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Abstract

Open microfluidic cell culturing devices offer new possibilities to simplify loading, culturing, and
harvesting of individual cells or microtissues due to the fact that liquids and cells/microtissues are
directly accessible. We present a complete workflow for microfluidic handling and culturing of
individual cells and microtissue spheroids, which is based on the hanging-drop network concept:
The open microfluidic devices are seamlessly combined with fluorescence-activated cell sorting
(FACS), so that individual cells, including stem cells, can be directly sorted into specified
culturing compartments in a fully automated way and at high accuracy. Moreover, already
assembled microtissue spheroids can be loaded into the microfluidic structures by using a
conventional pipet. Cell and microtissue culturing is then performed in hanging drops under
controlled perfusion. On-chip drop size control measures were applied to stabilize the system.
Cells and microtissue spheroids can be retrieved from the chip by using a parallelized transfer
method. The presented methodology holds great promise for combinatorial screening of stem-cell
and multicellular-spheroid cultures.
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Microfluidics technology has become an important tool in cell biology research, as cells and
tissue structures, liquid volumes, as well as the culturing environments can be precisely
controlled.1=3 The large majority of microfluidic devices feature a “closed” format, meaning
that cells and liquids are kept and transferred in micropatterned channel networks and
specific microcompartments, all of which feature ceilings. Loading of liquids and cells into
closed compartments, as well as their removal after a successfully conducted experiment,
e.g., in order to perform downstream analysis, often includes several tedious handling steps,
which limit the reproducibility of the experiments and robustness of the results. A plethora
of microfluidic cell preparation, loading, sorting, and trapping concepts has been described
in literature.1> Another challenge arises from the need for continuous long-term operation
(>3 days) of microfluidic setups, as flow control needs to be robust, tube connections need
to be reliable over time, and the occurrence of bubbles that perturb the flow needs to be
prevented at any time.

Open microfluidic systems potentially allow to overcome many of these issues.5 As the
liquid network and compartments are open and, therefore, much better accessible, liquid
introduction, liquid sampling, as well as cell loading and removal can be largely simplified.
Examples include micro-devices, in which the culturing compartments are open to air, so
that cells and medium can be easily loaded and manipulated with a micropipet. People have
used open compartments to expose cells to controlled flows,’ concentration gradients of
compounds,8-2 or to patch cells at the wall of wells.1% Moreover, open microwells, in which
single or multiple cells have been cultured, were turned upside down, so that the cells were
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relocated to the liquid-air interface at the bottom of the liquid volume in order to conduct
dynamic optical imaging from the bottom.11 Open microfluidic conduits feature physical
conditions different from those of closed ones,2 so that new concepts of pumping by, e.g.,
using evaporation, capillary pumps,!2 or surface-force-driven methods'# become possible. In
more sophisticated devices, the fluid was “suspended” between two or more air phases or
between air and a second immiscible liquid.1> Additionally, channels were directly
imprinted on superhydrophobic substrates.18 In summary, open microfluidic systems offer
several advantages, however, for gaining more acceptance of such systems in the field of cell
and microtissue culturing, simple and robust culturing concepts are required.

Here, we present a workflow for microfluidic handling and culturing of cells and microtissue
spheroids in suspension. We employed the previously presented technology of hanging-drop
networks,1’ a fully open microfluidic concept, and engineered new functions, which, in our
opinion, considerably simplify key steps of microfluidic cell culturing. The first and most
important step includes (i) precise loading of single cells by using a fluorescence-activated
cell sorting (FACS) unit and loading of microtissue structures by using a pipet into the
culturing compartments of a prefilled microfluidic network. Subsequent steps include (ii)
robust long-term perfusion in a controlled cell-culturing environment, and (iii) parallel
harvesting of cells and microtissue structures from the microfluidic device compartments for
subsequent analysis. Operation protocols and device technology render the system attractive
for a broad community and useable for a wide range of applications, including combinatorial
studies of stem-cell and multicellular-spheroid cultures under constant perfusion.

