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Abstract

Hemodynamic forces generated by the blood flow are of central importance for the function of
endothelial cells (ECs), which form a biologically active cellular monolayer in blood vessels and serve as
aselective barrier for macromolecular permeability. Mechanical stimulation of the endothelial
monolayer induces morphological remodeling in its cytoskeleton. For in vitro studies on EC biology
culture devices are desirable that simulate conditions of flow in blood vessels and allow flow-based
adhesion/permeability assays under optimal perfusion conditions. With this aim we designed a biochip
comprising a perfusable membrane that serves as cell culture platform multi-organ-tissue-flow (MOTiF
biochip). This biochip allows an effective supply with nutrition medium, discharge of catabolic cell
metabolites and defined application of shear stress to ECs under laminar flow conditions. To
characterize EClayers cultured in the MOTIF biochip we investigated cell viability, expression of EC
marker proteins and cell adhesion molecules of ECs dynamically cultured under low and high shear
stress, and compared them with an endothelial culture in established two-dimensionally perfused flow
chambers and under static conditions. We show that ECs cultured in the MOTiF biochip form a tight
EC monolayer with increased cellular density, enhanced cell layer thickness, presumably as the result of
arapid and effective adaption to shear stress by remodeling of the cytoskeleton. Moreover, endothelial
layers in the MOTIF biochip express higher amounts of EC marker proteins von-Willebrand-factor and
PECAM-1. EClayers were highly responsive to stimulation with TNFa as detected at the level of ICAM-
1, VCAM-1 and E-selectin expression and modulation of endothelial permeability in response to TNFa/
IFNy treatment under flow conditions. Compared to static and two-dimensionally perfused cell culture
condition we consider MOTiF biochips as a valuable tool for studying EC biology in vitro under
advanced culture conditions more closely resembling the in vivo situation.

Introduction regulators of vascular inflammation due to their ability
to recruit immune cells from the circulation via

Endothelial cells (ECs) lining the inner lumen of blood expression of cell adhesion molecule (CAM) in

vessels form a barrier for ions, nutrients, water and
macromolecules and are responsible for important
homeostatic functions such as the regulation of the
vessel tonus or coagulation by secretion of bioactive
molecules. Endothelial layers are also important

response to tissue damage or infection. Shear stress is a
critical factor for endothelial function as mechanic
stimulation of the EC membrane has been demon-
strated to mediate morphological adaptations (Flah-
erty etal 1972, Davies et al 1976, Goode et al 1977), and

©2015IOP Publishing Ltd
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to regulate endothelial permeability (Kwei et al 2004).
Moreover, shear stress is involved in the regulation of
inflammatory reactions at the onset of cardiovascular
diseases such as atherosclerosis (Traub and
Berk 1998).

Endothelial adaption to dynamic cell culture
under flow conditions includes the modulation of the
cytoskeleton in response to shear stress. F-actin
microfilaments have been shown to reorganize under
flow conditions into long, dense stress fibers crossing
the cells in a direction perpendicular to flow. During
this process the cytoskeleton forms bridges between
mechanosensors on the luminal apical side and the
integrins on the basal side, which also have been
described as mechanotransducers (Davies 1995, Gei-
ger et al 2001). One of these sensors is the platelet
endothelial cell adhesion molecule-1 (PECAM-1), the
major constituent of the EC intercellular junctions
which has been shown to transmit mechanical forces
via PI3K/Akt-mediated integrin activation and actin
microfilament alignment (Tzima et al 2005). Beyond,
PECAM-1 is involved in the maintenance of endothe-
lial integrity preserving barrier function and prevent-
ing alterations of the cellular environment that could
contribute to organ dysfunction (Harhaj and Anto-
netti 2004). In addition, shear stress has been reported
to regulate expression of CAMs and to modulate
monocyte adhesion to the vascular endothelium.
Under flow conditions cell surface expression of inter-
cellular adhesion molecule-1 (ICAM-1) is selectively
up-regulated (Nagel et al 1994), whereas expression of
vascular cell adhesion molecule-1 (VCAM-1) and E-
selectin is reported to be decreased in response to
shear stress (Chiu et al 2004).

In vitro studies in EC biology rely on reproducible
culture conditions that resemble critical parameters of
the in vivo state. Microfluidically supported flow
chambers have emerged as advanced tools for EC cul-
ture within the last decade. Micro-scaled flow cham-
bers offer the advantages of low consumption of
reagents and biological samples, a high flexibility in
the design of integrated structures, and optimal con-
trol of cell patterning (El-Ali et al 2006, White-
sides 2006, Wang et al 2011). Established two-
dimensionally perfused flow chambers mostly com-
prise rhombic shaped cavities with a tight bottom ser-
ving as cell culture area that is perfused with cell
culture medium under laminar flow conditions. How-
ever, these two-dimensionally perfused flow chambers
provide only the option of apical perfusion and there-
fore lack the opportunity for flow-based studies on
permeability or investigations of e.g. cytokine actions
on the basal cell membrane during dynamic culture.

