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a  b  s  t  r  a  c  t

Rational  development  of  more  physiologic  in  vitro  models  includes  the  design  of robust  and  flexible  3D-
microtissue-based  multi-tissue  devices,  which  allow  for  tissue–tissue  interactions.  The  developed  device
consists  of  multiple  microchambers  interconnected  by  microchannels.  Pre-formed  spherical  microtissues
are  loaded  into  the  microchambers  and cultured  under  continuous  perfusion.  Gravity-driven  flow is gen-
erated  from  on-chip  reservoirs  through  automated  chip-tilting  without  any  need  for  additional  tubing
and  external  pumps.  This  tilting  concept  allows  for  operating  up  to 48  devices  in parallel  in  order  to test
various  drug  concentrations  with a sufficient  number  of replicates.  For  a  proof  of concept,  rat  liver  and
colorectal  tumor  microtissues  were  interconnected  on the  chip  and  cultured  during  8 days  in the  pres-
ence of the  pro-drug  cyclophosphamide.  Cyclophosphamide  has a significant  impact  on tumor  growth
ro-drug activation
yclophosphamide
iver

but only  after  bio-activation  by the  liver.  This  effect  was only  observed  in  the  perfused  and  interconnected
co-cultures  of  different  microtissue  types  on-chip,  whereas  the  discontinuous  transfer  of  supernatant  via
pipetting  from  static liver  microtissues  that  have  been  treated  with  cyclophosphamide  did  not  signifi-
cantly  affect  tumor  growth.  The  results  indicate  the  utility  and  multi-tissue  functionality  of  this  platform.
The  importance  of  continuous  medium  circulation  and  tissue  interaction  is  highlighted.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cell-based assays play a key role in drug discovery and provide
ssential information on efficacy and toxicity of compounds already
t an early stage of the developmental process. The more in vitro
odels represent tissue-specific functionality and, possibly, in vivo

hysiology, the better is the prediction of the potential impact of a
rug candidate before it enters animal and clinical trials.
Two-dimensional monolayer cell culture models in multi-well
icroliter plates are well-established, relatively simple to apply

nd use, and amenable to high-throughput screening. However,
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nd  Molecular Medicine, University of Oulu, 90220 Oulu, Finland.

ttp://dx.doi.org/10.1016/j.jbiotec.2015.01.003
168-1656/© 2015 Elsevier B.V. All rights reserved.
cells in 2D cultures often do not reflect the morphology and func-
tionality of their native three-dimensional phenotypes (Abbott,
2003; Ghallab, 2013; Pampaloni et al., 2007; Stewart and Marchan,
2012; Yamada and Cukierman, 2007). These limitations led to
increased efforts in the last years to develop 3D cell culture models
that better reproduce tissue morphology and that feature dynamic
mechanical properties and a biochemical environment that resem-
ble those of living organs (Griffith and Swartz, 2006; Hammad,
2013; Huh et al., 2011; Mazzoleni et al., 2009; Pampaloni and
Stelzer, 2010; Rimann and Graf-Hausner, 2012). Besides tissues
obtained from biopsies and precision-cut slices, tissue can be built
from isolated or cultured cells with the aim to recreate the com-
plex 3D structure in vitro to the best possible extent. Several
approaches are currently pursued, which differ with respect to cell

type, intended model complexity, and mechanical and biochemi-
cal cues to be applied. Many approaches are based on scaffolds that
provide cells with a suitable growth environment, feature effective
nutrient transport and mechanical integrity. The scaffolds include

dx.doi.org/10.1016/j.jbiotec.2015.01.003
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiotec.2015.01.003&domain=pdf
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mailto:olivierfrey@me.com
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orous substrates, such as fiber meshes and microfabricated con-
tructs, or hydrogels, such as matrigel or alginates, where the cells
re embedded into the matrix to facilitate growth (Lee et al., 2008;
ingel et al., 2005).

Spherical microtissues of various sizes can be obtained by using
he hanging drop technique, in which suspended cells at specific
ellular densities aggregate by gravity at the liquid air interface at
he bottom of the drop. Large, scaffold-free clusters of 100–500 �m
iameter have been obtained (Kelm and Fussenegger, 2004; Kelm
t al., 2003; Timmins and Nielsen, 2007). Several technologies are
urrently available to produce such spherical microtissues that
xhibit tissue-like phenotypes at large throughput with good con-
rol of the dimensions (Drewitz et al., 2011; Godoy et al., 2013;
ammad, 2013; Hsiao et al., 2012; Messner et al., 2013; Thoma
t al., 2013). Spherical microtissues have been demonstrated to
ore closely represent in vivo like conditions with regard to cell
orphology and functionality in comparison to 2D cell cultures

Friedrich et al., 2007; Hammad et al., 2014; Hirschhaeuser et al.,
010).

In addition to establishing suitable fabrication methods for the
D microtissue structures, the provision of an optimal microen-
ironment for culturing plays a critical role (Ghafar-Zadeh et al.,
011; Powers et al., 2002). The microenvironment has to mimic

n vivo physiological conditions including spatial and temporal
imensions and dynamics, physical interactions, and biochem-

cal settings. Microfluidic technologies are becoming more and
ore interesting for cell and microtissue experiments, since cells

ultured within small microfluidic structures experience realistic
hysiological conditions with regard to liquid-to-cell ratios, fluid
esidence times and the dynamics of the mechanical environment
Frimat et al., 2011, 2010; Kampe et al., 2014). Miniaturization fur-
her allows for a substantial reduction of required reagent volumes
nd enables precise liquid volume dosage and sampling. A number
f cell-based assays in microfluidic systems have, therefore, been
ealized and implemented (Dittrich and Manz, 2006; El-Ali et al.,
006; Kovarik et al., 2012).

