically reduced (1.9 pl
min~1), while the net flow only slight changed compared to non-buffered flow (5.3 ul min1,
Fig. 2b and d with zoomed view of the curve).

Pump characteristics

Table 1 presents flow rates and peak-to-peak flow pulsation values for different pump
actuation protocols. The two input values, fon and orr, were varied within a range of 25 ms
and 2 s. In all cases, a constant flow rate was achieved after approximately 20 pump strokes.
The flow rate was adjustable in a range of 0.5-8 pl min~1 at 40 kPa of applied pressure.
Flow rates were in general decreasing with increasing actuation time Zop, when keeping orr
constant. High frequency modes produced much lower pulsation compared to actuation
frequencies in the single-digit Hz range. All values presented here were recorded with
buffers. It has to be mentioned that these values apply to the specific 10-drop loop depicted
in Fig. 1a. For larger networks with, for example, higher flow resistances, lower flow rates
are to be expected (see below). Two examples of continuous and pulsatile flow are shown in
the ESIT (Movies S1 and S2).

Influence of the applied pressure

The pressure applied to the pneumatic chamber influences the flow rate. Values for two
different pump actuation protocols are illustrated in Fig. S2.T A higher pressure results in a
stronger deflection of the membrane and, hence, a larger virtual volume that is added to the
pump drop. Higher stroke volumes are therefore expected. For increasing pressures, from 20
to 60 kPa, we observed a linear increase of the flow rates for both actuation protocols that
are shown in the graph. Thus, control of the applied pressure provides an additional
independent parameter for flow rate adjustment.

Influence of drop volume

We further characterized the relation between flow rate and initial volume of the pump drop.
We varied the total volume loaded into the 10-drop loop at the beginning of the experiment
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between 60 pl and 90 pl and measured resulting flow rates for one frequently used actuation
protocol (fon = foer = 200 ms: applied pressure of 60 kPa). Note that all drops in the loop
have equal size at equilibrium as a consequence of the Young-Laplace law. Moreover, it has
to be mentioned that each of the 10 drops consists of two volume parts; the fixed cylindrical
recess volume (450 um deep, 3.5 mm diameter) and the variable hanging-drop volume
protruding from the rim structure. Approximately 45 pl volume are contained in the recess
and channels. Varying the total chip volume between 60, 70, 80 and 90 pl results in drop
heights of 540, 700, 820 and 920 pm, respectively. As can be seen in Fig. S3,T the flow rate
variations in dependence of the overall drop size are small. For volumes between 70 and 90
ul the flow rate variation is negligible, for a lower volume (60 pl) the flow rate decreases by
approximately 10%.

These findings are important in view of liquid evaporation and small drop volume reductions
that may occur for experiments lasting several days; also for these extended time scales a
reasonably constant flow rate could be maintained.

Pulsatile flow profiles

An important advantage of the proposed pump concept is that it enables both, constant and
pulsatile perfusion at similar flow rates by modifying the pump actuation protocol. This
becomes especially interesting, if the pulsatile pump characteristics of the heart should be
reproduced to investigate their influence on the behavior of other cell types. The buffer drops
enable controlled reduction of the pulsation and allow for simulating different locations and
conditions in the body, as blood flow right after the heart and in arteries is strongly pulsatile
and becomes more uniform in finer vessels and capillaries.

Fig. 3 shows measured flow rates over time for 3 different pump actuation protocols with
fixed fon = 200 ms and varying forr (50, 200 and 500 ms). Depending on the applied
protocol, different amplitudes and pulsation frequencies can be achieved. For all three
actuation protocols the overall net flow rate is positive, although there is a flow reversal
during the pulse. The figure demonstrates that we are able to generate pulsatile flow of
varying characteristic by adjusting the pump actuation protocols.

