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ABSTRACT

Organ-on-a-chip (OoC) systems have evolved to a promising alternative to animal testing and traditional cell assays in drug development
and enable personalization for precision medicine. So far, most OoCs do not fully exploit the potential of microfluidic systems regarding
parallelization and automation. To date, many OoCs still consist of individual units, integrating only one single tissue per chip, and rely on
manual, error-prone handling. However, with limited parallelization and automation, OoCs remain a low-throughput technology, preventing
their widespread application in industry. To advance the concept of microphysiological systems and to overcome the limitations of current
OoCs, we developed the Organ-on-a-disc (Organ-Disc) technology. Driven only by rotation, Organ-Discs enable the parallelized generation
and culture of multiple 3D cell constructs per disc. We fabricated polydimethylsiloxane-free Organ-Discs using thermoplastic materials and
scalable fabrication techniques. Utilizing precisely controllable centrifugal forces, cells were loaded simultaneously into 20 tissue chambers,
where they formed uniform cell pellets. Subsequently, the cells compacted into dense 3D cell constructs and were cultured under
vasculature-like perfusion through pump- and tubing-free, centrifugal pumping, solely requiring a low-speed rotation (<1 g) of the Organ-
Disc. Here, we provide a proof-of-concept of the Organ-Disc technology, showing the parallelized generation of tissue-like cell constructs
and demonstrating the controlled centrifugal perfusion. Furthermore, Organ-Discs enable versatile tissue engineering, generating cell con-
structs with a customizable shape and a layered multi-cell type structure. Overall, the Organ-Disc provides a user-friendly platform technol-
ogy for the parallelization and automation of microphysiological systems, bringing this technology one-step closer to high-throughput
applications in industry.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0019766

INTRODUCTION

Over the past few years, microfluidic Organ-on-a-chip (OoC)
technology, replicating key aspects of human physiology,1 has become
a promising toolbox for preclinical research, which is starting to get
implemented by a growing number of pharmaceutical companies for
drug development.2 OoCs, a type of microphysiological system, cul-
ture human microtissues with physiological structures under vascular
perfusion in a tissue-specific, precisely controlled microenvironment.3

This technology can be personalized by combining OoCs with patient-
derived cells4,5 or cells derived from patient-specific, induced pluripo-
tent stem cells,6 providing a powerful tool for precision medicine.
However, OoCs have not yet been applied for personalized medicine,
as, e.g., limited handling automation and low-throughput character of
the available systems represent major technical obstacles.7 Compared
to current high-throughput screening performed by pharma and bio-
tech companies, acquiring more than 100 000 data points per day,8

OoCs offer lower throughput by several orders of magnitude. This can
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be attributed to several reasons: many OoCs are fabricated using poly-
dimethylsiloxane (PDMS), a material limiting scale-up of chip fabrica-
tion9 and known for its tendency to absorb small hydrophobic
molecules,10 which can limit their usability for drug testing.11 Further
limiting factors of current OoC systems, independent of the applied
chip material, are low degrees of parallelization and automation.9

Therefore, several attempts were made to create OoCs with
higher throughput capabilities: many of those approaches focus on the
increase in the replicate number per chip and maintaining compatibil-
ity to standard lab equipment by tailoring those systems to the stan-
dardized footprint of a microtiter plate.12,13 Other concepts try to
facilitate handling of OoCs by, e.g., on-chip peristaltic pumping14,15 or
gravity-driven perfusion by periodical tilting of the chip.16

Additionally, fluid coupling between individual OoCs using liquid
handling technology instead of manual pipetting for fluidic intercon-
nections was just recently reported.17

Concepts from microfluidic cell culture systems with high
degrees of parallelization18 and automation19 show the general high-
throughput potential of microfluidic systems, achievable through a
highly branched and complex channel network. However, those multi-
plexed systems lack physiologic relevance9 and often require multiple
tubing connections, which are disadvantageous regarding, e.g., han-
dling, leakage, and increase in the dead-volume.20

A tubing-free alternative for microfluidic high-throughput appli-
cations is provided by the Lab-on-a-disc (LoD) technology. LoD
systems are capable of performing, e.g., highly parallelized immunoas-
says21,22 or digital polymerase chain reactions23 only based on rotation
of a disc-shaped microfluidic module. So far, LoDs have mainly drawn
attention for screening applications.24,25 However, researchers pre-
sented centrifugal systems, establishing unit operations that are in
principle also required for OoC systems, such as cell loading or
medium perfusion: centrifugal cell loading has been reported for
single-cell assays,26,27 to monitor cell proliferation28 or to generate
multi-cell type spheroids.29 Centrifugal pumping30 has furthermore
been used for medium exchange of a culture chamber with adherent
cells31 or for the cultivation of Caenorhabditis elegans.32 By inserting
classical OoC modules in conventional centrifuges, we could recently
demonstrate the general compatibility of centrifugal microfluidics and
OoC technology and applied centrifugal cell loading to distribute cells
into several tissue chambers, supplied by a syringe pump-driven
medium flow.33

Here, we present a novel, entirely rotation-based Organ-on-
a-disc system (Organ-Disc) as enabling platform technology for the
pump-free generation and culture of human 3D cell constructs. A
straightforward three-step process was established to generate and
culture 3D cell constructs in the Organ-Disc: first, a cell suspension is
pipetted into the inlet region of the Organ-Disc’s tissue channels.
Subsequent rotation of the Organ-Disc transports the introduced cells
via centrifugal forces into the tissue chambers, located in the periph-
eral disc region, where they form dense cell pellets. In the third step,
the Organ-Disc rotates at low speed with centrifugal forces well below
1 g to provide a centrifugally driven media flow. This creates a
vasculature-like perfusion of cell culture medium through the media
channels that are separated from the tissue chambers by a porous
membrane. We characterized the Organ-Disc’s centrifugal perfusion
by theoretical considerations as well as experimental flow rate mea-
surements. Our novel approach distinguishes itself through its easy

adaptability, as all process steps can be tailored to a wide range of spe-
cific cell types. We demonstrate this by providing a proof-of-concept
of the Organ-Disc technology’s ability to generate and culture dense
3D cell constructs, incorporating patient-derived fibroblasts (FBs) and
adipose tissue-derived stem cells (ASCs). Additionally, we demonstrate
that the Organ-Disc allows for customizing the shape of 3D cell con-
structs and the targeted patterning of multi-cell types into a predefined
cell layer structure.