Experimental Section

Microfluidic Platform

The microfluidic platform is based on a recently presented hanging-drop network
technology.1” In the present study, we used a 4 x 6-drop array with a single inlet and single
outlet (Figure 1A). Rim-like micropatterns define wetted and nonwetted areas and were
fabricated by using standard soft lithography methods.1” In short, the casting mold was
produced from a 4-in. silicon wafer with two patterned SU-8 layers (both 250 wm thick) on
top. The mold was used to produce polydimethylsiloxane (PDMS) replica structures. To
improve handling of the flexible PDMS devices, they were bonded to a standard microscopy
slide containing through-holes to connect the tubing from the top. The substrate was
operated in an upside-down configuration so that hanging drops were formed below the
circular areas. The hanging drops were interconnected through channels for liquid
circulation, to form a bottom-open microfluidic network.

Preparation and Liquid Loading

A first critical step consists of loading liquid into the empty microfluidic system. Prior to
loading, the drop structures of the fabricated chip were rendered hydrophilic, while the rim
structures remained hydrophobic. This was achieved by a selective oxygen plasma treatment
of the surface with the help of a PDMS mask. A thin PDMS layer with holes at the drop
locations was placed onto the PDMS patterns, so that the plasma did only activate the area in
between the rims.
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Liquid loading was then carried out by simply pipetting the required medium volume from
the top into the network not later than 30 min after plasma activation (Figure 1A). This step
was performed by placing the system downside-up on a support so that the micropatterns
face upward. The liquid is then automatically drawn through the whole network due to
capillary forces.

For loading single cells, we developed a method to directly sort the respective cells into the
fluidic system by using FACS. The microfluidic system was placed in a BD FACSAria lll
flow cytometer (BD Biosciences), configured with a 100 w1 nozzle, a sheath pressure of 20
psi, and 30-kHz droplet generation. All sorts were carried using the single-cell sort precision
mode. A regular holder for microscopy slides was used, and the chip filled with medium was
placed inside the FACS device with the drops facing upward (Figure 1B, left). The sorting
chamber was then closed, and a HEPA filter was used to prevent contamination during the
sorting procedure. Evaporation during the sorting process was reduced by cooling the stage
to 4 °C using the internal cooling system. The preprogrammed positions of each drop were
aligned with the chip features. Once set up, FACS-assisted cell loading was executed fully
automatically by using the motorized xy-stage.

Fluorescence-labeled (GFP+) HCT-116 cells were loaded as a suspension in PBS with a
concentration of 108 cells/mL. The following sorting criteria and parameters were chosen:
1% of GFP+ cell population (maximum fluorescence) at 600 events/s. In average, 6 cells per
second were sorted, resulting in a sorting time of 16.6 s for 100 cells.

Granulocyte/macrophage progenitor (GMP) cells were sorted from Pu.1eYFP reporter mice,
21 defined as lin/Scal~/c-Kit*/CD34*/CD16/32*. Before antibody staining, the cells were
filtered through a 40-um nylon mesh (Becton Dickinson AG, Switzerland) and incubated
with anti-CD16/32 antibody (BD2.4G2; BD Pharmingen, Switzerland) or CD16/32 antibody
conjugated to AlexaFluor 700. For the lineage (lin) depletion step, biotinylated antibodies
for CD3e (145-2C11), CD11b (M1/70), CD19 (1D3), CD41 (MWReg30), B220 (RA3-6B2),
Gr-1 (TER-119), TER-119 (RA3-6B2) and streptavidin-conjugated beads Roti-MagBeads
(Carl Roth AG, Switzerland) were used on a EasySep magnet (Stem Cell Technologies).

