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Abstract: Neurology has always been one of the therapeutic areas with higher attrition rates. One
of the main difficulties is the presence of the blood-brain barrier (BBB) that restricts access to the
brain for major drugs. This low success rate has led to an increasing demand for in vitro tools. The
shear stress, which positively affects endothelial cell differentiation by mimicking blood flow, is
required for a more physiological in vitro BBB model. We created an innovative device specifically
designed for cell culture under shear stress to investigate drug permeability. Our dynamic device
encompasses two compartments communicating together via a semi-permeable membrane, on
which human cerebral microvascular endothelial (hCMEC/D3) cells were seeded. The fluidic con-
trolled environment ensures a laminar and homogenous flow to culture cells for at least seven days.
Cell differentiation was characterized by immunodetection of inter-endothelial junctions directly in
the device by confocal microscopy. Finally, we performed permeability assay with lucifer yellow in
both static and dynamic conditions in parallel. Our dynamic device is suited to the evaluation of
barrier function and the study of drug transport across the BBB, but it could also be used with other
human cell types to reproduce intestinal or kidney barriers.

Keywords: blood-brain barrier; brain endothelial cell; shear stress; in vitro models; drug develop-
ment; biological barriers; microfluidic; dual chamber biochip

1. Introduction

While neurological disorders continue to be the world’s leading cause of disability
and death, their associated costs are expected to exponentially increase in the coming
years [1,2]. Neurology has always been one of the therapeutic areas with the highest attri-
tion rates [3-5]. Effective brain targeting is a prerequisite for the treatment of neurological
disorders [6]. One of the main difficulties is the presence of the blood-brain barrier (BBB),
which restricts access to the brain for more than 98% of drugs [2]. This structural and
functional barrier separates the vasculature from the central nervous system (CNS). The
BBB is primarily composed of brain microvascular endothelial cells (BMEC), forming the
wall of cerebral capillaries. Their particularities are the high polarization and expression
of a panel of specialized inter-endothelial junctions, which contribute to their sealing fea-
ture.
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The drug transport restrictions imposed by the BBB must be reliably predicted as
early as possible in the drug development process by testing the ability of new therapeutic
entities to enter the brain on relevant models. In vitro BBB models offer faster and more
simplified approaches for targeted drug screening as well as for fundamental research.
They could be humanized to overcome translatability issues. Both primary cultured
BMEC and cell line models are classically used for studying the mechanisms for specific
transport and kinetics of drug exchanges across the BBB. Some brain properties are main-
tained in freshly isolated brain capillaries but decline in culture after a few passages. De-
differentiating processes were observed with the loss of BBB characteristics. Moreover,
many BMEC lines exhibit a reduced expression of specific transporters and tight junctions,
and these models are not as tight as it was observed in vivo [7].

These difficulties led to a considerable challenge for improving in vitro models with
new developing technologies. The aim is to create an ideal in vitro tool that combines the
benefits of both in vivo animal and in vitro human models, by mimicking the original
microenvironment on a culture of human BMEC. Today, the addition of hemodynamic
forces seems to be a promising way to achieve cell differentiation. Hemodynamic forces
appear to be particularly important in the cell differentiation processes, as in vivo BMEC
are directly and permanently exposed to the intraluminal blood flow. Blood pressure cre-
ates a tangential force across the luminal vascular endothelium called shear stress. This
phenomenon underlies the activation of mechano-sensitive proteins able to convert the
mechanical force into biochemical responses [8]. The endothelial response greatly varies
depending on the nature and magnitude of fluid shear stress, thus generating diverse
structural and functional phenotypes [9-11]. Usually, shear stress levels ranging from 5 to
23 dyn.cm? are considered comparable to those reported in vivo in the brain capillaries
[11-14]. It was shown that a steady unidirectional laminar flow is responsible for a quies-
cent endothelial response, and a subsequent better BMEC differentiation. This improves
the BMEC polarization through the expression of specific BBB transporters and junctions
at the luminal and/or abluminal faces of BMEC membrane. Shear stress thus contributes
to the induction and maintenance of a BBB phenotype, resulting in a more physiologically
relevant model [11].

Dynamic devices were created to perfuse cells with medium culture in order to pro-
vide shear stress. Although great progress has been made to develop a variety of micro-
fluidic BBB models, nobody has recapitulated all the requirements:

e A robust, low-cost, disposable (to limit potential contaminations or substance re-
leases), and non-removable (to ensure sealing) barrier device,

e  Cultivation of a monolayer of human BMEC on a porous membrane at the interface
between two compartments,

e  Simple cell culture in both static and dynamic conditions with uniform shear stress
to achieve BMEC differentiation,

e  Compatibility with phase contrast microscopy to visualize the entire cell monolayer
for monitoring cell growth and confluence, as well as confocal microscopy for char-
acterization,

° The possibility to combine several conditions in parallel, and to sample both com-
partments by recovering sufficient volumes for permeability or transporter studies.

We designed, produced, and characterized a specific device that meets all the re-
quirements mentioned above. The present study reports the development of this innova-
tive dynamic barrier device, highlighting the significance of its design and composition in
maintaining functional monolayers. This tool is intended to improve BMEC differentia-
tion, to validate the expression and localization of some key BBB junctional proteins, and
to perform permeability measurements or transport studies across this human in vitro
BBB model.
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2. Materials and Methods
2.1. Materials

Invitrogen, Corning, and Gibco products were purchased from ThermoFisher Scien-
tific (Rockford, IL, USA). hCMEC/D3 cells were kindly provided by Dr. Pierre-Olivier
Couraud (Inserm U1016, Cochin Institute, Paris, France).

