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ABSTRACT

The blood-brain barrier (BBB) is a dynamic cellular barrier that regulates brain nutrient supply, waste efflux, and
paracellular diffusion through specialized junctional complexes. Finding a system to mimic and monitor BBB
integrity (i.e., to be able to assess the effect of certain compounds on opening or closing the barrier) is of vital
importance in several pathologies. This work aims to overcome some limitations of current barrier integrity
measuring techniques thanks to a multi-layer microfluidic platform with integrated electrodes and Multi-
frequency Trans-Endothelial Electrical Resistance (MTEER) in synergy with machine learning algorithms.
MTEER measurements are performed across the barrier in a range of frequencies up to 10 MHz highlighting the
presence of information on different frequency ranges. Results show that the proposed platform can detect
barrier formation, opening, and regeneration afterwards, correlating with the results obtained from immuno-
staining of junctional complexes. This model presents novel techniques for a future biological barrier in-vitro
studies that could potentially help on elucidating barrier opening or sealing on treatments with different drugs.

1. Introduction

The blood-brain barrier (BBB) is one of the challenging scenarios
where Lab on chip (LoC) devices can be applied through a synergic
integration of chemical sensors, multi-electrode measurement devices,
and microscopy techniques, and more recently, deep learning tech-
niques [1].

The BBB is a dynamic biological barrier that is localized at the central
nervous system (CNS) microvessels. It is responsible for mediating brain
supply of nutrients, waste efflux and inhibiting paracellular diffusion,
forcing the transport of each kind of molecule through different

transcellular mechanisms [2]. In this way, it protects the CNS from:
toxins, ion fluctuations (that would otherwise affect synaptic and axonal
signaling), interferences with neurotransmitters released in the periph-
eral nervous system, inflammation, and macromolecules [3]. The BBB
permeability is controlled by the junctional complexes: tight junctions
(TJ), adherens junctions (AJ), and gap junctions [4,5]. Those complexes
are intertwined nets of proteins that have a role in controlling the pas-
sage of substances. The major transmembrane AJ protein is vascular
endothelial cadherin (VE-cadherin) [6]. VE-cadherin based AJ are
regulated by zonula occludens 1 (ZO-1), one of the main components of
the TJ, essential for an efficient endothelial barrier formation [7].
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Modulating the barrier tightness by opening it for drug delivery to the
CNS (for cancer or neurological disease treatment) or closing it for pa-
thologies involving BBB dysfunction and leakiness (such as stroke,
Alzheimer or multiple sclerosis, among others [2,4]), is still a challenge.
There are two gold standard techniques to monitor the membrane
integrity: quantification of the diffusion of different tracers by fluores-
cence or luminescence quantification and trans-epithelial electrical
resistance (TEER) measurements.

Tracer diffusion permeability assays measure the diffusion of a
known tagged compound from a donor to a receiver compartment and
facilitate determining the size and charge selectivity of the membrane
[8]. Although it is low-cost and it helps assessing transepithelial trans-
port in both directions, this method has three main drawbacks: the
tracers have to be carefully chosen not to interfere with the BBB function
or the experiment; each tracer provides discrete limited information
about the specific tracer-related membrane pore size and charge instead
of global membrane integrity; and it is a single time-point analysis. On
the other hand, TEER measurement can detect the cell differentiation
and quantify the net movement of ions across the barrier and it can be
performed in real-time without damaging cells [9-13]. However, this
technique has some major limitations: a complex biological process,
such as BBB permeability variations, is resumed in a single numeric
value that depends also on the electrode properties and positioning.
Also, the TEER gives only an overall information on the barrier tightness
and often may occur that changes of the barrier permeability on specific
compounds are not reflected in changes of the barrier resistance and vice
versa [14].

Microfluidic LoC devices offer the advantage of mimicking biological
barriers in compartmentalized systems [15,16] while integrating elec-
trodes for performing electrical measurements on a biological micro-
environment [17-19].

In this work, we have developed a LoC made of Cyclic-Olefin Poly-
mer (COP) with small feature size electrodes directly integrated on the
device surface that enables to perform Electric Impedance Spectroscopy
(EIS) measurements in multiple positions. Through the synergy of multi-
band frequency measurement techniques, and machine learning algo-
rithms we developed a non-invasive method for real time monitoring of
the BBB integrity. In order to test this platform, we selected a simplified
and well-assessed BBB in-vitro model of endothelial cells and pericytes
that were cultured inside the microfluidic device. We induced the bar-
rier degradation with mannitol drug and we monitored the barrier
integrity evolution from its formation though the disruption to the re-
covery by measuring in real time the barrier impedance in a frequency
range from 100 Hz to 10 MHz.