Spheroid Loading

Preformed microtissue spheroids were transferred through simple pipetting steps (Figure 1B,
right). Spheroids were taken up into a pipet tip with 20 pL of medium and were allowed to
settle at the bottom of the tip. As all liquid compartments are directly accessible, the
spheroids were loaded into the microfluidic system by simply bringing the tip into contact
with the specific target drop. The two liquid—air interfaces, the one of the tip and the other
one of the standing drop, merged, and the spheroid was transferred to the drop by
gravitational force. No pipet action was required, and no additional liquid was added to the
standing drop during this procedure. Multiple spheroids could be simultaneously loaded by
using a multichannel pipet.
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After cell loading, the microfluidic device had to be flipped upside down and connected to
tubing (Figure 1C). The chip flipping could be easily done by hand in approximately 1 s. No
additional cell transfer, closure of the microfluidic system, or any other preparation step
were required. Important characteristics of hanging-drop networks include that liquid inflow
and liquid outflow have to be carefully balanced, so that the total liquid volume in the
system remains constant, and the drops do not drip off or dry out. Further, liquid evaporation
from the open network has to be limited through a humid environment (incubator) and
compensated for via the applied flow. Both issues could be addressed by using a simple but
highly effective procedure (details in Figure 1C): The network outlet is also realized as a
hanging drop, and the tube inlet position is adjusted to be precisely at the position of the
liquid—air interface, a measure through which the drop size is inherently kept constant and
stable over time. If the drop volume increases, the drop height increases as well and the
liquid—air interface moves below the tube inlet (state 1). Liquid is then withdrawn from the
drop until the liquid—air interface and tube inlet are at the same height or until the tube inlet
is lower (state 2). Thereby, a segmented flow is generated at the outlet. This flow behavior
results in an inherent self-regulation of the size of the outlet drop. Because of Young—
Laplace’s law, the size and radius of the outlet drop is defining the radii of all drops in the
network, so that any dripping off or dry-out can be prevented during perfusion culturing. The
concept allows for operating the system fully independently of any active control, so that it
can be placed in a conventional incubator or on a fully automated time-lapse microscope
stage. For the inflow side we used a syringe pump and for the outflow side a peristaltic
pump, which was operated at a higher flow-rate than the inflow pump.

The cultivation was done on a Leica DMI16000B microscope (Leica AG, Germany) or a
Nikon Ti Eclipse microscope (Nikon Instruments Europe B.V., Switzerland), both with
stage-top incubators for continuous time-lapse studies, or inside a Teco-20 incubator
(Selutec GmBH, Germany). A software-based autofocusing was executed before every
image acquisition. Fluorescence micrographs were acquired using a SPECTRA X Light
Engine (Lumencor Inc.) and the respective filters for GFP and YFP.

The drop size was regulated as previously explained. After loading, the device was placed
onto a custom holder, and the in- and outlets were connected to the pumps via Teflon tubes
of different size. The inlet tube had an internal diameter of 0.5 mm and was connected to the
device by a 21-gauge 90-degree-bent needle (Techcon Systems). The outlet tube had an
internal diameter of 0.3 mm and was connected to the chip by a 32-gauge 90-degree-bent
needle, which was used for the drop height regulation. The vertical distance between needle
tip and hydrophobic rim was set to ~600 um by using a small adjustment tool. The inlet was
fed by a neMESYS syringe pump system (cetoni GmbH, Germany), while the outflow was
controlled by an ISMATEC IPC peristaltic pump (Idex Health and Science). The use of a
peristaltic pump for the outflow was important, as a large volume of air is drawn out, when
the drop is smaller than the outlet tubing. The chosen flow-rates for the inlet pump included
2 uL/min for spheroid cultivations and 0.5 uL/min for single cells. The exact value of the
flow-rate at the outlet is less critical but has to be higher than that at the inlet. A flow-rate of
twice the value at the inlet was usually chosen.
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Image Analysis

Image analysis was done by using the Nikon NIS Elements Advanced Research software.
Fluorescence-signal quantification was performed after background subtraction.

