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Introduction

Microfluidic organ-on-a-chip model of the outer
blood-retinal barrier with clinically relevant read-
outs for tissue permeability and vascular
structuret

Yusuf B. Arik, ©*2® Wesley Buijsman, @2° Joshua Loessberg-Zahl, ©°

Carlos Cuartas-Vélez,© Colin Veenstra,“ Sander Logtenberg,® Anne M. Grobbink,?
Piet Bergveld,® Giuliana Gagliardi,” Anneke I. den Hollander, @9

Nienke Bosschaart,“ Albert van den Berg, (i}

Robert Passier @2 and Andries D. van der Meer @2

The outer blood-retinal barrier (0BRB) tightly controls the transport processes between the neural tissue of
the retina and the underlying blood vessel network. The barrier is formed by the retinal pigment epithelium
(RPE), its basal membrane and the underlying choroidal capillary bed. Realistic three-dimensional cell
culture based models of the oBRB are needed to study mechanisms and potential treatments of visual
disorders such as age-related macular degeneration that result from dysfunction of the barrier tissue.
Ideally, such models should also include clinically relevant read-outs to enable translation of experimental
findings in the context of pathophysiology. Here, we report a microfluidic organ-on-a-chip model of the
0oBRB that contains a monolayer of human immortalized RPE and a microvessel of human endothelial cells,
separated by a semi-permeable membrane. Confluent monolayers of both cell types were confirmed by
fluorescence microscopy. The three-dimensional vascular structures within the chip were imaged by
optical coherence tomography: a medical imaging technique, which is routinely applied in ophthalmology.
Differences in diameters and vessel density could be readily detected. Upon inducing oxidative stress by
treating with hydrogen peroxide (H,O,), a dose dependent increase in barrier permeability was observed by
using a dynamic assay for fluorescence tracing, analogous to the clinically used fluorescence angiography.
This organ-on-a-chip of the oBRB will allow future studies of complex disease mechanisms and treatments
for visual disorders using clinically relevant endpoints in vitro.

and causes major direct and indirect costs related to
healthcare. In order to study disease mechanisms and to

Vision loss and blindness are estimated to affect
approximately 314 million people globally." Visual
impairment dramatically affects quality of life for patients,
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develop new treatment strategies, experimental models that
realistically mimic tissues in the human eye are essential. The
outer blood-retinal barrier (0BRB) is one of the key ocular
structures for which the development of new model systems
is needed, as it is involved in the pathophysiology of various
visual disorders, of which age-related macular degeneration
(AMD) is the one with the highest prevalence. AMD is a
progressive chronic disease that affects vision in nearly 9% of
the worldwide population. This number is expected to
increase even further as the global population ages in the
coming decades.>

AMD is a result of dysfunction of the key tissues in the
OBRB: the retinal pigment epithelium (RPE), the underlying
collagenous membrane, known as ‘Bruch's membrane’ and
the adjacent choroidal capillary bed. There are two types of
AMD: the “dry” and “wet” forms. Dry AMD is a chronic