The combination of 3D tissue engineering approaches with
icrofluidics technology and networks also poses some challenges.

n recent years, several research groups have presented different
pproaches. For example, cell-laden hydrogels were applied into
ompartments of a microfluidic network before sealing it with a
over layer (Huang et al., 2011; Sin et al., 2004). More elaborate
chemes comprise several stacked layers of culturing chambers
nd separate fluidic layers to supply nutrients (Sung et al., 2010;
an and Desai, 2004). Both approaches, however, require device
abrication steps that may  interfere with cell culturing. Dedicated

icrostructures to form 3D tissue directly in the microfluidic chip
ave been presented by (Khademhosseini et al., 2006; Leclerc et al.,
003). They include cell-trapping structures to promote cell aggre-
ation and spheroid formation (Hsiao et al., 2009; Jin et al., 2011;
im et al., 2012; Ruppen et al., 2014; Torisawa et al., 2007; Wu
t al., 2008), or larger compartments into which cells are loaded.
he cells then form 3D tissues, which are brought into contact with
erfusion through a micro post barrier that simulates endothelium
Lee et al., 2007; Toh et al., 2009; Zhang et al., 2009). Other groups
erformed matrix gelation or polymerization inside the chip by
recisely controlling the temperature and by using laminar flow
nd hydrodynamic focusing (Frisk et al., 2005; Kim et al., 2007), or
y assembling cell-laden hydrogels directly in the chip (Kachouie
t al., 2010).

Integration of 3D tissue structures into microfluidic systems
f increasing complexity may  entail limited reproducibility and,

herefore, larger variation of tissue responses in compound test-
ng. This aspect becomes even more important when different 3D
issue types are to be handled in the same device and are inter-
cting through the same circulating liquid phase. Reproducibility
nology 205 (2015) 24–35 25

and predictability of cell or tissue behavior in complex experimen-
tal scenarios is a pivotal issue in all current initiatives towards
more biomimetic in vitro models, including multi-organ devices or
so-called “body-on-a-chip” configurations (Esch et al., 2014, 2011;
Huh et al., 2011; Imura et al., 2010; Sung and Shuler, 2009; Wagner
et al., 2013; Zhang et al., 2009). Any chosen technological approach
will be a trade-off between complexity and in vivo resemblance on
the one hand, and ease of use, reproducibility, and potential for
parallelization on the other hand (Van Midwoud et al., 2011).

The main goal of the concept presented here included the devel-
opment of a versatile and robust platform that combines the use of
scaffold-free 3D multi-cellular spheroids with microfluidic tech-
niques. Spheroids were reliably and flexibly produced in dedicated
off-chip automated systems. We  then transferred them into the
microfluidic chip and positioned them reliably in micro-chambers
of a liquid network with the help of gravity. An automated setup,
compatible with conventional CO2-incubators, controlled contin-
uous gravity-driven perfusion and allowed for operating up to 48
devices in parallel. Primary rat liver microtissues showed improved
metabolic activity at different flow rates and different available
medium volumes over 8 days in culture. Several spheroids can be
loaded into the same microfluidic network. As spheroids can be
readily formed from different cell types and loaded into the chip
system, multi-tissue arrangements can be configured in a highly
flexible manner. As a proof of concept study, we  investigated the
pro-drug activation of cyclophosphamide, which became possible
through interconnecting rat liver and colorectal tumor microtissues
on the chip.

2. Materials and methods

2.1. Microfluidic chip design

The microfluidic chip consists of two  identical, independent
culturing units. Each unit comprises a straight perfusion chan-
nel, 4 microtissue (MT) compartments, and 4 MT  loading channels
(Fig. 1a). Two open medium reservoirs at both ends of the per-
fusion channel allow for direct access to the medium for simple
liquid sampling and medium exchange during culturing. The MT
compartments are located at the intersections of the loading chan-
nels and the perfusion channel (Fig. 1b). The loading channels have
a height of 550 �m and a width of 600 �m,  which is high enough to
guide MTs  (200–300 �m diameter in this study) along the channel.
The lower height of the perfusion channel (100 �m) prevents that
MTs  are dragged away with the flow. Its width, w, has been varied
for different flow rates. A critical point consists of the design of the
compartment hosting the microtissue. Simple, fast and complete
medium renewal, which ensures sufficient nutrient and oxygen
supply are essential. At the same time shear stress to MT  has to
be minimized. The final version of the compartment is the result of
a characterization of different designs using CFD simulations. The
microtissue compartment has a diameter of 1 mm  and the same
height of 550 �m as the loading channel (inlet Fig. 1c). The liquid
has access through side openings to the compartment and is guided
around the MT,  which enables an efficient liquid turnover in the
compartment, but also obviates any flow from directly hitting the
MT so that shear and drag forces on the MT  are low (see also Fig. 3).

2.2. Microfluidic chip fabrication

The microfluidic chip was fabricated by using conventional soft-
lithography processes. First, an SU-8 master was  fabricated on a

4-inch silicon wafer by means of photolithography. 100 �m of
SU-8 100 photoresist (Microchem Corp., USA) were spin-coated
on the wafer and exposed by UV through a transparency mask
to define the perfusion channel. Then 450 �m of SU-8 100 were
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Fig. 1. (a) Schematic overview of the microfluidic chip consisting of two  units; each unit comprises 4 MT compartments interconnected by a straight perfusion channel.
Open  medium reservoirs are located at both ends of each perfusion channel allowing for simple medium exchange. (b) Close-up of the MT  compartment at the intersection
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for a specific tilting angle, ˇ, and a distance, L, between the reser-
voirs corresponding to the microchannel length. The volumetric
f  loading and perfusion channel. The black dashed arrow indicates the path of the
c)  For MT loading, the chip is tilted around axis No. 1 in (a) so that gravity transfers
iew.  (d) Gravity-driven medium perfusion is achieved by periodic tilting of the chi

oated on top. MT  compartment and loading channels were defined
y a second mask. Unexposed SU-8 was developed afterwards.
rior to use, the SU-8 master was silanized using trichloro(1,1,2,2-
erflurooctyl)silane (Sigma–Aldrich Chemie GmbH, Switzerland)

n a vacuum desiccator in order to reduce PDMS adhesion.
Then, PDMS (Sylgard 184, Dow Corning, USA), mixed with its

uring agent (10:1), was poured on the SU-8 master and cured at
5 ◦C for 4 h. The PDMS replica was then peeled off and cut into

ndividual microchips. The PDMS channels were bonded to a glass
lide (25 mm × 75 mm)  after O2-plasma treatment. Reservoirs were
abricated from PDMS and bonded to the microfluidic chip.