2.2. Barrier Device Fabrication

The barrier device consisted of five assembled layers, including four PMMA sheets
(VOS Cell Cast Acrylic Glass, Topacryl, Schonenwerd, Switzerland) to create the upper
and lower channels sandwiched between two plates and separated by a polyethylene ter-
ephthalate semi-permeable membrane with 0.4 um pores (Unique-Mem Track-Etched
Membrane, Oxyphen, Chicago, IL, USA). Briefly, sheets were cut with a CO: laser cutter
(Speedy 100R, Trotec, Wels, Austria), degassed for optimal biocompatibility, and assem-
bled using double-sided tape (3M). Each channel possessed independent in and out ac-
cesses through polycarbonate female luers (Ark-Plas, Flippin, AR, USA) embedded in the
top slide with biocompatible glue (Epoxy Technology, Billerica, MA, USA). Each step of
the device fabrication procedure is detailed in Supplementary Data S1. Two plate formats
were created: a microscope slide format with a single condition, and a well plate format
including six conditions in parallel.

3D representations of the device were performed with PTC Creo software. Matlab
software (version R2020b, Portola Valley, CA, USA) was used for shear stress simulations
and graphical representations.

2.3. Endothelial Cell Culture

Immortalized human cerebral microvessel endothelial h\CMEC/D3 cell line was used
as a model of the human BBB, as previously described [15,16]. hCMEC/D3 cell expansion
was made until passage number 34 in Corning flasks coated with 150 pg.ml™ rat tail col-
lagen type I (R&D Systems, Bio-techne, Lille, France) in cold sterile water. The culture
medium consisted of EBM-2 (Lonza, Basel, Switzerland) supplemented with 5% fetal bo-
vine serum (Eurobio-Ingen, Les Ulis, France), 1% penicillin-streptomycin (Gibco), 1%
chemically defined lipid concentrate (Gibco), 10 mM HEPES buffer (ThermoFisher Scien-
tific), 5 pg.ml" ascorbic acid (Sigma-Aldrich, Saint Quentin Fallavier, France), and 1.4 uM
hydrocortisone (Sigma-Aldrich). A total of 1 ng.ml basic fibroblast growth factor (Sigma-
Aldrich) was added extemporaneously.

The upper channel of the device was coated for one hour at 37 °C with rat collagen
type I (R&D Systems, Bio-techne, Lille, France) diluted at 5 pg/cm? in cold water. Both
upper and lower channels were washed with DPBS (Gibco) and filled with culture me-
dium. A total of 50,000 cells/cm? (165,000 cells per condition) were seeded on the mem-
brane through the upper channel. Culture medium was renewed in all channels every 24
h to avoid nutrient depletion and waste accumulation. Phase contrast microscope exami-
nation was used to monitor cell confluence. After three days in a static condition, the cell
monolayer reached about 80% confluence. To establish the dynamic condition, the upper
channel was connected to the Ibidi pump system (Ibidi, Munchen, Germany) to unidirec-
tionally recirculate culture medium for four days. A flow rate of 16.3 mL.min! was ap-
plied, corresponding to a shear stress of 10 dyn.cm=. The lower channel was filled with
culture medium (no medium change was operated because the channel did not contain
co-cultured cells). A static culture represents the control condition, with cells grown in
coated devices for a total of seven days without connection to the pump system. Culture
medium was renewed every 24 h in both upper and lower compartments. To resume,
dynamic culture consists of three days in static to reach cell confluence, plus four days
under shear stress, whereas static control involves seven days of culture in static.
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2.4. Cell Culture Characterization
Viability test:

After washing the channels with PBS, a mix containing 1:200 propidium iodide (PI,
Sigma-Aldrich), 1:200 calcein-AM (ThermoFisher Scientific) and 1:2500 hoechst 33342
(Invitrogen) in PBS was incubated for 20 min at 37 °C on the upper channels containing
cells. Staining was observed with a fluorescence microscope (Leica microsystems SAS,
Nanterre, France). The number of cells stained for PI (dead cells, PI*) or calcein-AM (live
cells, C-AM*) was quantified using the “Count Particles” function in FIJI software (Na-
tional Institute of Health). Viability was expressed in percentage as the number of viable
cells (C-AM) divided by the total number of cells (C-AM- + PI*) for each condition.

Immunostaining:

To characterize the cells, immunofluorescence staining of zonula occludens (ZO-1)
and 3-catenin junctions was performed directly in the device. Both upper and lower com-
partments were washed three times with DPBS. Cells were fixed by adding 3.2% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in DPBS on upper chan-
nels for 10 min, and then permeabilized with 0.1% Triton X-100 (ThermoFisher Scientific)
for 10 min. Rabbit-anti-ZO-1 (ref. 617300, Invitrogen) or rabbit anti-p3-catenin (ref. ab32572,
Abcam, Cambridge, UK) primary antibodies were incubated at 1:200 with 2% Bovine Se-
rum Albumin (BSA) in DPBS for 1 h. A mix of 555 anti-rabbit IgG Alexa Fluor 555 second-
ary antibody (Invitrogen) at 1:500, Alexa Fluor 488 Phalloidin (Invitrogen) (labelling F-
actin) at 1:500, and 1 pg.mL" hoechst 33342 (Invitrogen) (labelling nuclei) with 2% BSA in
DPBS was incubated in the same channel for 1 h. Between each incubation, channels were
washed three times with DPBS. The upper channel was filled with 95% glycerol (Invitro-
gen) in DPBS and kept at 4 °C until acquisition.