Parallelization

The proposed pump concept requires only a single pneumatic actuation line for flow
actuation in a closed hanging-drop loop. In a next step, we designed a platform consisting of
8 independent hanging-drop loops (Fig. 4a). Their architecture is the same as that in Fig. 1a.
The 8 loops have been placed side-by-side so that all drops and inlet ports are located on a
384-well plate grid (/.e., 4.5 mm pitch). This arrangement makes the device compatible with
multichannel pipets (9 mm pitch between inlet ports of neighboring loops) to facilitate
convenient medium and cell suspension loading and automated readout.

The four left loops are mirrored with respect to the ones on the right. Each loop consists of 3
sub-networks, shown in 3 different colors in loop number 5: a pump unit (3 drops), a 2-drop
unit and a 5-drop unit. The pump unit includes the pump drop (red) and the 2 adjacent buffer
drops (green). The other seven drops have been arranged in groups of 2 and 5 drops in series
(pink and blue color), and can be loaded with microtissues derived from different cell types
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so that multi-tissue experiments can be carried out. The 3 sub-networks are initially
separated from each other through capillary stop valves.9 After cell suspensions have been
loaded into the microfluidic network via loading ports, the sub-networks have been
fluidically interconnected through opening of the capillary stop valves by supplying a small
amount of liquid through the respective connecting ports. A fully loaded chip with
differently colored liquids for better illustration is shown in Fig. 4b.

The integrated pump is identical to the one presented above. The eight pneumatic chambers,
however, are symmetrically connected to a single pressure inlet in the center through control
channels (shown in red). All pneumatic chambers and control channels are identical and
have the same dimensions. This layout allows for uniform distribution of compressed air and
ensures equal actuation frequencies and membrane deflection heights and, consequently,
identical flow rates in all eight loops. With the proposed layout, eight independent hanging-
drop loops can be operated in parallel with only one pneumatic control line. Thus, eight
multi-tissue experiments can be carried out at the same time in the same environment, which
then allow for parallel investigation of, for example, the effects of different drug candidates
and/or concentrations under identical culturing conditions. For illustration purposes we
added blue ink in two of the loops, which was then circulated with the same flow rate (Fig.
4c). Once the pump actuation started, a clockwise flow was generated in both loops, and the
blue ink was transported along the drops and channels through the system. We measured the
flow rate variation among the different loops on the same platform. The relative variation
was below 10% (Fig. 4d), which demonstrates the performance uniformity of the integrated
pumping system in controlling the flow rate in different subnetworks.

Large networks

We further investigated, if the proposed pumping scheme is able to drive larger hanging-drop
networks. Fig. 5a shows two arrays of 4 x 6 drops. The arrays are again separated into two
sub-networks, shown in 2 different colors (pink 2 x 4, blue 4 x 4) to represent different
spheroid types. Two adjacent pump lanes were used to operate the arrays. Since the network
is larger compared to the 10-drop loop and consists of a higher number of drops and
channels, the total hydraulic resistance is higher. Thus, three identical micropump drops
were integrated in series in a row (red). In addition, we implemented two buffer drops before
and after the pump drops (green). The circulation in the lower and upper networks is
intended to be counter-clock wise and clock wise, respectively. In each drop row, the flow
rate is a fourth of the overall flow generated by the pump due to the flow splitting.

The three integrated pump drops of both arrays are actuated in a defined sequential protocol
(Fig. 5b). Compared to the single-drop pump, an additional parameter, {Hg|ay, Was required
to define the time shift between the pump strokes of the three individual pump drops.

The 3-drop pump was able to drive liquid through the whole array as illustrated in Fig. 5¢ by
using ink. Movie S4t shows circulation of beads through the complete network. For
characterization, different actuation modes have been investigated. First, foeg and e ay
were set to lorr = IbeLay = 50 ms and fopr = fheLay = 200 ms and fon was varied. Then,
pump tests were performed by activating only a single or all three pumps for comparison
(Fig. 5d and e). By using only one pump, flow rates of up to 3 pl min~1 could be achieved
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(blue lines). By actuating all 3 pump drops, we were able to cover a range of flow rates from
2 pl min~1 to up to 9 pl min~1. By integrating 2 buffer drops before and after the pump
drops, flow pulsation could be strongly reduced for all actuation protocols.