This journal is © The Royal Society of Chemistry 2021
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disease that can progress into severe vision loss. It is
characterized by accumulation of insoluble, extracellular
aggregates of proteins and lipids in the retina, called
“drusen”. As the disease progresses to a late stage called
“geographic atrophy”, there is a considerable loss of RPE cells
as well as overlying photoreceptors, which rely on the RPE for
nourishment and waste disposal.® In contrast, “wet” AMD only
corresponds to 15% of the cases of AMD but is responsible
for the majority of cases of AMD-related vision loss.* This
form is characterized by choroidal neovascularization (CNV),
in which new blood vessels arise and breach the normal
tissue barriers of the outer retina from the underlying
choroid. These new vessels also leak fluid below or within the
retina, which can cause sudden loss of central vision.
Environmental and genetic factors are involved in the
pathogenesis of AMD. Non-genetic risk factors include
cigarette smoking, older age and obesity.” Furthermore,
genetic studies have identified associations of several
important biological pathways with AMD pathology: the
complement system, extracellular matrix remodeling, lipid
metabolism, and angiogenesis signaling pathways.®”
Oxidative stress due to accumulation of reactive oxygen
species (ROS) is a key factor in the pathophysiology of
AMD.*° Patient retinas have increased local accumulation of
lipofuscin which generates ROS,'® they have mitochondrial
DNA damage due to ROS,"" and there is a marked increase in
glycation end-products and peroxidized lipids.'*> As this
oxidative stress due to ROS production is toxic to the cells,
this might lead to increased permeability of the choroidal
blood vessels (e.g. leakage), which is a hallmark of wet AMD.
From a clinical perspective, it is important to closely
monitor the disease progression of AMD in a patient, for
example to detect when the disease progresses from dry AMD,
for which there are no treatments, to wet AMD, which can be
treated with intraocular injections of anti-angiogenic drugs.
The clinical assessment is performed using medical imaging
modalities, particularly optical coherence tomography (OCT)
and fluorescence-based angiography (FA).">'* OCT is used to
reconstruct high-resolution two-dimensional (2D), or three-
dimensional (3D)-images that visualize (abnormalities in) the
individual retinal cell layers and blood vessels of the choroid.
It is based on the measurement of ‘light echoes’ as a function
of tissue depth, through the interference of a reference beam
with the light that has been backscattered from the retina.'®
FA relies on the perfusion, clearance and leakage of
intravenously injected hydrophilic fluorescent tracers."” As
normally these dyes do not cross the blood-retinal barrier,
any defect that compromises the barrier integrity will result in
abnormalities on FA.'®
To better understand the pathophysiology of AMD,
experimental models are required in which the
morphological changes of the tissues can easily be observed,
and the experimental conditions can be readily manipulated.
Rodent models are disadvantageous due to the lack of a
macula and interspecies anatomical differences. Non-human
primates are more realistic models, but the time required for
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the disease progression, the high costs and the ethical issues
make primate models less suitable for fundamental
biomedical research."’

Due to the recent developments in human pluripotent
stem cell technology, in vitro models of the oBRB are
becoming increasingly sophisticated. However, most of the
these models still rely on simple monolayers of cells (typically
monocultures of human pluripotent stem cell-derived RPE)
on plastic surfaces or membranes, and therefore these models
do not fully recapitulate the 3D and tissue-level physiology."®

In recent years, organ-on-a-chip devices have proven to be
promising disease models."?®  Organs-on-chips are
microfluidic  cell culture devices with engineered
microchannels that are continuously perfused and inhabited
by living cells to form tissues that exhibit organ-level
physiology. Depending on the research question, complexity
of these systems can be adjusted by systematically including
cell types and physico-chemical parameters of the tissue
microenvironment in a well-controlled manner. The simplest
systems consist of a single perfused microfluidic chamber
and one type of cultured cell, whereas more complex devices
have two or more microchannels that are separated by porous
membranes lined by two or more cell types, which then
simulate the interface between different cell types.>* Mimicry
of tissue complexity can be further increased by the inclusion
of 3D structures, for example by including organoids or
hydrogels based on extracellular matrix proteins.>” >’

Recently, multiple organ-on-a-chip models of the outer
layers of the human retina have been reported.>® One of the
models relies on 2D co-cultures of RPE and endothelial
monolayers in microfluidic chips.** One reported model also
includes co-cultured retinal organoids in addition to a
monolayer of RPE.*> The other two models consist of co-
cultures of RPE and self-developed 3D capillary endothelial
networks.**?* Due to their 3D nature, these latter models
allow studies of on-chip neovascularization in response to
hypoxia and growth factor stimulation, thereby clearly
demonstrating the potential of applying organ-on-a-chip
models of the oBRB in studies of AMD. However, because
these models rely on endothelial cell self-organization into
microvascular networks, researcher control over 3D vessel
geometries is limited. More control over vessel geometry
would strongly improve the reproducibility of these models.

In terms of read-outs, some of the current organ-on-a-
chip models do include tracking of fluorescent tracers in
order to assess the cell coverage by comparison of cell-
containing channels with empty devices.”® In contrast,
none of the current organ-on-chip models of the oBRB
use OCT as an additional read-out. Previously, OCT has
been used in organs-on-chips as a functional tool to
monitor and characterize cell specific functions,
demonstrating the feasibility of wusing this imaging
modality as a read-out.®® The inclusion of clinically
relevant read-outs will be especially important for
validation of devices and to facilitate the transfer of
knowledge between researchers and ophthalmologists.
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In the present study, we report an organ-on-a-chip model
of the oBRB, based on co-cultures of RPE and human
umbilical vein endothelial cells (HUVECs) in a microfluidic
chip that contains a microchannel and an open-top culture
chamber separated by a polyester membrane. In the
microchannel, we created a microvessel with a well-defined
geometry within a collagen I hydrogel using a subtractive
method of micropatterning.>” We used fluorescent tracers to
track permeability of the microvessels and the RPE.
Moreover, we implemented OCT as an innovative and
clinically relevant read-out for our organ-on-chip model and
used it to confirm sizes and structural changes of the
engineered microvessels. Using this model, in contrast to
existing models of AMD, we investigated one of the early
hallmarks of wet AMD: the increased permeability of blood
vessels due to ROS exposure.