For immunodetection, the spinning disk system Yokogawa CSU-W1 integrated in
Metamorph software (Molecular Devices) was mounted to the camera port Nikon Ti-E
inverted microscope. Objectives with working distance > 0.61 mm can be used to see the
cells on this device, which were directly placed above the objective for detection through
the baseplates of the device. A Z-dimension series of images were taken and processed
using FIJI software. Images were taken with the same acquisition parameters for all con-
ditions and no detectable signal was observed in the absence of primary antibodjies.

2.5. Permeability Measurement

Lucifer yellow (LY, Sigma-Aldrich) was used as a marker of paracellular transport.
Experiment was performed in duplicate according to the method previously described
[17], after seven days of cell culture in static and dynamic conditions in parallel.

Briefly, both compartments were washed and filled with Ringer-HEPES buffer
(150 mM NaCl, 5.2 mM KCl, 2.2 mM CaClz, 0.2 mM MgCl-6H20, 6 mM NaHCOs, 5 mM
HEPES, 2.8 mM glucose, pH 7.4). At t = 0, the upper compartment was filled with LY at
100 uM. The devices were incubated at 37 °C for 30 min. At each time point (10, 20, and
30 min), the buffer contained in the lower compartment was collected with a syringe and
immediately replaced by fresh buffer. At the end of the incubation, both compartments
were sampled.

Fluorescence intensities were analyzed by spectrofluorimetry (444 nm excitation and
538 nm emission wavelengths), and LY concentrations for each time point were extrapo-
lated from a calibration curve. The endothelial apparent permeability (Papp) was calcu-
lated using the following equation [18]:

p ( 1y 2 ACV N 1
app (cm.sec = & Ac,
where
C: cumulative LY concentrations A: membrane surface area

V:lower compartment volume Cy: Initial LY concentration
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t: incubation time
Results are presented as mean * standard deviation. The percentages of recovery
provide an indication about the nonspecific binding of the LY to cells and material. Re-
covery was obtained by dividing the sum of the LY concentrations at each time point by
the initial LY concentration, and expressed as a percentage. Statistical significance was

attested by Student T-test when p < 0.05.

3. Results
3.1. Barrier Device Design

Two channels were reproduced with a semi-permeable membrane interface. To ena-
ble a permanent visual control of the whole membrane surface, rectangular and superim-
posed channels were designed. The upper channel is straight to avoid any flow turbu-
lence, while the lower channel is S-shaped (as presented in Figure 1a). BMEC are seeded
in the upper channel to recover the semi-permeable membrane, allowing the exchanges
with the lower channel.

Two formats were imagined: a microscope slide-format containing one condition
(Figure 1b), and a classic plate-format combining six conditions in parallel (Figure 1c).

(a)

Figure 1. Fluidic barrier device representations. (a) Exploded view of the different parts of the barrier device before as-
sembling. (b) Pictures and 3D representations of our home-made barrier device in microscope slide format and (c) in plate
format (encompassing six conditions in parallel). The upper channel is represented in red, and the lower one in blue.
Device modelling was carried out with PTC Creo software.

For the BMEC culture, several important parameters were considered, including the
materials used, the geometry and dimensions of the cellular compartment, and the fluidic
parameters.

3.1.1. Materials for Device Fabrication

All materials were chosen to ensure biocompatibility and optical transparency
throughout the device.

The device is made of superimposed polymethyl methacrylate (PMMA) sheets. This
rigid thermoplastic is biocompatible, cost-effective, suitable for mass fabrication, and has
excellent optical performance of light transmission [19,20]. A panel of different thick-
nesses of PMMA sheets is available. Sheets were cut by a laser process to be adapted ac-
cording to our design.
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The optically transparent polyester membrane with a 0.4 um pore size was chosen as
the interface to allow the exchanges between both compartments. Firstly, its transparency
ensures the visualization of the cell monolayer throughout the device by phase contrast
microscopy. This point is important to conveniently monitor viability, growth, and con-
fluence over the culture time. Secondly, this material is classically used in Transwell® in-
serts. Cell culture conditions were optimized for hCMEC/D3 cell culture (including pore
density and size, collagen coating, cellular adhesion, and cell growth) [18,21].

3.1.2. Channel Dimensions
Channel lengths:

For biological experiments, enough cells are needed to allow representative popula-
tion-based analyses, and this implies a larger channel culture region. The channel lengths
were adapted to take advantage of the entire length of a classic microscope slide (corre-
sponding to the width of a classic plate). Therefore, the length of the upper channel was
defined at 63 mm for a sufficient cell population. The contact surface between the two
channels was made as large as possible so that most of the seeded cells should be in con-
tact with the lower compartment. The two compartments can exchange along 39.4 mm,
representing more than 62% of the cell monolayer.

