
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

2:
43

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Human blood-la
aDepartment of Biomedicine, University Ho

Switzerland. E-mail: marijana.sekulic@unib
bClinic for Otolaryngology, Head and Neck

Switzerland
cInstitute of Pathology, University Hospital B

† Electronic supplementary informa
https://doi.org/10.1039/d3ra04704k

Cite this: RSC Adv., 2023, 13, 25508

Received 13th July 2023
Accepted 14th August 2023

DOI: 10.1039/d3ra04704k

rsc.li/rsc-advances

25508 | RSC Adv., 2023, 13, 25508–
byrinth barrier on a chip: a unique
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Hearing loss is one of the leading causes of disability worldwide, usually as a result of hair cell damage in the

inner ear due to aging, acoustic trauma, or exposure to antibiotics or chemotherapy. No drug therapies can

protect or restore hearing and current in vitro and animal models used in drug discovery have a very low

success rate, mostly due to major differences in anatomy and accessibility of the inner ear environment

between species. The blood-labyrinth barrier (BLB) in the stria vascularis is a highly specialized capillary

network that controls exchanges between the blood and interstitial space in the cochlea. The BLB is

critical for normal hearing, functioning as a physical, transport, and metabolic barrier. To address its

complexity and accessibility, we created the first micro-engineered human model of BLB on a chip using

autogenous progenitor cells from adult temporal bones. We successfully isolated the BLB from post-

mortem human tissue and established an endothelial cell and pericyte culture system on a BLB chip.

Using biocompatible materials, we fabricated sustainable two chamber chips. We validated the size-

dependent permeability limits of our BLB model by measuring the permeability to daptomycin

(molecular weight 1.6 kDa) and midazolam (molecular weight 325.78 Da). Daptomycin did not pass

through the BLB layer, whereas midazolam readily passed through the BLB in our system. Thus, our BLB-

chip mimicked the integrity and permeability of human stria vascularis capillaries. This represents a major

step towards establishing a reliable model for the development of hearing loss treatments.
Introduction

Hearing loss affects more than 5% of people worldwide, yet no
current drug therapies can protect or restore hearing. Pharma-
ceutical drugs, such as chemotherapy and antibiotic therapy,
present ototoxic side effects, negatively affecting hearing. In
addition, noise and age have a negative effect on hearing.1 The
inaccessible location of the inner ear within the cochlea makes
drug delivery challenging in the treatment of inner ear disor-
ders. Drug delivery cannot be studied in existing mouse organ
of Corti explant culture systems, and it is difficult to monitor in
vivo. Furthermore, because of species differences in physiology
and protein expression, >80% of drug candidates that have
shown promise in animal models have failed in clinical trials.2,3

Thus, the development of therapy for hearing loss is difficult
and requires better tools.

