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Abstract
To replicate key physiological barriers in vitro, we utilized the CELLBLOKS® modular micro-
physiological system. Specifically, human cerebral microvascular endothelial hCMEC/D3
cells, human retinal pigment epithelial cells, and rat small intestinal IEC-6 cells were grown in
CELLBLOKS® to mimic the blood-brain (BBB), blood-cerebrospinal fluid (BCSFB), and intest-
inal (IB) barriers, respectively. Eugenol is an essential oil component known to permeate the cent-
ral nervous system (CNS) in vivo after intravenous (IVA) and oral (OA) administrations; it was
therefore used to simulate IVA and OA into the CELLBLOKS® system, using also celiprolol as
negative control compound, since it is known for its poor ability to permeate in the CNS from
the bloodstream. In particular, the IVA (systemic) of the compounds was simulated by their dir-
ect addition to the bloodstream-like lower channel of CELLBLOKS® (basolateral side of both
BCSFB and IB; apical side for BBB), whereas their OA was simulated by apical addition to IEC-
6. Permeation measurements, via High-performance liquid chromatography, across physiolo-
gical barriers cultured in CELLBLOKS® demonstrated that, following both simulated oral and sys-
temic administration, eugenol crosses the mimicked BBB and the BCSFB indiscriminately; con-
versely, the permeation of celiprolol across these barriers results strongly limited in comparison to
eugenol. To assess downstream neuroactivity, dopaminergic neuron-like PC12 cells were cultured
on NANOSTACKS™ inserts and incorporated into the BBB and BCSFB blocks. After simulated
IVA and OA, significant eugenol-induced dopamine release by PC12 cells was evidenced both in
BBB- and BCSFB-delimited neuronal-like compartments. These results validate the CELLBLOKS®
and NANOSTACKS™ platforms as robust tools characterized by low costs, high reproducibility
and ease of manipulation for in vitro studies of brain targeting of new drugs. This system requires
two weeks culture period to be ready for the simulation in vitro of IB, BBB, BCFSB and neuronal
tissues, appearing useful in limiting pre-clinical animal testing.

1. Introduction

Many biological barriers severely select the endogen-
ous and exogenous molecules that can cross them to
ensure the supply of essential nutrients to the organs
and tissues of the body, allowing, at the same time,
their protection from xenobiotics [1]. An import-
ant role of the intestinal mucosa barrier is to keep

the invading pathogens (i.e. virus and bacteria) and
toxins out the bloodstream. Analogously, specific
protectors for the brain are the blood-brain bar-
rier (BBB) and the blood-cerebrospinal fluid bar-
rier (BCSFB), both able to prevent a great num-
ber of molecules from entering the central nervous
system (CNS) from the bloodstream. These barri-
ers are critical determinants of CNS homeostasis,
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posing challenging barriers to the permeation of cir-
culating solutes, including ions, biomolecules, drugs
[2]. Multiple transporters endogenously expressed
at the BBB and BCSFB act as influx or efflux
carriers, that can, respectively, facilitate the deliv-
ery of several molecules in the CNS, or prevent
drugs from achieving at central level therapeutic
concentrations [2].

Eugenol, a main component of natural essen-
tial oils with potential neuroactive protective prop-
erties, was previously evidenced in our lab for its
marked aptitude to permeate in the cerebrospinal
fluid (CSF) of rats from their bloodstream [3]. This
compound was therefore recruited for in vitro stud-
ies, where it evidenced its ability to increase cell viab-
ility and induce dopamine (DA) release according to a
hormetic behaviour in neuronal differentiated PC12
cells [3]. Based on these properties, we propose here
eugenol as a reference compound able to permeate in
the CNS, in order to characterize a new system for
in vitro studies of drug permeation across the BBB
or the BCSFB after simulated intravenous (IVA) or
oral (OA) administrations. In this work we describe
an experimental design using the customizable com-
mercial system CELLBLOKS® and NANOSTACKS™,
which together are a new versatile microphysiolo-
gical system (MPS) developed by Revivocell [4, 5],
suitable for testing and identifying mixed combin-
ations of cells that replicate physiological barriers
defining specific microenvironments [6]. For the first
time, CELLBLOKS® modular platform was used as
an in vitro system to investigate complex physiolo-
gical processes governing diffusion, permeation, and
uptake of a potentially therapeutic compound across
a set of compartments delimited by the intestinal bar-
rier (IB) and by the BBB or BCSFB. The aim of this
study is to identify whether eugenol permeates the
CNS by discriminating between the BBB and BCSFB,
after crossing the IB. Therefore, the CELLBLOKS®
system is configured to simulate in vitro the ability of
eugenol to cross the BBB or BCSFB from the blood-
stream to central compartments after both an IVA and
an OA, this last requiring firstly the crossing of the
IB. To validate the applicability of the CELLBLOKS®
system for this type of investigation, celiprolol is
used as negative control compound, being a sub-
strate of the efflux transporter P-glycoprotein (P-gp)
and known to have poor ability to cross the biolo-
gical barriers, in particular those between the blood-
stream and CNS [7]. Finally, to evaluate whether
eugenol can be neuroactive after crossing cerebral
barriers, rat pheochromocytoma PC12 cells were dif-
ferentiated to form a dopaminergic neuronal network
on special NANOSTACKS™ inserts and placed into
the CELLBLOKS® basolateral compartment of the
BBB and in the apical compartment of the BCSFB

(inside the blocks), bothmimicking specific compart-
ments of the CNS. Accordingly, the DA secretion by

PC12 cells was compared when induced by eugenol
permeated across BBB or BCSFB to propose the reli-
ability of this in vitro predictive system in the challen-
ging transition from the laboratory bench to clinical
studies on neurodegenerative diseases.

2. Materials andmethods

2.1. Materials
Human cerebral microvascular endothelial
hCMEC/D3 cells (CLU512-A) were purchased from
Tebu-bio Srl (Milan, Italy). The human retinal
pigment epithelial (HRPE) cell line was gener-
ously provided by Professor Puttur Prasad from
the Department of Biochemistry & Molecular
Biology, Medical College of Georgia, Augusta,
GA, USA. Rat normal small intestine IEC-6
cells (RRID:CVCL_0343) were obtained from
Sigma-Aldrich (Milan, Italy). The PC12 cell line
(RRID:CVCL_0481), derived from rat adrenal
gland pheochromocytoma, was kindly provided
by Dr Federica Brugnoli from the University of
Ferrara, Department of Translational Medicine, Italy.
Dulbecco’s Modified Eagle’s Medium (DMEM),
MCDB131 medium, Dulbecco’s Modified Eagle’s
and Ham’s F12 media (DMEM/F12), RPMI-
1640 medium, nerve growth factor (NGF), fetal
bovine serum (FBS), horse serum (HS), peni-
cillin/streptomycin, and all the others cell cul-
ture reagents were from ThermoFisher Life
Technologies (Milan, Italy) and Microtech (Naples,
Italy). Paraformaldehyde phosphate-buffered saline
(PFA; J61899.AK; Thermo Scientific, Milan, Italy),
rabbit monoclonal ZO-1 antibody (GeneTex
Cat# GTX636491, RRID:AB_2909994), rabbit
polyclonal occludin antibody (GeneTex Cat#
GTX114949, RRID:AB_11177242), Fluorescein
(FITC) AffiniPure polyclonal Goat Anti-Rabbit
IgG (Jackson ImmunoResearch Labs Cat# 111-
095-003, RRID:AB_2337972), goat anti-Rabbit IgG
H&L polyclonal antibody Rhodamine Conjugated
(TRITC) (Abcam Cat# ab6718, RRID:AB_955551),
and glycerol antifade mounting medium (Abcam
Cat# ab188804) containing 4’,6-Diamidino-2-
phenylindole (DAPI) were purchased from Prodotti
Gianni Srl (Milan, Italy).

CELLBLOKS® is a patented (GB2553074B),
open-top multi-chambered organs-on-a-chip device
designed by Revivocell (Daresbury,Warrington, UK).
High-performance liquid chromatography (HPLC)-
grade acetonitrile (CH3CN) and methanol (MeOH)
were acquired from Carlo Erba Reagents S.A.S.
(Milan, Italy). Merck Life Sciences Srl (Milan, Italy)
supplied eugenol (MW 164.21 g mol−1), celipro-
lol hydrochloride (MW 415.95 g mol−1), Dulbecco’s
Phosphate Buffered Saline (DPBS), phosphoric acid,
dimethyl sulfoxide (DMSO), triton X-100, bovine
serum albumin (BSA, A4503), and all other reagents
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Figure 1. Schematic organisation of the CELLBLOKS® system for the growth and polarisation of hCMEC/D3 endothelial cells,
IEC-6 epithelial cells, and HRPE epithelial cells to obtain confluent cell monolayers (A). Each cell type was grown using a unique
channel, that was isolated from the others to be fed by its specific medium both in apical and in basolateral compartment. (B)
Neuronal-like PC12 cells were grown separately in NANOSTACKS™ inserts, placed in a 24-well plate. Reproduced from [8].
CC BY 2.0. Reproduced from [9], with permission from Springer Nature. Reproduced with permission from [10]. © 2021 The
Author(s), taken from Tissue Barriers © 2021 Taylor & Francis Group, reprinted by permission of Informa UK Limited, trading
as Taylor & Francis Ltd, www.tandfonline.com. This is an open access article distributed under the terms of the creative com-
mons attribution-noncommercial-noderivatives license (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way.

or solvents not mentioned here. Purified water
(H2O) suitable for HPLC analysis was obtained using
Sartorius Arium Advance EDI system (Sartorius
Lab Instruments GmbH and Co., KG, Göttingen,
Germany).

2.2. Use of CELLBLOKS® system for growing BBB,
BCSFB and IB in vitro models
The CELLBLOKS® system was used differently for
two distinct phases of the experimental design.

The first phase (figure 1) involved the seeding
of cells and their growth as polarized cell monolay-
ers (figure 1(A)) mimicking the BBB (obtained by
hCMEC/D3 endothelial cells), BCSFB (obtained by
HRPE epithelial cells), and IB (obtained by IEC-6 epi-
thelial cells) on barrier blocks (1.0 µmpore size poly-
ethylene terephthalate—PET—filter membranes) of
CELLBLOKS® system. Moreover, this phase also
included parallel seeding, growth, and dopaminer-
gic neuronal-like differentiation of PC12 cells on
NANOSTACKS™ (1.0 µm pore size PET filter mem-
branes) inserted in a 24-well plate (figure 1(B)). This
first phase was performed under static conditions.
The epithelial/endothelial cell growth media were
changed every other day, whereas the differentiation
medium of PC12 cells was changed every 4 d.

The second phase (figure 2) focused on the
use of the polarized cell monolayers to simulate

in vitro the uptake in the CNS of test compounds
(eugenol or celiprolol) after their IVA or OA, study-
ing their ability to permeate across IB, BBB or BCSFB
(figures 2(A) and (B)). To perform this phase, the bar-
rier blocks were transferred from the CELLBLOKS®
system used for their growth and rearranged in a new
CELLBLOKS® platform, as represented in figure 2.
DPBS supplemented with 5.3 mM glucose, 0.5 mM
MgCl2, 0.9 mM CaCl2 was used as incubation buffer
for the permeation experiments.

Moreover, this phase was completed by the inclu-
sion of NANOSTACKS™ (1.0 µm pore size PET fil-
ter membranes) containing dopaminergic neuronal-
like differentiated PC12 cells in both the BBB and
BCSFB compartments to verify the potential ability of
eugenol to stimulate DA release from PC12 cells, once
it reached BBB and BCSF compartments after simu-
lated IVA and OA (figure 2(C)). DPBS supplemented
with 5.3 mM glucose, 0.5 mMMgCl2, 0.9 mMCaCl2,
1.0 mM ascorbic acid, 10 µM pargyline as monoam-
ine oxidase inhibitor, and 1.0 µM nomifensine, as
DA transporter inhibitor was used as incubation buf-
fer for the baseline and eugenol-induced DA release
experiments.