The novelty of the proposed approach relies to the capability of
analyzing the multi-band impedance measurement across multiple po-
sitions using pattern recognition and machine learning algorithms to
obtain a multivariate representation of trans-endothelial electrical
resistance (MTEER), providing a tool for on-line barrier tightness
monitoring that is complementary to the tracer diffusion measurements
for molecular permeability.

The originalities of this work regard multiple aspects; with respect to
the measurement technique, the use of the impedance spectrum has
been exploited to enlarge the capability provided by TEER to a wider
range of frequencies for maximizing the amount of information that can
be acquired from the electric measurements [13,20]. In fact, most of the
commercial instruments dedicated to TEER, work in a limited imped-
ance range with a claimed resistance accuracy of 0.1 % [21]. Recent
works show that the use of chopstick electrodes generates a non-uniform
current density across the cell layer and this may affect the measurement
repeatability due to the electrode positioning [22]. In addition, the high
cell resistance at the low working frequencies of these devices (~12.5
Hz) may result in very low measured currents that are more affected by
noise [9,22]. As a direct consequence, for this work, we used precision
impedance analyzers that guarantee a better accuracy over a much
wider impedance and frequency range. Also, we designed specific
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electrodes that limit some parasitic effects that may occur during the
measurements. To this aim, we kept the distance between the electrodes
and the instrument probes as short as possible to limit the series
inductance and resistance and we routed the traces on the top layer
perpendicularly to the ones on the bottom to reduce the stray capaci-
tance on the chip substrate. These necessities leaded to the use of COP as
a substrate for the electrodes since it has been demonstrated to be
non-toxic for the cells, to have enough high glass transition temperature
to allow the deposition of metals by sputtering, a better oxygen
permeability with respect to other hard polymers [23] and an excellent
optical clearance, suitable for optical inspection [24].

Regarding the material used to fabricate the LoC device, the use of
hard polymers allowed to exploit some rapid-prototyping techniques
such as laser cutting [25] that enabled the massive fabrication of
multilayer devices. This provided a high flexibility in the design and
testing using CAD tools, but it also enabled the integration of more
substrate materials in a single microfluidic device to exploit the most
useful properties of each material. In fact, the fabricated device uses
Poly-methyl meta-acrilate (PMMA) as a hard base to avoid deformations
in the bonding process, several thin COP layers forming the channel
structures, polycarbonate (PC) for the porous membrane, gold for the
electrodes and medical grade silicon based transfer tape to perform the
bonding.

With respect to the experimental set-up and chip production, the
chip layout has been designed in order to have multiple replicas of the
BBB structure in the same chip, with a total of 16 testing points that run
in parallel to maximize the throughput of a single cell seeding [26].

A simplified BBB model was replicated in the microfluidic devices
(uBBB) that includes both endothelial cells (ECs) and pericytes, which
have been demonstrated to be relevant for the AJ/TJ formation [27,28].

Moreover, in some 3D vessel-like structures of ECs [29], the use of
TEER or EIS measurements to monitor the barrier function can be very
tricky for placing electrodes on opposite sides of the functional EC
structure. To minimize the electrical measurement difficulties, we
fabricated a BBB functional unit formed by a PC membrane that acts as a
scaffold for the ECs and pericytes. This ensures a better cell adhesion, the
possibility to perfuse medium at higher flowrates and an easier electrical
probing.

Finally, but not less relevant, in virtue of the multidisciplinary syn-
ergy of this work, the MTEER measurements were analyzed using ma-
chine learning algorithms trained and tested on a high number of
independent measurements acquired in distinct locations.

2. Experimental
2.1. Device fabrication

The device was designed in Autodesk Inventor® (see Fig. 1), and it
consists of a PC transparent membrane (Model 9100—4710, pore size 1
pm, thickness 10 pm, Whatman®, Sigma-Aldrich). This membrane is
sandwiched between two COP layers patterned with networks of 4
parallel microfluidic channels (2 mm width, 180 pm height, 20 mm
length). Microchannels in one layer were place perpendicular from one
layer to the other, generating 16 intersections.