Materials and methods
Chip fabrication

Poly(methyl methacrylate) (PMMA) (Altuglass, France) master
molds of the channel structures were designed with
SolidWorks and fabricated with a computer numerical
control (CNC) milling machine (Datron Neo, Datron AG,
Germany). PDMS base and curing agent were mixed in a 10:
1 wt ratio (Sylgard 184 Silicone elastomer kit, Dow corning,
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USA). After degassing the mixture, it was poured onto the
fabricated positive PMMA molds and cured for at least 3
hours at 60 °C. Following curing, PDMS was removed from
each one of the molds as slabs. PDMS slabs with
microchannel imprints (1 x 1 mm) were cut from each side
to generate side inlets for the insertion of needles for
microvessel patterning. After that, using biopsy punches
(Robbins Instruments, USA) 2 inlets and 1 culture chamber
(1.2 mm and 3 mm in diameter respectively) were punched
into the PDMS slab which corresponds to the middle part of
the final assembled device (Fig. 1A-iii). In addition, 3
reservoirs were punched (5 mm in diameter) into another
PDMS slab for the top compartment of the assembled device
(Fig. 1A-iv). After that, all three slabs were aligned and cut
into device-sized pieces. Before assembly of the parts, dust
was removed using Scotch tape (3M, USA). Leakage-free
bonding of the parts with a membrane (Fig. 1A-ii) in between
them was achieved by using a PDMS/toluene mortar (5:3 wt
ratio) (toluene from Merck, Germany) as reported
previously.*®*° This mixture was spin-coated onto a glass
coverslip (1500 rpm, 60 s, 1000 rpm s ', Spin150, Polos, The
Netherlands) and transferred to the device parts using an ink
roller (Fig. 1A-i and iii). After that, a ~36 mm® piece of
polyester membrane with a pore size of 8 um (GVS Life
Sciences, USA) was aligned and sandwiched between the
center of the bottom (Fig. 1A-i)) and middle (Fig. 1A-iii)

Needle Insertion Needle Removal

microvessel
collagen

polystyrene seal

blunt needle
syringe needle

I

' ARPE-19

T

Fig. 1 PDMS-based organ-on-a-chip device allows 3D co-cultures of monolayers of human RPE cells with human endothelial cells lining a
microvessel. (A) The device contains (i) a bottom compartment with a defined (1 mm x 1 mm) microchannel, (ii) a polyester membrane with 8 um
pore size (~10 um thickness), (iii) a middle compartment which contains an open-top culture chamber (3 mm in diameter) and 2 inlets (1.2 mm in
diameter) and (iv) a top compartment that consists of three reservoirs for media storage (5 mm in diameter). (B) Schematic representation of
patterning collagen | hydrogel using the subtractive method of patterning. This process starts with the hydrogel being pipetted into the channels
from side inlets. This was followed by the insertion of two blunt needles (outer diameter of 0.9 mm) each inserted from side inlets and a syringe
needle (outer diameter of 0.5 mm) inserted through the needles along the channel. After gelation of the collagen inside the microchannel, needles
were removed to reveal the microvessel structure. For illustrative purposes, reservoir layer was removed. (C) Immunolabelling of the cells revealed
a continuous distribution of each cell type. (i) 3D construction of confocal microscopy image of the co-culture area stained for nuclei and actin
filaments indicates a monolayer alongside the channel. (i) Top surface of the microvessel shows an equal distribution of HUVECs along the
microchannel. (i) Cross-sectional microscopy image of the co-culture area as indicated by DAPI (nuclei) and actin filaments staining reveals the
circular structure of the microvessel occupied by HUVECs, as well as ARPE-19 cells that are located above the microvessel. These cells were
positive for their respective cell-cell adhesion markers; (iv) VE-cadherin expression for HUVEC, (v) ZO-1 expression for ARPE-19. Scale bars: 50 um.
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compartments. This was followed by overnight baking the
parts at 60 °C. Final assembly of the device was done by
exposing the surfaces of top compartment (Fig. 1A-iv) and the
pre-assembled device (Fig. 1A-i-iii) to air plasma (50 W) for
40 seconds (Cute, Femto Science, South Korea). After plasma
treatment, activated surfaces were pressed together.