The vast majority of flow chambers used for the
culture of EC layers is based on polydimethylsiloxane
(PDMS) due to its ease of use for a rapid manufactur-
ing of prototypes (Young and Simmons 2010). PDMS
is biological compatible, transparent and exibits low
autofluorescence which makes it suitable for on-chip
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fluorescence microscopy (Berthier et al 2012). How-
ever, elastic PDMS possess a couple of drawbacks, e.g.
hydrophobic molecules can adsorb to the bulk of the
PDMS and uncrosslinked monomers tend to migrate
from the bulk to the surface, allowing to recover sur-
face hydrophobicity even after oxygen plasma treat-
ment (Eddington et al 2006, Toepke and Beebe 2006).
Uncrosslinked PDMS monomers have also been
found to leach out from the bulk, into the media and
affecting cellular behavior (Regehr et al 2009). Fur-
thermore, PDMS is permeable to gases and water
vapor, causing changes in the osmolarity of the cell
culture medium (Thuenauer efal 2014).

We designed a chip architecture that uses porous
membranes as also utilized in Transwell filter inserts
serving as cell culture substrate (Ramello et al 2011,
Hubh et al 2013, Jang et al 2013, Ramadan et al 2013)
allowing apical and basolateral perfusion of EC layers
in parallel during cell culture within the biochip. Cyc-
lic olefin copolymers (COCs) have been used for man-
ufacturing of cell culture devices to overcome
limitations of PDMS. COCs do not unspecifically
absorb medium contents and bulk surfaces of biochips
can easily been functionalized by long lasting plasma
treatment for hydrophilization. Furthermore COC
possess high stability, ideal optical characteristics for
bright field as well as fluorescence microscopy and is
frequently used in medical devices due to its proven
biocompatibility (van Midwoud et al 2012). For the
first time, we here systemically characterize and com-
pare the impact of the different cell culture methods of
expression on endothelial marker proteins and cell
growth under static and dynamic conditions in estab-
lished two-dimensionally perfused flow chambers and
MOTIF biochips to proof the benefits of EC culture
within membrane-containing biochips.

Methods

HUVEC and THP-1 cells

ECs were isolated from human umbilical cord veins
(HUVECQC) as described elsewhere (Jaffe et al 1973).
Donors were informed about the aim of the study and
gave written informed consent. The study was
approved by the ethics committee of the Friedrich-
Schiller-University Jena, Germany. Experiments were
performed with HUVEC cells up to passage four
cultured in EC medium (Promocell, Heidelberg,
Germany). THP-1 cells were obtained from DSMZ
(Braunschweig, Germany) and cultured in RPMI 1640
supplemented with 10% FCS (Life Technologies,
Karlsruhe, Germany).

Multi-organ-tissue-flow (MOT;iF) biochip
fabrication and surface treatment

MOTIF biochips and flow chamber chips were manu-
factured by and obtained from microfluidic ChipShop
GmbH (Jena, Germany). The microfluidic devices
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were made from Topas® a COC. The chip was
manufactured by injection molding using a modular
mold base with exchangeable metallic mold inserts.
The mold inserts were structured using ultra-precision
mechanical machining using a 100 yum diameter
machining bit for the smallest features and finishing.
As first fabrication step the microstructured part with
microfluidic channels network, fluidic interfaces and
the area for membrane integration are made by
injection molding. Afterwards the integration of the
11 pm thick polyethylene-terephthalate (PET) mem-
brane with a pore diameter of 8 ym and a pore density
of 2x10° pores/cm® (TRAKEDGE Sabeu, Radeberg,
Germany) was carried out. The parts were then sealed
on top and bottom side with an extruded 140 ym thick
COC film using a low-temperature proprietary bond-
ing method.

Surface oxidation for hydrophilization was
accomplished by treatment with oxygen plasma using
a T200G plasma generator (PVA Tepla AG, Wetten-
berg, Germany). The surface of the 2D perfusion
chamber was oxidized as described for MOTIF chips.
COC foils used for sealing in both chip designs show
significant oxygen permeability. Gas permeable silicon
tubing was used for two- and three-dimensional (3D)
perfusion allowing oxygen equilibration during
experimentation. Ramping structures have been
introduced in the biochip design between membrane
and membrane framing of the bulk to avoid unfavor-
able flow conditions and trapping of stationary bub-
bles. Bubble formation was reduced by oxygen plasma
treatment of the whole chip surface and perfusion
medium was stirred and equilibrated over night under
perfusion conditions before use.

Meassurement of contact angles

Measurement of contact angles was done on injection-
molded biochips without usage of any mold release
agents. Contact angles were measured using a Dino-
Lite AD4113TL (Long Working Distance) microscope
camera and analyzed with the Dino Capture 2.0
software.