To prevent adsorption of cells and proteins, the PDMS channel
urface was coated with Biolipidure (NOF Corp., Japan). Biolipidure
ontains phospholipid polar groups, 2-methacryloyloxyethyl phos-
horylcholine (MPC) polymers, which are well known for the
uppression of protein adsorption and denaturation on the surface
Ishihara et al., 1991). The coating solution was prepared by mixing
iolipidure, ethanol and DI water at a 1:1:3 ratio (v/v). The chan-
el was filled with the solution and incubated for 30 min  at room
emperature. The channel was air-dried overnight.

.3. CFD simulations

3-dimensional computational fluid dynamic (CFD) simulations
ere performed in COMSOL Multiphysics Version 3.5a (fluid
ynamics model for steady-state, incompressible flow analysis)
sing 3D models derived from the mask designs. The microtissues
ere approximated by an ideal sphere with a diameter of 350 �m.

hear stresses on the sphere surface were calculated from the local
uid velocity gradients assuming no-slip conditions on the surface
nd dynamic viscosity for water (� = 0.001 Pa s).
.4. Gravity-controlled microtissue loading and culturing

Gravitational forces were used to load the MTs into the chip
nd to culture the MTs  inside the chip under continuous perfusion.
uring loading, the purple arrow indicates the flow in one direction (see also Fig. 3).
T into its compartment. Dimensions of the compartment are shown in the close-up

 respect to axis No. 2 in (a).

Bonded and surface-treated chips were first degassed for approx-
imately 1 hour. The chips were then sterilized under UV in a clean
bench for at least 30 min; then, the channels were filled with
pre-warmed-culture medium. MTs  were taken up in a 200-�l-
pipette tip from the GravityTRAP plate (InSphero AG, Schlieren,
Switzerland) with 10 or 20 �l of medium, and released into the
loading port of the loading channel. This procedure was repeated
to load the required number and types of MTs  into the microfluidic
chip. The chip was  then rotated around axis No. 1 (Fig. 1a) to a near
vertical position, allowing all loaded MTs  to be transferred to the
respective culturing compartments at once under the influence
of gravity. This ensured simultaneous and controlled loading of
all MTs  into the chip (Fig. 1c). The loading ports were then closed
with PDMS pins.

The loaded chips were placed in a rectangular cell culture plate
(Nunc OmniTrayTM, Milian SA, Switzerland). A PBS-soaked pad was
placed around the chips to minimize evaporation of the medium.
The plates were stacked on an automated tilting platform, which
can be programmed with respect to tilting frequency, angle and
tilting speed. The whole set-up was placed in a 5% CO2, 37 ◦C humid-
ified incubator.

Tilting the chip by a specific angle around axis No. 2 (Fig. 1a)
moves the two opposed reservoirs to different heights, resulting in a
flow of medium from the higher reservoir to the lower one (Fig. 1d).
Complete drainage of the reservoir is prevented by capillary forces.
The gravity-driven flow rate results from the height difference, �h,
of the two  reservoirs:

�h  = L · sin ˇ
flow rate in the microchannel is given by

Q = �P

L · Rf
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ith Rf being the specific resistance of the channel and �P  the
ydrostatic pressure difference given by

P  = � · g · �h

For calibration experiments, we tilted the platform to 30◦ and
easured the transferred volumes after 1, 2, 3 and 5 min  for differ-

nt perfusion channel widths, w, (80, 600 and 800 �m).  An initial
olume of 50 �l of cell culture medium was used.

.5. Cell culture

HCT116 eGFP cells (Sirion Biotech, Germany) were cultured in
PMI 1640 growth medium (Chemie Brunschwig AG, Switzerland)
upplemented with 10% fetal bovine serum, 100 �g/ml penicillin,
0 �g/ml streptomycin and 0.3 �g/ml puromycin in a humidified

ncubator at 37 ◦C and 5% CO2. The supplementary reagents were
urchased from Sigma–Aldrich Chemie GmbH, Switzerland.

.6. Microtissues

Primary rat liver microtissues (rLiMTs, initial diameter of
pproximately 250 �m)  were provided ready to use by InSphero
InSphero AG) in GravityTRAP plates. Colorectal cancer (HCT-116
GFP) MTs  were formed in the hanging drop within 3 days with an
nitial number of 250 cells resulting in a MT  diameter of approx-
mately 180 �m.  Medium was exchanged every 2 days for static
ontrol experiments. Six rLiMTs were pooled in 50 �l rat liver
icrotissue medium (InSphero AG) in a single well for static

yclophosphamide activation experiments. After a 2-day incuba-
ion period, medium was manually transferred on HCT116-eGFP
omposed microtissues.

.7. Microtissue culture in the microfluidic device

Different numbers of MTs  were loaded into the device, depend-
ng on the desired medium volume per MT.  Four and two rLiMTs

ere cultured in a total volume of 25 �l to achieve conditions of
.25 �l/MT and 12.5 �l/MT. For conditions of 40 �l/MT, only one
ingle rLiMT was loaded in the device with 40 �l of medium. The CP
io-activation experiment included three rLiMTs in the first three
T  compartments and one single HCT116 MT  in the last compart-
ent. 25 �l of medium were perfused at a flow rate of 13 �l/min.

he medium was exchanged through the open reservoirs by pipet-
ing every 2 days. Capillary forces prevent that the medium is
emoved from the channels (∼2 �l) so that MTs  always remain in
iquid phase. An additional washing step may  be used for complete

edium renewal.