An array of concentric interdigitated electrodes is fabricated on top
of additional COP layers (Zeonor® 1420R, Zeon Corporation, Tokyo,
Japan). Each channel intersection features two pairs of electrodes, one
on the roof of the upper channel and one on the floor of the bottom
channel (Fig. 1). Electrodes are routed to contact pads on two opposite
external flaps which protrude from the final assembly and are sized
according to industry standard Zero Insertion Force (ZIF) connectors
(model 52271-1679, Molex, US).

Initially, 180 pm thick COP substrate is rinsed in 2-propanol (IPA,
Sigma-Aldrich, 278475) and dried using Ny gas stream. A silicone
double sided biocompatible pressure sensitive adhesive (PSA, ARSeal®
8026, Adhesive Research, Inc., US) was chosen to glue the different COP
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Fig. 1. a) Exploded diagram of the device: I base laser with bottom-side elec-
trodes, II bottom-side channels with on top the porous PC membrane (grey
color), III top-side channels, IV top-side electrodes (facing downwards), V fluid
splitter, VI top layer, VII mini-Luer interface layer, VIII '-28 UNF threaded
interface layer, IX medium tank, X cover slip; the layers in blue are made of COP
and the ones in gray are made of PMMA. b) Detail of the interdigitated elec-
trodes design, the fingers feature size is 50 pm. c) Picture of the fabricated
device without the PMMA medium tank. d) Picture of the fabricated device
placed inside its holder in operative condition (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article).

layers and the membrane, for its biocompatility very low thickness and
its formulation with polyester release liners, which is compatible with
laser processing. This adhesive is laminated on the substrate, avoiding
bubble formations. PMMA was the material preferred for the interfacing
layers for its cleaner cuts in thicker substrates when processed with CO,
laser. 467 M P transfer tape (3M™ Maplewood, US) was laminated onto
PMMA sheets (thickness of 3 and 6 mm) before cutting. A Trotec Speedy
100 laser cutter (Trotec Laser Inc., Austria) was used cut all the layers.
To simplify user handling and improve versatility, each of the four
microfluidic ports included two type of standard microfluidics connec-
tors (Mini-Luer® and "4-28 Unified National Fine thread) and a medium
reservoir (volume: 2 mL) fabricated in PMMA. Before assembly, gold
electrodes were fabricated on top of new COP layers. After sputtering the
substrates with 100 nm of gold, a 2 pm thick layer of AZ® 5214-E
photoresist (AZ® 5214-E, AZ® 400 K Developer and AZ® 100
Remover, Microchemicals GmbH, Germany) is spun on the substrate
(2000 rpm, 30 s) and baked at 95 °C on a hotplate. The substrate was
aligned with a chrome mask, exposed with UV light (Energy 200 mJ
em2) and developed for 30 s using 1:4 dilution of AZ® 400 K Developer
in milli-Q water. Gold was wet etched using TFA etchant (Transene Co
Inc., US) for 40 s. Finally, the photoresist was removed by washing in
AZ® 100 Remover for 60 s. The membrane was manually cut to size
using a template and positioned in contact with the channels.
Assembly was performed with the help of a custom-made aluminum
aligner consisting of a base (70 x 70 x 10 mm) with 4 press-fitted steel
dowel pins and a cover with 4 holes (70 x 70 x 10 mm). Each layer
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design included 4 alignment holes at the corners, matching the corre-
sponding dowel pin for accurate alignment. The device was finally ob-
tained by pressing together the layers on a hydraulic press (BETA 3027
10, Italy) at 120 bar.

2.2. On-chip cell culture

Each device was activated using UVOs tip cleaner (BioForce, US) for
20 min under a fume hood and interfaced with Tygon® tubing to a PHD
2000 Syringe Pump (Harvard Apparatus, US). After sterilization with
EtOH 70 % solution (2 mL), the devices were washed twice with sterile
PBS (2 mL). Upper and lower channel were coated using gelatin (2 mg
mL™) and Collagen type-I (1:20) in sterile PBS, respectively (see Sup-
plementary Information for the technical details).