Real-time closed-loop pump regulation using a beating cardiac microtissue

The previous results illustrated the performance of the integrated hanging-drop pump with
respect to flow and pulsation control. In the human body, blood flow is generated by the
heart and regulated mainly over the beating frequency in response to nutrient and oxygen
demands in the periphery of the body. In order to simulate such physiological behavior, we
developed a feedback control loop, which has been used to synchronize pulsatile pump
actuation with the beating of a human iPS-derived cardiac microtissue (hCdMT), which was
cultured in the very same hanging-drop loop and which was capable to reproduce a
physiological response upon temperature changes and drug exposure. Pump actuation was
triggered for every microtissue contraction, and any variation in the microtissue beating rate
was directly translated into pump actuation frequency. The flow characteristics and profile
then changed accordingly in real-time.

One hCdMT was placed in the indicated hanging drop of the single hanging-drop loop with
one pump unit (Fig. 6a). A high-speed camera was used to monitor the hCdMT, and online
image processing was performed to detect the contractions. The output was continuously
used to control the pump actuation protocol; foeg was kept constant at 200 ms, whereas toy
was adapted with regards to the contraction characteristics of the cardiac microtissue. Fig.
6b presents time courses of the image processing output showing contraction peaks and
particle traces in the liquid flow in the channel after the pump unit. The pulsatile flow-peaks
nicely correlate with beating of the cardiac microtissue. As visible in the Movie S5t the
hCdMT did not move due to liquid drag of the pulsatile flow, which would otherwise have
interfered with the detection of microtissue contraction movements.

We then continuously decreased the temperature from 37 °C to 20 °C in the HDN setup,
which induced a reduction of cardiac beating frequency.13 As expected, the slower beating
did result in correlated slower pump actuation and, hence, flow pulsation. The flow rate in
the hanging-drop loop was reduced accordingly (Fig. 6c).

In a second experiment in the same setup, we infused isoproterenol into the drop preceding
the drop hosting the cardiac microtissue (inlet port indicated in Fig. 6a). Isoproterenol is a
known beta-adrenergic receptor agonist, which increases the heart rate, as already has been
demonstrated with hCdMTs.13 The goal here was to closely simulate spreading and
clearance of the drug in the system in dependence of the effect of the drug on the heart
beating or liquid pumping rate by using the implemented feedback. The infusion of 2 ul of
bare medium did not affect the beating rate (Fig. 7a). Upon infusing a 2 ul aliquot of
isoproterenol (5 uM) we observed a clear increase in beating rate (Fig. 7b) as soon as the
drug reached the cardiac microtissue. The larger beating rate produced an increased liquid
flow, which rapidly transported more of the compound towards the drop containing the
cardiac microtissue. The sustained larger pump rate in the loop then promotes clearance of
the drug from the drop with the hCdMT and transport to downstream drops and dilution in
the overall medium volume of the liquid-phase loop. As a result we observed an expected
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reduction of the beating rate to approximately the initial value within about 20 minutes. The
integration of the feedback accelerated this clearance and distribution effect, because the
pump rate was increased due to the stimulation of the hCAMT. Switching off the feedback
and setting the pump actuation to a constant rate, independent of the stimulation, resulted in
a longer duration of high beating rates and slower recovery of the hCAMT to the state before
drug exposure (Fig. 7c).

The functional coupling of the pump rate in the microfluidic system to the contraction of the
cardiac microtissue thus offers the possibility of better simulating and mimicking
physiological effects. Substances, either introduced to the microphysiological system from
outside or produced in the system by other organ models (e.g. metabolites) that have an
effect on cardiac tissue will also directly influence medium circulation, as it would be the
case /n vivo. The corresponding systemic changes and impact of the respective substances
can be assessed.