For the first experimental phase, the density suit-
able for cell seeding in CELLBLOKS® was obtained
using a Scepter 2.0 cell counter (Merk-Millipore,
Milan, Italy). Each of the three cell types was grown
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Figure 2. Arrangement of the CELLBLOKS® system. (A) Organisation of the channels of CELLBLOKS® system to simulate intra-
venous (IVA) or oral (OA) administrations and uptake in the CNS. Each channel mimicked the bloodstream. The barrier blocks,
showing the hCMEC/D3, IEC-6, and HRPE cell monolayers, were inserted in the channel for simulated oral study; for the intra-
venous simulated study, the barrier block including IEC-6 cells was present (with IEC-6 cells) or substituted by a barrier block
without cells (without IEC-6 cells). (B) CELLBLOKS® system showing in 3D the rearranged blocks for experimental set-up sim-
ulating IVA and OA. The double pink arrows indicate a single continuous channel underlying the blocks. (C) NANOSTACKS™
containing neuronal-like differentiated PC12 cells were transferred from the 24-well plate inside the BBB and BCSFB barrier
blocks (corresponding to the neural compartments) of the CELLBLOKS® system used for the second phase of the experimental
design. The two rows of CELLBLOKS® for each simulation type indicate experimental duplicates.

in a single channel of the CELLBLOKS® system
(as represented in figure 1(A)) containing its spe-
cific apical and basolateral medium as the optimal
growth condition (see below). Upon seeding, all
the three types of cells developed tight and polar-
ized confluent monolayers (as indicated by measure-
ments of transepithelial/transendothelial electrical
resistance—TEER and by immunofluorescence stain-
ing of junctional proteins, see below), which can be
considered as physiologically active cell culture mod-
els of IB, BCSFB and BBB. The seeding and grown
details for any type of cells are described in the fol-
lowing sections.

2.2.1. Human cerebral microvascular endothelial cell
(hCMEC/D3) line
Endothelial hCMEC/D3 cells were routinely grown
up to confluence in 100 µg ml−1 collagen I-
coated T25 flasks containing MCDB131 medium
supplemented with 5% FBS, 100 µg ml−1 strep-
tomycin, 100 U ml−1 penicillin, 2 mM glutamine,

1 ng ml−1 bFGF, 5 µg ml−1 ascorbic acid, and 2 µM
hydrocortisone, at 37 ◦C in 5% CO2/95% humid-
ified atmosphere. Reversed CELLBLOKS® barrier
blocks, coated on their filter membrane with 200 µl
of 100 µg ml−1 collagen I, were placed overnight in
a 6-well plate at 37 ◦C and 95%-humidified atmo-
sphere with 5% of CO2. Then, each 100 µg ml−1

collagen I-coated CELLBLOKS® barrier block was
rinsed with DPBS, and, after the first passage in cul-
ture, hCMEC/D3 cells were seeded by adding a drop
of 300 µl containing 1× 105 cells to the 100 µg ml−1
collagen I-coated membrane of reversed barrier

blocks (1.0 µm pore size PET filter membranes),
which were placed into a 6-well plate at 37 ◦C/5%
CO2 for 2 h for cell adhesion. The reversed block
with adherent cells was then rightly repositioned
into the dedicated channel of CELLBLOKS® system
(for example channel 1 represented in figure 1(A)),
with the apical/luminal domain of the cell mem-
brane facing the channel (equivalent to the blood
vessel lumen in vivo), containing 4 ml of MCDB131
complete medium, and the basolateral/abluminal
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domain of the cell membrane facing the inside of
the block (comparable to the CNS compartment
in vivo) filled with 1 ml of MCDB131 complete
medium (figure 1(A)). The hCMEC/D3 cells were
then allowed to grow and differentiate as a tight
monolayer of apicobasal-polarized brain endothelial
cells.

2.2.2. HRPE cell line
HRPE cells were routinely grown at 37 ◦C in
5% CO2/95% humidified atmosphere in tissue
culture flasks up to confluence in 1:1 mixture
of Dulbecco’s Modified Eagle’s and Ham’s F12
medium (DMEM/F12), supplemented with 10%
FBS, 2 mM glutamine, 100 µg ml−1 streptomy-
cin and 100 U ml−1 penicillin. After the first pas-
sage in culture, HRPE cells were seeded directly
inside the barrier blocks (1.0 µm pore size PET fil-
ter membranes), positioned in the dedicated chan-
nel of CELLBLOKS® system (for example chan-
nel 2 represented in figure 1(A)), at a density of
9 × 104 cells ml−1, with the apical/luminal mem-
brane domain facing the inside of the block (com-
parable to the CSF compartment in vivo), contain-
ing 1 ml of DMEM/F12 complete medium, and
the basolateral/abluminal membrane domain facing
the channel (comparable to the blood vessel lumen
in vivo), containing 4 ml of DMEM/F12 complete
medium (figure 1(A)). The cells were allowed to grow
and differentiate to a tight monolayer of apicobasal
polarized epithelial cells, expressing strong analogies
with brain choroidal plexus epithelial barrier [11],
being a pigmented monolayer of cells that comprises
the entire blood outer blood-retinal barrier between
the choroidal vascular plexus and the neurosensory
retina [12].

2.2.3. Intestinal IEC-6 cell line
IEC-6 cells were routinely grown in DMEMmedium
containing Glutamax, 10% FBS, 100µgml−1 strepto-
mycin, and 100 U ml−1 penicillin at 37 ◦C in a 95%-
humidified atmosphere, with 5% of CO2. After one
passage, cells were seeded directly inside the barrier
blocks (1.0µmpore size PET filtermembranes), posi-
tioned in the dedicated channel of CELLBLOKS® sys-
tem (for example channel 3 represented in figure 1),
at a density of 8 × 104 cells ml−1, with the apic-
al/luminal membrane domain facing the inside of the
block (comparable to the intestinal lumen in vivo),
containing 1ml ofDMEMcompletemedium, and the
basolateral/abluminal membrane domain facing the
bloodstream-like channel, containing 4 ml of DMEM
complete medium (figure 1(A)), and allowed to reach
the full IB function.

2.3. Evaluation of the integrity of cell monolayers
2.3.1. Transepithelial/transendothelial electrical
resistance (TEER)
The reproducible barrier integrity obtained in the
three cell lines was assessed by TEER measurement
using a chopstick electrode linked to a voltmeter
(Millicell-ERS, Merk-Millipore, Milan, Italy). TEER
values for the cell monolayers were obtained by sub-
tracting the intrinsic resistance (blank barrier block
membrane) from the total resistance (barrier block
membrane with cells) and adjusting for the surface
area (Ω cm2). HRPE cells and IEC-6 cell monolayers
reached TEER stable values of 60 ± 2.5 Ω cm2 and
69± 6.5Ω cm2, respectively, after 8 d of culture, while
hCMEC/D3 cells reached similar TEER stable values
(72± 9.5Ω cm2) after 12 d of culture; for this reason,
hCMEC/D3 cells were seeded 3 d before HRPE and
IEC-6 cells, so that all the monolayers reached stable
values of TEER to be used for the transport studies at
the same day.

2.3.2. Immunofluorescence staining
Barrier integrity was also validated by imaging the
tight junctions connecting adjacent cells. IEC-6,
hCMEC/D3, andHRPE cells were grown as confluent
monolayer in CELLBLOKS® as described above and
stained for the tight junction associated proteins zona
occludens 1 (ZO-1) and occludin antibodies. Cell
monolayers were washed three times with DPBS sup-
plemented with 0.9 mM CaCl2 and 0.5 mM MgCl2,
then fixed using 4% PFA for 15 min at room temper-
ature (RT), followed by three wash steps with DPBS
for 1 min. Subsequently, cell monolayers were per-
meabilized with 0.1% Triton X-100 (Merck, Milan,
Italy) in DPBS for 5 min; then, cells were washed
three times with PBS and incubated with a block-
ing solution containing 2% BSA in DPBS for 60 min
at RT. IEC-6, hCMEC/D3, and HRPE cell monolay-
ers were stained separately with each of the primary
antibodies, i.e. rabbit monoclonal ZO-1 antibody
diluted 1:500 in blocking buffer and rabbit polyclonal
occludin diluted 1:200 in blocking buffer, all of them
incubated for 2 h at RT.

Cell monolayers were then washed three times
with PBS and incubated for 2 h at RT with secondary
antibodies, i.e. FITCAffiniPure polyclonal Goat Anti-
Rabbit IgG and TRITC Goat anti-Rabbit IgG H&L
polyclonal antibody, both diluted 1:100 in blocking
buffer.

A control without primary antibody was also
performed to exclude autofluorescence or unspecific
binding of the secondary antibody. All incubation
and washing steps were performed on a rocker plat-
form (8 angle) at RT. Then, each filter membrane
was carefully cut along the basolateral edge of the
insert with a sharp scalpel, using tweezers to remove
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and prevent membrane from curling, and placed
onto a microscope slide with the cells facing up. Cell
monolayers were finally embedded in 100 µl of gly-
cerol antifade mounting medium containing DAPI
for nuclear counterstaining, covered with coverslips,
and stored in the dark at 4 ◦C until image acquisi-
tion with a Nikon Eclipse Ts2-FL invertedmicroscope
for multicolour imaging supported by NIS-Elements
software (Balsamo Strumenti, Bologna, Italy). Image
processing was performed using ImageJ 1.54p soft-
ware (Image Processing and Analysis in Java; available
at https://imagej.net/ij/download.html).

2.4. PC12 cells culture and differentiation to
neuronal phenotype in CELLBLOKS®
NANOSTACKS™ inserts
PC12 cells were grown in 4 µg cm−2 collagen IV-
coated flasks containing RPMI-1640 medium con-
taining Glutamax, supplemented with 100 µg ml−1

streptomycin, 100 IU ml−1 penicillin, 10% HS, and
5% FBS at 37 ◦C in 95% humidified atmosphere
and 5% of CO2. PC12 cells were gently detached
with a rubber scraper, transferred as cell suspen-
sion into a Falcon tube and resuspended through a
sterile tip to avoid any clumping, then split into sep-
arate flasks twice weekly. As shown in figure 1(B),
NANOSTACKS™ (1.0 µm pore size PET filter mem-
branes), coated in their inside filter membrane with
100 µl of 100 µg ml−1 collagen IV, were placed
overnight in a 24-well plate at 37 ◦C and 95%-
humidified atmosphere with 5% of CO2. Then, each
100 µg ml−1 collagen IV-coated NANOSTACKS™
was rinsed with DPBS, and a 100 µl drop con-
taining 2.5 × 103 PC12 cells was added to the
inside of NANOSTACKS™ and left to adhere for
2 h at 37 ◦C in the incubator; then, 1 ml of com-
plete RPMI-1640 medium was slowly added up to
each NANOSTACKS™ containing PC12 cells. The
next day, adherent cells were washed once with
serum-free DMEM medium containing Glutamax
and then switched to DMEM containing Glutamax
medium supplemented with 100 ng ml−1 nerve
growth factor (NGF) and 1% HS up to 14 d
of differentiation period, visually displayed by the
high occurrence of axonal extensions. At this time,
NANOSTACKS™ were transferred from the 24-well
plate inside the barrier blocks (corresponding to the
neural compartments) of the CELLBLOKS® system
used for the second phase of the experimental design
(figure 2(C)). To obtain differentiated neuronal cells
at the same time of the complete differentiation of the
three monolayers mimicking the physiological barri-
ers, PC12 cells were seeded on NANOSTACKS™ 5 d
before hCMEC/D3 cells and 7 d before HRPE and
IEC-6 cells.