Biochemical Assays

The ATP content of the microtissue spheroids was determined using the CellTiter-Glo 3D
Cell Viability Assay (Promega, Switzerland) according to the manufacturer’s instructions.

Harvesting

All cells and spheroids were harvested in parallel onto a specially designed receiver plate,
which comprised of an array of hydrophilic spots arranged at the same pitch as the hanging
drops (Figure 1D). Super-hydrophobic areas surrounded the hydrophilic spots. The hanging-
drop chip and the receiver plate were both placed into a custom-assembled harvesting
platform. The platform ensured a precise alignment and parallel movement of the chips. The
hanging drop network was approached to the receiver plate, so that all drops got into short
contact (~1 s) with the hydrophilic areas, and so that small volumes of liquid including all
cells and spheroids were transferred in parallel. Cells and spheroids remained isolated from
each other and were accessible for further analysis. The receiver plate was fabricated by
photo-lithographic patterning of a hydrophobic silazane layer on a 4-in. glass substrate.

Results and Discussion
Liquid Loading

Initial filling of the microfluidic device was straightforward and was carried out within less
than a minute by using a conventional pipet. The presented design holds a total liquid
volume of 200 pL. The open nature of the network prevented any entrapment of bubbles, a
problem that exists in many closed microfluidic systems and led to the development of
several “antibubble” strategies.1819 All drops have the same size due to pressure
equilibration, even though liquid filling was applied to only a few of them.

Spheroid Loading

Spheroids were loaded directly from the production well plate into the chip with a
multichannel pipet (always 2 or 3 at a time). A total of 20 spheroids could easily be loaded
within less than 10 min. The flipping of the chip was surprisingly simple and straightforward
to perform manually within a second, while the drops remained stable. No cross-talk was
observed. After the flipping of the chip, the spheroids did sediment to the bottom center of
the hanging drop (Figure 2A). The simplicity of the procedure allows for a very flexible
arrangement of spheroids; drops can either be left without or filled with different spheroid
types according to experimental requirements.

FACS-Assisted Cell Loading

Cells were repeatedly sorted into the standing drops by using FACS. Sorting parameters
were optimized with respect to accuracy, potential splashing, and speed. Figure 2B shows a
result of loading GFP positive HCT-116 cells that were kept in suspension in PBS. For
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illustration and accuracy assessment, a chess-like pattern has been chosen with different
numbers of cells per drop (1, 10, 30, 50, 100, and 300 cells). Only cells with a high GFP
expression level (top 1%) were sorted, cells with lower expression levels were routed to
waste. The duration of such a sorting run depends on the number and appearance frequency
of available cells in the sorting gate and the desired number of cells per drop and generally
included between 10 and 20 min for a 4-by-6 drop array. No splashing or bubbles were
observed during the loading procedure, and the drop network remained stable. For low
numbers of cells (<10), no cross-contamination between neighboring drops was observed
and the obtained cell numbers corresponded to the predefined values. For more than 10 cells
sorted per drop, cross-contamination could not be completely eliminated and a fluctuation of
~5% was observed. Transfer of cells to neighboring drops can have two reasons: (1) We
observed that cells are intrinsically spread in an area of ~2 mm in diameter within the drop
after the sort. Cells off center may be dragged more easily to neighboring drops. (2) For
larger cell numbers, the additional liquid volume that has been added to the standing drops
by the sorting drops (~2 nL) induces liquid exchange between the neighboring drops, so that
cells may be dragged along with the liquid flow. The maximal number of cells per drop was
around 2000; for larger numbers, we observed air bubbles remaining in the drop.