Channel width (w):

The particularity of channel-based devices, in contrast to conventional wells and
Transwell®, is the higher edge area compared to low volumes. The geometry of the cell
culture region highly influences the flow profile. In a non-cylindrical channel, the height-
to-width (h/w) ratio of the cross section is an important consideration because it impacts
on the shear stress distribution on the cell monolayer. When the medium flows in a rec-
tangular channel, the velocity tends towards zero at the walls. This phenomenon gener-
ates two main issues. First, the cells growing near the side walls undergo a lower shear
stress than the cells at the middle of the channel, which could consequently induce differ-
ences in cell behavior and measured permeability. Moreover, we may fear a longer reten-
tion time of paracrine signaling agents and analytes for permeability measurements at the
walls. To limit these effects, the width of the channel cross section (w) must be much
greater than its height (1) for a minimal h/w ratio [22,23]. In our configuration, the thick-
ness of PMMA sheets determines the channel heights. Lower available thicknesses are 0.3,
0.5, and 0.6 mm, so we defined the width w at 5 mm. Therefore, the h/w ratio was included
between 0.06 and 0.12. This parameter is very important to achieve the most uniform shear
stress across the entire cell surface. The uniformity of the shear stress distribution in our
channel is analyzed below.

With this length and width, we obtained a seeding area of 3.26 cm?, allowing to have
enough cells for permeability studies or genetic material extraction for expression analy-
sis, for example.

Upper channel height (h):

Our workflow consisted of growing the cells in static condition for further days until
confluence, before connecting the channel to a pump system for medium recirculation. In
classic flasks and wells, large volumes of media limit the depletion of growth factors and
nutrients contained in the medium, and dilute the waste products generated by cells. At
the microscale, the channels have restricted dimensions, thus reducing the volume of me-
dium above the cell surface. Consequently, the medium must be replenished more regu-
larly to ensure nutrient supplying and waste elimination over the culture time in static.

To measure the necessary volume of media for our cells, we applied the concept of
“effective culture volume and time” introduced by Beebe et al. [24]. During the culture of
hCMEC/D3 cells in flasks, we classically use 200 pL/cm? of medium (i.e., 5 mL in a T25
format or 15 mL in a T75 format), with a replenishment every four days. Consequently,
cells use 50 pL per cm? per day. According to the previous defined length and width, the
area of cell seeding represents 3.26 cm? in our device. In order to have 50 uL of medium
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per cm? and per day, the channel must contain 163 uL of medium changed every day. This
results in a volume of 163 cm?® on 3.26 cm? of the cell surface, so the channel height (/)
must be 0.5 mm. If we chose a smaller %, the volume medium would be insufficient for
one day of supply, so we would have to change the medium more frequently than once a
day. To illustrate this point, a spreadsheet with the different heights is presented in Table
1.

Table 1. Comparison of effective culture volumes and times between flasks and our home-made device (including further
proposed heights of the upper channel (1)). Medium heights in flasks were calculated by dividing the volume by the cell
surface, while medium heights in devices corresponded to the height of the upper channel as it was filled with medium.
Interval between medium change in flask corresponds to 50 uL/cm?/day. * Usual volumes recommended by the supplier.
(Wells and Transwell® cannot be taken into consideration because of the bias of the meniscus effect).

Effective Culture Volumes and Times:

Cell Seeding Volume Medium Interval between Two
Material for Culture Surface Height Medium Changes
cm? mL cm Hours
T75 Flask 75 15* 0.2 96
T25 Flask 25 5% 0.2 96
Barrier device with i1 = 0.6 mm 3.26 0.196 0.06 29
Barrier device with & =0.5 mm 3.26 0.163 0.05 24
Barrier device with & =0.3 mm 3.26 0.098 0.03 14

Lower channel height:

In order to characterize the BBB properties of the cells, it is very important to observe
the formation of the tight junctions, which is a witness of cell differentiation. Such an ob-
servation has to be made directly through the underside of the device. Objectives to visu-
alize with confocal microscopes generally accept focal distances up to 0.7 or 1 mm. The
shorter the focal distance is, the better the quality of imaging will be. Thus, for a good
confocal observation of tight junction immunostainings, the distance between the cell
monolayer and the objective (corresponding to the height of the lower channel and the
baseplate) must be as small as possible. We consequently adopted PMMA sheets with the
lowest possible height of 0.3 mm to form the lower channel and the baseplate. Thus, taking
into account the adhesive thickness of 0.05 mm, the focal distance between the cell surface
and the objective is 0.7 mm. This important parameter allows to use confocal imaging to
characterize some BBB marker proteins.

To conclude, the final dimensions result in a compromise between all these consid-
erations to meet the entire list of requirements.

3.2. Flow Profile
Pump system:

The accesses of the upper and lower channels were standardized with luers for easy
pipetting and possible adaptation to most of the pump systems. Luers were integrated on
each side of the channels, resulting in the possibility to perfuse both channels inde-
pendently (in this study, only the channel receiving cells was perfused). Inlets and outlets
were placed in line with the perfused channel to avoid any flow disturbance [25].

