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Models  of  biological  barriers  are  important  to study  physiological  functions,  transport  mechanisms,  drug
delivery and  pathologies.  However,  there  are  only  a few integrated  biochips  which  are  able  to monitor
several  of the  crucial  parameters  of  cell-culture-based  barrier  models.  The  aim  of this  study  was  to  design
and  manufacture  a simple  but versatile  device,  which  allows  a complex  investigation  of barrier  functions.
The  following  functions  and  measurements  are  enabled  simultaneously:  co-culture  of  2  or  3  types of  cells;
flow  of culture  medium;  visualization  of  the entire  cell  layer  by  microscopy;  real-time  transcellular  elec-
trical resistance  monitoring;  permeability  measurements.  To  this  end,  a poly(dimethylsiloxane)-based
biochip  with  integrated  transparent  gold  electrodes  and  with  a possibility  to  connect  to  a peristaltic
pump  was  built.  Unlike  previous  systems,  the structure  of  the  device  allowed  a  constant  visual  observa-
tion  of  cell  growth  over  the whole  membrane  surface.  Morphological  characterization  of  the  layers  was
also accomplished  by  immunohistochemical  staining.  The  chip  was  applied  to  monitor  and  character-
ize  models  of the  intestinal  and  lung  epithelial  barriers,  and  the  blood–brain  barrier.  The  models  were

established  using  human  Caco-2  intestinal  and  A549  lung  epithelial  cell lines,  hCMEC/D3  human  brain
endothelial  cell  line  and  primary  rat brain  endothelial  cells  co-cultured  with  primary  astrocytes  and  brain
pericytes.  This triple  primary  co-culture  blood–brain  barrier  model  was  assembled  on  a  lab-on-a-chip
device  and investigated  under  fluid  flow  for  the  first  time.  Such  a versatile  tool  is expected  to  facilitate
the  kinetic  investigation  of various  biological  barriers.
. Introduction

Epithelial outer, and endothelial inner barriers of the body are
mportant defense systems to maintain homeostasis and play a
rucial role in drug absorption and transport [1]. Culture models
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

f biological barriers are important tools to study physiological
unctions, transport mechanisms, drug delivery and pathologi-
al processes [2]. Tight intercellular junctions are fundamental

Abbreviations: A549, human alveolar type II like lung epithelial cell line; BBB,
lood–brain barrier; BSA, bovine serum albumin; Caco-2, intestinal colon carci-
oma derived epithelial cell line; DMEM, Dulbecco’s modified Eagle medium; EBA,
vans blue-labeled albumin; FBS, fetal bovine serum; FD, FITC-dextran 4.4 kDa;
FGF, basic fibroblast growth factor; GFAP, glial fibrillary acidic protein; hCMEC/D3,
uman brain microvascular endothelial cell line; ITO, indium tin oxide electrode;
app, apparent permeability coefficient; PBS, phosphate buffered saline; PDMS,
oly(dimethylsiloxane); SF, sodium fluorescein; �-SM, �-smooth muscle actin;
EER, transendothelial/epithelial electrical resistance (TEER).
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features of epithelial and endothelial barriers in vivo which are
reflected in high electrical resistance and low passive perme-
ability for hydrophilic compounds [1,2]. Cell culture inserts with
porous membrane were introduced to measure these parameters
on in vitro models in the 1980s. Confluent monolayers of adherent
epithelial or endothelial cells grown on culture inserts are widely
used static models for intestinal, lung and blood–brain barriers
(BBB). The Caco-2 human epithelial cell line is a well character-
ized model of the intestinal barrier applied for screening of drug
candidates [3–6]. Several studies describe the lung epithelial cell
line A549 as a model of the lung barrier [7,8]. Culture-based BBB
models greatly differ in complexity. Immortalized cell lines and
mono-cultures of brain endothelial cells can be used as simplified
BBB models [9–11], but the barrier properties of primary cell-based
co-culture models are better [2,12,13]. We  established a syngeneic
rat BBB model based on the co-culture of primary brain endothelial
cells with pericytes and glial cells mimicking the in vivo anatomi-
cal position of the cells. This triple co-culture BBB model displays
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

barrier properties and in drug permeability assays shows good cor-
relation with in vivo BBB permeability data [14,15].

Microtechnology and new lab-on-chip devices with integrated
functions offer the possibility to study the barriers real-time, and
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Fig. 1. Structural assembly of the chip showing all layers of the device (on the left). PDMS reservoirs (gray) holding the inlet and outlet tubes are fixed to the top of the chip.
The  porous cell culture membrane (dotted sheet) is situated between the upper and the lower channels made of PDMS (light blue). This core is sandwiched by two glass
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nder more physiological conditions [16,17]. In contrast to the
tatic culture inserts, the cells can be exposed to fluid flow and shear
tress, which are especially important for the vascular endothelium
18–20]. Although a dynamic BBB model on a 3-dimensional tube
tructure with a continuous flow of culture medium has been pub-
ished, the real-time visualization of the cells is not possible with
he hollow fiber system [18,21].

The aim of this study was to design and manufacture a versatile
icrodevice, which enables the co-culture of 2 or 3 cell types, the

ow of the culture medium, visualization of the cells by microscopy,
onitoring of the transcellular electrical resistance, and the mea-

urement of monolayer permeability. An integrated lab-on-a-chip
easuring chamber was built and applied to monitor and charac-

erize four different barrier models. The chip proved to be suitable
or the complex characterization of Caco-2 human intestinal and
549 human lung epithelial cell lines, hCMEC/D3 human brain
ndothelial cell line and primary rat brain endothelial cells co-
ultured with primary astrocytes and brain pericytes.