Microfluidic device fabrication

All microfluidic devices were fabricated by using multilayer soft lithography (see Fig. S4t
for the detailed, schematic fabrication and assembly process). The devices consist of two
poly(dimethylsiloxane) layers (PDMS, Sylgard 184, Dow Corning Corp., USA), which were
aligned and bonded to each other (see ESIt for fabrication process). The masters for
molding both layers, the pneumatic pump layer and hanging-drop network (HDN) layer,
consisted of SU-8 100 negative photoresist (MicroChem Crop., USA), which was spin
coated on 4 inch silicon wafers to achieve photoresist layers of 200 and 250 pm thicknesses.
After softbake of each layer, the wafers were exposed to ultraviolet light through foil masks
to initiate crosslinking followed by post-exposure baking. The wafers were subsequently
developed for 30 min in SU-8 developer (mrDev 600, micro resist technology GmbH,
Germany). Before replica molding, wafers were coated with trichlorosilane (Sigma-Aldrich,
Switzerland) to reduce adhesion.

Microfluidic devices were casted from PDMS. PDMS base and curing agent were mixed at a
ratio of 10 : 1 and degassed before pouring the mixture onto the SU-8 mold. The upper
pneumatic pump layer had a thickness of approx. 6 mm in order to provide the required
mechanical stability for the device. The lower HDN layer was adjusted to 1 mm so that a
pump membrane thickness of 500 um was obtained. PDMS was cured at 80 °C for 2 hours.
The micropatterned replicas were cut and peeled off the SU-8 mold. An inlet hole for the
control line was punched into the pump layer. After oxygen plasma activation, the pump
layer was precisely aligned and irreversibly bonded onto the HDN layer. Then, liquid inlet
ports were punched through the bonded layers to be able to supply medium and/or cell
suspensions. Prior to device usage, the surface of the HDN layer was covered with a PDMS
layer with openings at the drop areas and then activated with oxygen plasma in order to
increase wettability of the PDMS. In this way, only the surfaces that came in contact with
liquid were rendered hydrophilic, whereas rim structures were kept hydrophobic and
prevented liquid overflow. The PDMS devices were either affixed to a custom-made chip
holder or placed onto PDMS spacers inside a polystyrene box.
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Experimental setup

Characterization tests were performed on an inverted microscope (Olympus 1X81 and Nikon
Ti Eclipse) using a 5x (and 4x, respectively) objective in bright-field mode. To minimize
evaporation of the liquid from the hanging drops during experiments, microfluidic devices
were placed into a closed humidified chamber. A single tube connected the pneumatic
control line to pneumatic chamber(s). The control line was connected to a 3/2-way miniature
solenoid valve (Festo AG, Germany) controlled viaa data acquisition (DAQ) device
(National Instruments) operated by LabVIEW programming software in initial experiments,
or control commands were sent via USB to a custom-designed printed circuit board (PCB)
in subsequent experiments. A pressure controller (DPI 520, GE Druck, USA) was used to
regulate the applied positive pressure. Liquid was infused through tubing by connecting one
inlet port to a syringe controlled by a precision syringe pump (neMESYS, Cetoni GmbH,
Germany).

Particle tracing

For characterization experiments, the hanging-drop loops were filled with a suspension
containing micro-beads (5 um diameter) in de-ionized water. Particles were traced along the
length of the channels downstream of the pump drops by using a digital camera (ORCA-
Flash 4.0, Hamamatsu, Japan) with an image acquisition rate of 100 frames per second.
Imaris software was used to automatically extract the changes in particle positions and
speeds. All data represent mean values of 10-20 traced particles within a defined window of
interest (150 pm wide, 25 um distance from channel walls).

Closed-loop actuation

The closed-loop valve controller setup included the microscope, a digital camera (Leica
DFC340FX, Switzerland), a controller application on the PC, and custom-made valve driver
hardware. The camera was used to acquire the microscopic images of the beating cardiac
tissue, and these images were transferred to the PC. A motion detection application was
implemented in C# to detect the cardiac tissue beating from the acquired images. In short,
image frames were captured from a selected area on the screen (microscope live image)
every 100 ms, and each frame was subtracted from a predefined image (spheroid at rest).
The gray-value differences of all pixels of the obtained differential image were summed up,
and a pump actuation command was sent to the valve driver when the value exceeded a user-
defined threshold (code available under DOI: 10.5281/zenodo.30669).