Antibodies, flow cytometry and vitality stain

The following antibodies were used for immunofluor-
escence microscopy: anti-CD31 (CellSignaling, MA,
USA), anti-von Willebrand factor (vVWF) (DAKO,
Hamburg, Germany), anti-zonula occludens-1 (ZO-
1), goat-anti-mouse-Cy3, goat-anti-rabbit-AF488
(Life Technologies), and goat-anti-rabbit-AF647
(Dianova, Hamburg, Germany). Actin was stained
with phalloidin-AF633 (Life Technologies). Immuno-
fluorescence microscopy was performed with Axio
Observer Z1 (Zeiss, Jena) controlled by AxioVision
4.8.2 software (Zeiss, Jena). Z-stack imaging was done
with a Zeiss LSM 710 confocal microscope (Zeiss, Jena,
Germany). Fluorescence analysis, quantification of
immunofluorescence staining and cell shape analysis
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was performed with Image] 1.46r. Calcein-AM (Life
Technologies)-staining was performed according to
manufacturer’s recommendations. For flow cytome-
try the antibodies anti-CD31-FITC, anti-CD62e-
PECy5, anti-CD106-V450 (BD Pharmingen, Heidel-
berg, Germany), anti-CD54-AF647 (BioLegend, San
Diego, CA, USA) and isotype control antibodies
mouse IgG1-FITC, mouse IgG1-PE (Miltenyi Biotec,
Bergisch-Gladbach, Germany), mouse IgGl-APC
(BioLegend), mouse IgGl-PECy5 and rat IgG2a-
eFluor450 (eBioscience, San Diego, CA, USA) were
used. Flow cytometry was done using a BD FACS-
Canto™ II (BD BioScience, Heidelberg, Germany)
and data were analyzed with FlowJo v7.6.5 (TreeStar,
Ashland, OR, USA).

Computational fluid dynamic (CFD) simulations
CFD simulations were performed using the Open-
FOAM CFD-toolkit (the OpenFoamFoundation,
http://www.openfoam.org) in combination with the
ParaView Toolkit (Henderson 2004) for data visuali-
zation and analysis. Surface triangulated meshes were
obtained from the geometry models using the gmsh
utility (Geuzaine and Remacle 2009). Volume hexae-
der meshes were generated using the snappyHexMesh
utility of OpenFoam. Transient simulations have been
performed using the interFoam solver as provided by
OpenFOAM Version 2.2.0 for a flow rate of 20 uls .
with aqueous phase Reynolds number Re of 28 in the
inflow and outflow cylinders, Re of 12 in the inflow
section of the main chamber and Re of 5.5 in the main
section of the chamber. Time step size was adjusted
dynamically to a fluid and interface Courant number
below 0.15. Final tolerance limits were set in the
fvSolution parameter dictionary of the solver to 1 10-9
for the p_rghFinal iterations and to 1 10-10 for the
UFinal iterations. Interface compression defined by
the parameter cALPHA was switched off by setting the
value to zero.

Flow culture experiments

Microfluidic cell culture experiments were performed
under a specialized clean bench for microfluidic
applications with environment control of 5% CO,,
70% air humidity and 37 °C under sterile cell culture
conditions (Automated Lab Solutions GmbH, Jena,
Germany). HUVECs were seeded on MOTIF biochips
and flow chambers with a density of 1.3 x 10° cells/
cm”. Static cell culture was performed in 24 well plates
with 13 mm glass coverslips (Menzel, Braunschweig,
Germany). Cells were cultured for 72 h until reaching
confluence. Medium was changed on a daily basis in
the wells or chips. ECs were cultivated under static
conditions within the chips until reaching confluence.
Chips then were perfused with medium using peristal-
tic pumps (Ismatec REGLO digital MS-CA-4/12-100,
Wertheim, Germany). Shear stress of 0.7 and
10 dyn cm ™2 was applied for 24 h.
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Calculation of shear stress levels
Shear stress was calculated with the equation:

L= Z*ﬂ*Q*( m + 1)*(11 +1)

w*h? m
(7: shear stress, h: height and w: width of the
microfluidic chamber, Q: flow rate of the medium ).
The values for m and n are empirical constants with
m=17 + 0.5a ", andn=2fora < 1/3,
where cross sectional aspect ratio a = h/w with
0 < o < 1(Youngand Simmons 2010).

Permeability assay

EC were treated with 20 ng ml™' TNFa (Calbiochem,
Billerica, MA, USA) and 10 ng ml™! IENy (Peprotech,
Hamburg, Germany) through the lower perfusion
channel. After cytokine treatment endothelial layers
were incubated with 10 mgml ™' of FITC-dextran for
30 min under static conditions. FITC-dextran that
permeates through the layer was collected via the lower
perfusion channel and analyzed with an iEMS Reader
MF & Multiskan and Ascent Software version 2.6
(Thermo Scientific, Waltham, MA, USA).

THP-1 adhesion assay

THP-1 cells were labeled with 1 yuM CellTracker green
CMFDA (Life Technologies, Karlsruhe, Germany).
EC layers were perfused at the apical cell membrane
via the upper perfusion channel with indicated shear
stress and simultaneously stimulated at the basal cell
membrane with 20 ngml™' TNFa perfused via the
lower perfusion channel of the MOTIF biochips
through membrane pores with 8 yum diameter for
24 h. Within the last 30 min of the experiment EC
layers were simultaneously perfused at the apical side
with 2 x 10%/(ml x h) labeled THP-1 using aneMESYS
syringe pump with stirring module (Cetoni, Kor-
buflen, Germany). After flushing with PBS, the cell
layers were fixed for 10 min with 4% PFA (Sigma-
Aldrich, MO, USA), mounted and nuclei were stained
with DAPI (Life Technologies) and samples were
mounted in fluorescent mounting medium (DAKO).
THP-1/HUVEC ratio was calculated by counting
labeled adherent THP-1 cells and DAPI stained
HUVEC.

Cell shape index (CSI) analysis

CSI analysis was performed by fluorescence staining of
the CD31 membrane protein to locate cellular bound-
aries, analyzed with Image] and calculated using the
formula CSI = 471'*% (P: cellular perimeter, A: area)
(Malek and Izumo 1996). CSI defines cellular mor-
phological shape ranging from 0 corresponding to
circular shape to 1 corresponding to a straight line.