RESULTS AND DISCUSSION
The rotation-based Organ-Disc technology

Organ-Discs are based on multi-layered, microfluidic modules.
Each disc has a diameter of 10 cm and consists of three main compo-
nents: a tissue layer, a media layer, and a porous membrane sand-
wiched in between. Each Organ-Disc features four independent
systems comprising each five tissue chambers, connected in-line by a
shared media channel [Fig. 1(a)].

The tissue layer features in total 20 identical tissue channels
pointing radially outward. The channels are accessible through two
loading ports by a micropipette. Each channel ends with a microcom-
partment, the tissue chamber, located in the peripheral disc region.
Here, we have implemented two designs for different types of tissues:
Rectangular tissue chambers provide a structural environment for
single-cell type or layered multi-cell type constructs. The formation of
an anisotropic fiber-like 3D cell construct with adhesion spots on both
ends is enabled via dogbone-shaped chambers, adapted from previ-
ously introduced heart-on-a-chip systems.33,34 Both tissue chambers
are 175lm high each and have a footprint of approximately 0.3 cm2

for the dogbone shape and approximately 0.5 cm2 for the rectangular
design.

The media layer features four independent channels (1.4mm
wide and 75lm high) for the transport of cell culture medium. Each
media channel supplies five tissue chambers in-line. A thin isoporous
membrane (pore diameter 3lm) separates the media channels from
the tissue chambers. As previously shown, the porous membrane
allows for a diffusive exchange of nutrients to the microchambers,
transported in the media channel, and, at the same time acts, as a bar-
rier, protecting cells from excessive shear stress.33,35

Organ-Discs have been fabricated solely based on thermoplastic
materials instead of PDMS. A well-known consequence of using
microfluidic systems based on thermoplastics is, e.g., reduced gas per-
meability and its impact on oxygen concentrations in microfluidic sys-
tems.36 However, using thermoplastic materials enables the
application of scalable, rapid prototyping techniques. Here, all layers,
except for the media layer, were structured using a CO2 laser, resulting
in precise structures with minimal lateral dimensions of approximately
150–200lm. The media layer, having a less complex design and larger
lateral dimensions as the tissue layer, allowed for a less sophisticated
structuring method. Instead of laser cutting, we structured the media
layer with a knife plotter. At the same time, knife plotting allowed for
smoother channel edges compared to laser structuring, minimizing
trapping of air bubbles during initial flushing. All structuring steps for
one disc took in total less than 1 h. The individual, thermoplastic
layers of the Organ-Disc were bonded in approximately 2 h using sol-
vent vapor bonding.

Using Organ-Discs, 3D cell constructs are generated and cultured
in three simple steps: first, cells are pipetted into the inlet region of the
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tissue channels [Fig. 1(b)]. Then, dense cell pellets are generated in all
tissue chambers simultaneously by precisely controllable centrifugal
forces. Finally, a continuous perfusion is provided by centrifugal
pumping, relying on a slow disc rotation with centrifugal forces below
1 g. A rotation-based system involves more effort in imaging during
rotation compared to a stationary chip. However, the symmetrical
arrangement of tissue chambers on the Organ-Disc and a minimal
optical distance of approximately 175lm to the cells enable, in princi-
ple, an automated monitoring during centrifugal culture. By adding
short phases of stepwise rotation of the disc, a stationary microscope
lens would be sufficient for imaging all tissue chambers one after each
other.

Pump- and tubing-free centrifugal perfusion

The Organ-Disc technology allows for a continuous perfusion
without the need for external pumps or tubing connections to the
disc. Instead, we applied centrifugal pumping,30 solely requiring
rotation of the microfluidic system. For centrifugal media perfu-
sion, we built a perfusion spinner, allowing for rotation of the
Organ-Disc and its reservoir at low speed inside an incubator [Fig.
2(a)]. The Organ-Disc’s reservoir features in total five compart-
ments that are accessible from the top and store liquid during cen-
trifugal pumping. Here, a single compartment in the center of the
reservoir, connected to the inlets of each media channel, stores and
supplies fresh cell culture medium to each system. However, it
should be noted that independent culture conditions are, in princi-
ple, easily achievable by further segmentation of this inner com-
partment. The other four compartments, located at the periphery of
the reservoir, are connected to the outlets of the media channels
and collect the effluent of each system [Fig. 2(b)].

Centrifugal perfusion has to meet several requirements in order
to be applicable for OoC systems. First, the centrifugal forces, inevita-
bly present during rotation and permanently acting on the cells, must
not immensely exceed 1 g, otherwise resulting in unintended hyper-
gravity conditions. However, those centrifugal forces need to be suffi-
cient to generate flow rates at similar levels compared to other OoC
systems. Therefore, we focused on suitable parameters for the centrifu-
gal perfusion of the Organ-Disc by theoretical calculations as well as
flow measurements.