Cell seeding was performed starting from lower channel. h\CMEC/D3
cells were trypsinized using trypsin-EDTA and resuspended in EC culture
medium: EndoGRO MV complete culture medium supplemented with 1
ng mL~! basic fibroblast growth factor (bFGF) and 1% penicillin-
streptomycin (P/S)). The inlet reservoir was filled with 500 pL
hCMEC/D3 cell suspension (2.8-10° cells mL™!) and 200 pL were
perfused through the lower channel (flowrate: 50 pL min ). The device
was then flipped upside-down and incubated at 37 °C for 2—3 h to
promote EC attachment onto the membrane. Bovine pericytes [30] were
trypsinized using trypsin-EDTA, resuspended in pericyte culture me-
dium (DMEM supplemented with 20 % calf serum, 1 ng mL~! bFGF and
1% P/S) and seeded in the upper channel at 2-10° cells mL ™}, leaving the
devices afterwards incubating upwards for at least 2 h at 37 °C. After
verifying cell adhesion, 1 mL of medium was perfused through each
channel (flowrate: 50 pL min~1). Devices were incubated in a humidified
CO; incubator at 37 °C, with reservoirs filled of corresponding media
and covered with a lid, changing the media every day applying flow
(flowrate of 50 pL min~! for the devices). At DoC+2, 48 h after con-
fluency was reached, experimental samples (UBBB devices) were treated
with p-Mannitol (0.3 M, 45 min, 37 °C), and then washed and changed
back to their supplemented culture medium, whereas control devices
(uBBB controls) were fixed. At DoC+3, pBBB devices were also fixed.

As experimental controls of the compartmentalized device coculture,
hCMEC/D3 (50.000 cell cm’z) and pericytes (36.000 cell cm’z) were
seeded independently in Petri dishes following the same procedures. In
all cases, the medium was changed daily. Some of these Petri dish
controls were also treated with mannitol in the same way at DoC+2 and
fixed at DoC+2 (right after mannitol treatment) and at DoC+3. Non
treated Petri dish controls were fixed at DoC+3. The cell fixation was
performed incubating samples in a 4% paraformaldehyde solution for 30
min at room temperature, or in the case of microdevices, flowing the
solution through the channels, then washed and stored at 4 °C in PBS
solution with 0.02 % of sodium azide.

2.3. Immunostaining

All the following steps were performed at room temperature (unless
stated otherwise), using a negative flowrate of 50 pL min ", after aspi-
rating and replacing the liquid in the inlet reservoir at each step. Vol-
umes indicated below are referred to the quantity flowed through each
channel. Devices were washed twice with 0.75 mL of PBS 1 x . Cell
membranes were permeabilized with 1 mL of PBS-triton 0.1 % solution.
Then blocking solution (0.5 mL, PBS with 0.1 % Triton and 10 % FBS) is
flowed and left in incubation for 2 h. Channels were washed flowing
PBS-triton 0.1 % solution (1 mL). Primary antibody solution (0.5 mL,
rabbit polyclonal anti-VE-cadherin antibody, 1:1000) was perfused
through each channel and left in incubation overnight at 4 °C. Channels
were washed again with PBS-triton 0.1 % solution (1.5 mL) before
applying secondary antibody solution A (0.5 mL, 1 h incubation, Alexa
Fluor 568 goat anti-rabbit, 1:1000). From that point, devices were kept
protected from light. Devices were washed again with PBS-triton 0.1 %
and secondary antibody solution is applied (0.5 mL, 3 h incubation,
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Alexa Fluor 488 ZO-1 monoclonal antibody, 1:100). Channels were
washed again using PBS 1X (1.25 mL) before applying Hoechst-PBS
solution (0.5 mL, 32.4 pM of Hoechst 33342, 10 min incubation) and
finally washed with PBS-azide (1.5 mL, 0.02 %). Fluorescence imaging
was performed using an inverted confocal Leica SP5 microscope. Af-
terwards, images were processed with ImageJ software.

2.4. MTEER measurements

A custom interface was designed in AutoDesk Inventor® and 3D-
printed using Poly-lactic acid (PLA) (0.3 mm layer thickness), to fix
the LOC inside a digital O2/CO> and temperature controlled H301 mini-
incubator (Okolab srl, Italy). This interface houses four Bartels MP6-pp
piezoelectric micropumps (Bartels Mikrotechnik GmbH, Germany) that
allow the online change of medium, provides an electromagnetic
shielding for the noise measurements reduction and a waterproof sealing
to avoid the formation of moisture on the ohmic contacts of the chip. The
incubator was maintained at 37 °C, 97 % Humidity, 5% CO2, 10 % O,
during all the measurements. Culture media change was performed daily
by replacing media in the reservoir and flowing 1 mL through the
channels (flowrate: 50 pL- min~1). After media change, inlet reservoirs
were covered to prevent evaporation and the temperature was left sta-
bilizing before starting the measurements. Impedance spectroscopy
measurements were performed by using an Agilent 4294A Precision
Impedance Analyzer (Agilent, US). The interface was connected to the
instrument in a shielded two terminal configuration [31].