The Ibidi pump system was chosen to drive a constant flow unidirectionally (oscil-
lating flow is considered more suitable for vessel defects, and pulsatile flow was shown
to be responsible for alterations in the BMEC phenotype [10]). This system combines the
advantages of a syringe pump (bubble trap, visual rapid control of the flow rate due to
the graduated syringes), with the possibility to recirculate the flow with reduced dead
volumes. We can note that a brief interruption in flow occurs when the syringes switch
due to the pinch valve activation. This unavoidable phenomenon creates a very slight
pulse that can be neglected in comparison with the long phases of constant flow.
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The software precisely controls the pressure and records it per minute in a file. The
Ibidi pump system provides a wide range of flow rates from 0.09 to 52.5 mL.min"?, thanks
to the different tubing thicknesses available.

One pump can drive simultaneously until four fluidic units with independent flow
parameters, and one fluidic unit can connect up to three channels in series. Consequently,
we can use up to 12 channels under flow simultaneously. Fluidic setups for devices in
well plate format and microscope slide format are shown in Figure 2a,b. For visual moni-
toring of cells, a tubing of 50 cm length allows to put the device on the microscope stage
without interrupting the shear stress (the fluidic unit stay in the incubator). In addition, it
is possible to integrate this system into a live cell culture microscopy platform for real-
time imaging.

Flow rate:

In our device, the flow can be applied to both channels. Here, we present our calcu-
lations to set up the upper channel, as it receives the cells (that recover the porous mem-
brane at the bottom of the channel).

Depending on the flow rate (Q) configured on the pump system, cells are submitted
to a proportional shear stress (t). Shear stress is defined by the product of the medium
viscosity (1 =0.72 x 10 N.s.m™ for culture medium at 37 °C with 10% of serum) and the
shear rate (0v/dy, which corresponds to the change in flow velocity through the channel)
[23,26].

ov (x,y)
oy

While in circular channels, the shear stress is easy to calculate, the formula is more com-
plex for rectangular channels due to the lateral walls that reduce the flow velocity. Based
on the precise formula to calculate the flow rate in a rectangular channel [27], we express
the shear stress according to the geometric properties of the channel (i and w, as previ-
ously defined). The following equation determines the shear stress at any point of a rec-
tangular channel:

Txy) = H

i n i ny
= % Z ((—1) b (2>3 sma [(2“ D% cos [(zn + 1)%
n=0

-(=
Zn+1)"\m cosa[(2n+1);—g]

T 192b§: 1, [@n+Dma
-3 7 a 2n+ D5 T p

n=0

with:

A coordinate cross is imagined at the center of the channel, as illustrated in Figure
2c. We defined 2a as the height of the channel in the direction of the y-axis, 2b as the width
of the channel in the direction of the x-axis, and the z-axis represents the direction of the
flow. Cells seeded on the channel are located on the membrane surface: the bottom of the
channel (y = -a). Microvascular endothelial cells have a very small thickness (from 0.3 to
0.5 um [28]), which can be neglected for these measurements. Likewise, the height at the
center of the BMEC is greater than at the cell walls due to the presence of the nucleus, but
this variability stays inferior to 0.5 pm. Indeed, it is not considered as roughness and does
not affect the laminarity.
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Figure 2. Fluidic setup. (a) Representation of the fluidic equipment for our barrier device in well plate format. The Ibidi
pump is controlled by the specific software and simultaneously drives two fluidic units with independent flow parame-
ters. Two fluidic units connect six channels. (b) Picture of our barrier device in microscope slide format connected to a
fluidic unit. (c) Ilustration of the orthonormal coordinate system necessary for the flow calculations in the channel cross
section. (d) Calibration curve of the flow rate to implement according to the intended shear stress on the cell monolayer.
For 10 dyn.cm? in our barrier device, we must configure a flow rate of 16.3 mL.min'. This calculation depends on the
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geometry of the seeding channel and parameters of the culture medium perfused. (e) Prediction of area of uniform shear
stress along the channel width on the cell monolayer. Ibidi pump system can provide flow rates from 0.09 to 52.5 mL.min"!
(corresponding to a range of 0.055 to 32.3 dyn.cm™2). Shear stress is distributed homogenously on 82% of the channel width.

Firstly, we estimated the range of possible shear stresses according to the flow rates
proposed by the Ibidi pump system. We used the above equations for the minimum and
maximum possible flow rates (0.09 and 52.2 mL.min"") for the cells located at the center of
the membrane (i.e., x = 0, y = —a) in our device. The results were 0.055 and 32.3 dyn.cm=.
This confirms that our setup can deliver a large panel of shear stresses and covers the
physiological range. The calibration curve in Figure 2d shows the flow rate to set depend-
ing on the desired shear stress. For the experiments presented here, the flow rate was
configured at 16.3 mL.min™' to acquire a physiological pressure of 10 dyn.cm on the cell
surface seeded in our barrier device.

As discussed above, in a rectangular channel, the shear stress is not uniform along
the channel width because of the presence of side walls. Precautions must be taken with
the shear stress distribution to avoid exposing cells to an inhomogeneous shear stress field
[22,29]. The characterization of the flow profile in our device guarantees a convenient and
accurate control of the flow. We therefore modeled the shear stress values to which the
cells are exposed, according to their position on the membrane. The graph in Figure 2e
depicts the distribution of the shear stress above the cells (i.e., for all x, y = —a) for the
minimum and maximum flow rates and for our experiment at 10 dyn.cm=. We observed
flat flow profiles due to the low h/w channel ratio, showing that most of the cells are ex-
posed to the predicted shear stress. By granting a variability of 5%, only the cells located
at <450 pum of the side walls will experience a lower shear stress than the other cells. In
our device, the correct shear stress covers 82% of the entire cell monolayer, independently
of the flow rate configured. We studied the shear stress distribution for other BBB devices
to compare our data. We revealed large differences in percentages of shear stress homo-
geneity due to the high variety of channel dimensions. A very good shear stress homoge-
neity of 90% was predicted for one device [30], while other devices present identical [31]
or lower [32—40] homogeneity percentages compared to ours. This comparison allows us
to support the fact that our device presents one of the larger areas of homogenous shear
stress. (Supplementary Data S2 provides more detailed information about these calcula-
tions).