Rotation of the Organ-Disc leads to a pressure on the liquid (den-
sity q) inside the media channels and the reservoir, which depends on
their radial position [Fig. 2(c)]. Therefore, rotation with an angular
velocityx leads to a centrifugal pressure difference

Dpc ¼
1
2
qx2 r22 � r21

� �
; (1)

between the inner radius (r1) and the outer radius (r2) of the liquid
volume, which is proportional to x2.24

Before each centrifugal perfusion, the inner compartment of
the reservoir is filled to the brim, while the outer compartments
are initially empty. Due to the difference in fluid level H, acting
perpendicular to the rotation of the disc, a hydrostatic pressure
difference

Dph ¼ qgH; (2)

is present during centrifugal media perfusion. All fluids in the reservoir
are pushed radially outward during rotation of the Organ-Disc.
Therefore, the fluid level above the inlet remains maximum, as fluid is
constantly present up to the brim. However, the fluid level above the
outlet remains zero as the effluent gets pushed past the port, respec-
tively [Fig. 2(c)]. Hence, for the following calculations, we assume a
constant hydrostatic pressure if the disc and its reservoir are spinning.

FIG. 1. The Organ-Disc technology: (a) photo of an Organ-Disc with a 10 cm outer diameter. Each disc has four independent systems for parallelized 3D cell construct genera-
tion and culture. The independent systems consist each of five tissue chambers and a media channel. Organ-Discs are manufactured using thermoplastic materials and rapid
prototyping techniques. (b) First step of the Organ-Disc application: a cell suspension is flushed into the tissue channels by a micropipette. Second step: rotation of the Organ-
Disc transports cells from the inlet section into tissue chambers, forming dense cell pellets. Third step: slow disc rotation (<1 g) generates a controlled media perfusion. The
porous membrane allows for diffusive transport and eliminates shear stress on the 3D cell constructs. The Organ-Disc enables automated readout technologies during culture,
as all tissue chambers are symmetrically arranged on the disc and permanently optically accessible with an optical distance of only 175 lm.
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The volumetric flow, generated by Dpc and Dph, through the
disc’s rectangular media channel (height h, width w, whereby h�w,
and length L)37 can now be calculated for fluid with dynamic viscosity
g as follows:

Q ¼ h3w Dpc þ Dphð Þ
12 gL

1� 0:630
h
w

� �
: (3)

Here, we calculated Dpc using the middle of the inner compart-
ment for r1, as compromise between full and empty inner compart-
ments and the media channel outlet for r2, assuming a local separation
between medium in the channel and the collected effluent. Further, we
calculated Dph for the 8mm fluid level of water in the inner compart-
ment at 37 �C. This leads to a hydrostatic pressure difference of
approximately 78 Pa.

In order to verify our theoretical assessment, we measured the
actual flow rate generated by centrifugal pumping by weighing the
effluent. The experimentally measured flow rates reached from almost
undetectable flow rates of 3ll/h for 0 rpm up to 445ll/h at the highest
tested velocity of 200 rpm [Fig. 2(d)]. Already at 100 rpm, a flow rate
of 97ll/h was achievable, comparable—or even above—convention-
ally used values.33,35,38 Using a rotation speed of 100 rpm leads to a
centrifugal force of 0.46 g, acting on the cells. Considering both centrif-
ugal acceleration and standard gravity and combining them by vector
addition, the cells sense only a minimal evaluated gravitation of 1.1 g
at 100 rpm.

As expected, our measurements reveal a superlinear correlation
between the flow rate and rotation speed. However, the measured flow
rates are much lower than the calculated flow rates, generated by cen-
trifugal and hydrostatic pressure.

Several aspects could potentially reduce the volume flow. First, a
discrepancy between input and actual output rotation speed might be
present due to the open-loop controlled perfusion spinner. In addition,
evaporation might reduce the amount of liquid, collected over time in
the outer compartments of the reservoir. Further, there is a short but
inevitable phase between stopping the rotation and weighing the efflu-
ent that is undefined flow condition. However, the most likely expla-
nation in our opinion is capillary pinning,30 acting as an additional
resistance, reducing the actual pressure difference between the inlet
and the outlet.

Capillary pinning can occur at an abruptly diverging channel
geometry. This effect is often used for capillary burst valves that pre-
vent fluids from further advancing unless a certain burst pressure is
exceeded.30 In the case of the Organ-Disc, it is plausible that the
meniscus of the liquid traveling up the port to the outer reservoir is
pinned at the top edge, whereby the ports to the outer compartments
would create a capillary burst valve. Considering that the effluent is
pushed radially outward during rotation, capillary pinning could be a
permanent effect as long as no liquid is accumulated above the exit
port, resulting in a permanent backpressure [Fig. 2(c)].

Cho et al. estimate the maximum burst pressure pv of liquid,
pinned inside a circular capillary using

pv ¼ �4r
coshmax

d
; (4)

with r being the surface tension of the liquid, d the inner diameter of
the capillary, and hmax the maximum contact angle that the liquid can
build up before spreading in the diverging section.39 According to the

FIG. 2. Concept and characterization of centrifugal perfusion: (a) photo of a
rotating Organ-Disc with the reservoir on the perfusion spinner inside an incuba-
tor. (b) Exploded view of the reservoir connection to the Organ-Disc. The reser-
voir’s ports are connected to the inlet and outlets of the media layer, providing
fresh medium from the central compartment and collecting the effluent of each
system separately in outer compartments. The reservoir is shown without its lid.
(c) Via rotation, medium is pumped through the media channels by centrifugal
pressure. Medium inside the compartments is pushed radially outward during
rotation, resulting in an additional, constant hydrostatic pressure difference. The
exit port to the effluent compartments acts as a capillary burst valve. (d)
Comparison between measured (squares, N� 8, error bars represent the stan-
dard deviation) and calculated flow rates (lines) during centrifugal perfusion.
Flow rates were calculated considering hydrostatic only (black), centrifugal only
(red), and hydrostatic and centrifugal pressure differences (blue), as well as
hydrostatic and centrifugal pressure differences reduced by an approximated,
capillary pinning effect (green).
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author’s equation and their assumption of hmax¼ 180�, a maximum
burst pressure of up to 140Pa for our circular reservoir ports with a
diameter of 2mm is possible. Consequently, no flow should be observ-
able up to approximately 120 rpm when the total pressure difference
exceeds the burst pressure. However, this was not observed in the
experiments and could be due to the assumption of a maximum con-
tact angle of hmax¼ 180�.