Statistical analysis
All results are reported as average of the performed
experiments with standard deviation. Where indicated
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multiple comparison analysis was performed using
one-way-ANOVA testing with Tukey’s multiple test-
ing. Direct comparison of two conditions was done
with two-tailed, non-paired Student’s t-test. Statistical
analysis was performed using GraphPad Prism 6
software (Graphpad Software, La Jolla, CA, USA).

Results

Microfluidic chips are a promising tool to investigate
endothelial layers and their interaction with immune
cells. Here, we developed a microfluidically supported
biochip, allowing a 3D perfusion of EC layers under
defined shear stress conditions thereby providing
enhanced nutrition supply and preventing enrichment
of catabolic metabolite. To prove that the design of the
MOTIF biochip allows culture of EC layers under
conditions that resemble the natural situation we
analyzed cell morphology, EC marker protein expres-
sion and functional responsiveness to chemokines and
compared it with established two-dimensionally per-
fused flow chamber designs (figure 1(A)) and static
culture conditions, respectively.

The MOTIF biochip consists of an upper and a
lower flow chamber horizontally separated by a
microporous PET membrane (figure 1(B)). The
membrane acts as culture area for ECs. The integrated
pores of 8 um diameter allow basal perfusion and
medium exchange to cultured EC layers through a
lower perfusion channel, and in parallel apical perfu-
sion via a separate upper perfusion channel
(figures 1(B) and (C)). Dependent on the maximum
local Reynolds numbers and Dean numbers above 50
in the inflow region, the formation and downstream
propagation of Dean vortices can be expected. These
fluid structures may superpose the laminar profile in
the capillary slit at the endothelial layer resulting in
non-predictable local shear stress variations in this
zone. This effect has been considered in the design of
the geometry of the vertical inflow region. Therefore,
the cylindrical inflow was rounded in a direction-
dependent way in order to increase the characteristic
radius of the curvature in this region and secondly to
decrease the average fluid velocity in this region. The
geometry of the MOTIF biochip cavity generates lami-
nar flow conditions during EC layer perfusion as ver-
ified by CFD analyses. CFD was calculated on the basis
of measured contact angles for EC Medium with the
bulk wall that has been treated with oxygen plasma for
reducing hydrophobicity. Contact angle between flow
medium and oxygen plasma-treated bulk wall was
43° + 2° (supplementary figure 1(A)) and with the EC
layer seeded on the membrane of the MOT]IF biochip
at 22° + 2°, (supplementary figure 1(B)). CFD simula-
tion based on these contact angels revealed that the
formation of bubbles and turbulent flow on the chan-
nel inlet is prevented under these conditions. Filling
characteristics in the inflow region of the main
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s lower perfusion e
MOTIF biochip

membrane of polyethylene terephthalate.

Figure 1. 2D Flow Chamber and MOTiF biochip design. (A) Design of two-dimensionally perfused flow chambers. (B) MOT;F biochips
contain two cavities, each comprising an integrated membrane serving as cell culture area. Cells cultured on the membrane are
perfusable independently from both the apical or basal side through upward directed (upper perfusion) and downward directed
(lower perfusion) channels. (B) Prototype of MOTiF biochips produced by injection molding with cyclic olefin polymers with welded
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chamber for the exchange of air by aqueous medium
was investigated for surface contact angles in the range
between 15 and 105° with a contact angle stepping of
15°. Bubble free exchange of the air by aqueous med-
ium was observed for contact angles below 60°. At
higher contact angle configurations an air bubble was
formed in the pocket between the end of the top
microchannel and the junction of the cylindrical
inflow channel into the main channel (video 1). The
same analysis has been performed for the exchange of
air by aqueous medium for the outlet region of the
main chamber. In this case, air exchange by aqueous
buffer without remaining air bubbles was observed for
contact angles below 75° (video 2). The complete fluid
exchange and interface evolution for the main cham-
ber was analyzed in the third simulation for the tar-
geted contact angle configuration of the chip wall
material of 82° and the membrane section with a con-
tact angle of 22°. The contact line of the interface to the
membrane precedes the interface contact line to the
channel walls. The interface contact lines are orthogo-
nal to the fluid transport direction. No tendency for
inclusion air bubble formation is observed (video 3).
In the video sequence the outflow section was not
included since this aspect is always covered by the
results of the outflow fluid exchange characteristics
simulation.

In a first step we studied growth and vitality of
endothelial layers on the chips under static and
dynamic culture conditions. We used COC as bulk
material for molding of two-dimensionally perfused
flow chambers as well as MOTiF biochips in order to
enable a direct comparison between both chip designs
and to prevent polymer-related bias in the obtained