. Materials and methods

.1. Ethics statement

All animal studies were done according to the 1998. XXVIII.
ungarian law and the EU Directive 2010/63/EU about animal pro-

ection and welfare. Approval for animal studies was  obtained
rom the local animal health authority, the Governmental Office
or Csongrád County, Directorate of Food Chain Safety and Animal
ealth (Permit number: XVI./834/2012).
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

.2. Materials

All reagents were purchased from Sigma–Aldrich Ltd., Hungary,
nless otherwise indicated.
2 voltohmmeter (on the right). Electrodes and the connecting wires are shown as

2.3. Microfabrication process

The barrier chip device, which is a two-layered, porous mem-
brane based model, was  fabricated using poly(dimethylsiloxane)
(PDMS, Sylgard 184, Dow Corning GmbH, Germany). Dimensions
for the top channel were 3.7 cm × 0.2 cm × 0.2 cm,  while the bot-
tom channel was 4.2 cm long with the same diameter and height.
For the chip parts, a 1:10 mixture of initiator and base material
(silicone elastomer) was used, mixed and degassed by vacuum.
After this step the material was poured on brass molds defining
the shape of the channels. On the filled molds PDMS was cured
at 75 ◦C on a hot plate for 30 min  to achieve structural rigidity. To
enable the composition of the model, the PDMS surfaces had to be
treated with oxygen plasma. The plasma cleaner (PDC-002, Harrick
Plasma, USA) and its chamber were evacuated to 150 mtorr, then a
constant 400 mtorr pressure was  set by excess oxygen. Having the
oxygen pressure been stabilized, oxygen plasma was induced in the
chamber by RF excitation (13.56 MHz, 29.6 W)  for 30 s. The treated
upper and lower PDMS parts became highly adhesive and ready
to assemble the microfluidic channels. A porous membrane (It4ip,
Belgium; PET, thickness: 23 �m,  pore size 0.45 �m, pore density
2 × 106/cm2) was  used for separating the upper and lower channels.
During the biochip fabrication process several membrane types
were tested for cell cultivation (Fig. S1). Only one type of mem-
brane from it4ip proved to be suitable for cell culture (Fig. S1). This
membrane, receiving the same treatment as the PDMS components,
was mechanically sandwiched between the oxygen plasma treated
PMDS parts at its circumference as shown in Fig. 1. There was  no
surface reaction between these two  materials, the oxygen plasma
treated PDMS had a poor adhesion to the PET membrane. There
is a small area (2 mm  × 2 mm,  Fig. 1) where the adhesion between
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

the PET membrane and the PDMS for perfect sealing was provided
by a droplet of a silicone sealant adhesive (Aquarium RTV Silicone
Sealant, Adarsha Specialty Chemicals Pvt. Ltd., India). This sealant
adhesive has a relatively high viscosity so it can be applied precisely

dx.doi.org/10.1016/j.snb.2015.07.110
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hile it is soft for about 15 min. It reaches the fully cross linked,
olid state in 24 h. The oxygen treated PDMS does not bond very
ell to metal surfaces either, so the microscope slides with gold

lectrodes were fixed to the PDMS with the same sealant adhesive.
he sealant was applied as a thin, continuous line on the surface
f the PDMS. The fabrication procedure was monitored under a
tereo microscope. In the end, we had a 0.1 mm thick sealant layer
hat provided a good adhesion for the glass slides and sealed well
oth channels. PDMS blocks holding the inlet and outlet tubes (PCR
ubes, Eppendorf, Germany) were fixed to the upper glass surface
fter plasma treatment. These parts served as medium reservoirs
or the cell cultivation period (when flow was not applied). Four
oles were drilled across the top glass slide for medium transport.
rilling was performed using a 1.5 mm diamond core drilling bit

Eternal Tools, UK) and a commercial drilling machine with some
roplet of water added on the glass surface as coolant liquid at the
pot of the hole.

Cell culture medium flow was driven by a peristaltic pump (Mas-
erflex, Cole-Parmer) through silicone tubing (1 mm inner, 3 mm
uter diameter, Carl Roth, Germany). The input tube was connected
o the inlet of the chip, while the output tube was  connected to
he reservoir via the peristaltic pump. For all flow experiments
ow-shear-stress conditions (0.15 dyn) were used.

For the resistance measurements, a pair of 25-nm thick, trans-
arent, gold electrodes was formed on each glass slide using
putter-coating (sputtering machine: K975X, EMITEC, France). The
xact dimensions of the glass slides were 26 × 76◦mm  (Menzel-
laser, Germany). Thin copper wires were glued to the gold
lectrodes with conductive epoxy drops (CW2400, ITW Chemtron-
cs, USA) in order to connect them with the 4-channel input of
he voltohmmeter (EVOM, World Precision Instruments, USA). For
omparison to the common indium tin oxide (ITO) electrodes,
e performed a recording of impedance spectra in the chip with

ransparent gold (Au) and ITO electrodes. A voltage source (sinus
unction generator, TE 8020, 20 MHz), the sample using one elec-
rode on the top and one on the bottom plate of the chip and

 reference resistance (100 �)  were switched in series, and the
oltage drop on the resistance was registered by a storage oscil-
oscope (LeCroy Wave Runner 6010A), from which the sample
esistance values were calculated at different frequencies. The fre-
uency range span from 1 Hz to 20 MHz, with 3 records in each
ecade. Prior to the measurements both of the channels were filled
p with the same buffer as used in the cell culture experiments.
ransmission spectra of gold and ITO electrodes was  also evaluated
see Supplemetary material, Fig. S4).