Laminarity:

In physiological condition, the blood flow circulates laminarly throughout most of
the circulatory system [29]. The Reynold’s (Re) number determines whether the fluid flow
is laminar or turbulent in our device. The dimensionless Re is expressed as:

Vh
Re = ikl
u
with
Q
V =—
hw
where
p: culture medium density (993 kg-m3) p: dynamic viscosity (0.72 x 10 kg-m-1-s)
V: flow velocity (in m-s™) Q: flow rate (in m3-sec™)
h: channel height (0.5 x 10 m) w: channel width (5 x 103 m)

The result gives Re numbers from 0.30 to 174 for the flow rate panel ranging from
0.055 to 32.3 dyn-cm2. For an experiment at 10 dyn-cm, the Re number is 54.2. The tran-
sition to the turbulence typically appears when the Re number exceeds 1400 [41]. Here,
the values stay sufficiently below this threshold, proving that the flow is laminar over the
entire cell monolayer, whatever the configured flow rates.
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3.3. Cell Culture

The thorough design of our new fluidic device provides uniform shear stress to help
the BMEC differentiation for a better human BBB model. hCMEC/D3 cells were seeded
through the upper channel coated with type IV collagen. Cells adhered on the porous
membrane and grew for three days until they formed a fully confluent cell monolayer.
Then, cells were exposed to the flow for four additional days for an optimal differentia-
tion. In parallel, control conditions were maintained in static culture with medium change.
Physiological CO: levels and temperature were provided and monitored directly from the
incubator controls. The pH of the media was measured with standard laboratory equip-
ment after seven days of culture in static or dynamic conditions. It indicated a relatively
constant physiological value around 7.2 and 7.4, showing no medium deterioration. Via-
bility was assessed with a live/dead assay and depicted a satisfactory average rate of 90.3
+ 6.6% in static and 94.5 + 3.7% in dynamic condition after seven days of culture. These
results show that the device is suitable for cell culture.

Phase contrast microscopy was used daily to monitor morphology, viability, and
growth. An example of our field of vision is presented in Figure 3, after seven days of
dynamic culture at 10 dyn.cm. Cells are clearly visible above the membrane pores.

Static culture Dynamic culture

Figure 3. Phase contrast microscopic views of the static and dynamic (10 dyn.cm2) cultures of hCMEC/D3 cells after seven
days in the barrier device; (a,d) images were taken from the center of the channels, while (b,c) were viewed at the edges.
These images are representative of four independent experiments. Scale bars represents 1 mm.

Both in static and dynamic conditions, images exhibited confluent cell monolayers.
hCMEC/D3 cells exposed to shear stress appear more elongated from the first hours of
flow. The regions in the same image show various cellular alignments. We investigated
this point by a cell orientation analysis detailed in Supplementary Data S3. It reveals that
cells in static condition do not have any preferential alignment, whereas those in dynamic
condition orientate particularly in the channel axis (around 0°, corresponding to the di-
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(a)

(b)

rection of flow). This significant change in orientation is an indicator of an effective expo-
sure to the flow, as previously observed with hCMEC/D3 cells [42]. It confirms that cells
are able to sense and respond to flow in our device.

This environment is relevant for the culture of BMEC until at least eight days, by
retaining viability and typical morphology.

3.4. Validation of Specific Junctional Markers

After culture time, we observed the expression and localization of important junc-
tional proteins to validate the cell differentiation. The particularity of BMEC is their high
localized expression of tight and adherent junctions at intercellular spaces. Claudins, oc-
cludin, and its associated protein zonula occludens-1 (ZO-1) constitute the major tight
junctions at the BBB, sealing the paracellular space. As claudins and occludin are ex-
pressed to a less extent in hCMEC/D3 cells [43,44], we first focused on ZO-1 immunode-
tection. Concerning adherent junctions, the b-catenin was preferred to VE-cadherin as its
expression is highly dependent upon the culture conditions [45,46]. Together, ZO-1 and
[3-catenin are mainly used as specific markers to validate BBB differentiation as there are
key structural components [34,38,42,47]. Immunostaining procedures were performed at
the end of the culture by incubating several antibodies after fixation of the cell monolayer.
Precise visualization operated directly through the device (by crossing the underside of
the membrane) with a spinning-disk confocal microscope. Results are shown in Figure 4.

Figure 4. hCMEC/D3 cells cultured for seven days (a) in static condition or (b) including four days of shear stress exposure
at 10 dyn.cm (flow direction is horizontal). Immunostaining was performed and observed directly in our home-made
barrier device with a spinning disk confocal microscope. From the left to the right: nuclei in blue, F-actin in green, (-
catenin adherent junction in yellow, and ZO-1 tight junction in red (providing from distinct experiment). Each image is
representative of at least two independent experiments. Scale bars represent 50 pm.