results. To distinguish between the specific effects of
continuous medium exchange and mechano-trans-
duced effects of shear stress, we compared endothelial
layers under low shear stress of 0.7 dyn cm ™2 with only
minimal flow related mechanical stimulation, and
high shear stress with 10 dyn cm 2. The chosen high
shear stress rate corresponds to the human in vivo
situation in larger arteries and venules and represents
the mean shear stress rate of common human carotid
artery (Cheng et al 2007). ECs exhibit the typical cob-
blestone shape in static cell culture whereas in
dynamic cell culture under perfusion the shear stress
induces adaption within 24 h detectable as elongation
of EC along the flow direction (figure 2(A)). Typical
percentage of vital ECs under all culture conditions
was above 97% as verified by calcein-AM staining
(figure 2(B)) and flow cytometry (data not shown).
ECs were characterized based on their morphology
using the CSI. A CSI of 1 describes a circle and CSI of 0
describes a line. Although we observed no differences
of ECs cultured in flow chambers and MOTIF bio-
chips under low shear stress conditions, an improved
adaption to high shear stress was detectable for ECs
cultured in MOTIF biochips in respect to cell elonga-
tion and an increased cell density compared to flow
chamber culture was detectable. Stimulation of ECs
with high shear stress even reduced cell density in
endothelial layers cultured in two-dimensionally per-
fused flow chambers (figures 2(C) and (D)).

Dynamic cell culture is known to mediate cytoske-
leton rearrangements within ECs in response to shear
stress (Malek and Izumo 1996). We therefore investi-
gated endothelial actin microfilament organization
under static conditions and after adaption of ECs to
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Figure 2. Morphology and vitality of EC. (A) Bright field images of EC cultured under static and dynamic conditions (lo: low shear
stress, hi: high shear stress). (B) Viability staining of ECs with calcein-AM (C) cell density. (D) * p <0.05; *** p <0.001 versus static or
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flow conditions within two-dimensionally perfused
flow chambers and MOT]F biochips. Z-stack imaging
of EC layers illustrates that endothelial layers within
MOTIF biochips exhibit an increased mono-cell-layer
thickness compared to corresponding conditions in
flow chambers or static culture, respectively. Increased
cell heights and densities were found associated with
an intensified cytoskeleton remodeling, increased
expression of F-actin and the formation of prominent
stress fibers (figures 3(A) and (B)). F-actin fiber con-
tent correlated positively with increasing shear stress.
In addition, endothelial F-actin expression was found
significantly increased by MOTIF biochip culture
compared to other culture conditions (figure 3(C)). In
reports  (Galbusera
et al 1997), we observed increasing protein levels of
vWFE that correlated with the intensity of shear stress
stimulation. Endothelial layers cultured in MOTiF
biochips showed a significantly increased expression
of vVWF and a unique accumulation and intracellular
localization of Weibel-Palade bodies (WPB) along
with the appearance of extracellular patches and for-
mation of VWF  macrofilamentous  strings
(figures 3(D) and (E)). Similar to vWF we found an
elevated expression of PECAM-1 on EC layers cul-
tured within MOTIF biochips. Our observation that
increased levels of vVWF and PECAM-1 were pre-
dominantly found on areas of the culture membrane
with a high pore density (figure 4(A)), supports the
idea that apical and basal perfusion within MOTIF
biochips not only improve supply of cell layers with

agreement with previous

nutritional culture medium but also favors rapid
adaption of ECs to flow culture conditions.

The MOTIF biochips further provide the possibi-
lity to perform permeability assays under flow condi-
tions. PECAM-1 and zonula occludens-1 (ZO-1) are
critical regulators of endothelial permeability and
associated pathophysiology (Harhaj and Anto-
netti 2004). We found elevated expression levels of
PECAM-1 (figures 4(B) and (C)) and ZO-1
(figures 4(D) and (E)) on endothelial layers correlat-
ing with increasing shear stress stimulation
(figure 4(E)). Flow-based permeability assays using
FITC-labeled 40 kDa dextran revealed that EC layers
cultured with high shear stress stimulation formed a
tighter cell layer compared to low shear stress stimula-
tion (figure 4(G)). It has been shown that treatment of
EC layers with the proinflammatory cytokines TNFa
and IFNy mediated a loss in barrier function (Lopez-
Ramirez et al 2012). In agreement with these observa-
tions we found a significant elongation of cell mor-
phology (figure 4(F)) upon treatment with TNFa/
IFNy that was further accompanied with a nearly com-
plete breakdown of PECAM-1 and ZO-1 protein
expression (figures 4(B)—(E)). The disintegration of
cell connective proteins in consequence resulted in an
increased permeability for dextran and breakdown of
endothelial barrier function (figure 4(G)).

Inflammation within the vascular system not only
involves leakage of endothelial layers but also mediates
active recruitment of immune cells from the circula-
tion depending on the interaction with CAM proteins.
We therefore characterized endothelial layers in
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Figure 3. Adaption of endothelial layers to shear stress. F-actin arrangement and cytoskeleton remodeling visualized by (A) confocal Z-
stack imaging and (B) two-dimensional immunofluorescence microscopy. Quantification of (C) actin and (D) vWF expression. (E)
Expression of vVWF. (F) Visualization and (G) quantification of PECAM-1 expression. * p < 0.05; ** p < 0.01, *** p < 0.001 versus static
or between conditions as indicated (one-way ANOVA with Tukey’s multiple testing comparison).With Tukey’s multiple testing
comparison * p < 0.05; ** p < 0.01, *** p < 0.001 compared to static or between indicated conditions.