The ready-to-use device was sterilized using 70% ethanol for
 h then was washed with sterile distilled water 6 times, and the
hip was treated with oxygen plasma again to turn the naturally
ydrophobic PDMS surface hydrophilic.

.4. Cell cultures

To test the versatility of the barrier chip, both epithelial and
ndothelial monolayers were cultured and monitored under static
nd flow conditions, as was appropriate. The transparent gold
lectrodes enabled a continuous visualization by phase contrast
icroscopy on the entire membrane surface. Cells were checked

very day during the experiments. Visually confirmed leakage,
oles on monolayers were accompanied by low TEER and resulted

n the exclusion of the barrier chip from the experiments. Data were
ompared to measurements performed on Transwell cell culture
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

nserts (Corning, USA). Cell cultures were grown in a humidified,
7 ◦C incubator with 5% CO2 in both experimental setups. A detailed
escription of the laboratory setup is available in the Supplemen-
ary material (Fig. S3).
 PRESS
ators B xxx (2015) xxx–xxx 3

2.4.1. Epithelial cells
Two  human immortalized cell lines, Caco-2 intestinal epithe-

lial cells and human alveolar type II like lung epithelial cells A549
(both from ATCC, USA) were cultured under static conditions to
model epithelial barriers on the chip. A549 (≤passage number 35)
and vinblastine selected Caco-2 cells (≤passage number 75; [22])
were cultured on rat tail collagen (prepared in the laboratory with
acetic acid extraction) coated Petri dishes in Dulbecco’s modified
Eagle medium (DMEM, Biochrom, Germany) supplemented with
10% fetal bovine serum (FBS, Pan Biotech, Germany) and 50 �g/ml
gentamicin. The porous membrane of the chip was  coated with
rat tail collagen overnight at 4 ◦C. After cell cultures reached 80%
confluency in the dishes, Caco-2 cells (7 × 104 cells/chip) and A549
cells (8 × 104 cells/chip) were subcultured to the chip using 0.05%
trypsin-EDTA solution (Pan Biotech, Germany). Confluent layers
at maximal resistance were used for permeability measurements
and immunolabeling. Cells were also cultured on Transwell inserts
for resistance and permeability data comparison. Epithelial cells
were passaged to inserts at a cell number of 8 × 104 cells/insert for
A549 (insert: 1.12 cm2, 0.4 �m pore size, 4 × 106 pores/cm2) and
105 cells/insert for Caco-2 cells (insert: 1.12 cm2, 0.4 �m pore size,
108 pores/cm2).

2.4.2. Endothelial cells
Brain microvascular endothelial cell line hCMEC/D3 [9] and

primary rat brain endothelial cells [23–25] were used as mod-
els of the blood–brain barrier on the chip. Cultures of hCMEC/D3
cells (≤passage number 35) were grown in MCDB 131 medium
(Pan Biotech) supplemented with 5% FBS, GlutaMAX (100×, Life
Technologies, USA), lipid supplement (100×, Life Technologies,
USA), 10 �g/ml ascorbic acid, 550 nM hydrocortisone, 100 �g/ml
heparin, 1 ng/ml basic fibroblast growth factor (bFGF, Roche,
USA), insulin (2.5 �g/ml), transferrin (2.5 �g/ml), sodium selenite
(2.5 ng/ml) and 50 �g/ml gentamicin. hCMEC/D3 brain endothe-
lial cells (6 × 104 cells/chip) were seeded to microdevices similarly
to epithelial cells. Static cultures were kept for 5 days before the
permeability experiment. For flow studies cells were grown under
static conditions until day 3, and left 48 h under dynamic condi-
tions before permeability studies. After the first day in culture both
models received 10 mM lithium chloride (Merck, USA) to induce
barrier properties [9,26,27]. D3 cells were also subcultured to Tran-
swell inserts (1.12 cm2, 0.4 �m pore size, 4 × 106 pores/cm2) at a
cell number of 4 × 104 cells/insert.

Primary rat brain endothelial cells, pericytes and astroglia cells
were isolated and cultured according to the method described
in our previous studies [22,23]. To establish the triple culture
model the upper compartment of the barrier chip was  coated
with rat tail collagen for endothelial cells and with collagen
type IV for pericytes and glial cells overnight at 4 ◦C. Pericytes
at passage number 3 (1.5 × 104 cells/chip) were seeded to the
bottom side of the porous membrane according to the method
of Nakagawa et al. [14,15]. Primary glial cells (105 cells/chip)
were seeded to the bottom of the lower chamber directly to
the coated glass surface. Primary rat brain endothelial cells
(7 × 104 cells/chip) were passaged to the upper side of the coated
membrane with endothelial culture medium: DMEM/F12 supple-
mented with plasma-derived bovine serum (15%; First Link, UK),
heparin (100 �g/ml), bFGF (1 ng/ml; Roche, Switzerland), insulin
(5 �g/ml), transferrin (5 �g/ml), sodium selenite (5 ng/ml) and gen-
tamycin (50 �g/ml). Static co-cultures were kept for 6 days before
the permeability experiment. For flow measurements, cultures
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