The inner ear vasculature as a point of non-invasive drug
delivery is appealing, though the blood-labyrinth barrier (BLB)
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at the luminal surface of inner ear capillaries restricts the entry
of most blood-borne compounds into inner ear tissues.4 The
stria vascularis is a highly vascularized tissue in the lateral wall
of the cochlea that is essential for generating and maintaining
the unique ionic composition of the endolymph in the scala
media. The inner ear is a remarkably stable homeostatic system
controlled by a range of regulatory mechanisms, including
control over ions, uid, and nutrient transport (active and
passive) by the BLB. The BLB between the systemic circulation
and stria vascularis is crucial for maintaining cochlear and
vestibular homeostasis, facilitating nutrient and metabolite
transport into the cochlea, and protecting the cochlea against
inammation and disease. Strial capillaries are non-fenestrated
with tight junctions between adjacent endothelial cells (ECs),
forming a BLB that separates intrastrial uids from the blood.
The BLB is comprised of ECs, pericytes (PCs), and perivascular-
resident macrophage-like melanocytes (PVM/Ms), which are
essential for maintaining barrier integrity (Fig. 1a).5 Within the
stria vascularis, there are also marginal and basal cells that
build a continuous layer of cells connected by complexes of
narrow joints. Between these cellular structures is an intrastrial
space with a BLB. The physiological signicance of marginal
cells is not known.6 Interactions between ECs and PCs are
critical for controlling vascular integrity and permeability and
for providing an optimal microenvironment for hearing.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic of the cochlea and subsequent elements depicting the localization of the stria vascularis and blood vessels with the blood-
labyrinth barrier and its component cells. (b) Schematics of the chip and its main components and materials and (c) the assembled chip with
endothelial cells and pericytes positioned on the membrane with tight junctions (TJ) that form a selectively permeable barrier, which is the rate-
limiting step of paracellular transport (red triangles). A few examples of other forms of transport across the BLB are shown in orange circles
(osmosis) and blue squares (receptor-mediated transport). (d) Final image of the assembled chip used for permeability testing.
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The physiological function of the BLB is to respond to the
special needs of the inner ear, including nutrient supply, ion
absorption, waste excretion, protection from toxins, and uid
ltration. The BLB is still not fully understood, making drug
development for inner ear diseases difficult. In addition,
quantication of the barrier's permeability of is necessary to
assess its condition and identify factors that contribute to
barrier dysfunction. Monitoring barrier integrity allows assess-
ment of the toxic effects of compounds, and deregulation of the
barrier's essential function can lead to serious health compli-
cations. The inner ear is oen the rst organ affected in
systemic autoimmune diseases, probably due to mild vascular
pathologies affecting the ear faster than any other organ
system.7 Malfunction of the stria vascularis and BLB can alter
© 2023 The Author(s). Published by the Royal Society of Chemistry
the electrochemical composition of the endolymph, resulting in
loss of the endocochlear potential, elevated auditory thresholds,
and hearing loss. BLB defects are associated with inner ear
diseases that lead to hearing loss, including vascular malfor-
mations, Meniere's disease, Alport syndrome, and Pendred
syndrome, as well as aging.8–11

Development of a model system that can facilitate drug
development and delivery into the inner ear is crucial. In recent
years, several new technologies have emerged to improve in vitro
models of the blood–brain barrier (BBB) for drug testing, such
as the Transwell model, microuidic chip/membrane model,
microuidic parallel channel models, and templated model.12

On the other hand, no similar models of the BLB have been
described. To study the transport of drugs through human stria
RSC Adv., 2023, 13, 25508–25517 | 25509
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vascularis, an adequate model needs to be developed. Our aim
was to develop the rst human BLB dynamic model for use in
drug testing for hearing loss. For the rst time, we have isolated
human stria vascularis-derived ECs and PCs and placed them in
a dynamic chip system made in our lab to recreate the human
BLB. We conrmed cell growth within the system and validated
the barrier integrity and permeability. These results will allow
further ne-tuning and optimization to standardize the chip
platform for BLB studies and offer a promising high-throughput
approach for preclinical screening of innovative therapies that
target specic BLB transporters and permeability. This tech-
nology will be the best in vitro option available to date for inner
ear drug testing.
Experimental
BLB chip fabrication

The overall blueprint of the chip was modied from Winkler
et al.13 We initially started with two double-coated pressure-
sensitive adhesives for fabrication of our chip; polyethylene
tape with tackied acrylic-based adhesive (No. 9889) and poly-
ester white tape with acrylic-based adhesive (No. 9965), both
provided by 3 M (3 M Central Europe Region, Germany). Aer
testing as described in the results below, we opted for the
polyethylene tape. A porous transparent polycarbonate
membrane 25 mm-thick with a pore size of 0.4 m and pore
density of 1.60° f 106 pores per cm2 (ipCELLCULTURE Track
Etched Membrane, supplied by it4ip, Belgium) was used. The
top and bottom channel designs were patterned on the adhe-
sives and membrane using a laser cutter (Flux Beambox, Tai-
wan). The channels had a height of approximately 120 mm and
width of 1.5 mm. Glass slides with thicknesses of 1 mm and
130–170 mm were used as the top and bottom covers, respec-
tively. For the top cover, the holes for inlets and outlets were
drilled manually. The sandwich-style BLB chip was built up
under an optical microscope for precise alignment of the layers,
and a bench vice was used to bind the layers. Blunt-end luer lock
syringe needles (21 G, Darwin Microuidics) were used as the
inlet and outlet connections and glued to the chip with Araldite
crystal glue.
Tissue isolation and cell culture