MOTIF biochips for their cell surface expression of
ICAM-1, VCAM-1 and E-selectin in response to pro-
inflammatory TNFa stimulation. Without cytokine
stimulation ICAM-1 expression was found up-regu-
lated only under high shear stress conditions, whereas
VCAM-1 expression declined under low as well as
high shear stress conditions in MOTiF biochips com-
pared to static cell culture. Expression of E-selectin
was not effected by shear stress in the absence of cyto-
kine stimulation. However, when cells were cultured
under flow conditions, expression of all three CAMs
declined in response to TNFa stimulation compared
to static conditions (figures 5(A)—(C)). Functional
relevance of altered CAM expression was tested by
flow-based adhesion assays. Fluorescence-labeled
THP-1 cells were continuously perfused through the
upper channel of MOTIF biochips thereby over-
flowing the apical site of the EC layer equivalent to the
lumen of a blood vessel. Simultaneously to THP-1
incubation with the endothelial layer, TNFa was
applied through the lower perfusion channel. TNFa
treatment activated ECs and mediated a significantly
increased proportion of adhesive THP-1 cells under
static and dynamic culture conditions (figures 5(D)).

Highest amounts of adhesive THP-1 cells were found
under static culture conditions. Within 30 min, THP-
1 cells already formed filopodia on the endothelial
layer that were not observed in the dynamic cell cul-
ture even with low shear stress stimulation (supple-
mentary figure 1(C)). Furthermore, the number of
THP-1 cells interacting with unstimulated as wells as
TNFa-activated endothelial layers decreased with
increasing shear stress.

Discussion

The development of cell culture technologies that
better mimic the in vivo context for specific cell types
are of great value for a better understanding of
signaling pathways, the development of therapeutic
strategies and for toxicity studies. This is mainly a
consequence of the possibility to control experimental
conditions much better, at least for proof of principle
studies, than it is possible in living animals. As
reported previously by other groups ECs exhibit
remarkable changes in cell morphology when adapted
to flow conditions (Levesque and Nerem 1985, Girard
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Figure 4. Expression of vWF, PECAM-1 and ZO-1 in ECs cultured in MOTiF biochips. (A) Expression of VWF and PECAM-1 in
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(D) Expression of PECAM-1 (B) and ZO-1 (D) in dependence of shear stress and TNFa/IFNy treatment in ECs cultured in MOTiF
biochips. Quantification of PECAM-1 (C) and ZO-1 (E) expression in ECs cultured in MOTiF biochips. (F) Cell shape index. (G)
Permeability of endothelial layers for 40 kDa FITC-labeled dextan. * p < 0.05; ** p < 0.01, *** p < 0.001 between conditions as
indicated (Student’s t-test).

and Nerem 1995). To ensure the best possible compar-
ability and transferability between in vitro and in vivo
studies, critical in vitro cell culture parameters such as
the application of physiological shear stress and
optimal perfusion conditions of the cells layers have to
be taken into account. Therefore, flow chamber
systems are being used more frequently for in vitro
studies on EC biology instead of static cell culture
conditions that lack the option to apply mechano-
stimulatory effects. Although two-dimensionally per-
fused flow chambers provide an improved nutrition
supply compared to static culture and allow the
application of physiological shear stress these devices
do not implement effects induced by flow-based
permeability or transmigration. Further, cell culture
within conventional dishes as well as two-dimension-
ally perfused flow chambers mostly includes growth of
adherent cells on a tight and inflexible plastic substrate
that prevents perfusion of the basal side of the cell
membrane and limits nutrition supply and dynamic
removal of cellular metabolites and catabolites. We
therefore developed the MOTIF biochip design that
offers improved perfusion conditions for the EC
layers. Due to the option of stimulation with dynami-
cally adjustable gradient concentrations during

permeability or adherence/transmigration experi-
ments from different cell membrane sides, the
immune cell recruitment and modulation of endothe-
lial permeability in response to cytokine stimulation
from different luminal or basal derived sources can be
investigated separately or in parallel. To characterize
the MOT]F design for culture of endothelial layers we
compared ECs under dynamic culture within MOTiF
biochips in respect to viability, adaption to flow
conditions and expression of endothelial marker
proteins with static and dynamic culture conditions in
two-dimensionally  perfused chambers,
respectively.

Inhomogeneous aggregation of EC cultured
within MOT;F biochips could possibly influence flow
dynamics across the membrane. However micro-
scopic analysis revealed the formation of a tight, con-
fluent and homogenous EC layer during culture in
MOT]F biochips and a disturbed flow through inho-
mogeneous cell aggregation was not observed. ECs
adapted to flow conditions in established flow cham-
bers as well as in MOTIF biochips within 24 h. This
became apparent by a change in cell morphology com-

flow

pared to static cell culture. In addition, ECs cultured in
MOTIF biochips revealed an intensive modulation of
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endothelial layer. * p < 0.05; ** p < 0.01, *** p < 0.001 between conditions as indicated (Student’s t-test).

the cytoskeleton in response to flow and exhibited an
increased cell height corresponding to enhanced
polarity. The remodeling of the cytoskeleton was even
more prominent in the MOTIF biochips when com-
pared with standard flow chambers with identical
shear stress application. Remodeling of the cytoskele-
ton in response to force from outside is induced by the

generation of signals to the inside of a cell which subse-
quently induces the reorganization of the cytoskeleton
and thereby reinforces the strength of cell attachment
(Zhao etal 1995).