2.5. Experimental design to simulate intravenous
or OA of neuroactive compounds and their uptake
in the CNS
In the second phase of the experimental design, all the
barrier blocks containing tight cell polarized mono-
layers (obtained in the first experimental phase) were
rearranged into a new CELLBLOKS® plate, to test in
parallel the compounds (eugenol or celiprolol) after
their simulated IVA and OA (figures 2(A) and (B)).
Specifically, as shown in figure 2(A), each channel
of the CELLBLOKS® systems contained up to three
barrier blocks; the channels designed to replicate IVA
or OA featured the barrier block with the IEC-6
epithelial monolayer positioned centrally, flanked by
barrier blocks containing the hCMEC/D3 endothelial
monolayer or the HRPE epithelial monolayer above
and below; moreover, a further channel organisation
to simulate the IVAwas designed by replacing the bar-
rier block containing the IEC-6 epithelial monolayer
with a barrier block devoid of cells. For the investig-
ations into the potential neuroactivity of eugenol fol-
lowing its permeation through the BBB or BCSFB,
the NANOSTACKS™ containing neuronal-like dif-
ferentiated PC12 cells were transferred from the
24-well plate into the BBB and BCSFB barrier blocks
(corresponding to the neural compartments) of the
CELLBLOKS® system used in the second phase of the
experimental design (see figure 2(C)).

The CELLBLOKS® system built as described
above allowed to design two sets of experiments
(figure 3), that were performed in DPBS, supplemen-
ted with 5.3 mM glucose, 0.5 mM MgCl2, 0.9 mM
CaCl2, by using celiprolol or eugenol. Stock solutions
of these compounds were previously prepared by dis-
solving them in DMSO at the final concentration
10−2 M. The stock solutions were stored at −20 ◦C
until their use, when they were diluted at the final
concentrations of 7.5 µM or 25 µM in DPBS sup-
plemented with 5.3 mM glucose, 0.5 mMMgCl2 and
0.9 mM CaCl2. Before the incubation with eugenol
or celiprolol, CELLBLOKS® were washed thrice with
pre-warmed DPBS buffer in the apical (1 ml) and
basolateral (4 ml) sides of blocks. In the first set
(figures 3(A) and (B)), IVAs of eugenol (used as
test compound) or celiprolol (used as negative con-
trol compound) were simulated by individually spik-
ing each compound (7.5 µM final concentration)
directly in the lower bloodstream-like channel and
measuring their amount in the BBB (hCMEC/D3
cells, simulating the permeation in the brain inter-
stitial fluid) and BCSFB (HRPE cells, simulating the
permeation in the CSF) CNS-like compartments after
60 min and 120 min. In particular, to simulate IVA,
the CELLBLOKS® channels were arranged in two
distinct configurations: one featuring intestinal IEC
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Figure 3. Scheme of experimental design. (A) In vitro sim-
ulation of intravenous administration (IVA) to study the
permeation of eugenol or celiprolol across the simulated
BBB and BCSFB in the presence of the IEC-6 intestinal
monolayer. (B) In vitro simulation of IVA to study the per-
meation of eugenol or celiprolol across the simulated BBB
and BCSFB in the absence of the IEC-6 intestinal mono-
layer. (C) In vitro simulation of oral administration (OA) to
study the permeation of eugenol or celiprolol across intest-
inal IEC-6 cells and then, their permeation across BBB and
BCSFB simulated by hCMEC/D3 and HRPE cell mono-
layers, respectively. Replication of simulated IVA (A1) and
OA (B1) using cell-free barrier blocks to evaluate the back-
ground permeation across the porous membranes. (A2)
In vitro simulation of IVA of eugenol targeting neuronal-
like PC12 cells differentiated on permeable membrane of
NANOSTACKS™ inserts after crossing the simulated BBB
or BCFSB. (B2) Neuronal-like PC12 cells differentiated
on permeable membrane of NANOSTACKS™ inserts and
targeted by eugenol after its simulated OA and permeation
firstly across intestinal IEC-6 cells, then across the simu-
lated BBB or BCSFB.

monolayers (figure 3(A)) and the other consisting of
a barrier block without cells (figure 3(B)), both posi-
tioned in the central rows (figure 2(A)). Additionally,
the amounts of the compounds were assessed in

the IEC-6 intestinal-like compartment after 60 and
120 min (figure 3(A)).

In parallel, tight monolayers of IEC-6 cells, grown
inside the barrier blocks, allowed also to study the
simulated oral permeation of eugenol or celiprolol
(figure 3(C)). In this case, each compound (25 µM
final concentration) was singularly spiked in the
apical side of IB (IEC-6 cells, simulating the intestinal
lumen) to permeate in the lower bloodstream-like
channel and, after 60 min and 120 min, was tested for
its ability to permeate across both BBB (hCMEC/D3
cells) and BCSFB (HRPE cells), being quantified via
HPLC (see below) in their CNS-like compartments.

The TEER values of each monolayer were mon-
itored before and after 120 min of incubation with
the compounds. Both IVA and OA were replicated
in another CELLBLOKS® plate using cell-free barrier
blocks to calculate the background permeation across
the porous membranes (figures 3(A1) and (B1)).

In the second experimental set (figures 3(A2) and
(B2)), neuronal-like differentiated PC12 cells were
used to simulate the dopaminergic branch of the
CNS compartment, in which to evaluate whether
the eugenol amounts able to cross BBB and/or
the BCSFB may be suitable to elicit DA release.
In this aim, neuronal-like differentiated PC12 cells
in NANOSTACKS™ kept in a 24-well plate were
entrained by applying a serum shock (50% HS and
50% DMEM containing Glutamax) for 2 h to syn-
chronize the subsequent release of DA at the same
time in all cells. PC12 cells in NANOSTACKS™
were then rinsed with DPBS and transferred inside
the BBB and BCSFB blocks containing 1 ml of
DPBS (supplemented with 5.3 mM glucose, 0.5 mM
MgCl2, 0.9 mM CaCl2, 1.0 mM ascorbic acid,
10 µM pargyline as monoamine oxidase inhibitor,
and 1.0 µM nomifensine, as DA transporter inhib-
itor) at 37 ◦C. Eugenol was spiked in the apical side of
IEC-6 cells for simulated OA (figure 3(A1)) or in the
basolateral chamber for simulated IVA (figure 3(A2)),
as described for permeation experiments of the first
set. For the quantification of baseline DA release,
an equivalent CELLBLOKS® system was built as
described for the second experimental set, avoiding
the addition of eugenol.

After 60 and 120 min, 200 µl of DPBS were with-
drawn from the inside of BBB and BCSFB blocks and
centrifuged at 1000× g for 20 min at 4 ◦C to remove
cell debris, then stored at −20 ◦C using an enzyme-
linked immunosorbent assay (ELISA) assay, as previ-
ously reported [3].

2.6. ELISA
The baseline DA levels and eugenol-stimulated DA
levels were harvested in 200 µl DPBS samples after
60 min and 120 min of incubation to be analysed
by means of the ELISA, based on the sandwich
principle for DA detection, following the manufac-
turer’s instructions (IBL International, Hamburg,
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Germany–catalogue no: RE59161; purchased from
Tecan Italia S.r.I, Milan, Italy). After the sub-
strate reaction, the intensity of the developed col-
our was proportional to the DA amount, detec-
ted at 450 nm using a microplate reader spectro-
photometer (NeoBiotech NB-12-0035 Microplate
Reader, CliniSciences Srl, Guidonia Montecelio,
Italy). Results were determined using a standard curve
and expressed as mean ± SEM values of four inde-
pendent experiments. Data were plotted and ana-
lysed with GraphPad Prism version 8.0 (GraphPad
software, San Diego, CA, USA).

2.7. HPLC analysis
Eugenol and celiprolol concentrations in the apical
and basolateral compartments of CELLBLOKS® sys-
tems were measured by HPLC, by using a modu-
lar system composed of an LC-40D pump and an
SPD-M40 DAD detector (Shimadzu, Kyoto, Japan),
and completed with an injection valve provided by
a 20 µl sample loop (model 7725, Rheodyne, IDEX,
Torrence, CA, USA). Data were acquired and pro-
cessed using LabSolutions Software (version 5.110 in
Windows 10, Shimadzu, Kyoto, Japan) installed on a
personal computer.

For eugenol quantification, separations were per-
formed at RT using a Hypersil BDS C18 column
(5 µm, 150 mm× 4.6 mm i.d.) furnished by Thermo
Fisher Scientific Italia (Milan, Italy) protected by
a guard column packed with the same separation
material. The mobile phase consisted of a mixture of
water and acetonitrile 50:50 (v/v), with a flow rate set
at 1 ml min−1. The chromatograms resulting from
the analysis were displayed at 210 nm, and the reten-
tion time of eugenol in these analytical conditionswas
4.2 min.

For celiprolol quantification, separations were
performed at RT using a Force Biphenyl column
(150 × 4.6 mm, 5 µm) furnished by Restek (Milan,
Italy) protected by a guard column packed with the
same separationmaterial. Themobile phase consisted
of a mixture of phosphoric acid in water (0.2% v/v)
and methanol 40:60 (v/v), with a flow rate set at
1 ml min−1. The chromatograms resulting from the
analysis were displayed at 232 nm, and the retention
time of celiprolol in these analytical conditions was
3.6 min.

The chromatographic precisions for eugenol and
celiprolol were evaluated by repeated analysis (10 µl,
n = 6) of the same sample (10 µM) of eugenol
(1.64 µg ml−1) or celiprolol (3.79 µg ml−1) singu-
larly dissolved in DPBS, obtaining relative standard
deviation values of 0.88% and 0.87%, respectively.
The calibration curves of peak areas versus concen-
tration of eugenol and celiprolol were obtained in a
range from 0.1 µM to 50 µM (0.016–8.21 µg ml−1

for eugenol; 0.038–18.97 µg ml−1 for celiprolol)
for both compounds singularly dissolved in DPBS

and resulted linear in the considered range (n = 9,
r = 0.999; P < 0.0001).

2.8. Statistical analysis
Statistical comparison among TEER values of the
endothelial/epithelial cell monolayers before the
experiments of transport of compounds was per-
formedby one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test. Statistical
comparison among eugenol and celiprolol concentra-
tions detected after 60 min and 120 min both in sim-
ulated OA and IVA in the CELLBLOKS® inserts and
statistical comparison among eugenol-induced DA
release from PC12 cells in NANOSTACKS™ inserts
after 60 min and 120 min both in simulated OA and
IVA were performed by two-way ANOVA followed
by Dunnett’s and Tukey’s multiple comparison tests.
Values were expressed as mean ± SEM and P < 0.05
was considered statistically significant. Statistical ana-
lyses were performed using GraphPad Prism version
8.0 (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Assessment of IEC-6, hCMEC/D3 and HRPE
cell monolayers integrity: TEERmeasurement and
immunofluorescence staining of junctional
proteins
Before transport studies, the tight junction integrity
of cell monolayers growing on CELLBLOKS® sys-
tem was tested by TEER measurements. In partic-
ular, the cell monolayers were considered suitable
for permeation experiments when their TEER val-
ues reached a plateau, requiring 8 d for epithelial
cells and 12 d for endothelial cells. As reported in
figure 4, the three types of cell monolayers reached
plateau TEER values that were not significantly dif-
ferent from each other, ranging between 60 and
80 Ω cm2. In particular, hCMEC/D3 cell monolayers
expressed TEER values of 72± 9.5 Ω cm2, HRPE cell
monolayers expressed TEER values of 60± 2.5Ω cm2
and IEC-6 cell monolayers showed TEER values of
69 ± 6.5 Ω cm2, when each cell line was grown sep-
arately from the others at its specific cell density in
its own growth medium in blocks sharing the same
CELLBLOKS® channel, as illustrated in figure 4.