were grown under static conditions until day 4, and were kept for
48 h under dynamic conditions before permeability studies. After
the second day in culture both models received 550 nM hydrocor-
tisone. One day before the static permeability test or the beginning

dx.doi.org/10.1016/j.snb.2015.07.110
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Fig. 2. (A) Schematic drawing of the flow circuit. Peristaltic pump moving the cell culture medium is positioned after the chip. Culture medium is stored in a glass reservoir
bottle  providing constant circulation. (B) Biochip setups with two types of cells. Epithelial cells (top, yellow cells) grow as monolayers on the porous membrane of the chip.
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riple  culture blood–brain barrier model using rat primary endothelial cells (gree
ulture  inserts with the same arrangements for epithelial or endothelial cell model

f flow experiments cells were treated with chlorophenylthio-
denosine-3′,5′-cyclic monophosphate (250 �M,  CPT-cAMP) and
O 201724 (17.5 �M,  Roche) to tighten junctions and elevate resis-
ance [2,28]. For comparison, cells were also kept on Transwell
nserts (1.12 cm2, 0.4 �m pore size, 4 × 106 pores/cm2). Triple pri-

ary co-culture BBB model was assessed as shown in Fig. 2 and
escribed previously [15,24,29].

.5. Cell culture characterization

Cells grown on the barrier chip received fresh culture medium
very day. Transendothelial/epithelial electrical resistance (TEER)
easurement was performed before every medium change, min-

mum once in every 24 h. Under dynamic flow conditions no
edium change was required, because the cell culture medium was
oved continuously by the peristaltic pump positioned after the

hip in the circuit. Permeability measurements as layer integrity
ests and immunohistochemical labeling for morphological char-
cterization were performed at the end of all experiments. Cells
n Transwell inserts received fresh culture medium every second
ay. TEER was also measured according to culture protocols. After
eaching appropriate TEER values permeability experiments were
erformed. These methods are accepted and widely used in the
arrier field as integrity measurements and testing model applica-
ility.

The flux of the hydrophilic tracers sodium fluorescein (SF, MW:
76 Da) and fluorescein isothiocyanate-labeled dextran (FD, MW:
.4 kDa) indicating paracellular permeability was measured. Per-
eability of Evans blue-labeled albumin (EBA, MW:  67 kDa) was

lso tested across cell monolayers as previously described [24,25].
or the assay cell culture medium was changed in the lower com-
artment of the chip to 500 �l Ringer-Hepes solution (118 mM
aCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 5.5 mM d-glucose,
0 mM Hepes, pH 7.4). In the upper compartment culture medium
as replaced by 250 �l Ringer-Hepes solution containing either

0 �g/ml SF or 100 �g/ml FD and 165 �g/ml Evans blue bound
o 1% bovine serum albumin (BSA) simultaneously. At 20, 40 and
0 min  of the permeability assay Ringer-Hepes solution in the lower
ompartment was changed to a fresh 500 �l buffer. Samples from
he luminal and abluminal compartments were collected. Perme-
bility measurements were also performed on Transwell inserts
sing 500 �l volumes with marker molecules for the upper and
500 �l for the lower compartments [24,25]. During the exper-

ments inserts were kept in 12-well plates (Corning, USA) and
nserts were moved after 20, 40 and 60 min  to the next well of
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

he plate. Barrier chips and plates with inserts were incubated on a
orizontal shaker in the CO2 incubator (100 rpm; Biosan, Latvia) at
7 ◦C for 1 h. SF and FD concentrations were determined by the
ame instrument using 485 nm excitation and 520 nm emission
ricytes (orange) and glial cells (blue) assembled in the biochip. (C) Transwell cell
own in the microchip.

wavelengths. EBA content of samples was measured at 584 nm
excitation and 680 nm emission wavelengths (Fluostar Optima,
BMG  Labtechnologies, Germany). Apparent permeability coeffi-
cient (Papp) was  calculated as described previously [3].

Morphological characterization of epithelial and endothelial cell
lines grown in the barrier chip was  investigated by immunohis-
tochemical staining for ZO-1 and �-catenin tight and adherens
junction associated cytoplasmic linker proteins. In the triple
co-culture model endothelial cells were stained for ZO-1 and �-
catenin, pericytes for �-smooth muscle actin (�-SM) and astroglial
cells for glial fibrillary acidic protein (GFAP). Before ZO-1 label-
ing double cell nucleus staining with ethidium homodimer-1 and
bis-benzimide was  performed to reveal cell death. After the perme-
ability tests cells were fixed with cold acetone-methanol solution
(1:1) for 10 min, washed with phosphate buffered saline (PBS)
and non-specific binding sites were blocked with 3% BSA-PBS
for 1 h at room temperature. Incubation with rabbit-anti-ZO-1,
rabbit anti-�-catenin, mouse anti-�-SM (Dako, USA) and mouse-
anti-GFAP primary antibodies lasted overnight at 4 ◦C. Cells were
incubated with anti-rabbit secondary antibody labeled with Cy3
or anti-mouse secondary antibody labeled with Alexa Fluor 488
(Life Technologies, USA) and H33343 dye to stain nuclei for 1 h at
room temperature. Between incubations cells were washed three
times with PBS. Chips were disassembled, cell culture membranes
were removed from the chip and were mounted in Fluoromount-G
(Southern Biotech, USA), except for astroglia which were photo-
graphed in situ in PBS. Stainings were visualized by a Leica
TCS SP5 confocal laser scanning microscope (Leica Microsystems,
Germany).