In addition, we observed that the expression of
vWE was increased in the endothelial layers when
grown in the MOTIF biochips. However, expression of
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vWE was enhanced independently from shear stress
stimulation within MOTIF biochips and was sig-
nificantly increased when compared to two-dimen-
sional flow chamber perfusion. Strongest expression
of vVWF was detectable in MOTiF biochips within areas
of high pore-density on the membrane allowing
improved basal medium perfusion. The impact of
improved culture conditions also became apparent
during the analysis of the cellular distribution of vWF
on ECs in flow chambers and MOTIF biochips.
Recently, multigranular exocytosis of vWF has been
proposed to be a significant mode of exocytosis in
which WPBs coalesce into a ‘secretory pod’ before fus-
ing with the plasma membrane (Valentijn et al 2010).
In ECs, the formation of secretory pods facilitates VWF
string formation by accumulating the content of mul-
tiple WPBs before their release. The unique intracel-
lular distribution of vWF within ECs cultured in
MOTIF biochips shows remarkable morphological
similarities with these secretory pods, and vVWF mac-
rofilament secretion colocalizes with these structures.
The vWF string formation is dependent on neutral
extracellular pH and is impaired if the pH within the
WPBs is increased e.g. by pretreatment with mon-
ensin, which causes the disappearance of vVWF strings
(Valentijn et al 2010). Improved perfusion conditions
in MOTIF biochips might thus contribute to a stable
neutral extracellular pH thereby facilitating vWF
string secretion. Exocytosis of vWF also depends on
the interaction of WPBs with microtubules and actin
cytoskeleton (Manneville ef al 2003). Extensive remo-
deling as observed in MOTIF biochips assumed to
contribute to increased VWF secretion. In addition
exocytosis of WPBs is regulated by hypertensive
stretch through VEGF-receptor 2 (VEGFR?2) signaling
pathways. In contrast to ECs cultured within two-
dimensionally perfused flow chambers where cells are
attached to an inflexible culture area, mechanical for-
ces to endothelial layers can be generated when grown
on the free-hanging membrane within MOTIF bio-
chips. We speculate that flow conditions in the
dynamic culture induce a limited stretching of the PET
membrane and the cultured endothelial layer thereon.
Stretch of the endothelium is known to trigger a rapid
release of VWEF strings from WPBs (Xiong et al 2013)
that have been shown to remain associated with cells
for a considerable time (Michaux et al 2006, Huang
et al 2008). These vVWF strings are a physiological
requirement in the healthy endothelium and known to
prevent coagulopathy and impaired wound healing
(Federici and Mannucci 2007).

Furthermore, multigranular exocytosis of VWF
strings has been shown to constitute an important
pathway for the regulated release of VWEF by vascular
ECs (Valentijn et al 2010). vWF string formation and
secretion was not observed under static cell culture
conditions and only to a limited extent in two-dimen-
sionally perfused flow chambers. In this context we
want to note, that ultra-large von Willebrand fibers
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that are formed under pathophysiological conditions
from vWE strings were reported to be important in the
initial pathogenic step of S.aureus-induced endocardi-
tis in patients with an apparently intact endothelium
(Pappelbaum et al 2013). Although we do not know
the exact mechanisms by which vWF string formation
is induced in MOTjF biochips we suppose that endo-
thelial layers obtained therein might be an interesting
in vitro model for studies on immune cell interactions
with EC layers under improved perfusion conditions
and with new methodical possibilities compared to
two-dimensionally perfused flow chambers.

In regard to immune cell interactions with ECs the
maintenance and regulation of endothelial barrier
function is one of the most imported tasks at the vessel
wall. PECAM-1 is known to be a critical regulator of
immune cell trafficking and maintenance of EC junc-
tional integrity (Privratsky et al 2010). PECAM-1 is
known to be protective in ECs during inflammation
due to its ability to inhibit pro-inflammatory cytokine
signaling and maintaining of vascular integrity (Car-
rithers et al 2005, Maas et al 2005, Privratsky
etal 2010). Furthermore, ZO-1 which connects to and
stabilizes endothelial tight junctions within lateral cell-
cell contact and thereby contributes to endothelial
barrier function (Chattopadhyay et al 2014) was found
up-regulated by high shear stress in ECs cultured
within MOTIF biochips. Thus, increased expression of
PECAM-1 as well as ZO-1 likely contributes to
improved barrier function observed in response to
high shear stress stimulation within MOTIiF biochips.
In addition, also the prolonged lateral cell-cell con-
tacts of thickened EC monolayers (mediated by ampli-
fied cytoskeleton rearrangement) further contribute
to elevated barrier function of EC layers stimulated
with high shear stress. Similar observations were made
with microfluidic models using kidney epithelial cells
that responded to fluid shear stress by increasing their
cell height and actin cytoskeleton rearrangement, also
resulting in the formation of tighter cell layers (Jang
et al 2011, Jang et al 2013). During inflammation
PECAM-1 is redistributed and down-regulated from
lateral junctions (Stewart et al 1996) resulting in a loos
of endothelial barrier function (Ferndndez-Martin
etal 2012). We reproduced this phenomenon by basal
application of proinflammatory cytokines TNFa and
IFNy to EC layers, demonstrating the feasibility of
MOTIF biochips for usage in flow-based permeability
assays. The basal stimulation of ECs with cytokines in
the dynamic cell culture was associated with an elon-
gation of stimulated ECs. It was recently shown that
EC activation by TNFa is not only accompanied with
augmented cell elongation under flow conditions but
also with a dynamic shifts of the cytoskeleton and
reduced cell stiffness (Stroka et al 2012). Thus, the
observed leakage of endothelial layers in response to
TNFa/IFNy treatment is likely mediated by loos of
PECAM-1 and ZO-1 expression combined with
reduced cytoskeleton stiffness.
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Activation of ECs also includes alterations in CAM
expression. EC layers in MOTIF biochips exhibited a
characteristic CAM expression profile in response to
shear stress. In accordance with previous reports ECs
adapt to high shear stress by up-regulation of ICAM-1
expression and down-regulation of VCAM-1 (Morigi
et al 1995, Tsao et al 1996). Concordant with this we
observed a diminished expression of ICAM-I1,
VCAM-1 and E-selectin in the dynamic cell culture in
MOTIF biochips under low as well as high shear stress
conditions in response to TNFa treatment compared
to static culture. Down-regulation of CAM expression
has been shown to be mediated by release of nitric
oxide by ECs in response to shear stress (De Caterina
et al 1995). Furthermore, laminar shear stress attenu-
ates the expression of E-selectin and VCAM-1 in
response to TNFa modulation by NF-xB-dependent
signaling pathways (Chiu et al 2004, Partridge
etal2007).