.8. Biochemical assays

The amount of albumin in the collected supernatants was deter-
ined by using an enzyme-linked immunosorbent assay (ELISA)

Bethyl Laboratories, USA) according to manufacturer’s instruc-
ions. Albumin was chosen, because it is a protein synthesized by
he liver and is a well-established and specific biomarker for the

etabolic activity of the liver (Ullrich et al., 2009). Reference serum
tandards (0–125 ng/ml for human albumin and 0–400 ng/ml for
at albumin in sample diluents) were used for the calibration curve
o calculate the albumin concentration of the samples. All super-
atant samples were measured in duplicates. The absorption was
easured at 450 nm with a plate reader (Tecan Infinite M200 Pro,
ECAN, Switzerland).
At the end of the experiments, MTs  were unloaded from the

hip, and a luminescence-based ATP assay (CellTiter-Glo, Promega
G, Switzerland) was conducted to determine cell viability. After
nology 205 (2015) 24–35 27

the PDMS pins had been removed, MTs  were automatically dragged
towards the loading ports of the compartment. In case that MTs
stayed in the compartment, tilting of the device (axis No. 1 in
Fig. 1a) helped to transfer them back to the loading port. MTs  were
withdrawn with 20 �l of rLiMT maintenance medium (serum free
medium) by using a conventional pipette and then transferred to
an opaque 96-well plate (White half-area plate, Greiner Bio-One,
Germany) for conducting the ATP assay. 5 concentrations of ATP
standard solutions (0, 0.1, 0.5, 1 and 10 �M) in 20 �l of rLiMT main-
tenance medium were prepared in the same plate for obtaining the
calibration curve. 20 �l of CellTiter-Glo reagent were added to each
well, and the luminescence was measured with the plate reader.

2.9. Microscopy

The size of MTs  was measured optically every 2 days using an
inverted microscope (Axiovert 25, Carl Zeiss AG, Switzerland) with
5× and 10× objectives in bright-field mode. Prior to the confocal
imaging, MTs  were unloaded from the device for fixation. They were
kept in Roti®-Histofix 4% (Carl-Roth, Karlsruhe, Germany) at 4 ◦C
for 3 days. Subsequently, they were transferred into the second
buffer, which is a mixture of Roti®-Histofix 4% and 1x PBS (1:1
v/v) containing 0.83 M of glucose. After the fixation, MT can be
stored at 4 ◦C for up to 12 months. Immunofluorescence staining
was performed on floating MTs  (Hammad et al., 2014). To visu-
alize the microarchitecture, rLiMTs were incubated with primary
antibodies against DPPIV/CD26 (R&D system; AF954, 1:50) and the
matching secondary antibodies. Either Cy5 conjugated anti-goat
(Dianova, 1:200, Hamburg, Germany) or Alexa647 conjugated anti-
goat (Dianova, 1:200, Hamburg, Germany) were used. Alexafluor
488 conjugated phalloidin (Invitrogen, 1:250) or rhodamine con-
jugated phalloidin (Invitrogen, 1:250) was used to label the actin
cytoskeleton, and DAPI to counterstain the nuclei. HCT116 MTs
were incubated with Alexafluor 488 conjugated phalloidin (Invitro-
gen, A12379, 1:250) to label the cytoskeletal area, as well as DAPI to
counterstain the nuclei. Confocal microscopy was  performed on an
Olympus confocal laser microscope (FV1000, Hamburg, Germany).

2.10. Mass spectrometry

All reagents (HPLC grade) for LC-MS were purchased from Sigma
Aldrich Chemie GmbH (Steinheim, Germany). Milli-Q water was
prepared freshly (Millipore Corp., Bedford, USA). Supernatants for
MS analysis were shock-frozen right after collection. A volume of
15 �l was  transferred in a v-bottom cryotube and frozen in liquid
N2 immediately. Before analysis, frozen medium was thawed on ice
and three sample volumes of ice-cold methanol were added. This
was followed by centrifugation (15 min  at 12,000 g and 4 ◦C). The
supernatant was dried (SavantTM speedvac concentrator and refrig-
erated condensation trap, Thermo Scientific, Rockford, USA) and
stored at −80 ◦C before use. Before LC-MS analysis, samples were
re-suspended in 18 �l of a 4% acetonitrile (ACN) and 0.1% formic
acid (FA) solution. LC-MS was  performed on a Q Exactive orbitrap
mass spectrometer (Thermo Scientific, San Jose, USA), coupled to
an Ultimate 3000 ultra-performance liquid chromatography (UPLC)
instrument (Thermo Scientific). The UPLC system was equipped
with an Easy Spray Pepmap C18 column (75 �m × 25 cm, 3 �m
particles, 100 Å pore size; Thermo Scientific, San Jose, CA) and an
Acclaim Pepmap C18 pre-column (75 �m × 2 cm,  3 �m particles,
100 Å pore size; Thermo Scientific). Mobile phase A consisted of
99.9% H2O, 0.1% FA and mobile phase B of 19.9% H2O, 80% ACN,
0.1% FA. 5 �l of sample was injected at a flow rate of 5 �l/min

and 4% of mobile phase B. Metabolite separation was  performed
using a 22 min  gradient at 300 nl/min, where the percentage of
mobile phase B increased from 4% to 70% in 20 min  and from 70%
to 100% in 2 min. Every metabolite separation was followed by a
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than a day even at low flow rates due to the large shear forces.
A 3D CFD simulation of layout No. 3 in Fig. 3 shows that the

streamlines nicely envelop the complete MT  so that an efficient
medium turnover in the whole compartment can be anticipated.
ig. 2. (a) Photograph of the fabricated chip with (b) enlarged MT compartment, and
evices  are stacked on a custom-made, automated tilting platform for parallel expe

inse step (5 min  gradient, from 4% to 100% of mobile phase B). The
 Exactive mass spectrometer was operated in positive ionization
ode. Gas-phase fragmentation was used to increase sensitivity

nd consisted of 4 consecutive windows of 135–205, 200–255,
50–305 and 300–470 Th. The MS  spectra were recorded with a
esolving power of 35000 full width at half maximum (FWHM),
nd the automatic gain control target and maximum injection time
ere set to 5 × 105 and 100 ms,  respectively. Data analysis was
erformed with MZmine (Pluskal et al., 2010).