2.6. Statistical analysis

Data are presented as means ± SD. Statistical significance
between treatment groups was  determined using two-way ANOVA
following Bonferroni multiple comparison posttest (GraphPad
Prism 5.0; GraphPad Software, USA). Changes were considered sta-
tistically significant at p < 0.05 (a, compared to Transwell inserts
and b, compared to static chip conditions). All experiments were
repeated at least three times, the number of parallel samples was
3–5.

3. Results and discussion

3.1. Chip structure and assembly
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

The structure of the barrier chip was fabricated by bonding five
layers including the bottom and top glass slides with the measuring
electrodes, the upper and lower channels made of PDMS, and the
porous membrane (Fig. 1).

dx.doi.org/10.1016/j.snb.2015.07.110
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ig. 3. Impedance spectra of the chip equipped with transparent gold and ITO 

easurements were performed between 1 Hz and 20 MHz.

There are several setups built for similar purposes. Most of them
onsist of two channels, either parallel [30] or perpendicular to each
ther [19,31], with a relatively small overlapping area. The arrange-
ent of our channels enables a much larger overlapping area (ca.

 cm2), allowing a larger surface and a bigger sampling size for in
itro permeability studies.

The thin, transparent electrodes grant a special advantage to
he chip, permitting a continuous visual monitoring of the cells
y a microscope, above the entire membrane surface, during the
ull time span of the experiment. Such a feature is missing in
ther model systems using nontransparent electrodes that allow
isual observation limited to the narrow slits between the elec-
rodes [16,19], therefore a full microscopic screening of the sample
an only be done on the disassembled chip. This is a critical
oint for such assays that include monitoring of TEER or paracel-

ular permeability of the barrier membrane, since local faults in
he confluence of the cell layer, occurring usually at its perime-
er and invisible for other methods, might seriously tamper the
esults.

We tested transparent ITO electrodes as possible candidates,
nd measured their resistance. Fig. 3 shows the impedance spectra
f chips equipped either with a pair of transparent gold elec-
rodes or ITO electrodes placed at the outer walls of the top and
ottom channel, and separated by the porous membrane. In the

ow-frequency regime (between 1 Hz and 1 kHz) the electric dou-
le layer formed upon electrode polarization hinders the correct
easurement of the ohmic resistance of the chip, and another dis-

ersion process occurs in the MHz  domain. In between the two
xtremes, the sample resistance is nearly constant, but its value is
n order of magnitude smaller with gold electrodes than with the
TO ones. The high resistance of the latter (>800 Ohms) is compa-
able to or higher than typical TEER values of biological barriers,
hich might tamper the results of TEER measurements performed
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

ith ITO electrodes. This was the primary reason for which we used
old electrodes instead of ITO. Another problem was  that proper
lectrode patterning with ITO glass was not feasible with our lab-
ratory technique, therefore the standard four-electrode method,
odes, respectively. Impedance is given in Ohms (�), frequency is in Herz (Hz).

eliminating the effect of electrode polarization on TEER, could not
be applied.

On the other hand, low-resistance “non-polarizable” electrodes
(platinized platinum or Ag–AgCl) proved not to be transparent
enough (extinction coefficient > 1), hampering visual observation.
The choice of a 25-nm inert, gold layer for TEER electrodes was
found to be the best compromise between the opposing require-
ments of conductance and transparency (10 Ohms, extinction
coefficient 0.4, Fig. S4). Possible artifacts of the resistance mea-
surements due to polarization of the gold electrodes were avoided
by the four-electrode method. Rectangular pulses (12.5 Hz) were
applied on the sample and kept controlled by a pair of electrodes,
while another electrode pair was  supplying load current via a feed-
back loop, to keep the transmembrane voltage constant during each
half-period. The electric resistance of the system was  found to be
characteristic to the cell culture layer.

During the experiments, the medium was circulated by a peri-
staltic pump through silicone tubing (Fig. 2). PDMS blocks on the
top serve both as reservoirs and in- or outlets for tubing. The input
tube was immersed in the cell culture medium in the reservoir, and
was connected to the inlet of the chip, while the output tube was
connected to the reservoir via the peristaltic pump. This arrange-
ment has three advantages: (i) the liquid pressure is always less
than the air pressure outside, therefore there was  no simmering
or jamming failure (no “explosion”), (ii) the reservoir also acts as a
bubble trap, since all bubbles (e.g. from leakages) burst as the liquid
is dripping out from the output tube, and none of them can reach
the input of the chip at the bottom of the reservoir, (iii) since the
reservoir of the circulated medium is located after the pump, it is
not pressurized, and the medium inside can be promptly and con-
tinuously sampled or treated very easily. That could be very useful
for both long- and short-term tests of various drugs influencing the
permeability of the barrier layer.
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

On the whole, the device enables several ways to study the
barrier layer simultaneously: electric conductivity measurement,
molecule permeability and microscopic visualization of the (co-
)cultured cells. In addition, morphological characterization of the

dx.doi.org/10.1016/j.snb.2015.07.110
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Fig. 4. Characterization of the intestinal barrier model on the chip. Phase contrast microscopy images of Caco-2 cells grown in the biochip on culture days 1–10, electrical
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esistance and permeability measurement data (day 10) are presented. Resistance
haracterized by ZO-1 and �-catenin immunostaining in the device and visualize
mages), ND: no data available.

ayers is also possible by immunohistochemical staining. The pro-
edure we used to create the device is not for industrial mass
roduction. The chip is a proof-of-concept device that can be mod-

fied according to various experimental requirements. A drawback
f the system is that it can be used as a disposable piece, and is not
et optimized for large scale applications like drug screening. We
lan to prepare plastic, reusable versions of the chip.