If the liquid wets the surfaces perpendicular to the capillary valve
opening, the burst pressure is reduced.30 Since the reservoir is made
out of polymethyl methacrylate (PMMA), known as a hydrophilic
polymer,40 using the equation from the study by Cho et al. with
hmax¼ 180� might lead to an overestimation of pv in our system. In
addition, multiple studies concluded that surface roughness and
rounded edges at the diverging geometry reduce the capillary pinning
effect.30,39,41 As the ports are fabricated in a rapid-prototyping manner
by laser cutting, this might result in further reduction of the burst pres-
sure in our system.

We, hence, fitted our measured flow rates with a variable burst
pressure assuming permanent capillary pinning. We used

Q ¼
0

B x2 � x2
0

� � forx < x0

forx � x0;

(
(5)

as a function for the approximation of our measurements, with

x2
0 ¼

pv � ph
1
2
q r22 � r21
� � ; (6)

being the angular velocity at which the capillary valve bursts and

B ¼ h3w
12 gL

1� 0:630
h
w

� �
1
2
q r22 � r21
� �� �

; (7)

a parameter, only depending on channel dimensions and material
properties. The error-weighted approximation indicates a burst pres-
sure of 976 17Pa, slightly higher than the hydrostatic pressure.
Comparing our measurements with this fit of a flow rate induced by
centrifugal as well as hydrostatic pressure and reduced by permanent
capillary pinning gives a better matching with a coefficient of determi-
nation R2¼ 0.7 [Fig. 2(d)].

Parallelized centrifugal cell loading and versatile 3D
cell construct culture

For cell loading, only a single pipetting step is necessary in which
a cell suspension is transferred into each tissue channel through the
inlet ports. The actual 3D tissue generation is accomplished by subse-
quent centrifugal cell loading in all cell channels simultaneously: the
Organ-Disc rotates and the occurring centrifugal forces transport the
cells into the tissue chamber at the outer end of each tissue channel.
By filling the outer tissue chambers, dense cell pellets are created in
shapes predefined by the chamber geometry.

This is different from conventional OoCs, relying on the injection
of a cell suspension by pressure-driven flow generated, e.g., by pumps
or micropipettes.5,6,42 In general, those OoCs load cells based on filtra-
tion as cells are pumped into a microchamber and retained by a
porous material. In such a process, the excess liquid needs to pass the
membrane pores in order to maintain a fluid flow for further cell

transport into the chamber. As the accumulating cells will clog the
pores of the membrane, gradually increasing pressure gradients will be
needed for further cell accumulation. Therefore, such a filtration-
based process depends on the current filling state of the tissue chamber
and might require the application of large, potentially cell damaging
pressures for a complete filling of a tissue chamber.

In contrast to that, the Organ-Disc cell loading is solely based on
sedimentation through defined centrifugal forces. On the one hand,
this allows for the integration of all injected cells into the cell construct,
as they are actively transported into the tissue chamber without
increasing resistance. This allows us to generate a dense pellet with
only 20 000–40 000 cells, depending on the tissue chamber geometry
and cell type. Thereby, more than 20 3D cell constructs can be gener-
ated with less than one million cells, making the Organ-Disc an effi-
cient system in cell demand. On the other hand, the applied
centrifugal forces acting on the cells during centrifugal loading are pre-
cisely controlled by the rotation speed of the Organ-Disc. Different
from filtration-based OoCs, the Organ-Disc allows thereby for a gentle
cell injection without exerting pressure gradients or applying shear-
forces on the cells.

Using centrifugal cell loading, we successfully generated cell con-
structs with two different geometries: we loaded FBs into dogbone-
shaped compartments and ASCs into rectangular tissue chambers.
Therefore, the structural environment and support, provided by the
tissue chamber, can be flexibly tailored to a specific application. In
general, the Organ-Disc loading process is easily adaptable to a specific
cell type, requiring an optimized cell number for complete filling of a
tissue chamber or higher forces for building a dense cell pellet. For the
cell types used in this work, 5min of spinning at 1000 rpm was suffi-
cient to transport the cells into the tissue chambers and to form 20
uniform pellets in one step [Fig. 3(a)]. The centrifugal acceleration act-
ing on the cell pellets inside the microchamber during loading is
approximately 46 g. This allowed us to fill entire discs at once with
centrifugal forces below 100 g, a commonly used acceleration in cell
culture for, e.g., passaging cells.43

After 24 h of centrifugally perfused culture (rotation at
100 rpm or 0.46 g), the formation of tissue-like, 3D cell constructs
could be observed using both cell types and tissue chamber
designs. The cells changed from their spherical shape into elon-
gated shapes attached to other cells in their vicinity forming a con-
nected multi-cellular structure [Fig. 3(b)]. Cell viability was
evaluated after 24 h of culture via live/dead staining with FDA and
PI. It was possible to generate systems on the Organ-Disc only
containing viable 3D cell constructs for both cell types. All the five
tissue chambers, connected in-line to each other in one system,
contained minimal amounts of dead cells in comparison to the
overall viable and FDA-positive cells [Fig. 3(c)].