Culturing of Spheroids

Figure 3A shows a side view of the chip filled with red-colored liquid. The precise position
of the tubing in the outlet drop (close-up view in Figure 3B) determines and levels the drop
size throughout the whole array. All drops had the same size and were stable over the whole
duration of the experiments (Figure 3C). Evaporation was inherently counteracted through
the pumping protocol, so that the drop size did not depend on the humidity level of the
culturing environment. For stable operation, it is important to notice that the outflow
controlled by the peristaltic pump always has to be larger than the inflow controlled by the
syringe pump. Further, the inflow should be larger than the total evaporation rate (typically
~1% of the total chip volume per hour in a humidified environment). As a result of the
continuous alternation between air and liquid withdrawn at the outflow, a segmented flow is
generated, which can be handled more robustly by a peristaltic pump than by a syringe

pump.

Continuous-flow cell culturing was demonstrated in two different experimental setups: (i)
growth and viability of HCT-116 spheroids over several days in culture and (ii) formation
and culturing of spheroids from HCT-116 cells loaded by using FACS.

Eight GFP-positive HCT-116 spheroids were loaded into the chip using a standard pipet. The
spheroids have been formed in a GravityPLUS hanging-drop system (InSphero AG,
Switzerland) over 3 days. After loading, the spheroids were exposed to constant perfusion at
a flow-rate of 2 uL/min. As a control, eight spheroids were cultured in conventional, low-
adhesion wells with medium exchange every 2 days (“static” conditions). After 3 days of
cultivation, all spheroids were collected and an ATP-viability-assay was performed. Figure
3D shows all spheroids after loading and after 3 days in culture (bright field and
fluorescence images). The measured relative growth was consistently 38 £ 6% (n =7,
excluding the outlier, Figure 3E). The measured ATP content increased for both, the control
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and the perfused cultures as a result of cell proliferation (Figure 3F). Generally, larger values
were measured for the perfused cultures, however, also with larger variation, which can be
attributed to the variations in the initial size of the spheroids before starting the experiments.

Loading and Culturing of a HCT-116 Cancer Cell Line

Fluorescent HCT-116 colon cancer cells were sorted into the hanging-drop chip in different
cell numbers and configurations. HCT-116 cells are adherent cells and form cell clusters
when cultured on nonadherent substrates. Figure 4A shows bright-field images of hanging
drops at different time points, where 300 cells have been sorted into 8 of the drops in a
chess-board-like pattern. As observed previously, sorting relatively large numbers of cells
entailed a fluctuation of ~5% in neighboring drops. Cells then sedimented to the hanging
drop bottom after sorting (4 h), aggregated into cell clusters (67 h) and proliferated in all
drops (125 h). Similar total fluorescence intensities in all 8 drops after 75 and 125 h in the
continuously perfused culture evidenced the reproducibility of the sorting and culturing
method and proved viability of the cells after (Figure 4B). Further, in the case of sorting
different cell numbers into droplets, the resulting cell cluster size and total fluorescence
intensity nicely correlated with the initially sorted cell numbers, as it is shown in Figure 4C.
Intensities were measured 125 h after sorting of 10, 30, 100, and 300 cells (each in
duplicates) in a similar configuration as shown in Figure 4A. Finally, cell aggregation and
cell culturing has been continuously monitored by using automated fluorescence time-lapse
microscopy. Figure 4D shows the fluorescence intensity versus time for five different low
cell numbers of less than 30. The initial cell number was determined from bright-field
images. In all cases, continuous medium exchange through perfusion has a clear effect on
the growth rate of cells cultured in hanging drops. The growth rate increased visibly after 70
h when culturing was switched from static to perfusion mode. Again, the fluorescence
intensities correlated with the initial cell number. The variations observed for cell numbers
close to ~20 might be attributed to variations in cell viability, cell state, and initial GFP
expression.