All closed-loop actuation experiments were performed on a Leica DMI6000 inverted
microscope comprising an environmental box for temperature control and a stage-top
incubator for CO, and humidity control (Life Imaging Services, Switzerland). For the proof-
of-principle results in Fig. 6b and c, the feedback experiments needed to be split into two
experimental sequences, because cardiac spheroid imaging and particle tracing could not be
done simultaneously. The reason is that the respective monitoring areas are at different
locations on the chip and could not be imaged in the same field of view of the camera. We
therefore first recorded the cardiac beating for 30 seconds, while the pump was operating in
feedback mode. We then replayed the movie on the screen right after with the same feedback
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settings to image the particles and analyze the flow. No change in beating behavior was
observed during that time. All other feedback experiments were executed in real time.

Spheroid cultures

Human iPS-derived cardiac microtissue spheroids and cardiac maintenance medium were
obtained from InSphero AG, Zurich, Switzerland. For experiments, a pre-formed spheroid
was inserted into one of the hanging drops by manual pipetting. The characteristic beating
frequency of those spheroids was in the range of 60 to 90 bpm at 37 °C, which is very
similar to the range of beating frequencies of human hearts.

Conclusion

Design, fabrication, and characterization of a novel micropump for completely open
microfluidic systems have been presented. The concept of using the liquid—air interface
forces to actuate pressure-driven flow enables seamless integration of the pump into hanging
drop networks without increasing fabrication complexity. Pump operation can be controlled
vig a single pneumatic line, and parallel actuation of several drop arrangements on the same
chip is possible. Simultaneous unidirectional fluid flow in up to 8 independent hanging-drop
networks as well as fluid flow in larger hanging drop arrays has been presented. The
developed technique offers great potential for parallel and multi-tissue experiments in
hanging drop networks.

By using the pump in feedback with a beating cardiac microtissue in the HDN, the function
and characteristic behavior of a heart can be simulated, which constitutes a further step
towards microphysiological, or so-called “body-on-a-chip” systems. This approach opens a
route to investigate the impact of compounds on the heart itself and, additionally, the impact
on other organ models in the system as a consequence of alterations in liquid circulation.
Temperature reduction in the system, e.g., reduced the cardiac tissue beating frequency,
which in turn reduced the pump rate and reproduced the respective physiological effect. We
also biochemically stimulated the heart tissue in the HDN system and could not only see the
direct effect on the tissue — an increased beating rate — but also its functional effect on the
whole system — in this case a faster clearance of the stimulating drug from the heart
environment as a results of the increased pump rate.

Very different concepts have been applied before to integrate heart functions on-chip.21-23
The approach proposed here provides seamless integration of a 3D heart organ model,
capable to closely mimic /n vivo like conditions and tissue responses upon, é.g., dosage of
compounds, as well as the major function of the heart — pumping of liquid to the different
organ models. This holds particularly true, as the two features are interdependent in an
organism: any response of cardiac tissue to a substance will inherently alter the pumping
characteristics and the supply of liquid and nutrients to the other organs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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@ Pump/Valve at rest (P = 0 kPa)

» Time

Open valve (t

Fig. 1.
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Microtissue c

Architecture and concept of the integrated micropump in a microfluidic loop of hanging
drops. (a) Top view of the design of the hanging-drop network. The pump consists of three
drops; seven other drops can be used to culture spheroids. (b) The protocol of the applied
pressure for pump actuation is indicated as a square wave and consists of an OFF and ON
state, each with a defined duration. The ON state can vary in pressure. Photographs show the
open and closed states of the integrated valve. (c) Cross-section AA’ (indicated in Fig. 1a)
schematically illustrates the sequence of pump actuation (see text for details); BB’ the drops
for spheroid culturing.
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Fig. 2.
Influence of buffers. Tracked particle position and corresponding flow rate before (a & c)
and after the buffer drop (b & d).
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Pump protocol

Fig. 3.