This configuration employs two coaxial cables (see Supplementary
Information Fig. S5) to reduce the effects of stray capacitance between
the leads, extending the typical impedance range above 100 kQ. The
outer shielding of the coaxial cables is connected to the guard terminal
and to the guard electrodes.

3. Results
3.1. Device functionality

A novel in-vitro microfluidic platform (Fig. 1) was designed and
fabricated to perform impedance spectroscopy measurements across a
tissue-tissue interface, obtained by co-culture of two different types of
cells. This device (uBBB device), consists of two networks of 4 parallel
microfluidic channels cut through COP sheets and separated by a porous
polycarbonate membrane. The two microchannel networks are inter-
secting perpendicularly, forming 16 intersections (surface area: 4 mm?
each) in a single device. Each intersection forms a structure as shown in
Fig. 2, including two pairs of interdigitated electrodes that are located
on the top of the upper channel and on the bottom of the lower channel.

, Top electrodes
L ]

'MEX/:T;EZATE}BEE:B/V"'E /Pe"c"tes
O\ | y . - P - N
— i - - = - .

1
i —
]
1

Top channel

i «——— Membrane

]
Bottom electrodes
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This structure accommodates the membrane in the middle. This design
was chosen to increase total contact surface between the two cell cul-
tures and enables impedance spectroscopy measurements in multiple
independent positions across the device, in real-time, to maximize the
throughput on a single experiment. The fabrication process is very rapid
and accurate since it exploits laser cutting, in fact, a complete device can
be cut and be fully assembled in less than 10 min.

3.2. Assessment of junctional complexes

An in-vitro model of the BBB was made seeding brain endothelial cells
hCMEC/D3 together with pericytes cultured on opposite sides of a
membrane. Cells were exposed to shear stress through media change
every 24 h. The experiment time-points were normalized in reference to
the moment when around 90 % of cell coverage was reached on the layer
(DoC, day of confluency). 48 h after reaching the confluency (DoC+2),
experimental devices (“uBBB-treated”) were exposed to mannitol and
fixed 24 h later (DoC+3), while control devices ("uBBB-controls™) were
fixed without being treated (DoC+2). The comparison between samples
led to observe alterations in junctional complexes. The effect of mannitol
onto EC and pericytes independently (seeded on Petri dishes) was also
analyzed (Supplementary Information Fig. S1 and Fig. S2).

We compare the expression of relevant TJ and AJ markers related to
confluency in pBBB devices when samples were not treated and when
they were treated with mannitol and left for 24 h recovery (Fig. 3). Two
different positions on the device where selected for the evaluation of
mannitol effect.

At the bottom-position of the device, where EC were not in close
contact with pericytes, ZO-1 signal was detected in the cytoplasm and
VE-cadherin in the cell periphery (Fig. 3, a and b). But after mannitol
treatment and 24 h recovery, ZO-1 expression was reduced to cyto-
plasmatic and nuclear localization, and VE-cadherin was severely
affected and vanished, related with the high apoptosis levels (as
observed with the nuclear staining) (Fig. 3, c and d).

At the membrane-position of the device, where both EC and pericytes
were interacting at each side of the membrane, ZO-1 signal was detected
predominantly in cell nuclei and some small areas of cell-membrane,
and VE-cadherin expression was almost absent (Fig. 3, e and f). After
mannitol treatment and 24 h recovery, ZO-1 signal decreased slightly
and remained exclusively with nuclear and cytoplasmic localization,
whereas VE-cadherin staining remained the same, almost absent, and
confluency decreased slightly (Fig. 3, g and h).

Moreover, a fluorescent tracer permeability test has been conducted
on the pBBB-treated devices (see Supplementary Information, Fig. S4)
showing a net difference in terms of tracer diffusion between the formed
membrane and the membrane damaged by mannitol treatment.

Fig. 2. Functional structure of each intersection on the “uBBB
device”. Endothelial cells (ECs) are seeded in the bottom
channel in contact with the bottom of the device and with the
PC membrane, while pericytes are seeded on the bottom of the
upper channel in contact with the PC membrane. Both
membrane-position and bottom-position are analyzed later on
for imaging purposes. Each channel is covered with the culture
medium required for each cell type. A pair of interdigitated
electrodes is located on the top of the upper channel and on the
bottom of the lower channel to perform MTEER measurements.