Loading and Culturing of Primary Blood Progenitor Cells

Freshly isolated mouse granulocyte and macrophage progenitor (GMP) cells were sorted
from bone marrow suspension directly into the hanging-drop chip, containing a permissive
culture medium (10% FCS, 100 ng/mL SCF, 100 ng/mL TPO and 20 ng/mL IL3, 10 ng/mL
IL6). A target number of 50 GMP cells per drop was sorted, and the cells were cultured in
the hanging-drops for 5 days. Medium was exchanged by using flow intervals every 2 days.
Figure 5A shows phase-contrast images of all 24 hanging drops following sedimentation of
the cells 1 day after sorting (day 1) and at day 5. The number of cells per drop after sorting
amounted to 52.3 = 4.7 (n = 24) cells, once again demonstrating the high accuracy and
precision of FACS-based device loading. Cells expanded in all drops during the 5 days in
continuous-flow culture. In contrast to adherent cells (cf. Figure 4), the nonadherent blood
progenitor cells did not form clusters or aggregates, as expected. Compared to expansion
cultures in wells, where the movement of cells across the surface of the cell culture vessel
can be frequently observed, all cells stayed in the center of the image at the lowest point of
the liquid-air interface and did not move. The GMPs were derived from a knock-in reporter
line expressing a fluorescently tagged version of the transcription factor PU.1 (PU.1eYFP).
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Following culturing for 5 days, some GMP differentiated into macrophages and formed
clusters of adherent cells with high levels of PU.1eYFP expression (Figure 5C). This
demonstrates that the hanging-drop approach enables one to simultaneously observe
transitions in cellular behavior and to assess fluorescent reporter genes using time-lapse
imaging. After 5 days in culture, all cells were retrieved from the microfluidic hanging-drop
device and further characterized by flow cytometry (Figure 5B). To this end the retrieved
cells were stained with antibodies against Ly-6G a marker for granulocytes and F4/80, a
marker for macrophages. Flow-cytometric analysis suggests that 15.9% of the cells
differentiated into macrophages and 15.6% into granulocytes. This finding demonstrates that
the hanging-drop approach can be conveniently combined with standard immunophenotypic
analysis procedures that are routinely used in hematology.

Possible flow rates for spheroid cultivation ranged between 0 and 10 pL/min in order to
maintain stable chip operation. Higher flow rates increased the chance of liquid losses, as the
drop height control needed to react much faster then. For good cell viability and reasonable
medium consumption in long-term experiments, a flow rate of 2 uL/min has been chosen.
Dragging and transfer of spheroids into other droplets has never been observed for this flow
regime.

For experiments with individual nonadherent or adherent cells before spheroid formation,
drag-away is more likely to occur. For those cases, the flow rates were set below 1 pL/min.
Finally, pulsed flow, driven by the inlet syringe pump, was tested and proved to be a viable
option, as liquid is only drawn away, when the drops increase in size, even when the
peristaltic pump was continuously running. Pulsed flow enables the settlement of single cells
at the drop bottom during low-flow phases.

Spheroids could be easily transferred in parallel by using the fabricated receiver plate and a
custom-made alignment and transfer setup (Figure 6A). The cell transfer as described in the
Experimental Section is similar to a previously published concept. Whereas Cavnar et al.2°
transferred spheroids from isolated hanging drops into wells, we show here that this concept
is also applicable for hanging-drop networks by using a flat surface-patterned receiver plate.
Figure 6B shows the results, which include a plate containing eight spheroids in a chess-
board like pattern after transfer. We repeatedly harvested 100% of the spheroids in the
designated locations. No cross-contamination was observed. In the receiver plate, the
spheroids are individually accessible, as liquid connections through channels do no more
exist. Therefore, all spheroids can be further assayed without liquid and cellular cross-talk.
The pitch of the hanging drops and receiving structures is 4.5 mm, which is compatible with
the 384-well format.