We occasionally observed cells migrating in between the mem-
brane and the tissue layer. This is due to local delamination of the
membrane from the tissue layer material. Therefore, cells can enter the
created gaps. While this indicates room for improvement of the
adapted bonding process for membrane integration, we have not seen
a negative impact on the cell viability. The cells in those gaps have
uncompromised access to the perfused cell culture medium, as they
are directly underneath the porous membrane. Therefore, neither the
cells in those gaps nor the associated cells inside the tissue chambers
showed reduced viability.
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FIG. 3. Centrifugal 3D cell construct generation and culture: (a) centrifugal cell loading with ASCs. All tissue chambers of an Organ-Disc were evenly filled with ASCs after
5 min of spinning at 1000 rpm. Shown are bright field images of all the 20 tissue chambers of one disc. (b) FBs compacting into a tissue-like, 3D cell construct. After 24 h, the
injected, individual cells attached to other cells in their vicinity, forming a connected multi-cellular structure. Shown are bright field images of the same tissue chamber immedi-
ately after loading and after 24 h of subsequent culture (100 rpm, 0.46 g). (c) Live/dead (FDA/PI) staining of FB and ASC cell constructs after one day of centrifugal culture
(100 rpm, 0.46 g). Successful generation of viable cell constructs in dogbone-shaped and rectangular tissue chambers. Shown are all the five FB or ASC tissue chambers of
one system. FBs and ASCs were cultured on separate Organ-Discs. Shown are maximum intensity projections after approximately 24 h. (d) Actin and nuclei (phalloidin/DAPI)
staining of a FB cell construct cultured for 24 h (100 rpm, 0.46 g). Shown are maximum intensity projections in z- and x-directions. The 3D structure is predefined by the
dogbone-shaped tissue chamber, enabling an anisotropic fiber formation with round anchor points on both sides. (e) Live/dead staining of ASCs cultured for three days by cen-
trifugal perfusion (100 rpm, 0.46 g). All the five 3D cell constructs of one in-line supplied system were overall FDA-positive. An air bubble is observable in the media channel,
entrapped during the staining procedure, however not affecting cell viability. Shown are maximum intensity projections after approximately 72 h. Scale bars: 500 lm.
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Already after 24 h of centrifugal culture, the cells adapted to the
predefined structure of our tissue chambers. In the case of the
dogbone-shaped chamber, the microchamber was completely filled
with FBs aggregated to a single 3D cell construct with an anisotropic
fiber-like structure [Fig. 3(d)]. The resulting thickness of the 3D con-
struct, predefined by the height of the tissue chamber, was approxi-
mately 150–170lm.

Minimal manual handling steps are required for cell culture using
the Organ-Disc technology. Due to the small size of the reservoirs, in
the current setting, freshmedium had to be refilled into the inner com-
partment and the outer reservoir, containing the effluent, emptied
every day. However, using larger reservoirs, this interval could be pro-
longed significantly. As all compartments are accessible from the top,
the reservoir can remain attached to the disc during medium
exchange. In principle, this allows for the integration of liquid han-
dling for medium exchange, eliminating all required manual handling
during on-disc culture. Leveraging our user-friendly centrifugal perfu-
sion process, ASCs were cultured in the Organ-Disc for up to three
days maintaining viable 3D cell constructs [Fig. 3(e)]. This indicates
that an even longer culture period on the Organ-Disc is in principle
achievable. However, the suitability of our centrifugal perfusion for
long-term culture as well as maintaining physiologic gas concentra-
tions in our thermoplastic system will require further exploration.

In addition to only culturing one individual cell type at a
time on the Organ-Disc, we used the Organ-Disc technology to
generate and culture stratified constructs consisting of several cell
types. Our rotation-based loading process enables sequential cell
injection, as the loading is independent of the number of cells pre-
sent in the tissue chamber and is, therefore, easily repeatable.
Three batches of cells were loaded one after each other into each
tissue chamber of the Organ-Disc. For each layer, 5000 cells were
loaded into each chamber. Compared to our single-cell type

loading, higher forces (approximately 100 g) were used for denser
cell packing in order to achieve distinctly separated cell layers.
The stepwise loading of ASCs and FBs resulted in a layered cell
pellet. The different (fluorescently labeled) cell types were clearly
distinguishable and separated in neighboring layers [Fig. 4(a)].
Even after 24 h of centrifugal culture, the layered cell constructs
maintained their intended stratification with distinct layers of
ASCs and FBs [Fig. 4(b)]. The generation of stratified, multi-cell
type constructs paves the way for emulating organs and tissues
that are built up from multiple layers with distinct properties and
cell composition, such as retina, liver, or bone tissue.

CONCLUSION

We have combined centrifugal microfluidics with OoC concepts,
to establish the novel Organ-on-a-disc technology that allows for the
parallelized generation and culture of human 3D cell constructs solely
based on rotation. The Organ-Disc enables efficient cell loading,
simultaneously generating 20 cell pellets with precisely controllable
centrifugal forces. By eliminating the need for high pressure gradients
or fluid flow during cell injection, cell damage is prevented and injec-
tion process efficiency increased. Using the Organ-Disc, we generated
viable and dense 3D cell constructs, having a multi-cellular, tissue-like
structure. Further, the injected cells adapt to a 3D shape, predefined by
the tissue chamber geometry. We demonstrated the flexibility of our
technology by introducing several cell types, compacting into a cus-
tomizable geometry. In addition, we showed the usability of our sys-
tem for targeted cell patterning, resulting in tailored 3D co-cultures.
Thereby, we generated stratified, multi-cell type constructs using the
Organ-Disc. This will enable emulating organ and tissue structures
that are built up from layers of differing cell types or other specific
properties like, e.g., stiffness. Going one-step further in the direction of
automated microphysiological systems, we introduced pump and