We established a protocol for the isolation, maintenance, and
differentiation of human stria vascularis from human post-
mortem tissues obtained from the Pathology Institute in Basel
Switzerland (Ethical permit: EKNZ 2020-01379). Autopsy-
derived post-mortem human temporal bones were used as
a tissue source for the present study due to the paucity of
surgical procedures in which healthy stria vascularis tissue
could be obtained. All patients or their relatives provided
informed consent for the use of autopsy material for scientic
purposes. Donors were from both genders and ranges in age
from 50 to 75 years. Exclusion criteria were prior hearing
disorders or loss, recent chemotherapy, and any diseases that
could affect hearing. The samples were collected an average
11 h, but up to 18 h, post-mortem. During autopsy, the skulls
25510 | RSC Adv., 2023, 13, 25508–25517
were opened as usual by removing the skull cap. Aer removal
of the brain, the dura mater at the base of the skull was pulled
off. The petrous part of the temporal bone was removed from
the base of the skull en bloc using an oscillating saw, so that the
middle and inner ear were not opened during removal. The
excised bone fragment was immersed in 70% (v/v) ethanol for
30 s and subsequently placed in sterile PBS containing
penicillin/streptomycin (100 U ml−1) and stored at 4 °C until
further processing. The temporal bone specimens were stabi-
lized in a temporal bone holder (Storz & Co., Tuttlingen, Ger-
many). An open tympanoplasty approach was performed. Aer
a subtotal mastoidectomy, the superior and posterior canal
wall, tympanic membrane, malleus, and incus were removed.
The protympanon was enlarged to the petrous segment of the
internal carotid artery. Parts of the tympanic segment of the
facial nerve and tendon of the m. tensor tympani were dissected
to access the full circumference of the cochlea. The promontory
bone was blue-lined with a diamond drill until the cochlear
turns were visible. The lateral bone of the turns was completely
drilled away and the membranous labyrinth of the cochlea
carefully extracted. Tissue was trypsinized with Trypsin–EDTA
0.25% (Sigma cat# T4049) for 5 min, and then blocking solution
with 10% FBS was added, followed by centrifugation at
1500 rpm for 5 min. Tissue pieces were distributed in wells
coated with 0.03 mg ml−1

bronectin in DPBS (ScienCell cat#
8248) or 0.01 mg ml−1 poly-L-lysine in sterile water (ScienCell
cat# 0403) to seed ECs and PCs, respectively, and then rinsed
with sterile water and DPBS. The cells were seeded and incu-
bated at 37 °C in 5% CO2. The medium was changed every 2
days. The growth medium for ECs consisted of 500 ml EC basal
medium, 25 ml FBS (ScienCell cat# 0025), 5 ml EC growth
supplement (ScienCell cat# 1052), and 5 ml penicillin/
streptomycin solution (ScienCell cat# 0503). The PC growth
medium consisted of 500 ml PC basal medium, 10 ml FBS
(ScienCell cat# 0010), 5 ml PC growth supplement (ScienCell
cat# 1252), and 5 ml penicillin/streptomycin solution (ScienCell
cat# 0503). Before placing the cells in the chip, the cell type was
validated at the gene and protein level using immunostaining
and gene expression of marker proteins described below.
Real-time PCR