.2. Cell cultures

In order to illustrate the main features of our integrated
icrodevice, it was used to model four different biological barri-

rs with cell cultures: human intestinal epithelial, lung alveolar
pithelial and brain endothelial cell lines as well as a triple primary
o-culture BBB model were tested for barrier function in the chip.

.2.1. Intestinal model
The Caco-2 intestinal epithelial cell line formed the tightest

onolayer among the 4 models in the microdevice, with a TEER
alue of 578.3 ± 29.6 � cm2 (Fig. 4). The tightness of the barrier was
lso indicated by the low Papp for all markers (SF: 0.55 × 10−6 cm/s;
D: 0.36 × 10−6 cm/s; EBA: 0.10 × 10−6 cm/s). Cells had a cuboidal
hape, grew in monolayers and stained well for ZO-1 and �-catenin.
ell morphology, good resistance and permeability properties of
aco-2 cells in the new device were similar to data obtained on
ranswell culture inserts after 10 days of culturing. On culture
nserts, TEER of Caco-2 monolayers reached 546.5 ± 33.9 � cm2.
here was a significant difference in the measured permeability for
F (0.30 × 10−6 cm/s) compared to the biochip, but permeability for
BA (0.03 × 10−6 cm/s) shows no difference between the insert and
he chip setup. There was a higher standard deviation for TEER in
iochips during the growing phase. Since it was not possible to use
he same membrane type as for Transwell inserts (see Supplemen-
ary Material, Fig. S1), there could be a difference in the kinetics of
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

ell growth due to the different culture membranes, but after cells
each confluency and begin to form the barrier, TEER values become
ore uniform between the parallels and reflect good barrier prop-

rties. Higher Lucifer yellow permeability has been described for
ermeability values for cell culture inserts are also indicated. Cell morphology was
onfocal microscopy. Bar = 100 �m (phase contrast images), bar = 25 �m (confocal

the same cell type cultured in a microfluidic chamber, but that sys-
tem did not allow measurement of TEER [30]. Note that Caco-2 cells
in a gut-on-a-chip model have reached tighter barrier properties
when co-cultured with bacteria and/or immune cells, and exposed
to low shear stress and cyclic strain to mimic  peristaltic motion
[4,32].

3.2.2. Lung model
Lung epithelial A549 cell line grew well on the chip and easily

formed monolayers (Fig. 5). Compared to the case of Caco-2 cells,
these monolayers represented a weaker epithelial barrier. Lung cell
layers in the chip reached a maximum TEER of a 46.4 ± 17.0 � cm2,
and these values were in concordance with our data obtained
on A549 culture on Transwell inserts (27.8 ± 2.2 � cm2), as well
as with literature data for this cell line [33]. Average Papp val-
ues were 1.45 × 10−6 cm/s for SF, 1.24 × 10−6 cm/s for FD and
0.17 × 10−6 cm/s for EBA markers. No significant difference was
found in the permeability values as compared to data measured on
culture inserts (Papp: 0.9 × 10−6 cm/s for FD and 0.3 × 10−6 cm/s for
EBA). In accordance with the functional data, ZO-1 and �-catenin
staining was not as intensive and continuous as in Caco-2 cells, indi-
cating weaker intercellular junctions. Some lab-on-a-chip models
using A549 cells [7,33,34] have already been published, but none of
them offers simultaneous cell visualization, measurement of TEER
and the flux of marker molecules. Concerning the lung model the
chip will enable the establishment of a more complex model of
the alveolar capillary unit, by the co-culture of lung epithelial cells
with vascular endothelial cells at an air–liquid interface [35]. Mod-
eling lung barriers in air–liquid interface condition is important and
induces barrier properties. It is a limitation of the study that such
conditions were not included.

3.2.3. Blood–brain barrier models
3.2.3.1. Brain endothelial cell line model. The human hCMEC/D3
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

brain endothelial cell line is a widely used, well-characterized and
simplified in vitro model of the BBB [10]. Still, a comprehensive
study on a human brain endothelial cell line in a microdevice,
with a complex characterization of barrier properties including

dx.doi.org/10.1016/j.snb.2015.07.110
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Fig. 5. Characterization of the lung epithelial barrier model on the chip. Phase contrast microscopy images of A549 cells grown in the biochip on culture days 1–5, electrical
r and pe
c d by c
i

m
R
t
[

A
t
5

F
t
f
c
i

esistance and permeability measurement data (day 5) are presented. Resistance 

haracterized by ZO-1 and �-catenin immunostaining in the device and visualize
mages), ND: no data available.

icroscopy, has so far been missing. Previously, the rat cell line
BE4 was studied for a similar purpose [17,36]. Biochips modeling
he vascular system also widely use peripheral endothelial cells
37–40].