As complementary validation of the barrier integ-
rity of cell monolayers developed in CELLBLOKS®,
the immunofluorescence staining and imaging of the
tight junctions proteins ZO-1 and occludin was per-
formed when TEER values rise to a plateau, indicat-
ing the establishment of a fully functional cell barrier
[13]. ZO-1 and occludin are extensively investigated
junctional complexes [14, 15], therefore these pro-
teins were selected to be localized within 12 day-
cultured hCMEC/D3, 8-day-cultured IEC-6, and 8-
day-cultured HRPE cell monolayers. Figure S1(A)
shows that immunofluorescence staining of ZO-1
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Figure 4. Tightness of the different cell monolayers based
on the TEER values using chopstick electrodes linked to
the Millicell voltmeter. Each histogram represents the
mean± SEM of three independent experiments, run in
duplicate. There are no significant differences among the
mean values of the three types of cell monolayers (one-way
ANOVA followed by Tukey’s multiple comparison test) after
12 culture-days for hCMEC/D3 cells and 8 culture-days for
IEC-6 cells and HRPE cells, respectively.

protein was an appreciable strand along the mem-
brane of all the three types of cell layers, aligning with
their TEER values. Occludin was also found to be
expressed in all the three types of cell layers (figure
S1(B)). Overall, the immunostaining suggests expres-
sion of the investigated tight junction markers.

Non-specific staining controls were additionally
carried out using only fluorescent secondary antibod-
ies, indicating the lack of green or red staining in
tight junctions in the absence of primary antibodies
(figures S1(A) and (B)).

Overall, the results described in this section
demonstrated that well-established junction pro-
teins staining were obtained on the cell monolayers
developed in CELLBLOKS® systems.

3.2. Simulation in CELLBLOKS® platform of IVA
and OA of eugenol or celiprolol to study their
permeation across intestinal, endothelial and
choroidal cell barriers
In the present study, the CELLBLOKS® platform is
proposed for the first time to perform in vitro studies
combining intestinal permeability with subsequent
BBB and BCSFB permeability through distribution
measurements and comparing IVA with OA in par-
allel. In this study two molecules were chosen as pro-
totypes: eugenol as test compound, being known for
its high aptitude to penetrate in the CNS from the
bloodstream [3], and celiprolol as negative control,
known for its poor ability to permeate in the CNS
from the bloodstream, being a substrate of the efflux
transporter P-gp [7]. The concentrations of the tested

compounds reaching each compartment in vitro at
specific time points were evaluated by HPLC analysis.

In our in vitro system, IVA was therefore simu-
lated using two configurations of the CELLBLOKS®
system: one in the presence of the IB, as represen-
ted in figure 3(A), and another one by excluding the
IB, as represented in figure 3(B). Both the configur-
ations were used by adding 7.5 µM test compound
(celiprolol or eugenol) directly to the bloodstream-
mimetic channel of CELLBLOKS® platform, facing
the apical side of the BBB and the basolateral side
of the BCSFB, respectively, and representing there-
fore their donor compartment of each single com-
pound. The use of the two configurations was adop-
ted in the aim to verify the potential ability of the IB
to influence the drug permeation in the CNS. OA was
instead simulated with the CELLBLOKS® configura-
tion reported in figure 3(C) by adding each test com-
pound at a final concentration of 25 µM to the apical
(luminal) compartment of IB-mimetic rat IEC-6 cell
monolayers. The absorption of the compounds in the
mimicked-systemic circulation was measured in the
basolateral compartment. Moreover, the compounds
were quantified in both BBB-delimited neuronal- like
receiver compartment and BCSFB-delimited receiver
compartment after their simulated IVA and OA in
the CELLBLOKS® platform. The compounds were
incubated up to 2 h. The TEER values of each mono-
layer monitored before the incubation with celipro-
lol or eugenol did not appear statistically different
with respect to the TEER values measured after 2 h
of incubation, indicating that the chosen concentra-
tions of the compounds did not alter the integrity of
the monolayers. Finally, the permeations of celiprolol
or eugenol in the receiver compartments were evalu-
ated by comparing their crossing ability of both the
cell-free filters and the filters where cell monolayers
were grown and differentiated to obtain the simulated
IB, BBB, and BCSFB.

3.3. Simulated IVA of celiprolol
Figure 5(A) reports a comparison of simulated
IVA of celipropol between the configuration of the
CELLBLOKS® system with cell-free filters and the
configuration in the presence of IB, BBB, and BCSFB
(described in figure 3(A)). In particular, the con-
centrations of celiprolol in the central-mimicking
receiver compartment of the cell-free filter were
0.65 ± 0.01 µM and 1.28 ± 0.03 µM, respectively,
60 and 120 min after its addition (7.5 µM final con-
centration at time zero) in the bloodstream-mimetic
channel of CELLBLOKS® platform (simulation of
IVA). At the same time, the celiprolol concentrations
in the donor compartment were 5.24± 0.06 µM and
4.71± 0.09 µM, respectively (table 1). Based on these
data, the receiver recovery ratio (R/D ratio) values of
celiprolol crossing the cell-free filters were calculated
as the ratio between its concentration in the receiver
(R) compartment and in the donor (D) compartment
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(R/D) at the same time points, obtaining the follow-
ing values: 0.124± 0.002 at 60min and 0.272± 0.008
at 120 min (table 1). On the other hand, the presence
of the IB, BBB, and BCSFB like cell monolayers on the
filters induced a drastic decrease (P< 0.0001) of celi-
prolol permeation in the receiving compartments of
CELLBLOKS® platform. In particular, the concentra-
tions of this compounds in the bloodstream-mimetic
channel of CELLBLOKS® platform were almost the
same as detected in the system without cell mono-
layers (5.06 ± 0.36 µM and 4.92 ± 0.38 µM at 60
and 120 min, respectively, as reported in table 1),
whereas in the BBB receiving compartment the celi-
prolol concentrations were 0.20± 0.03 µM at 60 min
and 0.40± 0.07 µM at 120 min, or 0.18± 0.01 µM at
60 min and 0.43± 0.03 µM at 120 min in the BCSFB
receiving compartment (table 1). In this case, the R/D
ratio values of celiprolol crossing the BBB and BCSFB
filters were 0.039± 0.006 at 60min and 0.081± 0.016
at 120 min for the BBB filters or 0.035 ± 0.003 at
60 min and 0.087 ± 0.009 at 120 min for the BCSFB
filters (table 1).

These results indicate that the BBB- and BCSFB-
like cell monolayers are efficacious in simulating the
physiological barriers between the bloodstream and
the CNS. Indeed, the presence of cell monolayers sig-
nificantly reduced (P < 0.0001) the celiprolol per-
meation across the filters between the bloodstream-
mimetic channel of CELLBLOKS® platform and the
receiving central-mimetic compartments, allowing to
decrease up to 70% its R/D ratio value after two
hours of incubation, in comparison to the permeation
across the filters without cell monolayers.

In this case, also the IB-like monolayer appeared
as an efficient barrier between the bloodstream and
the intestinal lumen. Indeed, the celiprolol con-
centrations in the IB receiving compartment were
0.15 ± 0.01 µM and 0.35 ± 0.02 µM at 60 and
120 min, allowing to obtain R/D ratio values of
0.029 ± 0.003 and 0.070 ± 0.007, respectively
(table 1). According to these data, the reduction of
celiprolol permeation across the filters in the presence
of IB can be quantified by a decrease of R/D ratio of
74%, after two hours of incubation.

Table 1 reports also the results obtained by the
IVA simulation of celiprolol using the CELLBLOKS®
configuration obtained in the absence of IB which is
represented in figure 3(B). It can be observed that
the absence of the IB does not qualitatively change
the ability of the BBB and BCSFB like monolayers to
counteract the celiprolol permeation to their receiv-
ing compartments, as reported in figure S2.

3.4. Simulated OA of celiprolol
OA of celiprolol was simulated by adding it to the
apical (or luminal) compartment mimicking the
intestinal lumen (25 µM final concentration) and
measuring its permeation to the basolateral compart-
ment mimicking the bloodstream; then, the ability

Figure 5. Simulation of intravenous (IVA) or oral (OA)
administrations of celiprolol and its permeation in the
CNS using the CELLBLOKS® platform with the configur-
ation obtained in the presence of IB. (A) Concentrations
of celiprolol in the receiving compartments mimicking
the brain parenchyma (receiver BBB) or the CSF (receiver
BCSFB) 60 min and 120 min after its introduction in the
bloodstream-mimetic channel (7.5 µM final concentration,
simulated IVA). The same measurements were performed
also in the absence of cell monolayers (receiver-cell free fil-
ters) mimicking the BBB and BCSFB. (B) Concentrations
of celiprolol in the bloodstream-mimetic channel (blood-
stream receiver from IB) 60 min and 120 min after its intro-
duction in the apical compartment mimicking the intestinal
lumen (25 µM final concentration, simulated OA). The
same measurements were performed also in the absence of
cell monolayers (bloodstream receiver from cell-free filters).
(C) Celiprolol concentrations in the central-mimicking
compartments (receiver BBB or receiver BCSFB) after per-
meation from the blood donor mimicking channel reached
after simulated OA. The same measurements were per-
formed also in the absence of cell monolayers. Data are
expressed as the mean± SEM of four independent experi-
ments (n= 4). ∗P < 0.0001; ND= no detected.

of celiprolol to permeate in the BBB- and BCSFB-
like receiver compartments was further evaluated. As
above described, all these measurements were per-
formed both in the absence (cell-free filters) and in
the presence of cell monolayers.

In figure 5(B) it is evidenced that in the absence
of cell monolayers, the celiprolol concentrations
detected in the bloodstream-like compartment were

10



Biofabrication 18 (2026) 025013 B Pavan et al

3.62 ± 0.31 µM and 5.36 ± 0.43 µM at 60
and 120 min, respectively, whereas in the presence
of IEC-6 cell monolayer the concentrations were
0.60 ± 0.08 µM and 0.92 ± 0.11 µM, respect-
ively (table 2). In this case, the corresponding R/D
ratio values decreased from 0.196 ± 0.021 and
0.321 ± 0.032 (cell-free filters) at 60 and 120 min,
respectively, to 0.033 ± 0.007 and 0.049 ± 0.009 (fil-
ters with IEC-6 monolayers) (table 2). These data
indicate that the IB like cell monolayer was effica-
cious in simulating the physiological barriers between
the intestinal lumen and the bloodstream, being its
presence able to significantly reduce (P < 0.0001)
the permeation of celiprolol across the filter of the
CELLBLOKS® platform, evidencing a decrease of the
R/D ratio value of about the 85%.

The configuration of CELLBLOKS® system built
in the absence of cell monolayers allowed to evidence
that celiprolol not only reached the bloodstream-
like donor channel after its simulated OA (as above
described), but it was also able to permeate and
achieve measurable concentrations in cell-free filters
receiver compartmentmimicking the CNS, after both
60 min and 120 min (figure 5(C)) reaching the val-
ues of 0.25 ± 0.02 µM and 0.64 ± 0.03 µM, respect-
ively (table 2). In this case, the corresponding R/D
ratio values were calculated as 0.070 ± 0.008 and
0.119 ± 0.011, respectively (table 2). The configura-
tion of CELLBLOKS® system built in the presence of
cellmonolayerswas used to evaluate the ability of celi-
prolol to permeate in the mimicking BBB and BCSFB
receiving compartments after its simulated OA. At
these conditions, celiprolol was able to reach the
bloodstream-like donor channel, as above described,
but it appeared undetectable in the BBB- and BCSFB-
delimited receiver compartments after 60 min and
120min of the simulated OA (figure 5(C)), indicating
its inability to reach the central compartments, where
the R/D ratio values were zero (table 2). Therefore,
the results of the permeations obtained in the pres-
ence of the IB-, BBB- and BCSFB-like cell monolay-
ers in the CELLBLOKS® platform became crucial to
recognize in vitro the inability of celiprolol to reach
the CNS normally observed in vivo after its OA [16].