Conclusions

The open format of the hanging-drop network technology has been fully exploited to
implement new features for loading, culturing, and harvesting of single cells, multiple cells,
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and microtissue spheroids into, in, and from a microfluidic environment. The most important
characteristics of this format include the fully open design and the resulting accessibility of
any part of the fluidic network. FACS has been used since decades for sorting cells and has
been made compatible for use with microscopy glass slides.22 Here, we developed a method,
with which cells can be sorted directly into compartments of a microfluidic perfusion
network, so that the accuracy and sorting capability of FACS is directly combined with
subsequent microfluidic culturing. Whereas most cell loading protocols follow stochastic
mechanisms, FACS-loading allows for positioning the cells of interest at a defined location
of the microfluidic chip. Further, handling and manipulation steps of potentially delicate
cells are reduced. To the best of our knowledge, it is the first time that cells have been
directly sorted into a ready-to-use microfluidic network without the need of any
intermediary manipulation. A wide range of cell numbers (here, between 1 and 300 cells)
can be sorted into each drop. It is worth mentioning that cells can also be sorted according to
their light-scattering characteristics (forward and side scattering), independent of the
emission of fluorescence signals. This feature enables to distinguish single cells from cell
clusters and to perform qualitative assessments of the morphology and intrinsic structure of
the cells during loading. Adherent cells then form aggregates and tissue-like structures and
have been demonstrated to remain viable over at least 5 days. The seamless combination of
FACS and the microfluidic device opens new perspectives and applications in cell-based
research, where only a small and defined selection of cells out of a large population is of
interest. Hematopoietic progenitor cells are a prime example. We were able to sort and load
a defined population of GMPs sorted from a freshly isolated bone marrow cell suspension
directly into the chip and to subsequently culture, expand, and phenotypically characterize
them for more than 5 days.

On the other hand, the open nature of the system greatly simplifies the loading of
microtissue spheroids, in particular with respect to closed systems, where special traps?3 or
compartments24 are required. Moreover, the open system offers great flexibility in how
different types of spheroids are arranged in a microfluidic network and keeps them in their
original environment, in which any cell adhesion is inherently prevented. These advantages
hold great potential for a wide range of applications including the use of stem cells,25-28
embryonic bodies,?930 and the large variety of microtissue spheroids.31-34 The loading
procedures described here constitute important alternatives to the previously published
method, where defined cell suspensions were supplied during filling the chip with liquid.1”

The new drop-size regulation substantially simplifies the setup and its operation and opens
the route to highly parallelized experiments. Several chips can be run in parallel without any
need for microscope- or computer-based control. The liquid—air interface at the bottom of
the culturing compartments provides ideal culturing conditions for suspension cell cultures
without adhesive interactions to surfaces that might affect their morphology or cellular
behavior. The absence of a solid support surface is even more important for microtissue
structures, for which cell adhesion has to be prevented by any means, as it would entail loss
of tissue morphology, integrity, and functionality. Closed systems require the application of
special antiadhesion coatings. Further, gravity and the drop shape ensure that cells and
spheroids are automatically centered at the bottom of the drop and keep their position also
under controlled perfusion.
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In addition to cell and tissue loading also harvesting of the cellular material from the device
is very simple due to the open system format. Postculture analysis and experiments
including viability assays, ELISAs, staining, or determination of end point values can be
performed with the individual cell aggregates or tissues.

In summary, all the new features described here substantially extend the number of possible
applications of the hanging-drop network format. Handling steps are reduced to a minimum
without compromising the microfluidic functionality, which is at the basis of robust and
efficient operation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Microfluidic cdl culturing wor kflow.
(A) Layout of the microfluidic device, consisting of a 4-by-6 array of interconnected drops

with a single inlet and single outlet. Liquid is loaded from the top and automatically
distributed all over the network due to capillary forces. (B) Single-cell loading into standing
drops by using FACS and spheroid loading by using pipets. (C) Culturing under controlled
perfusion and a close-up of the outlet: state 1, larger drop = liquid removal; state 2, smaller
drop = no liquid outflow. (D) Parallel cell and spheroid transfer from the hanging-drop
network to a receiver plate.
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Figure 2.
(A) Bright-field picture of the hanging-drop chip, loaded with cellular spheroids, after

turning it upside down and cell sedimentation. (B) Green-fluorescence micrographs of cells,
sorted into the hanging drop chip, after turning it upside down and sedimentation. The
resulting and intended cell numbers per drop are indicated. (The target drops are marked in
black at the top of each image. Both scale bars are 200 um).
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Figure 3.