. Results

.1. Microfluidic device and setup

Fig. 2a illustrates a fabricated device before microtissue loading.
t consists of the PDMS structure containing 2 independent chan-
els, which is bonded onto a standard glass slide. An enlarged view
f the microtissue compartment is shown in Fig. 2b. It has a height of
50 �m.  Clearly visible are the 550-�m-high loading channel with
he loading port and the perpendicular medium perfusion channel
ith a height of 100 �m.  We  were able to load MTs  into the device
ithout any apparent damage, and MTs  remained in their compart-
ents during the course of the experiments (Fig. 2c). The initial

ntroduction of medium into the microchannel was facilitated by
he Biolipdure coating that renders the PDMS surface hydrophilic.
pplied medium is dragged automatically in to the channels due

o capillary forces, which is not the case for native PDMS channels.
he entrapment of air bubbles in native PDMS channels is com-
on  and the bubbles then are difficult to remove. Here the coating

elps to prevent the occurrence of bubbles. Two of the described
evices were accommodated in a rectangular cell culture plate and
laced on the automated tilting platform. Up to 12 plates can be
tacked onto the same platform and operated in parallel (Fig. 2d).
herefore, a total number of 48 independent experimental con-
itions can be executed in parallel in a standard CO2-incubator.
he gravity-driven flow approach does neither require tubing nor
umps, which renders the operation of the overall system simple
nd robust.

.2. MT  chamber optimization

We  experimentally tested different compartment layouts and
haracterized those by using computational fluid dynamic (CFD)
imulations (Fig. 3). For layout No. 1, our experiments evidenced
ood loading, but the MTs  were dragged and squeezed into the
erfusion channel despite its height being significantly lower than
he diameter of the MTs. In layout No. 2, proper loading was often

mpossible due to bubbles entrapped in the side pocket. Also, cells
requently adhered to the surface, mainly as a result of ineffi-
ient Biolipidure coating. Further, it was unclear, whether medium
xchange was efficient on the rear side of the MTs  with respect to
ng and perfusion channel. (c) HCT116 MT  loaded into the compartment. (d) Multiple
ts in a standard CO2-incubator.

the perfusion channel. Layout No. 3 showed very reproducible MT
loading and stable culturing over the duration of the experiments.
Loading the MT  directly into the perfusion channel (layout No. 4)
in front of a trapping structure led to destruction of the MT  in less
Fig. 3. Four different layouts of the MT compartments were assessed by using CFD
simulation. Layout No. 3 combines homogeneous flow around the microtissue with
low shear-stress and was, therefore, preferred over the other three microtissue com-
partment layouts (see Supplementary Fig. S1 for flow speed and shear stress of all
layouts).
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Fig. 4. Functionality of rLiMTs in the microdevice. (a) Albumin secretion of rLiMTs culture
to  be larger than that of rLiMTs cultured under static conditions in a well. (b) Albumin co

Table 1
Mean flow rates as a function of the perfusion channel dimension.

Perfusion channel dimension Mean flow rates (�l/min)

Height (�m) Width (�m) Model Experiment
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100 80 2.2 1.38
600 16 13.23
800 22 23.01

he cross-section AA’ depicts the flow-speeds in mm/s. The induced
hear stress (N/m2) on the surface of the spheroid is represented
hrough circular color maps; a frontal view on the spheroids located
n the different compartment designs 1–4 is shown. Shear stresses
or layout No. 3 are low in comparison to those occurring in design
o. 1 & 4, where microtissues are directly exposed to the flow and

elated shear forces. The simulation results support our choice of
ayout No. 3 for the MT  culturing compartment for the microfluidic
hips.

.3. Control of the perfusion rate

Flow rates were measured for three different widths of the
erfusion channel, 80, 600 and 800 �m,  which alter the flow resis-
ance of the perfusion channel and, therefore, produce different
ow rates for a given inclination angle. Table 1 shows mean flow
ates for the first 2 min. It is evident that higher flow rates were
btained for larger channels. The results correspond to calculated
ow rates, so that predictions of flow rates can be made for other

nclination angles. Gravity-driven perfusion offers great flexibility
or controlling the flow in a simple setup. Even though only one
nclination angle can be applied for all experimental conditions on
he same tilting platform, different flow rates can be achieved by
hanging perfusion channel widths. Titling the platform back and
orth generates bidirectional closed-loop circulation with defined
ow reversion. For this paper, 600-�m-wide channels and 25 �l of
edium volume were selected as standard perfusion conditions,

long with a 2-min tilting interval at 30◦ inclination. These settings
enerate a flow rate of approximately 13 �l/min.

.4. Microfluidic culturing of primary rLiMTs

We  cultured rLiMTs under static conditions in wells (Gravi-

yTRAP plate) and under perfusion conditions (microfluidic chip)
ith various flow rates and medium volumes per microtissue over

 days. MTs  preserved their compact morphology over the whole
uration of the experiment. No cell adhesion on the PDMS surface
d under different perfusion conditions over 8 days in the microchip was  measured
ncentrations in the collected supernatants at day 8 (all values plus mean ± s.d.).

was observed. Albumin, a liver-specific marker, secreted by hepa-
tocytes, was  measured in the collected supernatants every 2 days.
For all perfusion conditions, albumin concentrations increased over
time, whereas the albumin secretion rate remained constant over
time for MTs  cultured in wells (Fig. 4a). Even for the lowest medium
volumes in the experiments, 6.25 �l/MT, MTs  under perfusion
showed higher albumin secretion than MTs  cultured in wells, which
contained larger medium volumes (40 �l/MT). Different flow rates
and medium volumes per MT  under perfusion conditions did not
cause any decrease in metabolic activity (Fig. 4b). The effect of
the flow rate, however, did not show a consistent trend. Impor-
tantly, metabolic activity showed only little variation with respect
to the medium volumes available to the microtissues, which entails
flexibility in the number of MTs  that can be loaded into the device.