3.5. Simulated IVA of eugenol
Figure 6(A) reports a comparison of simulated
IVA of eugenol between the configuration of the
CELLBLOKS® system with cell-free filters and the
configuration in the presence of IB, BBB, and BCSFB
(described in figure 3(A)). In particular, the con-
centrations of eugenol in the central-mimicking
receiver compartment of the cell-free filter were
0.56 ± 0.03 µM and 0.92 ± 0.04 µM, respectively,
60 and 120 min after its addition (7.5 µM final con-
centration at time zero) in the bloodstream-mimetic
channel of CELLBLOKS® platform (simulation of
IVA). At the same times, the eugenol concentrations
in the donor compartment were 5.00± 0.40 µM and

Figure 6. Simulation of intravenous (IVA) or oral (OA)
administrations of eugenol and its permeation in the CNS
using the CELLBLOKS® platform with the configuration
obtained in the presence of IB. (A) Concentrations of
eugenol in the receiving compartments mimicking the
brain parenchyma (receiver BBB) or the CSF (receiver
BCSFB) 60 min and 120 min after its introduction in the
bloodstream-mimetic channel (7.5 µM final concentration,
simulated IVA). The same measurements were performed
also in the absence of cell monolayers (receiver cell-free fil-
ters) mimicking the BBB and BCSFB. (B) Concentrations of
eugenol in the bloodstream-mimetic channel (bloodstream
receiver from IB) 60 min and 120 min after its introduction
in the apical compartment mimicking the intestinal lumen
(25 µM final concentration, simulated OA). The same
measurements were performed also in the absence of cell
monolayers (bloodstream receiver from cell-free filter). (C)
Eugenol concentrations in the central-mimicking compart-
ments (receiver BBB or receiver BCSFB) after permeation
from the blood donor mimicking channel reached after
simulated OA. The same measurements were performed
also in the absence of cell monolayers. Data are expressed as
the mean± SEM of four independent experiments (n= 4).
∗P < 0.0001.

3.85 ± 0.07 µM, respectively, allowing to obtain the
R/D ratio values of 0.112 ± 0.011 at 60 min and
0.239± 0.011 at 120min,whichwere not significantly
different from the corresponding celiprolol ones, as
reported in table 1.

The presence of the BBB and BCSFB-like cell
monolayers on the filters did not induce a decrease
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of the eugenol permeation in the receiving com-
partments of CELLBLOKS® platform (figure 6(A)),
differently from what was described for celiprolol
(figure 5(A)). In particular, the eugenol concen-
trations in the BBB receiving compartments were
0.62 ± 0.10 µM at 60 min and 0.99 ± 0.10 µM
at 120 min, or 0.35 ± 0.02 µM at 60 min and
0.82 ± 0.03 µM at 120 min in the BCSFB receiving
compartment (table 1). Based on these data, the R/D
ratio values of eugenol crossing the BBB and BCSFB
filters were 0.114± 0.018 at 60min and 0.224± 0.024
at 120 min for the BBB filters, or 0.064 ± 0.004 at
60 min and 0.186 ± 0.010 at 120 min for the BCSFB
filters (table 1).

As evidenced in figure 6(A), the concentrations
of eugenol in the BBB or BCSFB receiving compart-
ments were not significantly different after its per-
meation across the cell-free filters or the filters with
the cell monolayers. This result indicates that the BBB
and BCSFB mimetic monolayers do not constitute
barriers for the eugenol permeation and this beha-
viour appears completely different compared to that
of celiprolol. Indeed, as evidenced in figure 7, the
R/D ratio values related to the eugenol permeation
across the filters without cell monolayers were not
significantly changed by the presence of the BBB- or
BCSFB-mimicking cell monolayers, whereas in the
case of celiprolol the R/D ratio values were signific-
antly lowered.

On the other hand, the IB-like monolayer
appeared as an efficient barrier for eugenol between
the bloodstream and the intestinal lumen. Indeed,
the concentrations of this compound in the IB
receiving compartment were 0.17 ± 0.01 µM and
0.29± 0.01 µMat 60 and 120min, allowing to obtain
R/D ratio values of 0.032± 0.001 and 0.066± 0.001,
respectively (table 1). According to these data, the
reduction of eugenol permeation across the filters in
the presence of IB can be quantified by a decrease of
R/D ratio of 72%, after two hours of incubation.

Table 1 reports also the results obtained by the IVA
simulation of eugenol using the CELLBLOKS® con-
figuration obtained in the absence of IB which is rep-
resented in figure 3(B). It can be observed that the
absence of the IB does not qualitatively change the
aptitude of the BBB and BCSFB like monolayers to
allow the eugenol permeation to their receiving com-
partments, as reported in figure S3.

3.6. Simulated OA of eugenol
OA of eugenol was simulated by its adding to the
gut mimetic apical (or luminal) compartment delim-
ited by IEC-6 cell monolayer (25 µM final con-
centration) and measuring its permeation to the
bloodstream-like basolateral compartment; then, the
ability of eugenol to permeate into the BBB and
BCSFB mimetic receiver compartments was further

Figure 7. Simulation of intravenous administration (IVA)
of celiprolol or eugenol and their permeation in the CNS
in the CELLBLOKS® platform: receiver recovery ratio
(R/D ratio) values of each compound between receiving
compartments mimicking the brain parenchyma (defined
by filters with BBB cells) or the CSF (defined by filters
with BCSFB cells) and the bloodstream-mimetic chan-
nel. The same measurements were performed also in the
absence of cell monolayers (cell-free filters) mimicking the
BBB and BCSFB. Data are expressed as the mean± SEM
of four independent experiments. ∗∗∗ P < 0.001; ∗∗∗∗

P < 0.0001; ns= no significant difference.

evaluated. As above described, all these measure-
ments were performed both in the absence (cell-free
filters) and in the presence of cell monolayers.

Figure 6(B) evidences that in the absence of
cell monolayers, the eugenol concentrations detec-
ted in the mimicking bloodstream compartment
were 2.73 ± 0.14 µM and 2.48 ± 0.13 µM at 60
and 120 min, respectively, whereas in the presence
of IEC-6 cell monolayer the concentrations were
0.84 ± 0.05 µM and 0.99 ± 0.06 µM, respect-
ively (table 2). In this case, the corresponding R/D
ratio values decreased from 0.187 ± 0.010 and
0.287 ± 0.015 (cell-free filters) at 60 and 120 min,
respectively, to 0.039 ± 0.003 and 0.064 ± 0.005 (fil-
ters with IEC-6 monolayers) (table 2). These data
indicate that the IB-like cell monolayer is effica-
cious in simulating the physiological barriers between
the intestinal lumen and the bloodstream, being its
presence able to significantly reduce (P < 0.0001)
the permeation of eugenol across the filter of the
CELLBLOKS® platform, evidencing a decrease of the
R/D ratio value of about the 79%.

The configuration of CELLBLOKS® system built
in the absence of cell monolayers allowed to evid-
ence that eugenol not only reached the bloodstream-
like donor channel after its simulated OA (as above
described), but it was also able to permeate and
achieve measurable concentrations in cell-free filters
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Table 1. Simulation of intravenous administration (IVA) of celiprolol or eugenol and their permeation in the CNS across BBB or BSCFB by using the CELLBLOKS® system assembled in the presence or in the absence of IEC-6
simulating the intestinal barrier IB): the concentrations (µM) of each compound were detected in the donor compartment ‘D’ (bloodstream-mimetic channel of CELLBLOKS® platform) and in the receiver compartments ‘R’
mimicking the intestinal lumen (IB), the CSF (BCSFB) or the brain parenchyma (BBB) at 0, 60, and 120 min following their incubation of 7.5 µM in the bloodstream-mimetic channel. The measurements were also performed in the
complete absence (cell-free filters) of the cell monolayers mimicking the IB, BBB or BCSFB. For each condition evaluated, the receiver recovery ratio (R/D ratio) values are reported. Data are expressed as the mean± SEM of four
independent experiments (n= 4).

Celiprolol, IVA simulation

CELLBLOKS® system assembled
in the presence of IB

CELLBLOKS® system assembled
in the absence of IB

CELLBLOKS® system assembled
in the complete absence of cells

Time (min) Filters with IB Filters with BBB Filters with BCSFB Filters with BBB Filters with BCSFB BBB, BCSFB or IB cell-free filters

Receiving (R) 0 0 µM 0 µM 0 µM 0 µM 0 µM 0 µM
60 0.15± 0.01 µM 0.20± 0.03 µM 0.18± 0.01 µM 0.31± 0.01 µM 0.18± 0.01 µM 0.65± 0.01 µM
120 0.35± 0.02 µM 0.40± 0.07 µM 0.43± 0.03 µM 0.42± 0.04 µM 0.31± 0.01 µM 1.28± 0.03 µM

Donor (D) 0 7.50± 0.16 µM 7.50± 0.16 µM 7.50± 0.16 µM 7.50± 0.12 µM 7.50± 0.12 µM 7.50± 0.12 µM
60 5.06± 0.36 µM 5.06± 0.36 µM 5.06± 0.36 µM 5.24± 0.11 µM 5.24± 0.11 µM 5.24± 0.06 µM
120 4.92± 0.38 µM 4.92± 0.38 µM 4.92± 0.38 µM 4.75± 0.15 µM 4.75± 0.15 µM 4.71± 0.09 µM

Ratio (R/D) 0 0 0 0 0 0 0
60 0.029± 0.003 0.039± 0.006 0.035± 0.003 0.059± 0.002 0.034± 0.002 0.124± 0.002a

120 0.070± 0.007 0.081± 0.016 0.087± 0.009 0.088± 0.009 0.066± 0.003 0.272± 0.008b

Eugenol, IVA simulation

CELLBLOKS® system assembled
in the presence of IB

CELLBLOKS® system assembled
in the absence of IB

CELLBLOKS® system assembled
in the complete absence of cells

Time (min) Filters with IB Filters with BBB Filters with BCSFB Filters with BBB Filters with BCSFB BBB, BCSFB or IB cell-free filters

Receiving (R) 0 0 µM 0 µM 0 µM 0 µM 0 µM 0 µM
60 0.17± 0.01 µM 0.62± 0.10 µM 0.35± 0.02 µM 0.55± 0.05 µM 0.35± 0.04 µM 0.56± 0.03 µM
120 0.29± 0.01 µM 0.99± 0.10 µM 0.82± 0.03 µM 0.89± 0.08 µM 0.75± 0.04 µM 0.92± 0.04 µM

Donor (D) 0 7.50± 0.11 µM 7.50± 0.11 µM 7.50± 0.11 µM 7.50± 0.09 µM 7.50± 0.09 µM 7.50± 0.11 µM
60 5.46± 0.21 µM 5.46± 0.21 µM 5.46± 0.21 µM 4.82± 0.63 µM 4.82± 0.63 µM 5.00± 0.40 µM
120 4.40± 0.08 µM 4.40± 0.08 µM 4.40± 0.08 µM 3.79± 0.04 µM 3.79± 0.04 µM 3.85± 0.07 µM

Ratio (R/D) 0 0 0 0 0 0 0
60 0.032± 0.001 0.114± 0.018 0.064± 0.004 0.114± 0.018 0.072± 0.013 0.112± 0.011a

120 0.066± 0.001 0.224± 0.024 0.186± 0.010 0.234± 0.021 0.198± 0.011 0.239± 0.011b

a Values not significantly different from each other (P > 0.05).
b Values not significantly different from each other (P > 0.05).
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Table 2. Simulation of oral administration (OA) of celiprolol or eugenol considering their permeation across the IB and then across BBB or BSCFB. In the CELLBLOKS® platform the IB separates the mimicked intestinal lumen
(Donor compartment ‘D’) from the bloodstream-mimetic channel (Receiving compartment ‘R’); the BBB separates the mimicked brain parenchyma (Receiving compartment ‘R’) from the bloodstream-mimetic channel (in this case
Donor Compartment ‘D’); the BCSFB separates the mimicked CSF (Receiving compartment ‘R’) from the bloodstream-mimetic channel (in this case Donor Compartment ‘D’). The measurements were performed in the absence
(cell-free filters) and in the presence of the cell monolayers mimicking the IB, BBB or BCSFB. For each condition evaluated, the receiver recovery ratio (R/D ratio) values are reported. Data are expressed as the mean± SEM of four
independent experiments (n= 4).