Nuclei staining are uniformly distributed in both conditions, demonstrating intact
cell monolayers after seven days of culture. Phalloidin staining reveals elongation of the
actin strains only in the dynamic condition. Both tight and adherent junctions are localized
at the cell-to-cell boundaries, but also in the nucleus for ZO-1 (in accordance with previous
staining [43]). The ZO-1 tight junction appears more continuous along the inter-endothe-
lial contacts, while (3-catenin adherent junction seems more homogenous and regular in
the dynamic condition. We can note the presence of some punctuate signals in the -
catenin images which were also observed in well plate support (data not shown). In our
opinion, this artefact provides from the antibody that nonspecifically aggregates due to
dissolution problems.
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All images in dynamic condition show a more elongated cellular morphology,
whereas it is not observed in static condition, as demonstrated above. These confocal im-
ages taken with high magnification confirm that in dynamic condition, while most cells
align in the flow direction (as in actin fibers and -catenin images), some cells in a few
regions exhibit another orientation, sometimes perpendicular to the flow direction, as ob-
served in ZO-1 staining. We confirmed the expression of these key BBB markers after
seven days of culture. Our observations showed that the ZO-1 and (3-catenin scaffolding
proteins are more finely expressed in dynamic culture, which correlate with a more suc-
cessful BMEC differentiation.

3.5. Permeability Study

After validating some key BBB characteristics, permeability measurements can be
performed. We used lucifer yellow (LY), a small molecule known to exhibit a restricted
paracellular transport at the BBB, to demonstrate the feasibility of this type of experiment
in our device. LY was incubated in the upper compartment for 30 min to estimate the
endothelial paracellular permeability. Results are reported in Table 2.

Table 2. Results from lucifer yellow (LY) permeability measurement in hCMEC/D3 cells main-
tained for seven days in our barrier device. Experiment was performed in duplicate on cells cul-
tured in static or dynamic condition (under shear stress of 10 dyn.cm2). Results are given as
means * standard deviation. Recovery percentages estimated the loss of LY during the experi-
ment due to LY non-specific binding. Apparent endothelial permeability (Papp) was calculated as
previously described [18]. *: Student p-value < 0.05.

Culture Condition Recovery (%) Papp (10-6 cm.sec™)
Cells in static culture 87.3 + 0.36 14.2 + 0.66
Cells in dynamic culture 86.6 + 2.99 10.2 + 1.11*

The recovery values up to 85% suggest that adsorption on the channel surface re-
mains low in our barrier device. hCMEC/D3 apparent permeabilities (Papp) are consistent
with data previously reported [21]. The Papp in the dynamic condition (10.2 £+ 1.11 x 10
cm.sec™!) was significantly lower than the one in the static condition (14.2 + 0.66 x 10
cm.sec”!, p-value < 0.05), which correlates with a tighter barrier, as noticed above. This
experiment attests to the ability to perform transport assays in our home-made fluidic
device.

4. Discussion

The application of physiological laminar shear stress on cellular models has been
shown to optimize the cell differentiation and ameliorate their predictive value through
reproduction of the in vivo shear force. To culture the BMEC under flow, we can benefit
today from a wide range of dynamic devices whose features and possible uses greatly
differ [48]. Below is an overview of the major parameters of existing devices created to
perform permeability studies.

A first approach was to integrate the fluidic component into the classically used in-
serts. A few devices were engineered by implementing fluid movement either inside or
below Transwell® inserts [49,50]. However, these complex architectures make the shear
stress impossible to calculate, and are prone to turbulences [51]. These models based on
Transwell® inserts therefore do not allow to endure physiological shear stress ranges.

Then, microfluidic devices were created to reproduce the architecture of two com-
partments separated by BMEC for analyzing the movement of substances across the BBB.
According to the disposition of the channels, these devices can be classified as: horizon-
tally aligned channels, crossed channels, or vertically aligned channels.

In side-by-side configurations, channels are next to each other in the same horizontal
plane. BMEC are seeded on the entire channel surface, but only a portion of them is in
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contact with the adjacent compartment. Consequently, the exchanges with the other com-
partment are only on one side. In addition, this configuration does not allow to visualize
the cell—cell contacts at this interface along the culture time [36,39,40,52,53].

Devices based on crossed channels, i.e., perpendicularly superimposed, have the
benefit of allowing the visualization of the entire cellular interface between the compart-
ments. However, the overlapping area between the two compartments is too small com-
pared to the entire seeding surface, resulting in a minor number of cells in contact with
the other compartment [30,34,54].

Finally, vertically superimposed channels represent the perfect configuration com-
bining a larger contact surface between the two compartments, with the possibility of
morphological examination on the entire cell monolayer. A few published devices present
this ideal configuration but show some drawbacks on the experimental setups
[32,35,37,38,55], discussed below.