Surface functionalization of PDMS

Internal surfaces of PDMS devices (microchannels and
culture chambers) were functionalized using (3-aminopropyl)
triethoxysilane (APTES, Sigma Aldrich, Germany) and
glutaraldehyde (Sigma Aldrich, Germany). Following the
aforementioned assembly of the final device with plasma
activation of surfaces, 3% (v/v) APTES mixed in ultrapure
H,O (ELGA, UK) was added into the channel and reservoir,
and incubated at room temperature (RT) for 5 min. Following
APTES coating, the chips were rinsed thoroughly with 100%
ethanol and incubated for 5 min in 100% ethanol to
eliminate the remaining APTES. After air-drying the devices,
10% glutaraldehyde was added to the channel and the
culture chamber, and the devices were incubated for 5 min at
RT. This was followed by thorough rinsing with distilled H,O
and drying for 2 hours at 60 °C prior to collagen patterning.

Hydrogel patterning

Collagen type 1 gel patterning. Before the addition of
collagen, inlet and outlet holes were sealed with scotch tape
(3M, USA) on top of the media reservoirs to prevent collagen
from filling these reservoirs. The devices were kept on ice for
at least 30 min before patterning in order to avoid premature
and incomplete collagen gelation in the channels. Rat tail
collagen type I (VWR, The Netherlands) was prepared
according to the manufacturer's instructions at a
concentration of 6 mg ml™ and a pH between 7.5 and 8 by
mixing with dH,O, phosphate buffered saline (PBS) and 1 N
sodium hydroxide solution. Collagen solution was then
pipetted into the channel through one side of microchannel
(Fig. 1B-hydrogel addition). This was followed by insertion of
stripped blunt needles of different inner diameters (20G,
23G, 30G; METCAL, USA) into the side inlets until
underneath the inlet holes, as well as needles with various
outer diameters (500 pm (SurGuard2, VWR, Ireland), 300 um
and 120 um (J-type acupuncture needle, Seirin, Japan)) with
the cap removed guided through the blunt needles which
have relevant inner diameters respectively (Fig. 1B-
needle insertion). This was followed by incubation of the
devices at 37 °C for 60 min for collagen to gelate. Afterwards,
the needles were drawn out of the side inlets to reveal the
microvessel structures (Fig. 1B-needle removal). After optical
confirmation of successful patterning, the channels were
sealed by inserting square polystyrene plugs (1 mm?
Evergreen Scale Models, USA) into the side inlets. The plugs
remained in place for all subsequent experiments. Finally,
channels were flushed once more with culture media through
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the inlet holes and the devices were incubated overnight at
37 °C, 5% CO, to normalize the pH prior to cell seeding.

Fibrin gel patterning. For OCT experiments, fibrin
hydrogel mixed with HUVECs and fibroblasts was patterned
to induce vascular network formation. Prior to patterning,
devices were sealed with scotch tape as mentioned before,
and remained on ice. This hydrogel solution was prepared
using final concentrations of 3 mg ml™" fibrinogen (Sigma,
USA), 4 U ml™* thrombin (Sigma, USA), 8 x 10° cells per ml
HUVECs (Lonza), 1 x 10° cells per ml human lung fibroblasts
(Lonza). These were mixed before pipetting the hydrogel into
each channel via side inlets. Afterwards, scotch tape was
removed and devices were incubated for 10 min at 37 °C, 5%
CO, for fibrinogen to cure. Following curing, needles were
removed and side inlets were sealed as mentioned before.
The devices were refreshed using endothelial cell growth
medium (ECGM-2: basal medium (ECBM-2)) with supplement
mix (PromoCell Gmbh, Germany) and 50 U ml™" penicillin/
streptomycin (P/S, ThermoFisher, USA) twice daily. Networks
started to form after 5 days of culture and stabilized on day
7. On day 7 cells were fixated using 4% formaldehyde for 15
min at RT until OCT measurements.