Celiprolol, OA

CELLBLOKS® systems assembled without cell monolayers (cell-free filters)

Time (min) IB cell-free filters BBB or BCSFB cell-free filters

Receiving compartment (R) 0 0 µM 0 µM
60 3.62± 0.31 µM 0.25± 0.02 µM
120 5.36± 0.43 µM 0.64± 0.03 µM

Donor compartment (D) 0 25.00± 0.19 µM 0 µM
60 18.42± 1.10 µM 3.62± 0.31 µM
120 16.73± 0.96 µM 5.36± 0.43 µM

Ratio (R/D) 0 0 —
60 0.196± 0.021 0.070± 0.008
120 0.321± 0.032 0.119± 0.011

Celiprolol, OA

CELLBLOKS® systems assembled with cell monolayers (filters with cells)

Time (min) Filters with IB Filters with BBB Filters with BCSFB

Receiving compartment (R) 0 0 µM 0 µM 0 µM
60 0.61± 0.08 µM 0 µM 0 µM
120 0.92± 0.11 µM 0 µM 0 µM

Donor compartment (D) 0 25.00± 0.13 µM 0 µM 0 µM
60 18.05± 1.93 µM 0.61± 0.08 µM 0.61± 0.08 µM
120 18.65± 1.30 µM 0.92± 0.11 µM 0.92± 0.11 µM

(Continued.)
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Table 2. (Continued.)

Ratio (R/D) 0 0 — —
60 0.033± 0.007 0 0
120 0.049± 0.009 0 0

Eugenol, OA

CELLBLOKS® systems assembled without cell monolayers (cell-free filters)

Time (min) IB cell-free filters BBB or BCSFB cell free filters

Receiving compartment (R) 0 0 µM 0 µM
60 2.73± 0.14 µM 0.23± 0.03 µM
120 2.48± 0.13 µM 0.45± 0.04 µM

Donor compartment (D) 0 25.00± 0.17 µM 0 µM
60 14.61± 0.08 µM 2.73± 0.14 µM
120 8.63± 0.05 µM 2.48± 0.13 µM

Ratio (R/D) 0 0 —
60 0.187± 0.010 0.085± 0.012
120 0.287± 0.015 0.180± 0.019

Eugenol, OA

CELLBLOKS® systems assembled with cell monolayers (filters with cells)

Time (min) Filters with IB Filters with BBB Filters with BCSFB

Receiving compartment (R) 0 0 µM 0 µM 0 µM
60 0.84± 0.05 µM 0.11± 0.02 µM 0.10± 0.02 µM
120 0.99± 0.06 µM 0.20± 0.03 µM 0.25± 0.04 µM

Donor compartment (D) 0 25.00± 0.15 µM 0 µM 0 µM
60 21.47± 0.93 µM 0.84± 0.05 µM 0.84± 0.05 µM
120 15.59± 0.72 µM 0.99± 0.06 µM 0.99± 0.06 µM

Ratio (R/D) 0 0 — —
60 0.039± 0.003 0.126± 0.026 0.093± 0.025
120 0.064± 0.005 0.203± 0.033 0.253± 0.043
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receiver compartmentmimicking the CNS, after both
60 min and 120 min (figure 6(C)) reaching the val-
ues of 0.23 ± 0.03 µM and 0.45 ± 0.04 µM, respect-
ively (table 2). In this case, the corresponding R/D
ratio values were calculated as 0.085 ± 0.012 and
0.180 ± 0.019, respectively (table 2). The configur-
ation of CELLBLOKS® system built in the presence
of cell monolayers was used to evaluate the ability
of eugenol to permeate in the mimicking BBB and
BCSFB receiving compartments after its simulated
OA. At these conditions, eugenol was able to reach the
bloodstream-like donor channel, as above described;
moreover, differently from celiprolol, its further abil-
ity to permeate in the BBB- and BCSFB-delimited
receiver compartments appeared not counteracted
by the presence of the cell monolayers. Indeed, the
eugenol concentrations in the BBB receiving com-
partments were 0.11 ± 0.02 µM at 60 min and
0.20 ± 0.03 µM at 120 min, or 0.10 ± 0.02 µM at
60 min and 0.25± 0.04 µM at 120 min in the BCSFB
receiving compartment (table 2). In this case, the R/D
ratio values of eugenol crossing the BBB and BCSFB
filters were 0.126± 0.026 at 60min and 0.203± 0.033
at 120 min for the BBB filters, or 0.093 ± 0.025 at
60 min and 0.253 ± 0.043 at 120 min for the BCSFB
filters (table 2). These data confirm themarked ability
of eugenol to penetrate in central compartments from
the bloodstream mimetic channel in comparison to
celiprolol, whose ability at the same conditions was
zero.

3.7. Dopaminergic neuron-like PC12 cells were
induced to release DA by eugenol crossing BBB and
BCSFB
A further experimental approach combining
CELLBLOKS® and NANOSTACKS™ was designed
to test whether eugenol, after crossing the brain bar-
riers via simulated IVA or OA, could reach the effect-
ive concentration to elicit dopaminergic neuronal
activity in terms of DA release in neuron-like com-
partments.

To this end, brain dopaminergic networks were
mimicked by growing differentiated PC12 cells for
14 d into neuronal-like cells on NANOSTACKS™
inserts with 100 ng ml−1 NGF and subsequently
placed inside the blocks delimited by the BBB and
BCSFB immediately prior to the beginning of per-
meation experiments, where eugenol was added dir-
ectly in the bloodstream-like channel for simulated
IVA (7.5 µM final concentration) or in the apical
side of IB for simulated OA (25 µM final concen-
tration), as described above. Indeed, as shown in
figure 8, in both IVA and OA simulated conditions,
eugenol reached a concentration suitable to evoke
a DA release from neuron-like differentiated PC12
cells on NANOSTACKS™ inserts (figure 8(A)), both
at 60 min and 120 min after crossing the BBB and
BCSFB and accumulating into the respective com-
partments (figure 8(B)).

In the IVA simulated conditions, eugenol reached
a concentration of 0.55 ± 0.05 µM after 60 min and
0.89 ± 0.08 µM after 120 min in the BBB-delimited
compartment (figure 8(B)), inducing a DA release
of 1200 ± 12 pg ml−1 and 7839 ± 126 pg ml−1,
respectively, from PC12 cells (figure 8(A)). It should
be noted that while the eugenol concentration nearly
doubled when the permeation period was exten-
ded from 60 to 120 min (P < 0.001; figure 8(B),
the corresponding DA release increased approxim-
ately 6.5-fold (P < 0.0001; figure 8(A)). A similar
result was observed in the BCSFB-delimited com-
partment, where eugenol reached a concentration
of 0.35 ± 0.04 µM after 60 min of incubation and
increased to 0.75 ± 0.04 µM after 120 min, show-
ing nearly two-fold increase (P < 0.0001; figure 8(B);
the corresponding DA release was quantified as
1958 ± 174 pg ml−1 at 60 min and then increased
to 7922 ± 434 pg ml−1 at 120 min, indicating
an approximately four-fold increase (P < 0.0001;
figure 8(A)). Furthermore, no statistical differences
were observed between the eugenol concentrations
reached in the BBB- and BCSFB-delimited com-
partments at the same incubation time (60 min
or 120 min) (figure 8(B), and the same result was
reflected in the DA release from PC12 cells on
NANOSTACKS™ inserts placed in the same compart-
ments (figure 8(A)).

In OA simulated conditions, eugenol reached
a concentration of 0.11 ± 0.02 µM after 60 min
of incubation and 0.20 ± 0.03 µM after 120 min
in the BBB-delimited compartment (figure 8(B)),
inducing a DA release of 1458 ± 235 pg ml−1

and 8734 ± 172 pg ml−1, respectively, from PC12
cells (figure 8(A)). Although no statistically signi-
ficant differences in eugenol concentrations were
observed between 60 min and 120 min of incub-
ation (figure 8(B)), the corresponding DA release
from PC12 cells increased approximately 6-fold
(P < 0.0001; figure 8(A)). A similar result was
observed in the BCSFB-delimited compartment,
where no statistically significant differences in
eugenol concentrations were observed between
60 min and 120 min of incubation, with values cor-
responding to 0.08 ± 0.02 µM and 0.25 ± 0.04 µM,
respectively (figure 8(B), whereas the correspond-
ing DA release from PC12 cells was quantified at
1231± 41 pgml−1 at 60min and 7913± 418 pgml−1
at 120min, indicating a six-fold increase (P< 0.0001;
figure 8(A)).

As observed in IVA simulated conditions, the
eugenol concentrations reached in the BBB- and
BCSFB-delimited compartments were not statistic-
ally significant different at the same incubation time
of 60min or 120min (figure 8(B), and the same result
was displayed as DA release from PC12 cells placed in
the same compartments (figure 8(A)).

Finally, the baseline DA release values at 60 min
(509± 58 pgml−1) and 120min (683± 123 pgml−1)
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Figure 8. Time-dependence of eugenol-induced dopamine release from PC12 cells in NANOSTACKS™. (A) DA released by PC12
cells inside the BBB- and BCSFB-delimited neuronal-like compartments and stimulated by eugenol following a simulated IVA
(7.5 µM in the bloodstream-like channel) or OA (25 µM in the apical side of IB) after 60- and 120 min. (B) Corresponding
eugenol concentrations, reached after 60 and 120 min in the BBB- and BCSFB-delimited neuronal compartments, that induced
DA release. In both (A) and (B) plots, data were expressed as mean± SEM of n= 4 independent measures and analysed by two-
way ANOVA, followed by Tukey’s multiple comparisons test. ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; ns: not significant.

were significantly lower (P < 0.05) than the cor-
responding eugenol-induced DA release values from
PC12 cells, showed in figure 8(A). Although a slight
increase in baseline DA release was observed at
120min compared to 60min, the two values were not
statistically different from each other. Therefore, a not
significant contribution of baseline to the stimulation
of eugenol-induced DA release from PC12 cells was
observed.

4. Discussion

The design of cell-based models is currently required
for in vitro studies aimed to predict the intestinal per-
meability of potential new drugs and their potential
ability to permeate in the CNS. The availability of this
type of models can allow, indeed, to reduce the use of

animal models when studying the ability of potential
new neuroactive drugs to target their therapeutic site.

In this context, the ability to engineer compart-
ment permeability is critical for in vitro systems to
achieve sustainability, robustness, and complexity,
considering that biological compartments delimited
by physiological barriers rely on dynamically con-
trolled permeability for substance exchange and com-
plex cellular activities. The design of in vitro com-
partments with these characteristics is therefore con-
sidered a challenge [17, 18]. Recently, a microfluidic
platformhas been proposed byXavier and co-workers
as a robust in vitro model for studies related to
OA of new compounds, in particular for their bio-
accessibility and intestinal permeability [18].

CELLBLOKS®, a new MPS developed and pat-
ented by Revivocell, is here proposed for the first
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time to perform in vitro studies combining intest-
inal permeability with subsequent BBB and BCSFB
permeability of model compounds through sys-
temic distribution measurements and comparing
IVA with OA in parallel. This platform is suitable
for creating pre-established combinations of appro-
priate cell monolayers in vitro simulating several
physiological barriers that protect and restrict spe-
cific microenvironments, such as the brain paren-
chyma, the CSF, the intestinal lumen or the blood-
stream, while allowing the selective exchange of sub-
stances between them, exactly as it occurs in the
body.

Although primary human cerebral microvessel
endothelial cells would ideally be the model of
choice for BBB in vitro, the poor availability of fresh
human brain non-tumoral tissue makes them use-
less. Therefore, in our study, the hCMEC/D3 cell line
was used as well recognized cell model of the human
BBB suitable for molecular studies on drug transport
mechanisms with relevance to the CNS [19].