In our miniaturized model, D3 cells grew to confluency (Fig. 6).
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

fter 3 days of static followed by 2 days of dynamic culture condi-
ions, TEER values increased to 28.5 ± 7.2 � cm2. TEER values of the
-day-old static culture were in the range of 19.0 ± 2.8 � cm2. The

ig. 6. Characterization of a simplified blood–brain barrier model on the chip. Phase co
he  biochip on culture days 1–5, electrical resistance and permeability measurement da
or  3 days followed by 2 days of flow (0.15 dyn) in the dynamic setup. Resistance and p
haracterized by ZO-1 and �-catenin immunostaining in the device and visualized by conf
nserts;  b, compared to static chip cultures) are indicated. Bar = 100 �m (phase contrast im
rmeability values for cell culture inserts are also indicated. Cell morphology was
onfocal microscopy. Bar = 100 �m (phase contrast images), bar = 25 �m (confocal

resistance values measured by the device were in concert with the
ones obtained on culture inserts by our group (23.7 ± 3.5 � cm2),
and with those described in the literature [10,31]. Permeabil-
ity data were also compared between the static and dynamic
cultures. On the static hCMEC/D3 barrier chip model, the per-
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

meability was 1.61 × 10−6 cm/s for SF, 1.55 × 10−6 cm/s for FD
and 0.51 × 10−6 cm/s for EBA. Under dynamic culture condi-
tions Papp of 1.57 × 10−6 cm/s for SF, 1.32 × 10−6 cm/s for FD and

ntrast microscopy images of hCMEC/D3 human brain endothelial cells grown in
ta (day 5) are presented. Brain endothelial cells were kept under static conditions
ermeability values for cell culture inserts are also indicated. Cell morphology was
ocal microscopy. Statistically significant differences p < 0.05 (a, compared to culture

ages), bar = 25 �m (confocal images).
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Fig. 7. Characterization of a triple co-culture blood–brain barrier model on the chip. Phase contrast microscopy images of primary rat brain endothelial cells (culture days
1–6),  primary rat pericytes and glial cells (day 1), electrical resistance and permeability measurement data (day 6) are presented. Primary endothelial cells in co-culture were
kept  under static conditions for 3 days followed by 2 days of flow (0.15 dyn) in the dynamic setup. Cell morphology was  characterized by ZO-1 and �-catenin (endothelial cells),
� unosta
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-smooth muscle actin (pericyte) and glial fibrillary acidic protein (astroglia) imm
ifference p < 0.05 (a, compared to culture inserts; b, compared to static chip culture
o  data available.

.15 × 10−6 cm/s for EBA was measured. In dynamic cultures, brain
ndothelial permeability for FD and EBA markers was  significantly
ower compared to the static model in the same device. Perme-
bility data obtained on Transwell inserts (9.31 × 10−6 cm/s for
F, 5.47 × 10−6 cm/s for FD and 0.87 × 10−6 cm/s for EBA) are in
ood correlation with the literature [9], but those measured in
he biochip were found to be significantly lower for all marker

olecules. Since we could not use the exactly same membrane
ype in both the Transwell and chip models as explained in the
upplementary material (Fig. S1), the effect of membrane thick-
ess on permeability coefficients cannot be excluded. In the present
tudy we could not reproduce the intensive increase in resis-
ance after exposing hCMEC/D3 to shear stress [31,41], but we
ould observe a significantly reduced tracer permeability for larger
arker molecules, indicating a barrier-tightening effect. Cells in

oth dynamic and static cultures were elongated, formed close con-
acts typical for endothelial monolayers, and stained well for ZO-1
nd �-catenin (Fig. 6).
Please cite this article in press as: F.R. Walter, et al., A versatile lab-o
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

.2.3.2. Primary cell based co-culture model of the BBB. Our primary-
ell-based triple co-culture BBB model [15] was characterized for
he first time in a miniaturized flow chip device. Co-culture of brain
ndothelial cells with glial cells and pericytes on Transwell inserts
ining in the device and visualized by confocal microscopy. Statistically significant
dicated. Bar = 100 �m (phase contrast images), bar = 25 �m (confocal images), ND:

in the anatomical position (Fig. 2) was the most efficient in the
induction of barrier properties as described previously by our group
[15]. Brain endothelial cells in this BBB model showed higher TEER
and lower permeability values, and expressed higher levels of junc-
tional proteins than in other triple or double cultures using different
combinations of brain endothelial cells, glial cells and pericytes [15]
highlighting the important and functional role of pericytes. In this
model, brain endothelial cells are not directly contacting pericytes
or glial cells (Fig. 2). In the Transwell inserts a membrane with
0.4 �m pore size, 12 �m thickness is used (Fig. S1). A membrane
with a same pore size was used in the chip, which does not allow
cell migration. Growth factors and other barrier property induc-
ing molecules are secreted into the common cell culture medium
enabling communication between the three cell types through the
porous culture membrane.