Pulsatile flow. Tuning the shape of the pulsatile flow by regulating the pump actuation
protocol Zon = 200 ms and {opr = 50, 200 and 500 ms. Applied pressure was 40 kPa.
Resulting net flow rates were (a) 4.11 pl min~1, (b) 7.07 ul min~1, and (c) 4.3 pl min~1,
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Fig. 4.
Parallel network. (a) Design of the integrated pumping system in parallel hanging-drop

networks. (b) Photograph of the device filled with differently colored liquids as
schematically shown in (a). The chip was rotated by 180°. (c) Time-lapse images of blue ink
circulating in 2 independent loops of the 8-loop platform using the integrated micropump.
Each loop was initially loaded with diluted red dye in DI water, and before the pump
sequence was started (#=0 min), 4 pl of blue ink were added to the buffer drop after the
pump drop through the loading port using a multi-channel pipet (fon = forr = 50 ms). (d)
Flow rates simultaneously generated in 8 independent HDN loops (fon = forr = 200 ms;
applied pressure of 40 kPa; device was filled with 80 pl DI water with suspended beads).
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Fig. 5.

Lagrge networks. (a) Layout of the integrated pump system of a large hanging-drop array of
24 drops. (b) Actuation protocol of the three micropumps in series. (c) Time-lapse images
showing the circulation of a small volume of blue ink, added to the buffer drops at the left
within one of the hanging-drop subnetworks (fon = fopr = 200 ms, applied pressure of 40
kPa, initial volume of 250 pl, see also Movie S3t). Characteristic flow rates and pulsation
amplitudes in the 4 x 6 hanging-drop subnetwork in dependence of the pump actuation
protocol are presented in (d) for forr = e ay = 50 ms and in (e) for forr = e ay = 200
ms.
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Fig. 6.

Rggulated flow driven by a cardiac microtissue. (a) Schematic view of the setup with
feedback loop. b) Synchronized beating of the hCAMT and flow (particle position) generated
by the integrated micropump at 3 different culture medium temperatures corresponding to 3
different beating rates. (c) Relation between beating rate and generated flow rate (applied
pressure of 20 kPa, initial volume of 80 ul).
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Fig. 7.

Biochemical stimulation of the hCAMT in the feedback-controlled hanging-drop loop.
Infusions at £= 0 are indicated by a vertical line. (a) No effect on the beating rate was
observed when medium alone is infused in a control experiment. (b) Increase and decrease
of beating rate and the feedback-coupled perfusion rate upon adding 2 pl of isoproterenol (5
UM in medium, 10 pl min~1) in the preceding drop. The 2 pl aliquot was diluted to 1 uM
when infused (10 pl drop volume). (c) Increase and slow decrease of the beating rate upon
adding 2 pl of isoproterenol without feedback control. The pump rate was constant and set to
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90 strokes per minute (dashed line) (all curves have been smoothed using median filtering;
applied pressure was 50 kPa, initial volume was 100 pl).
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Measured flow rates and pulsation amplitudes for higher and lower pump frequencies (mean values, 7> 3). All
the experiments were conducted with a total liquid volume of 80 pl, which produces a drop height of 820 pm.

The applied pressure was 40 kPa

ton (Ms)
torr(Ms) 25 50 100 200 500 1000 2000
Flow rate (4l min™1)
25 1.6 15 1.0 06
50 4.5 5.3 49 41
200 7.1 73 6.2 4.6
500 4.3 6.2 53 4.4
Peak-to-peak pulsation amplitude (ul min=1)
25 1.4 2.9 61 7.1
50 58 105 163 20.6
200 40 47 55 61
500 41 50 62 69
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