However, in these studies the authors show an
increased ICAM-1 expression in response to TNFa by
shear stress whereas in our studies a down-regulation
of ICAM-1 expression after TNFa treatment during
low as well as high shear stress stimulation was detect-
able. We speculate that the observed differences might
be due to different stimulation times used. Partridge
et al and Chiu et al stimulated HUVEC with TNFa for
2hand 4 h, respectively. In our setting endothelial lay-
ers were stimulated during the entire 24 h shear stress
stimulation (Chiu et al 2004, Partridge et al 2007).

We have shown that endothelial layers cultured in
MOT;F biochips exhibit an improved expression of
EC marker proteins. We used different flow rates in
perfusion experiments with two-dimensional and 3D
perfusion. Generally, increasing flow rate resulted in
higher cell density and expression of EC markers irre-
spective of the chip design and material used. How-
ever, additional basal perfusion in MOTiF chips had
higher impact on EC density and marker expression
than apical perfusion alone at identical flow rates.
From this we conclude that improved basal perfusion
of cell layers is beneficial to EC cell culture.

It is reasonable that rigidity of the substrate has
effects on cell physiology. We observed increased
expression of actin, vVWF and PECAM-1 compared to
solely apical perfusion already by low basal shear stress
perfusion in MOTIF biochips. These low shear stress
conditions are considered to not result in significant
stretching of the membrane and thereby should not
induce additional mechanostimulatory effects from
the basal side. However, by increasing basal flow rate
in MOTIF chips we observed a further improvement
of cellular parameters compared to conditions with
only apical perfusion. Under these conditions an addi-
tional mechanical stimulation of ECs through stretch-
ing of the membrane surface might have a relevant
effect, thus further contributing to improved cell func-
tion. Although we cannot explain the underlying
mechanism, we can conclude that enhanced perfusion
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in MOTIF biochips significantly contributes to the
improved EC function observed under dynamic flow
culture conditions.

Expression and cellular distribution of vVWF in
MOT]F biochips share similarities to the in vivo state
that are not observed in two-dimensionally perfused
flow chambers or under static culture conditions. In
addition, the MOTIF biochips allow simultaneous
perfusion through both microchannels with dynami-
cally adjustable flow rates and flow modes such as
oscillatory or continuous flow that can be individually
adjusted to the respective microchannel and side of
cell layer perfusion. Moreover, MOT;F chips are sui-
table for advanced studies on immune cell interaction
with adherent cell layers under flow conditions. The
MOT;F biochips device allows the dynamic adjust-
ment of substance concentrations during perfusion
and basal stimulation of MOTiF biochips embedded
cell layers together with a simultaneous application of
suspension cells overflowing and interacting with the
adherent cell layer. The MOTIF biochips design thus
combines the advantages of the widely used cell cul-
ture filter membrane inserts for culturing polarized
cell types such as ECs thereby enabling studies of
transport, secretion, absorption and permeability
combined with the features of flow chamber systems
offering flow-based permeability and adhesion/trans-
migration assays.

We have shown that the MOT;IF biochips repre-
sent a valuable tool for dynamic cell culture with
improved perfusion conditions that overcome some
limitations of two-dimensionally perfused flow cham-
bers. One of the most important limitations of 3D tis-
sue culture even under dynamic conditions within
two-dimensionally perfused flow chambers is the suf-
ficient supply of cells with nutrients and oxygen as well
as the removal of unwanted cell metabolites/catabo-
lites. This is mainly due to increased diffusion ranges
from the apical tissue side to the bottom of the cell cul-
ture device throughout the tissue as simultaneous api-
cal and basal perfusion is not possible in these devices.
The MOT;F biochip design allows individually adjus-
table flow conditions for both, upper and lower micro-
device channels and an overall improved perfusion
condition for cell layers when compared to static cell
culture or two-dimensionally perfused flow chambers.
Thus MOT;F biochips might also be a suitable device
for long-term 3D cell culture approaches. Studies are
currently underway to elucidate the potential of the
MOTIF biochips design for long-term culture of e.g.
multilayered 3D tissues.
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