RNA was isolated from cells collected from a conuent T-75 ask
(Thermo Fisher, cat# 156499) and extracted using the Direct-Zol
RNA MiniPrep kit (Zymo Research, Germany, cat# R2050) accord-
ing to the manufacturer's instructions. Total RNA (1000 ng) was
reverse transcribed using a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, United States). We analysed
triplicate samples by quantitative PCR on an ABI Prism 7900HT
Sequence Detection System (Applied Biosystems, United States)
using the Power Sybr Green Master Mix (Applied Biosystems,
United States). Primers targeting the vWf, Slc2a1, Cd34,Des, Pdgfrb,
Cspg4, and Gapdh genes were synthesized by Microsynth (St.
Gallen, Switzerland) and added at a nal concentration of 250 nM
per reaction. The full primer sequences used in this study are as
follows (5′–3′): vWf: Fw-AGCCTTGTGAAACTGAAGCAT, Rev-
TCCCCAAGATACACGGAGAGG; Slc2a1: Fw-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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GGCCAAGAGTGTGCTAAAGAA, Rev-ACAGCGTTGATGCCAGACAG;
Cd34: Fw-CTACAACACCTAGTACCCTTGGA, Rev-
GGTGAACACTGTGCTGATTACA; Des: Fw-
TCGGCTCTAAGGGCTCCTC, Rev-CGTGGTCAGAAACTCCTGGTT;
Pdgfrb: Fw-AGCACCTTCGTTCTGACCTG, Rev-
TATTCTCCCGTGTCTAGCCCA; Cspg4: Fw-
CTTTGACCCTGACTATGTTGGC, Rev-
TGCAGGCGTCCAGAGTAGA; Gapdh: Fw-
GGAGCGAGATCCCTCCAAAAT, Rev-
GGCTGTTGTCATACTTCTCATGG. The relative quantities of
specically amplied cDNAs were calculated by the comparative
threshold cycle method, and Gapdh expression was used as the
endogenous reference.
Immunostaining and imaging

Test samples of each cell phenotype were grown on 4-well
collagen-coated glass-bottom dishes (Ibidi, Germany, cat#
80426). Cells were xed in 4% paraformaldehyde (Sigma, United
States, cat# 158127) in PBS (Sigma, United States, cat# P4417),
permeabilized with 0.1% Triton X-100 (Sigma, United States,
cat# X100) in PBS, and incubated for 1 h at room temperature
with anti-von Willebrand factor (vWf, Sigma, United States, cat#
F3520) and anti-PDGFR-b (Santa Cruz Biotechnology, United
States, cat# sc374573) primary antibodies. Next, samples were
washed and incubated with appropriate secondary antibodies
(Thermo Fisher, United States, cat# A2124, cat# A-11001, cat# A-
11008) in PBS-T for 1 h at room temperature. Samples were
washed with PBS and incubated with DAPI for 5 min. The cells
were washed with PBS andmounted on microscope slides using
Dako Fluorescent Mounting medium (Dako, Denmark, cat#
S3023). Images were captured by a Nikon Eclipse Ti2 inverted
wideeld microscope.
Transepithelial electrical resistance (TEER)

Transepithelial electrical resistance (TEER) was measured with
a Voltohmmeter EVOM3. For TEER measurements, ECs were
seeded at a density of 2 × 105 cm−2 and grown on membrane
inserts (Corning, cat# 3470) coated with bronectin. The PCs
were combined with ECs (harvested aer 2 and 3 passages and
seeded at a density of 1105 cm−2) and grown on the poly-L-lysin-
coated inserts. The measurements were obtained following the
manufacturer's protocol. Briey, electrodes were maintained by
soaking the tips once a week in a 1% Tergazyme solution for 15
minutes and rinsing with sterile water, and the same was done
just before disinfection and before beginning an experiment.
The STX4 electrode were disinfected in 70% ethanol for nomore
than 5 minutes, followed by rinsing with medium or PBS. This
was followed by measuring the resistance in test samples con-
taining cells and blank without cells.

Aer nishing the measurement, electrodes were disinfected
with ethanol and rinsed with sterile water and allowed to air dry.
To calculate TEER, the surface area of the Transwell (in cm2)
was multiplied by the net resistance (the resistance of a blank
Transwell covered by cell culture media subtracted from the
measured resistance).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Seeding cells on the BLB chip

Initially, the chip was sterilized by perfusion of ethanol (70 wt%)
at a ow rate of 15 ml min−1 and then rinsed with PBS. The
bottom channel was treated with rat tail collagen (rinsed with
PBS) and poly-L-lysine (0.01 mg ml−1) in sterile water (rinsed
with sterile water). The top channel was treated with rat tail
collagen (rinsed with PBS) and bronectin (0.03 mg ml−1) in
DPBS (rinsed with DPBS). The channels were then rinsed with
the appropriate EC or PC medium.