Bottom channel
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3.3. MTEER results

The goal is to develop a classification model based on the impedance
measurements [32], that can recognize the cell status based on training
data of selected time-points.

MTEER measurements were performed across the pBBB device
membrane in five different intersections, over 5 days after cell seeding.
Each intersection was considered a different sample under the same

MEMBRANE
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Fig. 3. Immunostaining of pBBB-controls, non-treated, DoC+2
(a, b, e, f) and pBBB-treated devices, 24 h after the exposure to
mannitol treatment, DoC+3 (c, d, g, h). Confocal microscopy
images show Z-projection of the membrane-position, observing
the two cells layers, pericytes and endothelial, (e-h) and
bottom-position, observing only endothelial layer, (a-d) for
both devices at 20X and 63X augments. ZO-1 tight junctions are
stained in green. VE-cadherin adherens junctions are stained in
red. Nuclei are stained in blue. Scale bars are 100 pm for 20X
images and 50 pm for 63X images (For interpretation of the
references to colour in this figure legend, the reader is referred
to the web version of this article).

experimental conditions since there were small variations among posi-
tions in terms of the cell number, tolerance on the alignment of the
electrodes, etc. From DoC-1 to DoC+3 included, 100 spectra were ac-
quired every 24 h on each position through an automated software
written in MATLAB R2019a environment (MathWorks, US). Each spec-
trum was acquired in a frequency range between 100 Hz and 10 MHz,
spanning 300 points in a logarithmic scaling as shown in Fig. 4.

The trans-membrane impedance was measured, across a defined
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Fig. 4. EIS spectra measurement at a single intersection of pBBB device. Each colored line represents each experimental time-point in the same intersection (from
DoC-1 to DoC+3). a) impedance modulus spectra and b) impedance phase spectra frequency variations of a given intersection of the device.

frequency range, through its modulus |Z| and phase ¢ equations, defined
as:

|ZI(f) = \/R(F) +X(f)? @
¢(f) = arctan <;—(f§> 2)

where R is the resistance and X is the reactance at given frequency f.

Impedance measurements repeatability was assessed by quantifying
the coefficient of variation among different measurement results,
defined as:

Fluctuation(f)[%] = 6—(0*100 3)
k()

where ¢ and p are respectively the standard deviation and the mean

value of the spectrum at given frequency across all the measurements

done at a specific time-point and in a specific intersection of the device.

It resulted in a 2.5 % of maximum fluctuation across all the datasets.

The acquired measurements were divided in two distinct datasets,
one for the impedance modulus data and the other for the phase. Each of
them consisted of 2500 total measurements by 300 spectral-line features
matrix. The data analysis was performed in MATLAB environment using
a classification toolbox [33].

A preliminary analysis was first conducted for both impedance
modulus and phase datasets, using an LDA (Linear Discriminant Anal-
ysis) classifier.

For the impedance modulus dataset, an LDA model has been trained
with the measurements of 3 of intersections (1500 measurements) and
tested with the data of the remaining 2 intersections (1000 measure-
ments). A 5 groups venetian-blinds cross-validation was used and
resulted in 97 % accuracy in training. The accuracy in testing dropped to
85 % due to misclassification of the samples belonging to the classes DoC
and DoC+3.

A further LDA model was trained with impedance phase data and
choosing the same intersections for training and testing as for the pre-
vious model. It resulted a 100 % accuracy in training and in test.

To better understand the misclassification issues on the impedance
modulus dataset, a forward sequential feature selection (SFS) was per-
formed using LDA criterion, with random training and testing subsets in
a proportion of 60 % for training and 40 % for testing of the total dataset.
After 100 iterations, as shown in Fig. 6, the SFS did not select any fea-
tures in lower frequency band (f < 10 kHz). The same procedure was
used also for the phase dataset and resulted that the most selected fea-
tures were in the same frequency range of the impedance dataset.

The results in Table 1 show the average model accuracy values across
all the possible combinations of training and test for each features
subset.

Fig. 7 shows the plot of the first two discriminant directions of one of
the ten LDA models, considering only the selected features. It resulted in
a 100 % accuracy in testing so this model is capable of separating all the
classes corresponding to different time-points and therefore it can
attribute to each class a biological meaning, despite the separability
between the class DoC and DoC+3 was much lower with respect to the
other classes.