Cell culture and seeding in chips

Fibroblasts (Lonza), HUVECs (Lonza) and ARPE-19 (ATCC)
cells were cultured with fibroblast growth media (FGM-3:
basal medium with supplement mix from PromoCell Gmbh,
Germany and 50 U ml™" P/S (ThermoFisher, USA), ECGM-2
and DMEM/F12 (with GlutaMAX, ThermoFisher, USA)
supplemented with 10% fetal bovine serum (FBS;
ThermoFisher, USA) and 50 U ml™" P/S), respectively. HUVECs
were cultured in T75 culture flasks coated with 0.1 mg ml™
collagen I (rat tail collagen I, ThermoFisher, USA) in PBS
(ThermoFisher, USA), whereas ARPE-19 cells and fibroblasts
were cultured in non-coated T75 flasks. The cells were
incubated at 37 °C in humidified air with 5% CO,. Flasks
with confluent monolayers were either used for experiments
or subcultured. HUVECs and ARPE-19 were kept in culture
up to passage number 6 and 30, respectively. Prior to cell
seeding, the culture chamber was rinsed with PBS and coated
with 0.1 mg ml™ collagen I for 30 min at 37 °C. After that,
the chamber was washed with cell medium to remove non-
bound collagen. This was followed by obtaining HUVECs
from a confluent flask wusing 0.05% trypsin-EDTA
(ThermoFisher). Suspended in fresh ECGM-2 media at 4.5 X
10° cells per ml, cell suspension was pipetted into the
channel via the inlet. After optically confirming the cell
suspension in the channels, the devices were placed upside
down for gravity-driven seeding of the top of the lumens and
incubated at 37 °C and 5% CO, for 60 min. After that, devices
were taken out of the incubator, and non-bound cells were
removed by flushing the channels with fresh cell media. Next,
to seed the bottom of the lumens and the culture chamber,
HUVECs and ARPE-19 were freshly obtained from confluent
flasks using 0.05% trypsin-EDTA. After that, suspended in
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ECGM-2 at a concentration of 5 x 10> cells per ml for ARPE-
19 and 4.5 x 10° cells per ml for HUVECs, cells were pipetted
into the culture chamber and microvessel, respectively. After
60 min of static incubation at 37 °C and 5% CO,, non-
attached cells were washed away with fresh media, and
reservoirs were filled with ECGM-2 medium to prevent
drying. For media refreshing, a filtered pipette tip full of
media was placed on the inlet, whereas an empty one placed
in the outlet. Furthermore, the culture chamber was filled
with media and sealed with Scotch tape. The devices were
then placed on a custom-built rocking platform inside a 37
°C and 5% CO, humidified incubator. The rocking platform
tilted back and forth at an angle of 60° at an interval of 45
seconds to facilitate a gravity driven medium flow in
channels. Media was replaced with fresh media daily.

Cell staining

On-chip co-cultures were stained for actin filaments and
nuclei for confirmation of cell monolayers on microvessel
walls and inside the culture chamber. For that, devices were
first washed with PBS and fixed with 4% formaldehyde (in
PBS, ThermoFisher, USA) for 15 min at RT. The fixative was
washed away with PBS and the cells were incubated in
permeabilization buffer (PB), which contains 0.1% Triton
X-100 (Sigma Aldrich, Germany) and 10 mg ml" bovine
serum albumin (Sigma Aldrich, Germany) in PBS for 60 min
at RT. Afterwards, the cells were incubated for 2 hours at RT
with 12.5 pg ml" 4'6-diamino-2-phenylindole (DAPI,
ThermoFisher, USA) and 4 drops per ml ActinGreen (binds to
actin filaments, ThermoFisher, USA) in PB. Following
incubation, the cells were rinsed three times with PBS and
then washed three times with PBS for 10 min at RT.

For assessment of cell morphology under the exposure of
H,0,, HUVECs on culture well plates were fixed for 10 min at
RT with 4% formaldehyde, followed by permeabilization in
0.1% Triton X-100 at RT for 15 min. Afterwards, cells were
stained by incubating with 1.25 ug ml™ DAPI and 3.75 U
ml ™" Alexa Fluor 633 phalloidin in PBS for 1 hour at RT. After
each step cells were washed 3 times with PBS.

As a confirmation of expression of specific adhesion
markers, each cell type was stained on a glass cover slip
coated with collagen I. Cells were seeded at a density of 5 x
10" cells per cm” and kept in culture conditions for a day to
grow to a monolayer. This was followed by washing with PBS
and fixing with 4% formaldehyde for 10 min at RT. The
fixative was washed away with PBS and the cells were
incubated in PB for 15 min at RT. Afterwards, HUVECs and
ARPE-19 were incubated with goat anti-human VE-cadherin
IgG (1 ug ml™" in PB, R&D Systems) and mouse anti-human
Z0-1 IgG (5 ug ml™" in PB, BD Transduction Laboratories) for
2 hours at room temperature, respectively. Following
incubation, the cells were rinsed three times with PBS and
then washed three times with PBS for 10 min at RT. After
that, the cells were incubated for 1 hour at RT with donkey
anti-goat IgG Alexa Fluor 546 (2.5 ug ml*, ThermoFisher)
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and chicken anti-rabbit IgG Alexa Fluor 488 (2.5 ug ml™,
ThermoFisher) in PB, respectively. After staining, cells were
washed again with PBS. Afterwards, the coverslips were
transferred to microscope slides for imaging.