The equation derived from the Haagen—Poiseuille formula (t = 6u8/wh?) is widely
used to configure the flow rate depending on the desired shear stress in microfluidic mod-
els. It depicts an average value specifically in case of special channel dimensions, but does
not consider the heterogeneity of shear stress distribution [56]. Actually, cells can be sub-
jected to strong variations along the channel width. To prevent this effect, dimensions of
the fluidic channel must be defined to form a rectangular cross section (w >> h) [48]. Fur-
thermore, it is important to predict the flow profile according to the channel dimensions
to configure reliable flow rate values [42]. The choice of a parallel static control is im-
portant for comparison to the fluidic condition, but is often lacking due to the device char-
acteristics [31,32,35,39,52,53]. In some cases, Transwell® assays are used but do not repre-
sent an accurate control because of large differences in terms of format, material, and sur-
face area to volume ratio [34,37,54,57]. In addition, the duration of the culture and the
medium exchange have to be identical for a suitable comparison.

To overcome all these points, we created a device for culturing BMEC under physio-
logical shear stress to help their differentiation, and characterize them before performing
permeability studies.

Two vertically superimposed channels were designed for direct visual observation
at any time of the culture. The channel lengths were defined to implement a large ex-
change surface between both compartments. It provides sufficient volumes for sampling
during experiments, but also to collect cells or genetic material for further analysis. The
heights of the channels were adapted for easy cell maintenance, and to allow a direct char-
acterization of BBB markers by confocal microscopy. The width of the channels ensures a
physiological shear stress homogenously distributed along the channel.

Our device configuration allows an easy cell culture of any cell type, both in the up-
per and/or lower channels. Here, we seeded human cerebral endothelial (hCMEC/D3)
cells on the porous membrane at the interface between the channels. The barrier device is
compatible with any pump system and can support a wide range of shear stresses (includ-
ing physiological values) while ensuring laminarity. All along the culture, optical micros-
copy was used to monitor cellular organization and confluence. We confirm the
hCMEC/D3 cell realignment in the flow direction, and demonstrate that culture in the
static condition is also suitable with a daily renewal of culture medium.

BMEC characterization was studied directly in the device by immunodetection of
both tight and adherent junctions at cell-to-cell boundaries. As for quality control, cells
can also be extracted to isolate nucleic acids or proteins for further exploration of specific
BBB markers in both conditions. Finally, our barrier device is expected to elucidate mech-
anisms of drug transport at the BBB. The large membrane interface combined with the
low channel volumes allow an easy detection of compounds. Here, the barrier selectivity
for the LY paracellular marker was reported as an example to confirm the feasibility of
permeability studies in these channels. The plate format offers the possibility to use six
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replicates simultaneously in the same environment, or to create different individual ex-
perimental conditions in parallel. Finally, the cost of our barrier device is affordable as it
represents less than six euros per condition.

Limitations and future works:

Some points still deserve further investigations to achieve a complete characteriza-
tion of this model. Firstly, the device configuration offers the possibility to incorporate
other cell types in the lower compartment for a more physiologically relevant model. Co-
culture induces cell-cell interactions for further BMEC differentiation towards a BBB phe-
notype [58]. Among the cellular components of the BBB, glial cells are known to particu-
larly improve the function and regulation of BMEC [59,60]. However, in hCMEC/D3 cells
specifically, improvement of BBB properties in response to astrocytes was controversial
since two studies reported no changes in endothelial cell function [43,61]. For this reason,
and to firstly develop a simple model, we preferred to validate our device with a mono-
culture. However, in future works, it could be interesting to test this configuration to rule
on the co-culture impact on hCMEC/D3 cells in combination with shear stress.

Analysis of cell orientation was performed to validate the effective shear stress expo-
sure. Nitric oxide is another indicator that could also be used. This key intercellular mes-
senger of mechano-transduction is produced by BMEC under shear stress exposure and
exerts neuroprotective and anti-inflammatory effects [62-64]. It could be interesting to
monitor the NO release in both upper and lower compartments during shear stress expo-
sure.

To characterize endothelial cell differentiation, other BBB markers are relevant as VE-
cadherin and PECAM-1 adherent junctions which are well-expressed in hCMEC/D3 cells.

We demonstrated the feasibility of permeability measurement in our device by in-
vestigating the paracellular transport of LY. However, various tracers with different mo-
lecular weights are necessary to attest to the restrictive barrier function. The transcellular
route could also be explored, for example, by using FITC-transferrin to evaluate the
transcytosis or P-glycoprotein substrates with or without a specific inhibitor for measur-
ing active efflux transport. Moreover, it could be more physiologically relevant to measure
the permeability of an analyte under perfusion, by recirculating the incubation solution
with a steady flow rate and collecting samples gradually from the abluminal compartment
[54]. The advantage is that the concentrations of analyte are kept constant during incuba-
tion in both compartments.

5. Conclusions

Our data show that our barrier device is suitable for the culture of BMEC for at least
seven days under shear stress exposure, and reproduces some BBB features. It is expected
to elucidate transport mechanisms for existing pharmaceutical compounds or drug can-
didates, as well as to study new therapeutic modalities or targets at the BBB.

Our next challenge is the implementation of built-in electrodes in order to monitor
the trans-endothelial electrical resistance directly in the incubator during the culture. This
functionality allows to non-invasively and instantly determine when the cell differentia-
tion is optimal to perform pharmacokinetic studies. Our home-made device opens the
way to other organ representations, as all cell barrier models can be modelized in this
configuration, including kidney or intestinal epithelial barriers, for example.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/app11125584/s1, Supplementary Data S1: Device manufacturing procedure, Supplemen-
tary Data S2: Flow rate calculations, Supplementary Data S3: Cell orientation analysis.
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