FIG. 4. Multi-cell type construct generation: (a) bright field (BF) and fluorescence images of repeated cell loading of fluorescently labeled ASCs and FBs into a rectangular tis-
sue chamber. (b) Fluorescence images of all the five chambers of one system of an Organ-Disc with stratified ASC/FB constructs cultured for 24 h (100 rpm, 0.46 g). The cell
constructs maintained their targeted layer structure. Scale bars: 500 lm.
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tubing-free centrifugal perfusion. We accomplished a centrifugal
media supply just by slowly rotating the Organ-Discs. This enables a
continuous and controllable vasculature-like perfusion of cell culture
media to the cells. Our perfusion technique generates only minimal
centrifugal forces (<1 g) acting on the cells. However, during perfu-
sion, low but permanent centrifugal forces are required and inevitably.
Nevertheless, our centrifugal perfusion approach allowed us to main-
tain viable cell constructs for up to three days and, in principle, is suit-
able for longer, culture periods. Furthermore, we developed the system
based on industry-compatible thermoplastics and scalable, fabrication
techniques. A thermoplastic chip will result in lower gas permeability
and, hence, reduced oxygen concentrations in the tissue chambers
compared to PDMS systems. However, the physiological relevance of
oxygen levels in conventional cell culture and PDMS chips is contro-
versially discussed since these levels are far above in vivo oxygen ten-
sions. Additionally, accessibility of 3D cell constructs for off-chip
analysis is more challenging in a thermoplastic housing. However, as
the Organ-Disc fabrication can be scaled up, it will allow us to further
explore the capabilities of the system, as, e.g., long-term culture experi-
ments. Overall, the Organ-Disc provides a parallelizable and automat-
able platform technology for microphysiological systems, bringing

OoCs closer to their intended revolution of next-generation drug
development and personalized medicine.

METHODS
Organ-Disc and reservoir fabrication

Organ-Discs were fabricated using five thermoplastic layers (pol-
ymethyl methacrylate; PMMA) and an isoporous membrane (polyeth-
ylene terephthalate; PET): the PMMA layers were a 2mm thick port
layer (Oroglas cast acrylic glass, Arkema), a 175lm thick connector,
tissue and bottom layers (PLEXIGLAS Resist Clear 99524 GT, R€ohm),
and a 75lm thick media layer (PLEXIGLAS Film 0F072, R€ohm). The
15lm thick, track-etched PET membrane with pores of 3lm in diam-
eter (030444, SABEU) was sandwiched in between media and the tis-
sue layer [Fig. 5(a)].

The PMMA foils and PET membrane were structured using a
carbon dioxide (CO2) laser cutter (VLS2.30, Universal Laser Systems)
or, in the case of the media layer, a cutting plotter (Graphtec
CE6000–40 Plus, Graphtec) [Fig. 5(b)]. After structuring, cutouts were
removed with tweezers and residues from the structuring processes
were wiped away using cleanroom tissues soaked in isopropanol. Prior

FIG. 5. Organ-Disc fabrication process: (a) exploded view of the individual layers of the Organ-Disc. Each disc was built out of five microstructured PMMA layers and a porous
PET membrane, separating media and tissue channels. (b) Utilized microfabrication techniques. Most layers were microstructured by CO2 laser cutting. Solely, the media layer
was structured using a cutting plotter. (c) Process steps of the bonding procedure. The stepwise bonding consisted of a solvent vapor treatment using chloroform for generating
a sticky surface and subsequent pressure bonding with a hydraulic press.
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to bonding, the individual layers were blown with compressed
nitrogen.

We used a stepwise fabrication approach, stacking microstruc-
tured layers gradually above each other. The stepwise process is based
on an optimized solvent vapor treatment for surface roughness reduc-
tion and bonding.44 For the solvent exposure, a glass Petri dish
(Anumbra, 120 � 20mm2, neoLab) was filled with chloroform (pure,
stabilized with ethanol, neoLab). In each consecutive bonding step, a
PMMA layer was attached to the lid of the Petri dish with small mag-
nets and placed over the chloroform-filled dish [Fig. 5(c)]. After 4min
of solvent vapor exposure, the PMMA surface became sticky. The
exposed layer was then placed into a jig together with the respective
counterpart and laminated on top of it using a handheld roller (Feed
roller, STEINEL). The jig, used for facilitated alignment of individual
layers, consisted of an 8mm thick PMMA plate and pins cut from a
4mm thick aluminum rod. After lamination, the jig was closed with
another 8mm thick PMMA plate and sandwiched in between two
2mm thick silicone mats (Elastomer plate VMQ 50 Shore A,
AngstþPfister). The assembly was pressed together using a hydraulic
press (LabEcon 150, Fontijne Presses) [Fig. 5(c)]. PMMA–PMMA
connections were pressed with 50 kN and PMMA–PET bonds with
25 kN for 10min each. We added a connector layer for better bonding
strength in between the port and the media layer material out of the
same material as tissue and bottom layers. Fully assembled and
bonded Organ-Discs were left in a vacuum oven (Model VD 23,
Binder) overnight at 60 �C and 20 mbar for solvent removal.

The Organ-Disc reservoir consists of three layers of PMMA: a
2mm layer for bottom and lid and an 8mm layer for the sidewalls (all
Oroglas cast acrylic glass, Arkema). The reservoir compartments and
openings in bottom and lid were again laser cut and bonded using
glue (45570, UHU). Reservoirs were left overnight at room tempera-
ture for complete curing, then thoroughly rinsed with isopropanol,
and dried under a laminar flow cabinet.