The cells were imaged with phase contrast, fluorescence
microscopy using the EVOS FL Cell Imaging System (Life
Technologies; RFP filter (ex 531/40 em 593/40) for VE-
cadherin, GFP filter (ex 470/22 em 510/42) for ZO-1, Cy5 filter
(ex 628/40 em 692/40) for phalloidin and DAPI filter (ex 357/
44 em 447/60) for DAPI) and Nikon Confocal A1 Microscope
(Nikon, Japan). Z-stacks, 3D reconstruction and Z-projections
were all analyzed and reconstructed with Fiji software.*’

Tracking permeability in co-cultures on-chip

The permeability of cell layers in the organ-on-a-chip co-cultures
was visualized by a method analogous to the clinically used FA.
Devices were cultured for 72 hours prior to experimentation.
Afterwards, devices were first treated with ECBM-2 (with 2% FBS
and 1% P/S) overnight. The following day, HUVECs were either
left untreated or were exposed to 800 uM and 10 mM H,0,
dissolved in ECBM-2 (with 2% FBS and 1% P/S) for 1 day.
Culture medium in devices was refreshed twice daily using the
rocking platform with freshly made H,O, solutions and ECBM-
2. After 1 day of exposure, first, each device was mounted on
EVOS FL Cell Imaging System (Life Technologies) with a 4x air
objective. Then the bottom half of a 200 ul pipette tip, acting as
a reservoir, was fitted on the inlet. After that, a syringe pump
was connected to the device via Tygon tubing (1 mm inner
diameter, Saint-Gobain Performance Plastics, France) which was
placed on the outlet. After that, the reservoir was filled with 100
ul of 60 pg ml™" 40 kDa FITC-dextran diluted in ECBM-2. This
was followed by withdrawal of the dextran along the
microchannel 25 pl min™ using a syringe pump (PHD ULTRA,
Harvard apparatus, USA). After ~4 min of FITC-dextran
perfusion, the reservoir was emptied and replaced with 100 pl
ECBM-2 with which the channels were perfused (25 pl min™).
During the whole procedure, sequential images were taken with
10 s intervals for 9 min. Using these images, the barrier formed
by HUVECs was evaluated. First, intensities of a 20 by 20 pixel
area of the gel (Fig. 2B-top between white and red lines) and
microvessel (Fig. 2B-top between red lines) were corrected for
background intensity by subtracting the average intensity of a
20 by 20 pixel background area  (Fig. 2B-
top outside of white lines). Second, intensity of the gel was
normalized to intensity of the microvessel. Using the
fluorescence profile of normalized gel over time, the slope of
the increase in intensity during the perfusion phase was
calculated by linear fitting (MS Excel). This normalized slope
was used as a measure for permeability.

Optical coherence tomography measurements

OCT images were acquired with a home-built visible light
system (Fig. S2t) previously described.*>** Briefly, the setup
was based on an open-air Michelson interferometer, with a
supercontinuum light source (SuperK Extreme EXB-6, NKT
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Fig. 2 Assessment of barrier integrity by ‘fluorescein angiography’ in devices. (A) Device schematics illustrating the location used in acquisition.
(B) Illustration of the fluorescein angiography procedure (top) and sequential top-view images taken during the experimentation (bottom). Each
column represents different stages of the procedure: before the dye perfusion (‘Background’), during the perfusion of the dye (‘Perfusion’), during
the media perfusion (‘Removal’). As the dye was perfused through the microvessel (red dashed lines), diffusion occurs into the gel depending on
the integrity of the barrier. Untreated (UT) is a positive control with HUVECs and ARPE-19 cultured in the microvessel and the culture chamber
respectively. The ‘800 uM’ and ‘10 mM’ rows represent the treatment concentrations of HUVECs with H,O, for 5 days. Contrast in raw images
were enhanced for illustrative purposes using a false-color lookup table (bottom). Scale bar: 200 um (C) a typical fluorescence intensity profile
during FA is summarized using ‘untreated’ condition as an example, with different phases labeled in their respective colors, matched to the phases
in panel B. The slope in the ‘Perfusion’ phase (‘a’) is used as a measure of permeability. (D) Normalized to the intensity in the microvessel, slope of
the increasing gel intensity in the ‘Perfusion’ phase is summarized as a bar graph. Compared to untreated cells (UT), a significant increase (UT vs.
condition, Student’s t-test, p < 0.05) in permeability (denoted by an asterisk) was detected in longer exposures of higher H,O, concentrations.