The PCs were trypsinized and detached from the culture
ask and centrifuged for 5 min at 1100 rpm. The cell pellet was
then suspended in cell medium. Aer counting the cells using
Trypan Blue in the automated cell counter (Bio-Rad, TC20) PCs
were injected into the bottom chamber by syringe, approxi-
mately 200 000 cells per injection. Aer 3 h incubation, the chip
was ipped onto its other side and the ECs introduced into the
top channel. The chip was cultured in static mode for 2–3 days.
The development of cells inside the BLB chip was monitored
using an inverted light microscope with a magnication of 10×.
Aer successful validation of the growth and development of
cells within the chip, the BLB chip was connected to a peristaltic
pump for medium perfusion (dynamic mode) at a ow rate of 5
ml min−1. We used Ismaprene PharMed 2-stop tubing with an
inner diameter of 0.25 mm (SC0320, supplied by MasterFlex) for
the peristaltic pump. Ismaprene PharMed standard tubing with
an inner and outer diameter of 1.6 mm and 4.8 mm, respectively
(MF0010, supplied by MasterFlex), was used for connections. A
16-channel IPC digital peristaltic pump (Ismatec) was used for
the perfusion of uids into the chip. The tubes were sterilized
with ethanol, and then rinsed with PBS before being used for
medium perfusion. The medium was changed every 2 days.
Permeability assay

Autoclaved 15 ml centrifuge tubes (Corning, cat# CLS430791)
with holes in the cap were used as inlet and outlet reservoirs. To
the EC medium for the top channel, 10 mg daptomycin (Sigma,
cat# SBR00014) or 1 mg midazolam (LGC Standards, cat#
LGCFOR1106.00) was added to test the permeability, whereas
the basolateral bottom channel was perfused with PC medium.
The BLB chip and reservoirs were then connected to the pump
with the ow rate set at 5 ml ml−1. The chip with no cells was
used as a control sample and prepared the same way as the chip
with cells attached. The dead volumes of tubes and purple
connectors were calculated by considering ow rate (5 ml ml−1),
and the rst sample from the outlet reservoirs was taken at T =

0 min. A 20 ml aliquot was taken from the apical and basolateral
chamber outlet reservoirs at dened time points for both the
BLB chip with cells and control sample: 30 min, 1.5 h, 3 h, 6 h,
and 24 h. The samples were then evaluated by HPLC to deter-
mine their concentrations.
HPLC

HPLC analysis was performed on an ultrahigh-performance
liquid chromatography system from Shimadzu (Kyoto, Japan),
which was coupled to an API 5500 QTrap tandem mass
RSC Adv., 2023, 13, 25508–25517 | 25511
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spectrometer (AB Sciex, Framingham, MA, USA). Analytes were
separated on a pentauorophenyl core shell (Kinetex 2.6 mm F5
100 Å, 50 × 2.1 mm) analytical column (Phenomenex, Torrance,
USA). Mobile phase A consisted of water with 0.01% acetic acid.
Mobile phase B was methanol. The column was conditioned
with 2% mobile phase B during the rst 0.25 min of the
analytical run. Aerwards, the mobile phase B concentration
was linearly increased to 95% over 2.75 min and kept at this
level for another 0.75 min. Finally, the column was recondi-
tioned at 2% mobile phase B for 0.25 min. The ow rate was set
to 0.6 ml min−1 and the column oven at 50 °C. The injected
sample was diluted with mobile phase A through a tee union in
a ratio of 1 : 10 during the rst 0.25 min of each run. The
Fig. 2 (a) Image of the human temporal bone taken during stria vascula
pieces of isolated stria vascularis in the other two images. (b) Fluoresc
marker von willebrand factor in red, phalloidin in green, and DAPI in blu
major markers of endothelial cells: vWf, slc2a1, and Cd34. (d) Immunost
was confirmed using specific marker genes for pericytes: Des, Pdgfrb, a