(A?) Picture of the hanging-drop chip filled with red food dye for showing the hanging drop
network. (B) Close-up view of the outlet drop with the tubing tip placed at the liquid-air
interface defining the drop height. (C) Measured drop height variation over 10 h at a flow-
rate 5 uL/min. (D) Bright-field and fluorescence micrographs of eight spheroids at the
beginning and after 3 days in culture (loaded drops are marked in black, scale bars are 200
pum). (E) Relative spheroid growth in perfusion mode and (F) ATP content at the start and
after 3 days in a static, D3(s), and perfused chip culture, D3(p). (Medians are marked in
black).

Anal Chem. Author manuscript; available in PMC 2021 April 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Birchler et al. Page 16

A |ococeoeoO D 107 .
000800 . .
000080 | Start perfusion
0®0@e00 —
20 - |
# cells :
§ at start :
<167 ~27cells | | .
.-%‘ - ® ~20 cells | o
S 12 - ~23 cells : el
€ ] 4 ~20 cells : o Oa
p ~11 cells I o 0A
o 81 I *. 24
= | .. A
8 T ) A o
B 108 C 5 2 4 | 922% ;
— —_ I a '
5 o0 3 109 - o TavliA . i
X 20 < 5 3 7 RAQZAKAl ,‘ :
- 0.0 - o T *N“A 1 l,/ ' '
B °0 5 01 .~ 4 / i
c o = ) PE i e ;T |
L 151 o L 108 4 0 50 , 70 /100 '
£ £ . . ‘ ‘ i
b d Vi o) i '
8 g P P :I'lme [h] , :
® 101 @ . 4 A ! .
? @ 107 4
o o
E ootege S 13
= 4 000900 = o
T 05 S 0
D B E— 106 I B S E— a—
75h  125h 10 30 100 300
# sorted cells
Figure 4.

(A) Bright-field images of 300 fluorescent HCT-116 cells, sorted in a chess-board-like
pattern into hanging drops, and of subsequent spheroid formation during 125 h (target drops
are marked in black, scale bar is 200 pum, see Supplementary Movie 1 for full time-lapse
sequence). (B) Fluorescence intensity increase of 8 spheroids derived from 300 sorted,
fluorescent HCT-116 cells over time. (C) Fluorescence intensity of cell clusters after 125 h
in culture in dependence of the initially sorted cell number (n = 2). (D) Fluorescence
intensity development versus time for clusters consisting of low numbers of cells, and
fluorescence micrographs at different time points (scale bar is 200 um, contrast has been
increased for better visibility).
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Figure5.

(A?) Phase contrast images (10x) of all 24 drops at day 1, after loading 50 granulocyte/
macrophage progenitor (GMP) cells from bone marrow suspension into each drop using a
FACS unit, and at day 5 after subsequent culturing in the hanging drops (target drops are
schematically marked in black, scale bar is 200 pm). (B) Flow-cytometric characterization of
retrieved cells after 5 days in culture. (C) Yellow fluorescence micrographs of the hanging-
drop culture taken every day (scale bar is 200 um, see Supplementary Movie 2 for full time-
lapse sequence).
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Figure®6.
(A) Photograph of the harvesting platform including the hanging drop chip at the top and the

receiver plate below. (B) Spheroids imaged after harvesting on the receiver plate. Gray
shadows are optical artifacts in transmission-light microscopy mode, which are produced by
the curved drop liquid-air interface. Initially loaded drops are marked in black in the top
schematic. Scale bar is 200 um.
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