HRPE cell line was chosen as in vitro model of
choroid plexus epithelium (CPE), since high level
of morphological and functional correspondence
between these neuro-epithelia has been extensively
demonstrated [11, 12, 20, 21]. Therefore, we utilized
establishedHRPE cell line as easier to be retrieved and
cultured than primary human CPE cells, taking also
into account that there is no evidence indicating avail-
ability of a primary or immortalized cell culture of
pathologically unaltered human CPE [22, 23].

In order to simulate the IB in the CELLBLOKS®
system, we have firstly considered the properties of
two human cellular lines, Caco and human intest-
inal epithelial cells (HIEC), potentially available for
in vitro permeation studies. Caco cell lines have a
colonic cancerous origin, inducing in the cell mono-
layers structural and functional features different
than those of small bowel cells. In particular, higher
TEER values (due to stronger tight junctions) are
known to cause in vitro systematic underestimations
of drug paracellular diffusion kinetics; moreover,
altered expression of transporters and enzymes does
not allow to optimize the in vitro intracellular diffu-
sion kinetic studies [24, 25]. Caco cells may be co-
cultured with other cell types, such as fibroblasts,
Goblet cells, and endothelial cells to generate more
predictable models [24, 25]. This approach (requir-
ing 21 d of co-culture) has been applied by using
transwell insert systems [24–26], but its application
to CELLBLOKS® system appeared to us not ease
of manipulation for a potential industrial scale-up
aimed to qualitatively study in vitro the potential abil-
ity of a neuroactive agent to reach the brain after OA.

As alternative to Caco cell lines, HIEC were sug-
gested to replicate important properties of the human
small intestine domain [27] but, unfortunately, the
opportunity to obtain cell monolayers characterized
by TEER values similar to those of human small

intestine does not appear reproducible, because of the
embryonic origin of this cell line [28].

The aspects above described induced us to choose
the IEC-6 cells as simulated IB for the CELLBLOKS®
system. The IEC are a non-transformed cell line
derived from rat small intestinal cells, whose mono-
layers are characterized by TEER values compar-
able to the small intestine part of the ileum [24].
The effective permeability of compounds absorbed
by paracellular or intercellular routes evidence values
in the same order of magnitude in human and rat
small intestine, even if slightly lower for rat species
[25]. The IEC cells appeared therefore characterized
by ease of manipulation to build a simulated IB in
theCELLBLOKS® system, allowing to obtain amono-
layer showing an acceptable correlation with human
intestinal drug permeability, despite presenting inter-
species variability [29, 30]. Specifically, we considered
the correlation to be acceptable given the aim of our
work, which proposes an in vitro model, relatively
easy to handle, for a qualitative evaluation of the abil-
ity of potential neuroactive agents to reach the brain
after having crossed the intestinal membrane and/or
those between the bloodstream and the CNS.

In the CELLBLOKS® system, the specific
microenvironments were simulated by seeding the
cells on specific sides of the filter membranes of the
barrier blocks. In particular, we considered that the
basolateral side of both polarized endothelial and epi-
thelial cells is involved in their adhesion to the filter
membranes [31–33]. As a consequence, the chan-
nel simulating the bloodstream was constituted not
only by its position below the three barrier blocks
(figures 2 and 3), but also because it faced the apical
side of hCMEC/D3 endothelial monolayer simulat-
ing the BBB and the basolateral side of HRPE and
IEC-6 monolayers, simulating the BCSFB and IB,
respectively. Likewise, the barrier blocks that replic-
ate the brain parenchyma, CSF, and intestinal lumen
were established not only by their position above the
‘bloodstream’ channel, but also because they faced the
basolateral side of hCMEC/D3 endothelialmonolayer
and the apical side of HRPE and IEC-6 monolayers,
respectively.

Despite the bloodstream faced in vivo the
endothelial cells of the intestinal and BCSFB ves-
sels, we have not replicated their presence in the
CELLBLOKS® system; in other words, we did not
seed themon the side of the barrier block filters which
are opposite to those of HRPE and IEC-6 cells. We
made this decision considering that the endothelial
cells in the capillaries of choroid plexus lack tight
junctions, allowing for the rapid passage through
fenestrations of molecules of up to 12 nm [34, 35]
and, similarly, the endothelial cells constituting the
Gut Vascular Barrier display fenestrations that pro-
mote the rapid absorption of nutrients selected by the
epithelial cells, preventing the passage into the blood-
streamof bacteria and their derived products [36, 37].
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As a consequence, the presence of the endothelial cells
in the CELLBLOKS® system did not appear crucial
in regulating the permeation of substances across
the IB and BSCFB simulated by IEC-6 and HRPE
cells, respectively. On the other hand, the absence
of endothelial cells contributed to the relative ease
of managing and reproducibility the CELLBLOKS®
system, allowing to perform the permeation studies
within a maximum of 12 d culture period after cell
seeding.

To verify the suitability of cell monolayers as func-
tional barrier in CELLBLOKS® system, the integ-
rity of each of them was firstly assessed by meas-
urements of their TEER values, considered indicat-
ive of their degree of tight and functional barrier.
TEER is indeed awell-recognizedmeasure of the ionic
permeability of cell layers, which reveals the elec-
trical capacitance of the barrier [23]. TEER can be
related to several features of the cellular barriers, such
as the amount and complexity degree of functional
tight junctions and the expression of microvilli or
other membrane invaginations. Consequently, TEER
measurement is currently accepted as a non-invasive
quantitativemethod able to reflect similarity to in vivo
situations [23], providing themost selective approach
to assess barrier integrity [38]. As shown in figure 4,
the semipermeable membrane (polyethylene tereph-
thalate material with 1 µm pore size) chosen as sup-
port for cell monolayers and constituting barrier
blocks in the CELLBLOKS® platform appeared suit-
able for IEC-6, HRPE and hCMEC/D3 cell mono-
layers to develop TEER values comparable to those
obtained in other commercial cell culture inserts for
hCMEC/D3 cells (∼60 Ω cm2 in transwell corning
inserts [39]) or HRPE cells (∼80 Ω cm2 in Millicell
inserts [40]) or IEC-6 cells (∼50 Ω cm2 in cellQART
inserts [41]).

Immunofluorescence staining has been also
performed to assess the integrity of tight junc-
tions in IEC-6, HRPE, and hCMEC/D3 cell mono-
layers cultured in CELLBLOKS®, including the
zonula occludens (ZO) family of scaffolding pro-
teins, namely ZO-1, and the family of tetraspan
transmembrane proteins, such as occludin [14].
Immunofluorescence approach appears useful,
indeed, as a complementary validation to the TEER
measurements obtained from the same cell mono-
layers, enabling the correlation between protein
expression and the functional tightness of the cel-
lular barrier [15].

The immunofluorescence staining of ZO-1 pro-
tein and occludin evidenced their presence as dis-
tinct strands along the membrane of all three types
of cell layers (figures S1(A) and (B)), aligning with
their TEER values. Specifically, ZO-1 protein is recog-
nized as a scaffolding protein, anchoring the tight
junction to the actin component of the cytoskeleton
and it appears necessary for the barrier polarisation

[42]. Occludin, besides being another crucial pro-
tein for anchoring adjacent cells [15], is also involved
in the preservation of cell surface polarity, allow-
ing to restrict the diffusion of lipids in the outer
leaflet of the plasma membrane [42]. The results
reported in figures S1(A) and (B) suggest, there-
fore, that endothelial, intestinal, and choroid-like epi-
thelial cells differentiated in the CELLBLOKS® sys-
tem into functional cell monolayer and interacted
with neighbouring cells in terms of cell-cell interac-
tions. These monolayers were therefore considered
appropriate in mimicking specific physiologic barri-
ers in vivo.

In the CELLBLOKS® platform built as reported in
figures 2 and 3, IVA orOAwere simulated by introdu-
cing the compounds in the bloodstream-like channel
or in the barrier blocks containing the intestinal (IEC-
6 cells) monolayers, respectively. Then, sample with-
drawal at fixed time points from the bloodstream-
like channel allowed to study the permeability of
the compounds across the IB, whereas sample with-
drawal from the barrier blocks delimited by IB, BBB
(hCMEC/D3 cells) or BCSFB (HRPE cells) monolay-
ers allowed to evaluate the permeation ability of the
compounds in the intestinal lumen (in the case of IVA
simulation), brain parenchyma or the CSF, respect-
ively, from the bloodstream.

As model compounds, celiprolol and eugenol
were chosen taking into account their known differ-
ent ability to permeate in the CNS from bloodstream
in vivo: very poor for celiprolol [7] and very pro-
nounced for eugenol [3].

These compounds were firstly studied in the
CELLBLOKS® platform by simulating their IVA, con-
sidering that administration of drugs directly into the
venous system, thereby circumventing the process of
absorption, is utilized when an immediate drug effect
or a very exact drug level in blood is required [43]. In
this case the compoundswere introduced in the blood
mimetic channel at the final concentration of 7.5 µM,
a value chosen because near to the highest plasmatic
celiprolol concentration detected in the bloodstream
of humans following its administration with doses
higher than the normal therapeutic ones [16]. The
concentration of eugenol introduced in the blood
mimetic channel was the same for a direct compar-
ison between the two compounds, despite this value
is one order of magnitude lower to those found for
eugenol in the bloodstream of rats after its intraven-
ous infusion of 20 mg kg−1, which allowed the per-
meation of this compound in the brain [3]. The con-
centration of 7.5 µM in the blood mimetic chan-
nel appeared, therefore, optimal to verify the abil-
ity of the barriers between blood and CNS to limit
or allow, respectively, the permeation of celiprolol
or eugenol toward the CNS compartments. Indeed,
the celiprolol concentration in the blood channel
was higher than those considered therapeutic in the
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bloodstream of humans [16], whereas the concen-
tration of eugenol was lower than that found in the
rat after IVA which allowed its permeation into the
CNS [3]. At these conditions, the cell monolayers
mimicking the BBB and BCSFB appeared as effica-
cious barriers for the celiprolol permeation from the
bloodstream-like channel to the CNS receiver com-
partments (figure 5(A)), whereas the presence of the
same cell monolayers did not induce a decrease of
the eugenol permeation (figure 6(A)). This aspect was
further confirmed by considering the receiver recov-
ery ratio (R/D ratio) values of the compounds per-
meating across the semipermeable membrane (fil-
ter) supporting the cell monolayers. In particular, as
reported in figure 7, the R/D ratio values were calcu-
lated in the absence (cell-free filters) and in the pres-
ence of cell monolayers (filters with BBB or BCSFB).
The R/D ratio values of celiprolol and eugenol per-
meating across the cell-free filters were almost the
same, as indicated in table 1; in the presence of cell
monolayers those of celiprolol were reduced to up
about the 70% whereas those of eugenol were not
significantly changed. Considering that the R/D ratio
values are related to the distribution of the com-
pounds mediated by the physiologic barriers between
the central and blood compartments, the results
related to IVA simulation of celiprolol and eugenol
with the CELLBLOKS® platform indicate that the
BBB and BCSFB represent strong barriers for the per-
meation of celiprolol from the blood compartment
to the central compartments. On the other hand, the
results obtained for eugenol indicate that BBB and
BCSFB do not represent barriers able to significantly
counteract its permeation from the blood compart-
ment to the central-like receiver compartments, as
reported in figure 7. These results appear in good
agreement with literature data, indicating (i) celipro-
lol as a substrate of P-gp efflux systems, whose expres-
sion in the BBB and BCSFB strongly limits its per-
meation in the brain from the bloodstream [7] and
(ii) eugenol as a compound able to easily permeate in
the CNS following its IVA [3]. The behaviour of the
simulated BBB and BCSFB in the CELLBLOKS® sys-
tem towards celiprolol and eugenol does not appear
influenced by the presence of the simulated IB, which
appears able to counteract the permeation of these
two compounds to its receiving compartment.