25512 | RSC Adv., 2023, 13, 25508–25517
analytes were ionized in an electrospray source and detected by
multiple reaction monitoring in the positive and negative
mode. Nitrogen was used as the ion source, curtain, and colli-
sion gas. The ion spray voltage was set at 5500 V (positive mode)
and 4500 V (negative mode). The source temperature was set to
500 °C. The LC-MS/MS system was operated using Analyst
soware 1.6.2 (AB Sciex, Framingham, MA, USA).14
Statistical analysis

Statistical analyses were performed in GraphPad Prism soware
(San Diego, CA, United States). Multiple groups were compared
by two-way analysis of variance, and two groups were compared
ris isolation. The cochlea is in the centre left part of the first image and
ently labelled images of the endothelial cells stained with endothelial
e. (c) Cell specificity was confirmed by the gene expression of several
aining of pericytes with PDGFR-b marker and DAPI. (e) Cell phenotype
nd Cspg4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by an unpaired Student's t-test. Data were conrmed to be
normally distributed by a Shapiro–Wilk test. P-values < 0.05
were considered signicant.
Results
Microuidic device assembly

The initial design of the chip was modied from the literature
as shown in Fig. 1b.13 The primary idea was to have ECs on one
side of the porous membrane and PCs on the other side to
recreate the BLB environment (Fig. 1c). We rst tested the glass
bottom and PDMS cover with medical tape connecting them. As
this was prone to leakage in our setup, we opted for glass covers
on the top and bottom. We initially started with two double-
coated pressure-sensitive adhesives for fabrication of our chip:
polyethylene tape with tackied acrylic-based adhesive and
polyester white tape with acrylic-based adhesive. Aer per-
forming several leakage tests, the most durable conguration
was a combination of polyethylene tape and glass. A porous
transparent polycarbonate membrane (thickness 25 mm, pore
size 0.4 m, pore density 1.60° f 106 pores per cm2) was used as
the barrier. The top and bottom channel designs were patterned
on the adhesives and membrane using a laser cutter. The
channels had a height of approximately 120 mm and width of 1.5
mm. Glass slides with thicknesses of 1 mm and 130–170 mm
were used as the top and bottom covers, respectively. For the top
cover, the holes for inlets and outlets were drilled manually. The
sandwich-style BLB chip was built up under an optical micro-
scope for precise alignment of the layers, and a bench vice was
used to bind the layers. Blunt-end luer lock syringe needles were
Fig. 3 (a) Endothelial cells and (b) pericytes after seeding on a chip. (
Endothelial cells were evenly distributed on the chipmembrane along the
to the peristaltic pump.

© 2023 The Author(s). Published by the Royal Society of Chemistry
used as the inlet and outlet connections and glued to the chip
with Araldite crystal glue (Fig. 1d).
Human stria vascularis-derived primary EC and PC cultures

For the rst time, we established a protocol for the isolation,
maintenance, and differentiation of human stria vascularis
cells from human post-mortem temporal bone samples
(Fig. 2a). Aer the third passage from the initial tissue sample,
cells were immuno-stained with appropriate markers of cell
phenotype. Human ECs were stained with vWf antibody (Fig. 2b)
and human PCs with Pdgfrb antibody (Fig. 2d), and both cell
culture types were conrmed to be populated with$90% of the
appropriate phenotype. In later subculturing steps, the cell
cultures became even more uniform. In addition, we performed
gene expression assays regularly to ensure the phenotype
remained consistent for both cell types throughout the process
(Fig. 2a and c).
Growth of human-derived ECs and PCs in a microuidic
device