Cell growth in the triple BBB model was followed by phase con-
trast microscopy. Immunolabeling showed a typical cell shape for
all three kinds of cells (Fig. 7). Endothelial cells had an elongated
shape, and formed tight intercellular connections. Pericytes and
n-a-chip tool for modeling biological barriers, Sens. Actuators B:

glial cells were also stained by their cellular marker proteins, �-SM
actin and GFAP. The rat primary triple co-culture BBB model on the
chip formed a barrier with a TEER value of 114.2 ± 35.7 � cm2. TEER
values measured under static and dynamic conditions were not

dx.doi.org/10.1016/j.snb.2015.07.110
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ignificantly different. These values are lower than data obtained
n culture inserts (173.3 ± 21.6 � cm2). Compared to the results
f our previous papers the TEER of the present triple model on
ranswell inserts was lower (173 vs. 350 � × cm2; [15]), but the
ermeability coefficient for fluorescein was better, 0.8 × 10−6 cm/s
s. 4 × 10−6 cm/s indicating a good barrier. In static conditions per-
eability values were 0.80 × 10−6 cm/s for SF, 0.24 × 10−6 cm/s for

D and 0.12 × 10−6 cm/s for EBA on the BBB model. These perme-
bility coefficient values are similar to data of previously described
BB models on Transwell inserts [3] and indicate a tight barrier.
ynamic cultures were kept under flow conditions for 48 h, then
ermeability measurements were performed. Papp values for the
ynamic model were 1.15 × 10−6 cm/s for SF, 0.20 × 10−6 cm/s for
D and 0.04 × 10−6 cm/s for EBA. An elevated flux of SF across the
onolayer was found after introducing low shear stress on the

riple model. The permeability for SF on the triple BBB model grown
n cell culture inserts was higher compared to the static biochip
odel (1.25 × 10−6 cm/s for SF and 0.19 × 10−6 cm/s for EBA). There
as no difference in the flux of the other two permeability mark-

rs after flow conditions, neither in the static chip compared to
he dynamic model, nor in the chip models compared to the Tran-
well inserts. In our setup, the low-shear-stress exposure did not
levate the resistance of primary endothelial cells. All these data
ndicate that under low flow conditions, barrier properties typical
or venules may  develop in a BBB model [21]. The different biologi-
al response in a brain endothelial cell line as compared to primary
ells emphasizes the difference between such models [42].

.3. General considerations and comparison with other biochips
odeling biological barriers

In the permeability assays Caco and primary brain endothe-
ial cell based models which have the highest resistance, have the
owest permeability and the A549 and D3 models which present
ow resistance show high permeability for the markers (Figs. 4–7;
ig. S2), in agreement with literature data. All barrier models were
ested with double cell nucleus staining to reveal cell death. No red
taining for nuclei was observed, indicating viable and functioning
ells both in the static and dynamic models.

While several barrier functions were monitored, some aspects
f barrier functions in the present study were not investigated.
ucus layers are present and important for intestinal and lung bar-

iers including drug absorption [43]. In a recent three-dimensional
odel mimicking the microenvironment of the small intestine

ransport properties closer to the in vivo situation were mea-
ured [44]. At the blood–brain barrier the luminal surface of brain
ndothelium is covered by a relatively thick layer of glycocalyx
hich also acts as a physicochemical barrier blocking drug delivery

45]. We aim to further develop the culture models to study these
ore complex interactions. Culture models of barriers on planar

urfaces represent simplified systems, where imaging, measure-
ent of resistance, or drug transport studies are easier. However

here are models using 3D scaffold which represent more complex
ystems mimicking the anatomical position of cells, for example a
ulture model of the small intestine [44].

The field of biochips modeling gut, lung and blood–brain barri-
rs is rapidly evolving and several models were developed in the
ast ten years which are listed in Table 1. These complex biochips
ntegrate different types of imaging, microfluidics, measurement of
esistance in mono- and co-culture systems. To our best knowledge
he present paper is the first in which the same device is used for
hree different types of barrier models, resistance is measured by
Please cite this article in press as: F.R. Walter, et al., A versatile lab-on-a-chip tool for modeling biological barriers, Sens. Actuators B:
Chem. (2015), http://dx.doi.org/10.1016/j.snb.2015.07.110

ransparent gold electrodes, and cellular growth can be monitored
hrough the whole length of the device, not only through a small
indow. The triple cell culture model of the BBB we described on

ranswell inserts was also investigated for the first time in a biochip Ta
b
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nd under fluid flow. Integrated, complex microfluidic devices with
o-culture systems were already described for gut [32] and lung
47] barrier models imitating micromovements, but no BBB model
as established in an integrated chip with all the functions we
escribed in the present manuscript.

. Conclusion and perspectives

The aim of the study was to develop a general-purpose device
hat can be used to investigate multiple types of biological bar-
iers as mono-, double- or triple cultures monitoring the electric
onductivity and molecular permeability of the (co-)cultured cells
nder no flow or low flow conditions, at the same time allow-

ng microscopic visualization of the whole membrane surface. The
iniaturized chip was successfully used to model three different

iological barriers with four types of cell cultures. Human intestinal
pithelial, lung alveolar epithelial and brain endothelial cells grew
ll well in the new microdevice, and showed cell morphology and
arrier functions similar to cultures on inserts. A similar co-culture
f epithelial and endothelial cells may  represent an anatomically
ore realistic model of the intestinal epithelium in the device and

 novel approach to study oral absorption of drugs. The biochip
as also suitable for modeling the BBB: formation of barriers was

bserved for both the brain endothelial cell line and the co-culture
odel. The triple primary co-culture blood–brain barrier model
as established on a lab-on-a-chip device and investigated under
uid flow for the first time. The barrier-inducing effect of flow could
e observed for the brain endothelial cell line, and further modifi-
ation of the chip will permit the study of different flow and shear
tress conditions. The device is expected to be a versatile tool for
urther examination of biological barriers, among them endothelial
arrier functions under flow conditions.
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