The simulated OA of celiprolol and eugenol in the
CELLBLOKS® system allowed to further evidence the
great difference of their ability to permeate in central
compartments from the bloodstream. In this case the
compounds were inserted in the IB block with a final
concentration of 25 µM. This value was chosen being
the highest possible eugenol concentration allowing
to maintain the IEC-6 monolayer integrity, as indic-
ated by TEER measurements by us performed. As a
term comparison for permeation studies, the celipro-
lol concentration was therefore the same for OA sim-
ulation. TEER measurements of IEC-6 monolayers

before and after 2 h of incubation with 25 µM celi-
prolol indicated that the monolayer integrity was not
altered during the permeation experiments. The IEC-
6 monolayer mimicking the IB evidenced their abil-
ity to counteract the permeation of both compounds
(figures 5(B) and 6(B)), a result in good agreement
with literature data indicating celiprolol as a sub-
strate of efflux P-gp also for in vivo gastrointestinal
absorption [44] and eugenol characterized by a poor
oral bioavailability (about 4%) [3].

Interestingly, the celiprolol concentrations detec-
ted in the bloodstream-mimicking channel after
the permeation across the IEC-6 monolayer ranged
between about 0.6 and 0.9µM(230 and 340 ngml−1).
These values are very similar to the Cmax values
obtained in humans after the administration of thera-
peutic doses (100–200 mg, corresponding to about
1.5–3 mg kg−1) [45, 46] or in rats after the admin-
istration of 10 mg kg−1 dose [47]). This condition
appeared therefore suitable to evaluate in vitro the
aptitude of celiprolol to target the simulated cent-
ral compartments, evidencing its inability to per-
meate from the bloodstream-mimicking channel of
the CELLBLOKS® platform to the central-mimicked
receiver compartments (figure 5(C)) by R/D ratio
values equal to zero. This result is in good agree-
ment with literature data which describe celiprolol
as a drug widely distributed in all tissues, with the
exception of the brain, after absorption of therapeutic
doses [16].

The eugenol concentrations detected in the
bloodstream-mimicking channel after the per-
meation across the IEC-6 monolayer ranged between
about 0.8 and 1 µM (140 and 160 ng ml−1), showing
similar values of celiprolol at the same conditions.
These concentrations were poor in comparison to
those of eugenol detected in the bloodstream of rats
after an OA of a 500 mg kg−1 dose, where the Cmax
value was about 20 µM(3.4 µgml−1) [3]. This condi-
tion appeared optimal in order to evaluate the ability
of the CELLBLOKS® platform to indicate the eugenol
aptitude to permeate in the CNS from the blood-
stream after the simulated OA. Accordingly, despite
its relatively low concentration in the bloodstream-
mimicking channel of the CELLBLOKS® platform,
eugenol appeared able to permeate to the CNS-
like receiver compartments (figure 6(C)), eviden-
cing R/D ratio values significantly higher than zero
(ranging between about 0.1 and 0.2). These data,
obtained after the simulation of OA, confirm the
marked aptitude of eugenol to permeate from the
bloodstream to the CNS, as previously found by IVA
simulation. This result is in good agreement with lit-
erature data that indicate eugenol able to permeate
in the CSF of rats after the administration of an oral
dose designed to inhibit its absorption in the blood-
stream, where the plasmatic Cmax value of eugenol
was limited to 1.4 µM (0.23 µg ml−1) [3], a value of
the same order of magnitude of the concentrations
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Figure 9. Receiver recovery ratio (R/D ratio) values
obtained for celiprolol or eugenol after two hours of incub-
ation in the CELLBLOKS® system, where they permeated
from the blood-mimicking channel to central-mimicking
compartments delimitated by cell monolayers (BBB or
BCSFB cells). The R/D ratio values were obtained after IVA
simulation in the absence (cell-free filters) or in the pres-
ence of cell monolayers (filters with BBB or BCSB cells)
and after OA simulation in the presence of cell monolayers.
Data are expressed as the mean± SEM of four independent
experiments. ∗ P < 0.0001; ns= no significant difference;
ND= no detected.

found in bloodstream-mimicking channel after OA
simulation.

The strong different ability between celiprolol
and eugenol to permeate the BBB or BCSFB mim-
icked by the CELLBLOKS® system can be summar-
ized in figure 9, where the recovery ratio (R/D ratio)
of these compounds in the central receiver compart-
ments permeating from the blood-mimicking chan-
nel are reported after two hours of their incubation in
the absence or in the presence of cell monolayers. In
particular, after IVA simulation in the absence of cell
monolayers the R/D values of celiprolol and eugenol
did not appear significantly different from each other,
showing values about 0.25. These R/D values were not
significantly changed, in the case of eugenol, by the
presence of the mimicked BBB or BCSFB, when both
IVA and OA were simulated in the CELLBLOKS®
system, evidencing that these barriers did not coun-
teract the eugenol permeation from the mimicked-
bloodstream channel to mimicked-central levels. On
the contrary, the presence of cell monolayers mimick-
ing the BBBorBCSFBwas detrimental for the celipro-
lol permeation in the central receiver compartments,
as evidenced by the R/D values strongly lowered to
about 0.04 after IVA simulation or reduced to zero
after OA simulation.

The ability of eugenol to permeate across the sim-
ulated BBB and BCSFB monolayers was further con-
firmed by its aptitude to induce DA release from

neuronal-like differentiated PC12 cells located on
NANOSTACKS™, as reported in figures 2 and 3.
We have evidenced that the presence of IB in the
CELLBLOKS® system does not influence the ability
of eugenol to permeate across the simulated BBB and
BCSFB; as a consequence the IVA simulation for this
study was performed using the CELLBLOKS® sys-
tem with the configuration obtained in the absence
of IEC-6 cells (as represented in figure 3(A2)). The
PC12 cell line was chosen to simulate the dopaminer-
gic neurons, despite the rat origin, because recognized
as an essential tool for the nervous system investiga-
tion. In particular, PC12 cells can be easily differenti-
ated into neuron-like cells upon NGF exposure [48]
and they are characterized by neurosecretory cap-
abilities (norepinephrine, catecholamines and DA)
[49]. This cell line was therefore preferred to oth-
ers of human origin, such as SH-SY5Y and IMR-
32, derived from neuroblastoma and evidencing sev-
eral limitations due to death and loss during split-
ting and manipulation. In general, PC12 cells are
preferred for DA release studies (being derived from
rat adrenal medulla) with respect to SH-SY5Y cells,
requiring more efforts to develop a strong dopamin-
ergic phenotype [50]. These reasons led us to con-
sider PC12 cells as a model relatively easy to handle
and suitable to evaluate the ability of eugenol to
induce central effects after its simulated permeation
through blood-CNS barriers. It is noteworthy that
the eugenol-induced DA release from PC12 cells
inside the BBB- or BCSFB-delimited compartments
was comparable at the same incubation time (60
or 120 min) both in IVA and OA simulated condi-
tions, although the eugenol concentrations reached at
the same incubation time (60 or 120 min) were sig-
nificantly different between simulated IVA and OA
(P < 0.01). This in vitro evidence could provide a
good prospective index of penetration in the CNS of
eugenol.

As reported in figure 8, it is noteworthy that fol-
lowing simulated IVA and OA, the eugenol concen-
tration in the BBB- and BCSFB-delimited compart-
ments doubled or remained statistically unchanged
from 60 to 120 min, respectively, while DA release
from PC12 placed in the same compartments
increased up to 6.5-fold after IVA and up to 6-fold
after OA. The observed insignificant contribution of
baseline to the eugenol-stimulated DA release from
PC12 cells allows us to rule out time-dependent
changes in DA release. Moreover, the specificity of
eugenol-induced release is strengthened by consid-
ering nomifensine and pargyline, both inserted in
DA release buffer as DA reuptake and monoamine
oxidase inhibitors, respectively, unable to stimulate
DA release. Nomifensine and pargyline have been
indeed reported as very poorly efficacious in increas-
ing basal concentrations of DA. In particular, a com-
bination of pargyline and nomifensine evidenced a
slight accumulation of basal DA release [51, 52]. Our
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results appear in good agreement with this beha-
viour, allowing us to consider the two compounds
as negative control on DA release in comparison to
the neurotropic agent eugenol. In addition, eugenol-
stimulated DA release is consistent with the time-
and concentration-dependent hormetic behaviour
of eugenol in inducing DA release from PC12 cells,
which showed a biphasic U-shaped trend, as pre-
viously described [3]. In the present work, time-
dependent hormesis of eugenol-induced DA release
from PC12 cells can be clearly observed in simulated
OA,while concentration-dependent hormesis is evid-
ent as the lowest eugenol concentrations reached in
OA induced similar DA release as the highest eugenol
concentrations reached in IVA. The U–shape of dose-
response relationships in neurobiological systems
have been already documented [53]. Due to the hor-
metic dose-response relationship for eugenol efficacy,
therefore, we can argue that a lower dose of eugenol in
IVAmay be sufficient to achieve the same effect asOA-
derived eugenol. The hormetic effects are believed to
support, strengthen and optimize normal neurolo-
gical functions, and protect the brain from a vari-
ety of metabolic, neurodegenerative and traumatic
injuries [53]. Based on its behaviour on dopaminer-
gic neuron-like PC12 cells, eugenol could therefore be
included among the hormesis-based pharmacological
treatments in the dynamics of DA release involved in
brain functions in vivo, such as reward, mood, and
attention.

5. Conclusion

In conclusion, the results described here validate the
CELLBLOKS® and NANOSTACKS™ platforms as
in vitro robust tools for studying the transport of
new neuroactive drugs across physiological barriers
and their functional effects on CNS-like tissues after
their IVA or OA. In particular, the proposed plat-
form appears relatively easy to handle, being based
on cellular lines requiring around two weeks cul-
ture period to be ready for the simulation in vitro
of IB, BBB, BCFSB, and neuronal tissues, allowing
measurements that can be performed via HPLC for
permeation studies. The BBB and BCFSB are sim-
ulated by cells of human origin which contribute
to reduce the interspecies variability related to per-
meation studies of potential new neuroactive agents
in the CNS. The IB is simulated by cells of rodent
origin, characterized by ease of manipulation. These
cells should anyway allow an acceptable correlation
with human intestinal drug permeability in view of
the use of this platform, which is designed for a qual-
itative evaluation of the ability of potential neuroact-
ive agents to reach the brain after having crossed the
intestinalmembrane and/or those between the blood-
stream and the CNS. The platform can also allow

to verify potential functional effects of neuroactive
agents on simulated CNS tissues after mimicking
their BBB or BCSFB crossing. In this case, PC12
cells were grown and differentiated to dopaminergic
neurons onNANOSTACKS™where they releasedDA
after interaction with eugenol, which targeted them
after intravenous or oral mimicked administration.
The PC12 cell line has rodent origins, but offers ease
of differentiation into neuron-like cells, in compar-
ison to human cell lines derived from neuroblastoma;
moreover, the opportunity of verifying from a qual-
itative point of view the existence of central effects,
should be independent on the origin species of the
neuronal cells used.

The current results support therefore the reliabil-
ity of the CELLBLOKS® system to study in vitro the
ability of new potential neuroactive agents to per-
meate in the brain before performing their in vivo
IVA or OA, laying the basis for the development of an
effective in vitro-in vivo correlation (IVIVC) that may
allow the reduction of animal use in research. This
platformmay be proposed for a first in vitro screening
in order to select new neuroactive agents potentially
able to reach the brain after crossing the IB and BBB
or BCSFB, following OA and/or IVA.

As further perspective, the reliability of this
CELLBLOKS® system could be additionally improved
following two strategies: (i) the use of 3D cellular
models on the filters of the barrier blocks and on
NANOSTACKS™; (ii) by incorporating gastrointest-
inal and plasma enzyme pools, alongside hepatic cell
models to simulate first-pass metabolism in oral drug
administration. The improved platforms could allow
to obtain in vitro more accurate and qualitative data
on the potential neuronal activity of the drugs selec-
ted by the first screening performedwith the platform
proposed in this article.
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