3.5. Microfluidic bio-activation and effect of cyclophosphamide

Our device allows for loading of different tissue types and
enables continuous liquid transfer between the tissue compart-
ments in a closed-loop configuration. Therefore, fluidic networks
that connect multiple organotypic 3D microtissue structures can
be realized. These networks feature the additional advantage that
direct and continuous metabolic transfer between the microtissues
can be realized. Continuous liquid-phase interchange can be critical
for short-lived metabolites. As a proof of concept experiment, we
have chosen a configuration of liver and tumor microtissues. We
tested our approach by assessing the bio-activation process of an
anticancer pro-drug, cyclophosphamide (CP), under perfusion con-
ditions and under conventional static conditions. Primary rat liver
microtissues (rLiMTs) were used as a liver model with the abil-
ity to metabolically activate CP by hydroxylation to 4-hydroxy-CP
(4OH-CP) through the cytochrome P-450 enzyme (CYP2B enzyme,
particularly CYCB1 and CYP2B6). MTs  derived from the colon colo-
rectal carcinoma cell line HCT116 were used as tumor model, the
effect of the activated drug on which was characterized. 4OH-CP
exists with aldophosphamide in equilibrium. Aldophosphamide is
easily dissociated to acrolein and phosphoramide mustard (PM),
which is a DNA-alkylating agent and kills cancer cells.

3.5.1. Effect of cyclophosphamide on rLiMTs
In a first step, we  cultured rLiMTs without tumor tissues under
different CP concentrations (0, 0.1 and 1 mM)  over 8 days to inves-
tigate the direct toxicity of CP on rLiMTs under perfusion and static
conditions. Approximately 8.33 �l/MT (3 rLiMTs in 25 �l medium)
of medium was  perfused at a flow rate of 13 �l/min. Fig. 5a shows
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Fig. 5. Primary rLiMTs cultured in different CP concentrations (0, 0.1, 1.0 mM).
(a)  Only a slight decrease in diameter over 8 days was observed in continuous-
perfusion and static cultures (relative to day 0, means ± s.d., n = 12, 1 Exp.). Whereas
an  expected increase of the albumin secretion was measured for low CP concen-
trations, albumin secretion remained relatively constant for 1.0 mM CP over 8 days
(means, normalized to day 2, n = 4). (b) ATP content and albumin secretion on day 8
for  perfused and static cultures (mean ± s.d., n-values as indicated). (c) rLiMTs were
fixed and incubated with an antibody against DPP IV to mark the bile canaliculi
(green), phalloidin-rhodamine (red) to visualize the actin cytoskeleton, and DAPI
(blue) to counterstain the nucleus. Images were captured using a confocal laser
scanning microscope (Olympus) using a 40× objective (upper panel), which were
z
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m
W
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i
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i
w

these wells was manually transferred into wells each containing
oomed in to obtain a more detailed view of the canalicular structures (bottom
anel).

elative diameters of rLiMTs (red curves, left y-axis) and albu-
in  secretion values (blue curves, right y-axis) over the 8 days.
e observed only a minor decrease in size and small differences

n the morphology of rLiMTs cultured in CP containing medium
n comparison to medium without CP. Static cultures featured a

mall reduction in MT  diameter under all conditions. The increas-
ng secretion of albumin previously observed in perfused culturing

as reduced at higher CP concentrations. With a concentration of
nology 205 (2015) 24–35

1 mM CP present in the medium, the secretion was  relatively con-
stant over 8 days, and was  slightly lower on day 8 (Fig. 5b). The same
outcome was  obtained when comparing the ATP contents of rLiMTs
after they had been removed from the microfluidic devices at day
8 (Fig. 5b, filled green bars, left y-axis). Static cultures featured
a slightly lower MT  viability under all conditions (Fig. 5b, empty
green bars, left y-axis). Perfused rLiMTs were further analyzed
by immunostaining by using antibodies directed against DPPIV to
visualize bile canaliculi and phalloidin to stain the actin cytoskele-
ton (Fig. 5c). The control rLiMT (0 mM CP) formed bile canaliculi
(green). Phalloidin (red) stained the cell boundary, which is char-
acteristic of differentiated hepatocytes (Godoy et al., 2013). CP
exposure resulted in a small decrease in microtissue size, sup-
porting the diameter measurements in Fig. 5a (upper panel). In
addition, there is evidence of altered morphology of the bile canali-
culi that appeared to be enlarged (lower panel).

In conclusion, the presence of CP in the culturing medium gener-
ally affects rLiMTs, specifically size, viability and metabolic activity.
For concentrations of 1 mM CP and lower, however, rLiMTs still
show cell-specific functionality, which is comparable to that of
rLiMTs in conventional well-cultures without CP. This holds for a
period of at least 8 days.

3.5.2. Effect of cyclophosphamide on HCT116 MTs
In a second step, we cultured our target tumor model, HCT116

MTs, without rLiMTs over 8 days under static and perfusion con-
ditions to investigate the impact of non-metabolized CP on the
tumor. For the static culturing conditions, HCT116 MTs  were cul-
tured at 0 and 1 mM CP in 96-well plates (50 �l/min). For perfusion
conditions, one HCT116 MT  per channel was  loaded into the chip
and cultured in 25 �l medium containing 0, 0.1 and 1 mM CP.
Growth rates of the MTs  were slightly lower (approximately 10%)
for both culturing methods in medium containing 1 mM CP as com-
pared to medium without any CP (Fig. 6a). Bright-field microscopy
images at day 8 (Fig. 6b) revealed no significant differences. MTs
cultured in perfused medium containing 0 mM,  0.1 mM as well as
1 mM CP showed similar sizes and morphologies. The viability of
the HCT116 MTs  slightly decreased with increasing CP concentra-
tions in the medium (Fig. 6c). Again, no significant differences were
observed between static and perfusion conditions. Similarly, the
ATP content of HCT116 MTs  was approximately 20% lower when
MTs  were cultured in the presence on 1 mM CP in the medium as
compared to culturing without CP in the medium. The MTs  were
further analyzed by confocal microscopy using phalloidin to stain
the actin cytoskeleton. In agreement with the measured diame-
ter and bright-field images (Fig. 6a and b), no change in MT  size
was observed, even with 1 mM CP (Fig. 6d). In addition, there
appears not to be any major difference in cytoskeletal structure
as evidenced by phalloidin staining. This is even more obvious in
the single-color images with phalloidin, where the architecture
appears unchanged as compared to the control (Fig. S2 in the Sup-
plementary data).