4. Discussion

The study presented here shows a novel method to monitor barrier
integrity that could be used to optimize the in-vitro screening of drug
administration for neurological diseases where BBB is involved. The
potentiality of the proposed platform is based on the combination of in-
vitro multiple cell-culture in a microfluidic device together with the use
of machine learning algorithms to analyze the acquired MTEER data and
look for the informative content. In particular, we analyzed the
discrimination power of a gold standard classification model as LDA.
The first model based on the impedance modulus spectra presented an
accuracy of 85 % in testing due to misclassifications of the samples
belonging to classes DoC and DoC+3, as shown in the score plot in
Fig. 5a. Performing a SFS, it resulted that most informative features lay
in the 10 kHz — 10 MHz band. This suggests that the dominant trend in
the lower band (see Fig. 4, panel a) is mostly due to the electrode
capacitance filtering [34]. Results also showed that the most selected
features are common to the two datasets, as shown in Fig. 6 and there are
some particular frequencies (10 kHz, 1.07 MHz and 4.81 MHz) that
could carry the information of some specific biological processes. In fact,

Table 1

Average model accuracy across 10 combinations of training and testing for
several subset of features. The SFS selected features refers to features that are
over the threshold of the 10 % of selection.

Frequency range # Accuracy |Z| Accuracy ¢
features
Full spectrum 300 83,1% (75,1 - 91,1) 97,1% (92,7 — 100)
% %
10 kHz — 10MHz 180 85,4% (78,5 - 92,3) 99,0% (95,8 — 100)
% %
Selected features on | 9 90,7% (86,1 — 95,3) 81,2% (71,3 - 91,1)
Z| % %

Selected featureson¢$ 6 83,9% (72,3 - 95,5) 94,1% (85,9 - 100)

% %
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Fig. 5. a) LDA model based on impedance modulus |Z| data acquired between DoC-1 and DoC+3. 3D score plot on canonical variables 1, 2 and 3. Dots represent
training data and asterisks the test data. b) LDA model based on impedance phase data ¢(Z) acquired between DoC-1 and DoC+3. Plot of scores projection on
canonical variables 2, 3 and 4. Dots represent training data, asterisks the test data and the colored area represents the spatial extension for each class.
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Fig. 6. Bar plot showing the percentage of selection for spectral features; the
selected features for the impedance modulus dataset are shown in blue, and the
ones for impedance phase dataset are shown in red. The total number of iter-
ations is 100 for each dataset. Subsets of features that have more than 10 %
selection percentage (dashed green line) were used to build classification
models (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

the barrier is sensitive to ultrasounds which can be used for diagnostic
purposes or to induce the barrier opening (BBBO) [35]. Regarding the
DoC-1 class, the spectra show an evident resonance due to electrodes
geometry and arrangement around 1.8 MHz in all the different in-
tersections. This effect however is not present in the other classes so
probably the confluent cells on top of the electrodes shift the resonance
to a different frequency.

The classification results, resumed in Table 1, on the selected fea-
tures have put also in evidence that it is possible to obtain almost perfect
separation among the different time-points considering few frequencies
as input features for the classification model. Interestingly, the model
based on phase features is more sensitive to the feature selection with
respect to the impedance-based model. This is something that could be
subject to future investigations.

As a demonstration of the potentiality of the feature selection
approach, we have shown one LDA model (Fig. 7), obtained using the
measurements from 3 intersections for training and 2 for testing,

LDA model |Z|
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Fig. 7. LDA model based on impedance modulus |Z| with the selected set of
features. Score plot on canonical variables 1-2.

exhibiting a complete separation between all the classes both in training
and testing sets. In the first time-point of the experiment, cell confluency
was very low, and the cells had not had enough time neither to generate
a supporting extracellular matrix, nor to interact so much with neigh-
boring cells. Therefore, this condition appeared as an isolated class
(DoC-1). Then, the confluency condition was reached (DoC), the barrier
matured progressively, starting to form junctional complexes (DoC+1)
and finally the mannitol was administered, inducing a process of cell
shrinking and vacuolation that ended up opening the barrier. This
condition (DoC+2) results as well as an isolated cluster in the score plot,
very distant from the other classes. After the treatment, cells started
proliferating and re-constructing the barrier, going under a process of
barrier recovery (DoC+3). The obtained barrier integrity level at DoC+3
was similar to the one observed at DoC, with high confluency of cells,
although junctional complexes were not formed and therefore the bar-
rier was still permeable. This similarity between DoC and DoC+3
observed in the classification model (Fig. 7) is coherent with the cell
observation performed in the microscopy at each time-point (Supple-
mentary Information Fig. S3).