Aer phenotype conrmation, the cells were seeded on the chip
200 000 ECs per injection in the bronectin-coated top channel
and 200 000 PCs in the poly-L-lysin-coated bottom channel. Aer
successful validation of the growth and development of cells
within the chip (Fig. 3a and b), which usually occurred around
day 2–3 post-seeding, the chip was connected to the peristaltic
pump containing appropriate growth media for each cell type.
We used a ow rate of 5 ml min−1, which corresponds to the
blood ow levels in the cochlea. The exact limit on cell
c) Images of the top channel 6 days after seeding endothelial cells.
channel length from the inlet towards the outlet after being connected
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Fig. 4 TEER measurement values after seeding endothelial cells and
pericytes on a transwell insert with polyester membrane. Stable values
were reached at day 7, which indicates good integrity of the barrier on
the transwell.

Fig. 5 Permeability values after HPLC analysis of the samples
collected from the basolateral channel. An aliquot (20 ml) was taken
from the apical and basolateral channel outlet reservoirs of both the
BLB chip with cells and control sample at defined time points: 30 min,
1.5 h, 3 h, 6 h, and 24 h (for the simplicity of interpretation, we are
showing only results for the concentrations found in the basolateral
channel outlet reservoirs). The dead volumes of tubes and purple
connectors were calculated during sample collection. (a) For 10 mg
daptomycin, we detected no daptomycin in the channel with pericytes
compared to control with no cells for which the influx of daptomycin
was unrestricted. For time points 30 min, 1.5 h, 3 h, 6 h. and 24 h there
was a significant difference in permeability between the chip with cells
and the chip with no cells (****p < 0.0001, n = 6). (b) For 1 mg mid-
azolam placed in the apical channel with endothelial cells, we detected
similar levels as daptomycin in the basolateral channel regardless of
the presence or absence of the cells in the chip. We found no signif-
icant difference between the results (n.s., n = 6). Data are presented as
mean ± SD.
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maintenance in the chip is yet to be determined, but we
established long-term maintenance of cells up to 24 days
(Fig. 3c). To conrm maintenance of the cell phenotype on the
chip, cells were stained aer 3 weeks with their appropriate
markers and imaged (ESI Fig. S1†).

TEER and permeability validated in human-derived BLB
system

Aer measuring TEER in the EC layer, we found stable TEER
levels 7 days aer seeding the cultures, with continuing steady
levels through the next 10 days (Fig. 4). Following these results,
we tested permeability on the BLB chip using known
compounds. A functional BLBmodel should guarantee selective
permeability to molecules based on their molecular weight. We
used daptomycin, which has a molecular weight of 1619 Da,
greater than the BLB permeability limit, and midazolam, which
has a molecular weight of 325.78 Da, below the BLB perme-
ability limit. Samples were collected for HPLC at 30 min, 1 h,
1.5 h, 2 h, 3 h, 4 h, and 24 h. For 10 mg daptomycin, we detected
no daptomycin in the channel with PCs compared with the
control channel with no cells where the inux of daptomycin
was unrestricted (Fig. 5a). In contrast, for 1 mg midazolam
placed in the channel with ECs, we detected similar levels of
daptomycin in the bottom channel regardless of the presence or
absence of the cells in the chip (Fig. 5b). Thus, the BLB cell
barrier created in our chip model is not permeable to
substances above the BLB permeability threshold. Therefore, at
least in this aspect, the model behaves similarly to the barrier
found in physiological conditions.

Discussion

The high selectivity of the BLB has hampered the therapeutic
treatment of inner ear diseases and hearing loss overall.4,15 The
exact physiological function of the human BLB has not yet been
25514 | RSC Adv., 2023, 13, 25508–25517
explored, and the requirements for drug entry across the BLB
have not been described. Recent progress in Transwell cell
culture systems and organ-on-chip technology has provided
useful insights into the largely unknown and poorly understood
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mechanisms involved in BBB physiology.16 The BLB is analo-
gous to the BBB because it allows the passage of select mole-
cules into labyrinthal spaces. Mechanisms enabling the
trafficking of therapeutics across the BLB are conceptually
similar to those for the BBB but require specialized adaptations
specic to the cochlea and vestibular system.17 In addition,
inappropriate in vivo and in vitro models have led to the
requirement of a novel in vitro BLB model. Static models, such
as Transwell, are used for various tissues, including the BBB,
and can be a good initial step into further testing.18,19 The major
drawback of a static system when modelling a blood vessel
environment is lack of ow, which creates sheer stress and
promotes EC growth and the creation of a tight barrier while
preventing their dedifferentiation.20,21 For these reasons
dynamic organ-on-a-chip has been employed to better recapit-
ulate the human in vivo microenvironment to facilitate the
prediction of drug responses. Many disease modelling and
transport mechanism studies have been implemented using
BBB-on-a-chip, whereas BLB models are completely absent.22–25