3.5.3. Effect of cyclophosphamide on HCT116 MTs  co-cultured
with rLiMTs

Liver and tumor MTs  were cultured in the presence of differ-
ent CP concentrations in wells and under microfluidic perfusion
conditions. These experiments were intended to characterize the
importance of fluidic communication between the two  different
MT  types and the potential effects of bio-activated CP on the tumor
MTs. For static condition, 6 rLiMTs were pooled in 96-well plates
and exposed to medium containing CP. After 2 days, medium from
one HCT116 MT.  The liver MT  pooling procedure had to be repeated
every 2 days, since rLiMTs close to each other merged within less
than 2 days, which may  cause metabolic activities that are difficult
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Fig. 6. Effect of CP on HCT116 MTs  alone (no liver). (a) Relative diameter (normal-
ized with respect to day 0) of HCT116 MTs cultured over 8 days under static (1 Exp.)
and  microfluidic (2 Exps.) conditions with and without 1 mM CP. Slightly lower
growth was observed for 1 mM CP (means ± s.d.). (b) Bright-field images of HCT116
MT  at day 0 and day 8 in the microfluidic chip showed comparable MT  morphologies
nology 205 (2015) 24–35 31

to predict, as the structure of the microtissues drastically changes.
The medium was  exchanged every 2 days. The medium volume per
MT  amounted in all cases to 8.33 �l/rLiMT, for further details, see
materials and methods section.

While no significant effect on HCT116 MTs  was observed under
static conditions, clear consequences of CP exposure were recog-
nized under perfusion conditions. The diameter of HCT116 MTs  in
wells with medium transfer by pipetting was not decreased for
any of the CP concentrations (Fig. 7a and b). However, stagnation
and even reduction of the MT  diameter was observed for HCT116
MTs cultured together with rLiMTs under perfusion conditions in
the microchip in medium containing 1 mM of CP. MTs  cultured
in the microfluidic chip in medium containing 0 and 0.1 mM CP
showed unchanged diameters. This finding was  supported by the
ATP contents of the HCT116 MTs  at the end of the experiment on
day 8 (Fig. 7c). Under static conditions, the viability of HCT116
MTs  decreased to about 80% with respect to control in the pres-
ence of media collected from rLiMTs incubated with 1 mM CP. This
value corresponds to the direct toxicity of CP on HCT116 MT  that
was measured before (Fig. 6b). The preconditioning of the medium
with rLiMTs, therefore, has no additional effect on the diameter
of HCT116 MTs. The effect of bioactivation in wells can only be
minor. In contrast, the viability decreased to about 50% over the
period of 8 days, when HCT116 were co-cultured with rLiMTs in the
same microfluidic environment under perfusion conditions in the
presence of 1 mM CP. Again, no viability decrease was  measured in
controls and with 0.1 mM of CP in the medium. To characterize the
morphology of the HCT116 MTs, phalloidin staining was performed.
As shown in Fig. 7d, even after incubation with 1 mM CP, phalloidin
localized to the tumor cell periphery with no major change in tumor
cell morphology (see also Fig. S3 in the Supplementary data). This
finding indicates that CP most probably did not cause any cytotoxic
effects but just slowed down tumor cell proliferation.

Medium samples collected at day 8 of the experiment were
analyzed by using mass spectrometry. The mass range between
135–470 m/z  (mass to charge ratio) was  screened for metabolites
of CP (see Fig. 8). Metabolites (MH+) were identified by accurate
mass matching (<3 ppm), and the ion count was  based on the
extracted ion chromatogram of each metabolite. CP was measured
in samples of HCT116 only and HCT116 + rLiMT configurations
treated with 0.1 and 1 mM  CP in a concentration-dependent man-
ner. 4OH-CP and aldophosphamide are isomers and have exactly
the same mass and could not be differentiated in this study. A
mass corresponding to 4OH-CP/aldophosphamide was  detected
in the 1 mM CP treated HCT116 + rLiMT samples. Further, several
metabolites originating from 4OH-CP were detected, including 4-
ketocyclophosphamide and iminocyclophosphamide, again only in
1 mM  CP treated HCT116 + rLiMT samples, indirectly indicating the
presence of 4OH-CP. The presence of aldophosphamide was con-
firmed by carboxyphosphamide and alcophosphamide (see Table
S1 in Supplementary data). Importantly, none of the metabolites
was detected in the HCT116 only configuration, which confirms
liver-specific bio-activation of CP.

4. Discussion
Combining 3D tissue engineering with microfluidic technology
poses a multitude of challenges. Many of the methods for the
production of 3D tissue structures that are currently developed

for all three CP concentrations. (c) A lower ATP content (–20%) was measured in
HCT116 MTs  at day 8 (mean ± s.d.) upon culturing in medium with 1 mM CP for
both methods. (d) After 8 days on the chip, MTs  were fixed and incubated with
Alexa Fluor® 488 Phalloidin (green) to visualize the actin cytoskeleton and DAPI
(blue) to counterstain the nucleus. Images were captured using a confocal laser
scanning microscope (Olympus) using a 40× (see also Fig. S2).
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Fig. 7. Bio-activation of CP and effect on tumor MTs. (a) A significant growth
reduction of HCT116 MTs  was observed over 8 days when cultured in microfluidic
nology 205 (2015) 24–35

and optimized are not compatible with microfluidic networks.
Microtissues can either be produced off-chip and loaded into the
microfluidic network or directly formed in a micro-compartment
on chip. The 3D tissue formation has to be simple, robust and
reproducible and may  not restrict the layout of the microfluidic
chip for exposure experiments too much. For routine implemen-
tation, the microfluidic culturing devices have to be simple to
fabricate. They should be easy to use, albeit provide reliable and
reproducible culturing conditions and should be amenable to
standard read-out methods. Most importantly, the morphology
of the microtissues and their organ-specific functionality has to
be preserved for extended times in culture, preferably equal to or
longer than that of existing microwell methods.