Error bars represent standard error of the mean, all experiments were performed at least 6 times.

Photonics, Denmark). A beam splitter (BS028, Thorlabs, USA)
guided 10% and 90% of the light towards the sample and
reference arm respectively. Achromatic lenses (AC127-025-A,
Thorlabs, USA) with a focal length of 25 mm focused the light
on the sample and on a piezo-driven reference mirror. Those
lenses determine the lateral resolution of the system, in this
case 2.5 um in air. After interaction of light with the sample
and the reference mirror, backscattered light was guided
through a single mode fiber (S405-XP, Thorlabs, USA) into a
custom-built spectrometer. The spectrometer dispersed light
onto a line-scan camera (Sprint spL4096-140km, Basler,
Germany), achieving a spectral resolution 84 = 0.1 nm over a
range of 440-600 nm (Fig. S2A7T). The spectrum acquired by
the camera can be related to depth after processing,
producing depth-intensity profiles known as A-scans. The
system parameters described above led to a theoretical axial
resolution of 1.4 um in air and an imaging depth of ~+0.6
mm. Chips were mounted on a motorized stage (T-LS13M,
Zaber, CA), controlled by a custom-built LabView algorithm
in order to allow lateral scanning. Cross-sectional images (B-
scans) were obtained by concatenating 350 A-scans spaced at
3 um, leading to a lateral scan range of 1.05 mm. At every
lateral position, 100 spectra were acquired with an exposure
time of 800 ps. The piezo-driven reference mirror allowed full
extension of the imaging depth to ~1.2 mm, by removal of
the DC-component and mirror-image in each A-scan. This
was achieved by applying a procedure similar to our previous

This journal is © The Royal Society of Chemistry 2021

zero-delay acquisition.”>*® In short, the movement of the

piezo induces a frequency modulation as a function of time
for each A-scan. By means of a band-pass filter in the
frequency domain, the DC component and mirror image can
be removed. Note that unlike our method for zero-delay
acquisition, here the position of the reference mirror was
kept constant, and the depth-axis was calculated from the
spectrum. Finally, in order to mitigate the loss in resolution
caused by dispersion of the PDMS layers in the chip, a flat
layer of PDMS with the same thickness of the chip was
introduced in the optical path of the reference beam.
Microvessel quality was evaluated with a custom-built
Matlab** script. First, OCT images were recorded at 4 different
cross-sections alongside the microchannels containing various
sized microvessels (n = 32 for each size). Second, images were
filtered using a Gaussian convolution to reduce speckle and
then binarized. Third, a rough region of interest (ROI) was
drawn on the microvessel. The extremes of the microvessel
were detected and their respective locations marked as
coordinates, physical coordinates were calculated assuming a
refractive index of 1.4 as for PDMS. Using these locations, a
circular shape was drawn around the central point of the four
marks with theoretical diameters of 500, 300 or 120 um.
Fourth, the contents of the ROI were analyzed by comparing
the features in the image to the desired shape of the
microvessel. Finally, we defined a quality factor Qyegsel, Where 1
indicates perfectly circularly microvessels. The quality of the
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microvessel (Quessel) Was calculated as ratios between areas
inside and outside the circular ROIs, as follows,

r Ajnside
inside = —,—
Acircle
r Aoutside
outside = —
Acircle
2
_ T'inside
Qvessel -

(1 + routside)2

where Ajnsiqe and Agusige are the areas of features inside and

outside the theoretical circle respectively, as well as Acjrele Which
is the area of the circle itself. A minimum threshold of 0.5 was
set for selecting proper microvessels.