Here, for the rst time, we showed that a human BLB model
can be established, representing a critical point in the future of
drug discovery and validation in hearing loss treatment. One of
the major challenges for any study of this type is access to
human tissue and the ability to gain progenitor cells. Using
post-mortem tissue is not the most favourable option, but due
to the inner ear's inaccessibility, it is practically one of the only
options available for obtaining human tissue and recapitulating
the environment within the human BLB as closely as possible.
In this study, we have successfully isolated and placed on a chip
two major cell types, endothelial cells and pericytes, that are
budling a barrier between the blood and intrastrial space.
Further challenges in developing this model will include
addling compartments that mimic endolymph and intrastrial
uid lined with marginal, intermediate and basal cells. Primary
cells are superior to immortalized cell lines when it comes to
replicating the functional and physiological aspects of the
human BLB because they have normal cell morphology and
maintain many of the important markers and functions seen in
vivo, whereas EC lines lack various functional markers.26–29 For
these reasons, even if primary cells are more difficult to work
with, the data obtained from using primary cells is more rele-
vant and reective of the in vivo environment.

Choosing the optimal materials for the chip design and its
purpose is oen challenging. To date, many substrates have
been used to manufacture microuidic chips, including
silicon, polydimethylsiloxane (PDMS), polymethyl methacry-
late (PMMA), and glass.30–33 Silicon has good chemical and
thermal stability, but also has a relatively high cost, opacity,
and complex surface chemical properties that make it difficult
to integrate into cell-based chips. On the other hand, PDMS
and PMMA are widely used in biochips in both academic and
industrial elds due to their high efficiency and low fabrica-
tion cost. PDMS serves as a good option for academic research,
but when it comes to testing various drug candidates, its
ability to adsorb hydrophobic molecules or, when stable
surface characteristics are required, issues of dissolution and
surface property control pose a problem.34–36 In addition, it is
© 2023 The Author(s). Published by the Royal Society of Chemistry
not ideal material for cell growth and attachment under sheer
stress conditions. To optimize the testing conditions for all
kinds of compounds, we chose glass instead of PDMS. Glass
has proven to be a more suitable substrate for microuidic
chips. It has high surface stability, great optical transparency,
biocompatibility, is chemically inert, and can be efficiently
coated.37,38 Another important aspect of chip fabrication is
assembly. When there is a membrane involved, the most usual
combination is glass, PDMS, and thermoplastics.39 The
bonding of glass to PDMS needs to be facilitated by external
means (plasma), which requires additional equipment and
increases the time and costs of chip manufacturing. For these
reasons, we opted for a double-coated pressure-sensitive
adhesive tape, a very affordable material that can be
patterned at minimal cost.

Conclusions

Our BLB organ-on-a-chip successfully recreates the structure
and behaviour of the human BLB and is a substantial step
forward for modelling the human BLB. This unique micro-
uidic device provides an environment for all cell types involved
in BLB formation and the shear forces necessary for barrier
formation. This device also enables evaluation of the drug
effects on the endothelial function in the context of the BLB to
account for drug permeability and effects on the BLB itself.
Taken together, these innovations provide a novel platform for
modelling human BLB function and testing drug toxicity and
permeability with regard to hearing. In future studies, we aim to
further standardize this system and automate some of the
critical steps, as well as integrate sensors that would facilitate
data collection and analysis.
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