Our approach presented in this article has several advantages: (i)
Spheroids as 3D tissue model give access to a multitude of different
organ models, which are based on the same fabrication technol-
ogy and can be handled similarly in microfluidic structures; (ii)
Off-chip spheroid fabrication can be completely decoupled from
in-chip cultivation, so that tissue fabrication complexity does not
impact the layout of the microfluidic chip for experiments. This sep-
aration makes the whole platform much more flexible with regard
to potential tissue formation methods, tissue loading, analysis and
retrieval for further detailed downstream analysis. This holds par-
ticularly true in comparison to tissue structures based on scaffolds,
such as hydrogels, which have to be adapted to each individual
cell type; (iii) Gravity-based loading is simple, does not require
external actuation and allows for precise placement of the MTs
in the perfusion microchannel network; (iv) The gravity-induced
flow concept based on two open reservoirs without any tubing
allows for robust closed-loop perfusion, simple medium exchange,
and liquid sampling. It also features inherent gas exchange (CO2,
O2). No air bubbles – a frequent and severe problem in microflu-
idic setups – perturb the flow and tissue cultures. Evaporation
from the reservoirs can be kept at a minimum by placing the
microchips in a humidified atmosphere; (v) The automated tilt-
ing setup is compatible with sterile culture conditions and allows
for robust operation in a conventional incubator over several days;
(vi) During experiments, spheroids can be inspected and analyzed
optically; they can be accessed after the experiment for further
analysis.

The simple microfluidic layout with individual culturing com-
partments already allows for a very flexible arrangement of
different tissue types, without the risk that they merge. Other
microfluidic networks for a higher number of tissues and for repro-
ducing physiologically relevant orders in multi-tissue experiments
are conceivable. The versatile platform presented here enables
reproducible multi-tissue experiments. Its simple fabrication and
operation provides a high reproducibility for different conditions
and enables parallelization of experiments.

Spheroids derived from freshly isolated rat liver cells were cul-
tured in the microfluidic chip over more than a week without
losing their morphology and functionality. Yet, rLiMTs showed
higher albumin secretion rates, and, consequently, larger metabolic
activity under microfluidic perfusion conditions as compared to

MTs  cultured in wells, in which more medium volume is avail-
able. Potential reasons may  include increased medium exchange,
nutrient supply, and waste removal in the vicinity of the MTs

conditions (2 Exps.) under the presence of 1 mM CP (relative diameter, normalized
to day 0). Lower CP concentrations (<0.1 mM)  and cultures in wells (1 Exp.) showed
no effect compared to control experiments (means ± s.d.). (b) Significant differences
in  the diameter of the tumor spheroids cultured for 8 days in different CP concentra-
tions are visible in bright-field micrographs. (c) ATP contents of HCT116 MT at day 8
(mean ± s.d., relative to 0 mM).  (d) Immunostaining by Alexa Fluor® 488 Phalloidin
(green) of MT cultivated on the chip for 8 days to visualize the actin cytoskeleton.
The conditions described in Fig. 6d were applied (see also Fig. S3).
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Fig. 8. MS  data of the supernatants of HCT116 MTs  cultured with and without liver collected at day 8 (a) For the perfused HCT116-only configuration CP was detected in
a  concentration-dependent manner. None of the metabolites was  detected. (b) For perfused HCT116 + rLiMT CP was  measured again. For 1 mM CP several metabolites of
CP  such as 4OH-CP, aldophosphamide, iminocyclophosphamide and 4-ketocyclophosphamide were additionally detected in the supernatants (ion counts plotted relative to
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 mM CP samples; absolute ion counts are in brackets).

hrough convection under perfusion conditions. Under static condi-
ions, nutrient supply and waste removal are only possible through
iffusion-controlled medium exchange. The Biolipidure coating
fficiently prevented cell adhesion for more than a week. A com-
on  problem in microfluidic cell cultures and toxicity studies is

ompound adsorption at walls and absorption into the permeable
DMS substrate. For albumin and CP we found that this effect was
ignificantly reduced by the surface coating. CP has been detected
n the supernatant at expected concentrations through MS  analysis.
lbumin concentrations measured in the microchip samples were
omparable to those of other studies and those of our well cultures,
n which the same coating has been applied. Ad- or absorption of
ther compounds that are present at low concentrations has to be
urther investigated.

With our microfluidic setup we were able to conduct a 3D
ulti-tissue experiment by using microtissues made from two  dif-

erent cell types that were fluidically connected inside the chip
or direct metabolite transfer. Only continuous interaction and
iquid exchange reproduced the effect of liver-tissue-mediated bio-
ctivation of cyclophosphamide that then affected the growth of
he tumor tissue, whereas control experiments as well as discrete

edium transfer experiments did not evidence any effect. These
esults have been confirmed by confocal imaging and MS  analy-
is of collected samples. The concentrations of cyclophosphamide
sed in this study (0.1–1 mM)  include the in vivo relevant range.
or example, plasma peak concentrations of 0.15 mM cyclophos-
hamide have been reported for patients after administration of
000 mg/m2 body surface (Struck et al., 1987), a dose typically
sed in clinical routine (Hengstler et al., 1999). Since cyclophos-
hamide is often used at even higher doses, such as 1800 mg/m2,

t can be expected that the peak blood concentrations in patients
sually reach the concentration range of 0.1–1 mM tested here.

n previous studies we have used genetically engineered cells
xpressing cytochrome P4502B1, an enzyme metabolically activat-
ng cyclophosphamide for cytostatic drug testing (Hengstler et al.,
997). In this in vitro system concentrations higher than 4 mM
yclophosphamide had to be used to induce cytotoxic effects. This

xample illustrates that the here established body-on-a-chip con-
guration allows an efficient activation of cyclophosphamide to
ytotoxic metabolites and sensitive toxicity testing at in vivo rel-
vant concentrations.
5. Conclusions

We presented an automatable microfluidic platform for par-
allelized and reproducible multi-tissue experiments on the basis
of 3D multi-cellular spheroids. The system allowed for reprodu-
cing bio-activation effects known from in vivo experiments while
achieving significant down scaling with respect to medium volume
and cell numbers. The bio-activation results prove the feasibility
of our approach and pave the way  towards more complex experi-
ments in “body-on-a-chip” formats while retaining low complexity
in tissue handling and experiments.
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