Cell culture

Human, juvenile FBs from foreskin and ASCs from adult skin
biopsies were utilized in this work. The biopsies were obtained from
volunteers under informed consent according to the permission of the
“Landes€arztekammer Baden-W€urttemberg” (F-2012–078). All proce-
dures were carried out in accordance with the rules for medical
research of human subjects, as defined in the Declaration of Helsinki.

The cell isolation of FBs and ASCs was conducted as described
previously.45,46 Both cell types were expanded in 75 cm2 filter cap cell
culture flasks (CELLSTAR, Greiner Bio-One). FBs were cultured in
Dulbecco’s modified Eagle’s medium (DMEM FG0445, Biochrom)
supplemented with 10% (v/v) fetal bovine serum (FBS) (HyClone
FetalClone II, Thermo Scientific) and 1% (v/v) penicillin/streptomycin
(P/S) (10.000U/ml, Gibco). ASCs were cultured in mesenchymal stem
cell medium enhanced, serum-free (PB-C-MH-675–0511-ad,
PELOBiotech), and 1% (v/v) antibiotic-antimycotic (100X, Thermo
Fisher Scientific).

For passaging and cell suspension preparation, adherent cells
were washed with phosphate buffered saline (PBS) (Dulbecco’s phos-
phate buffered saline w/o calcium w/o magnesium, Biowest) and dis-
sociated using 0.05% (v/v) trypsin (Trypsin-EDTA Solution 10X,
SIGMA Life Science) in Versene solution (Versene 1:5000 1X, Gibco).
After 2–3min of trypsin incubation under culture conditions, the

dissociation reaction was stopped by adding 10% FBS and the dissoci-
ated cells were transferred into a centrifuge tube (50ml CELLSTAR
Polypropylene Tube, Greiner Bio-One). The viable amount of cells
was determined using trypan blue (Trypan blue 4 g/l in aqueous solu-
tion, VWR chemicals) and a hemocytometer (C-Chip Neubauer
improved DHC-N01, NanoEnTek). After centrifugation (Multifuge
3S-R, Heraeus) at 1000 rpm (216 g), cells were resuspended to the final
loading concentration in the respective cell culture medium.

Organ-Disc spinner

For rotation of the Organ-Disc, we built two different setups: (i) a
“loading spinner” for fast rotation, used for wetting of the channels
and chambers, cell loading, as well as initialization of perfusion and
(ii) a “perfusion spinner” for slow rotation during the continuous per-
fusion of the on-disc cell culture.

The core of the loading spinner is a brushless DC motor
(QBL4208–41-04–006, TRINAMIC Motion Control) regulated by a
speed controller (367 661, maxon motor) used for rotation speeds
from 500 to 4000 rpm. The motor was integrated in a PMMA enclo-
sure that fits under a standard laminar flow cabinet, allowing for an
integration into sterile workflows (supplementary material Fig. 1).

The perfusion spinner integrates a stepper motor
(SY42STH38–1684A, Pololu Corporation) controlled by a motor driver
(2128, Pololu Corporation), used for rotation speeds of up to 200 rpm.
The motor was fixed to a PMMA baseplate, which can be attached to an
incubator shelve (Heraeus BBD 6220, Thermo Scientific), allowing for
Organ-Disc spinning under culture conditions. All other electronic parts
remained outside the incubator, connected by a thin cable to the motor.
In both spinner setups, a LCD display (I2C 16 � 2 LCD Display
Module, Eckstein), a rotary encoder (KY-040, reichelt elektronik), and a
microcontroller (ATmega328P Board, Eckstein) provide a user interface
for adjusting rotation parameters.

Centrifugal cell loading

Prior to cell loading, Organ-Discs were sterilized and hydrophi-
lized via a 5min oxygen (O2) plasma treatment (<2 mbar, 3.3 sccm
O2, 50W) using a plasma generator (Zepto, Diener). Subsequently, all
channels of the Organ-Disc were prefilled with PBS by filling media
channels and all tissue channel inlets with a micropipette (10–100ll,
VWR collection). If air remained entrapped in the dead-end tissue
channels after initial filling by pipetting, those air bubbles could be eas-
ily removed by fast rotation of the Organ-Disc for 5min at 4000 rpm
(743 g at the tissue chambers). Thus, centrifugal forces transported
entrapped air to the inlets of the tissue channel in the central disc
region. For single-cell type loading, 5ll of cell suspension with 4000
cells/ll were pipetted into the inlet region of each tissue channel.
Subsequently, the Organ-Disc was rotated for 5min at 1000 rpm
(46.4 g). If the final amount of cells inside a tissue chamber was not
sufficient for complete filling of a tissue chamber, the cell amount was
adjusted by repeating the loading process a second time.

Multi-cell type loading

To generate layered co-cultures in the Organ-Discs, we con-
ducted three subsequent loading steps, in which first ASCs, then FBs,
and again ASCs were introduced, by adopting a protocol from the
study by Park et al.29 In each loading step, we used 5ll of cell

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 4, 046101 (2020); doi: 10.1063/5.0019766 4, 046101-9

VC Author(s) 2020

https://doi.org/10.1063/5.0019766#suppl
https://scitation.org/journal/apb


suspension with 1000 cells/ll and spun the Organ-Disc for 5min at
1500 rpm (104.4 g). In between every loading step, the Organ-Disc was
left in an incubator for 2 h for initial cell aggregation. Medium-filled
pipette tips were attached to the medium ports, providing gravity-
driven flow, in order to minimize evaporation and air bubble
formation during this short incubation step. Different from the mono-
culture experiments, for the co-culture, both ASCs and FBs were
cultured using DMEM supplemented with 10% FBS and 1% P/S
before and during on-disc co-culture.