The different barrier characteristics observed by the classification
model performed, match the immunostaining results obtained. In pBBB-
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controls, ZO-1 staining showed the formation of TJ both on the
membrane-position and at the bottom-position (Fig. 3, a, b, e, f). VE-
cadherin staining showed a poor staining at the bottom-position, and
negative AJ signal at the membrane-position. At the membrane-position
lower confluency levels (observed with nuclei staining), and lower ZO-1
expression, more localized on the nuclei, were detected. Previous re-
ports suggested that ZO-1 localization in the cell is related to the
maturity and extent of cell-cell contacts [36], being a nuclear localiza-
tion at sub-confluency states representative of non-fully mature barriers,
whereas peripheral plasma-membrane localization is an indicator of a
mature barrier [36]. For the barrier formation and maturation, it was
previously suggested that both AJ and TJ complex proteins have to
interact during the barrier development [7,37]. Stable AJ, VE-cadherin
in particular, are required for the EC survival, blood vessel assembly,
stabilization and formation of TJ [37]. But at the same time, ZO-1 is
essential for the VE-cadherin complex formation [7]. Furthermore,
previous reports suggest that weakening of junctional complex proteins
associated to VE-cadherin to form AJ, results in the activation of intra-
cellular mechanisms to increase cell permeability [38].

After exposing cells seeded in pBBB devices to mannitol treatment
(Fig. 3, ¢, d, g, h), cell confluency was severely affected specially at the
bottom-position in samples or areas with only EC (Fig. 3, c-d and Sup-
plementary Information Fig. S3 pBBB-EC-only device). ZO-1 expression
became more nuclear and VE-cadherin expression vanished (Fig. 3, c, d,
g, h). Although the barrier formed was not fully mature in the
membrane-position or at the bottom-position of the device, these results
suggest an active role of the pericytes in the integrity of the BBB and in
the recovery from a hyperosmotic BBBO. The results are coherent with
previous publications which evidenced the critical role of pericytes in
the development, maintenance, and regulation of BBB [39,40]. Pericytes
are not essential for the tightness of the BBB (e.g. they are not essential
to induce TJ complex protein expression), but they are vital to avoid
leakiness on the BBB by the regulation of the transcytosis of EC [27,28],
the inhibition of immune cell trafficking and the permeation of agents
that promote vascular permeability [41].

These results demonstrate that this method could be used to easily
test membrane integrity under the effect of some compounds in real-
time [42], or to monitor BBBO induced through drugs and to optimize
specific pharmacological treatments. The platform and monitoring
method, applied in this research for a study on the BBB, could be easily
adapted for mimicking specific kind of blood vessels by changing the
microchannel size, and it could be translated as well to mimic other
biological barriers, such as blood-cerebrospinal fluid barrier,
blood-spinal cord barrier, kidney glomerulus filtration barrier, etc.
Translating the concept of TEER measurements to wideband impedance
spectroscopy that we called Multi-frequency TEER (MTEER) enables not
only to extract more information from a single experiment but also to
investigate the frequency range that is most informative for the specific
experimental conditions [43]. This method is also strengthened by its
reliability. In fact, the accuracy values are relative to a massive amount
of measurements and to a robust validation approach.

5. Conclusions

This work reports the use of wideband impedance spectroscopy for
monitoring the BBB functionality exploiting machine learning algo-
rithms. The measurements were performed across multiple positions in a
frequency range up to tens of MHz, using a novel multi-layer micro-
fluidic platform with integrated electrodes that can be fabricated with a
rapid and cost-effective process.

To test this system, a simplified BBB model composed by EC and
pericytes has been adopted. The cells were cultured inside the devices
and the development of AJ and TJ has been observed. Administering
mannitol resulted in an impairment of the barrier, affecting confluency
of cells and the formation of junctional complexes. MTEER measure-
ments, together with machine learning algorithms, resulted in an

Sensors and Actuators: B. Chemical 334 (2021) 129599

accurate technique to perform real-time non-invasive monitoring of the
complex processes ongoing on the barrier, being able to distinguish
through a multivariate representation the following phenomena occur-
ring at different time-points: non-confluent cells, confluent monolayer,
beginning of barrier sealing and junctional complexes formation, barrier
opening after mannitol treatment, and its recovery. The results obtained
through classification were confirmed with immunostainings.

The device and the analytic technique presented in this paper open a
new path towards barrier systems monitoring that could easily be
translated to studies of other biological barriers.
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