Both cell types were stained using different fluorescence cell-
labeling dyes before loading in order to distinguish between ASCs and
FBs. Adherent ASCs were incubated with 12.5lM labeling solution
(CellTracker Green CMFDA Dye, Thermo Fisher Scientific) in FBS-
free DMEM for 45min at culture conditions. Afterward, the labeling
solution was aspirated and replaced with cell culture medium. FBs
were labeled during passaging. After dissociation and resuspension
(1� 106 cells/ml in FBS-free DMEM), we added 5ll of labeling solu-
tion (Vybrant DiD Cell-Labeling Solution, Thermo Fisher Scientific)
per 1ml of cell suspension and incubated for 20min under culture
conditions. To wash out the labeling solution, the cells were centri-
fuged (5min 1500 rpm or 485 g), the supernatant was aspirated, and
the cells were resuspended in medium twice. Patterned cell constructs
on the Organ-Disc were imaged using a fluorescence microscope
(BZ-X800, Keyence).

Centrifugal media perfusion

Right after cell loading, all ports of the Organ-Disc were topped
up with medium. The reservoir was attached to the Organ-Disc using
double-sided adhesive tape (ARcare 90106, Adhesives Research) for a
strong and permanent connection during the experiment runtime.
Alternatively, we connected the reservoir reversibly by clamping a
2mm thick layer of silicone (Sylgard 184, Dow Corning) in between
the reservoir and the Organ-Disc. Silicone was mixed in a 10:1 (base:
curing agent) mass ratio and cured for at least 4 h at 60 �C (Universal
Oven UN110, Memmert). Finally, silicone was cut in the shape of the
reservoir’s bottom layer.

Prior to centrifugal media perfusion, the inner reservoir compart-
ment was filled with medium and the Organ-Disc was spun for 30 s to
flush the media channel with medium (500–1000 rpm or 11.6 g–46.4
g, respectively). Next, the Organ-Disc and reservoir were mounted on
the perfusion spinner and continuous rotation under culture condi-
tions was started. Each day, the centrifugal perfusion was stopped and
the Organ-Disc was removed from the perfusion spinner. The effluent
of each system was aspirated, and the cells were inspected using an
inverted light microscope with a tempered enclosure at 37 �C (Leica
DMi8, Leica Microsystems). Afterward, medium was refilled and cen-
trifugal perfusion restarted.

Flow rate measurements

In order to determine the flow rate generated by centrifugal
pumping, we used a simplified version of the Organ-Disc containing
only media channels. The procedure for plasma treatment, filling, and
reservoir connection was identical to the handling of the standard
Organ-Discs. The inner compartment of the reservoir was filled with
de-ionized water that was preheated to 37 �C. Rotation speeds were
varied from 0 rpm to 200 rpm, corresponding to centrifugal

accelerations of 0 g–1.9 g. After 1 h of rotation under culture condi-
tions, the flow rate was determined by weighing the effluents of each
system using a fine balance (40SM-200A, Precisa Gravimetrics).
OriginPro (Version 2019b, OriginLab Corporation) was used for
error-weighted approximation of the measured flow rates.

Live/dead staining

Cell viability after on-disc culture was evaluated using fluorescein
diacetate (FDA, Sigma-Aldrich) and propidium iodide (PI, Sigma-
Aldrich) staining. FDA (1mg/ml in acetone) and PI (1mg/ml in PBS)
were diluted in PBS to a final concentration of 0.025mg/ml FDA and
0.225mg/ml PI. The Organ-Disc’s medium channels were washed
with PBS via gravity-driven flow and induced by pipette tips filled
with PBS, which were attached to the media channels. Afterward, the
staining solution was injected in the same way, incubated for 3min at
37 �C, and finally removed by another PBS-wash. Z-stack images of
stained 3D cell constructs were acquired at 37 �C using a fluorescence
microscope with heated enclosure (Leica DMi8, Leica Microsystems).
Maximum intensity projections were generated from the acquired
z-stacks with Fiji (Image J version 1.52p–1.53c).47

Actin/DNA staining

Cell constructs were fixed by flushing media channels with a fixa-
tive solution (Roti-Histofix 4%, Carl Roth). The fixative was incubated
for 1 h at room temperature and removed by subsequent flushing with
PBS. Cell structures were visualized by fluorescence staining of fila-
mentous actin and nuclei using fluorescently labeled phalloidin (Alexa
Fluor 488 phalloidin, Invitrogen) and 40,6-Diamidino-2-phenylindole
dihydrochloride (DAPI, Sigma-Aldrich), respectively. Fixated cell con-
structs were permeabilized for 30min by injecting 0.1% (v/v) Triton
X-100 in PBS (Triton X-100, Sigma-Aldrich) through the media chan-
nels and subsequent flushing with PBS. The staining solution was
based on PBS supplemented with final concentrations of 0.165lM
phalloidin, 1lg/ml DAPI, 1% (w/v) bovine serum albumin (BSA,
Sigma-Aldrich), and 0.1% (v/v) Triton X-100. The staining solution
was injected through the media channels, incubated for 60min at
room temperature and subsequently flushed out with PBS. The 3D cell
constructs were imaged using a confocal Laser-Scanning-Microscope
(LSM 710, Carl Zeiss MicroImaging). Combined z-stacks and tile
scans were laterally stitched with ZEN (ZEN black edition 2.3 SP1,
Carl Zeiss Microscopy). Subsequently, the stitched z-stacks were trans-
formed into maximum intensity projections in vertical and lateral
directions with Fiji.

SUPPLEMENTARY MATERIAL

See the supplementary material for a figure showing the loading
spinner for wetting, cell loading as well as initialization of perfusion of
the Organ-Disc.
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