Diameters of the branching vessels within patterned fibrin
hydrogel were calculated by fitting circles into each observed
cavity and measuring their diameter using a custom-built
Matlab script.**

Results and discussion

Co-culture of retinal pigment epithelium and vascular
endothelium in the microfluidic chip

In the present study we aim to mimic the organization of the
outer lining of the retina in an organ-on-a-chip model. The
chips were designed to have two compartments separated by
a porous membrane (Fig. 1A), resembling the layered
structure of the RPE and the underlying choroid in the
human retina. After the patterning of microvessels, HUVECs
and ARPE-19 were introduced in the device. After 72 hours of
culture, confocal microscopy inspection of the co-cultures
stained for actin cytoskeleton and nuclei revealed a
homogeneous distribution of the cells, which suggests that
there were continuous cell layers (Fig. 1C). To confirm each
of these specific cell types, ARPE-19 and HUVECs were
fluorescently stained for the specific cell-cell adhesion
molecules ZO-1 and VE-cadherin, respectively (Fig. 1C).
Subcellular localizations were as expected, with localization
of the respective proteins at cellular junctions.

We chose to set up our model with ARPE-19 and HUVEC,
because they have both been used extensively in modelling
the oBRB in vitro.*>™*” The purpose of our current study was
to establish relevant read-outs, and we therefore chose well-
characterized cells as a point of reference. Still, it is clear that
ARPE-19 has only limited relevance when modelling the RPE,
as it lacks pigmentation and other hallmarks of RPE in vivo.
Similarly, HUVECs are a popular source of primary human
endothelial cells, but its relevance for modelling the choroid
is limited to cell type. Modelling the choroid is challenging
in any case, because even primary human choroidal
endothelium loses choroidal endothelial characteristics, e.g.
vascular markers and fenestrations, when cells are isolated
and expanded in culture.*®*® Undoubtedly, stem cell-derived
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choroidal endothelial and RPE cells are what is ultimately
needed to create an organ-on-a-chip model that mimics the
human outer-blood retinal barrier as closely as possible.
However, the goal of our current study is to establish well-
characterized read-outs that are relevant for clinical
translation. Such read-outs will also be essential when
studying organ-on-chip models of the oBRB that integrate
stem cell-derived tissue.

Fluorescein angiography on 3D microvessels in the
microfluidic chip

In order to explore the relevant conditions of oxidative stress
to cause endothelial dysfunction in our cultured cells, we
first treated HUVECs in regular culture systems to different
concentrations of H,O, (Fig. S11). Here, our logic for using
H,0, as a disease stimulus was motivated by the fact that
RPE cells generate hydrogen peroxide during photoreceptor
outer segment digestion.”® Disrupted metabolic activities by
aging may cause accumulation of free radicals in the native
microenvironment that eventually damages nearby tissues
such as the choroid. It has been reported that hydrogen
peroxide is neutralized by HUVECs (1 nmol H,O, per 10° cells
per hour),”* however continuous exposure causes the damage
to accumulate. Here, we studied the long-term effects of
peroxide exposure on cells.

In ophthalmology, FA is a powerful imaging modality
commonly used to assess circulation in the eye (e.g fluid
leakage from the choroidal blood vessels) as well as to find
vessel defects that are not detectable otherwise.”> Therefore,
many clinical trials of AMD rely on FA to evaluate the potency of
treatments. FA involves intravenous injection of a fluorescent
tracer like fluorescein, which then flows through the circulation
and is visible by fluorescence imaging within the choroidal
microvessels within seconds. After a mid-stage, in which all
retinal vessels light up for a few minutes, the dye is gradually
eliminated from the system. If a retinal vascular defect or a
defect in the RPE is present, the dye fills up the intercellular
space from the lesion and is retained even after most of the dye
has been cleared from the retinal vasculature and choroid. This
remaining hyperfluorescence in the late phase of the angiogram
is a clinical indication of barrier tissue damage.”®

We combined FA with organ-on-a-chip technology to
examine the effect of the previously established
concentrations of H,0, (see ESIf Methods) on intercellular
leakage of co-cultures in our model (Fig. 2). To minimize the
possible damaging effect of flow on the cell barrier, we opted
for shear rates (~34 s™') much lower than those found in
arteries (~300-1000 s *).>* Since the volume of the channels
of our chip was much lower than well plate cultures, we
made use of a rocking platform in order to maintain cell
viability for multiple days in our devices. This platform was
able to rotate from side to side allowing cyclic patterns of
hydrostatic pressure from the attached reservoirs, and this in
turn made it possible for cells to access a larger volume of
medium and hydrogen peroxide. In our experiments, we
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exposed the co-cultures on-chip for 1, 2 and 5 days to
concentrations of 800 puM and 10 mM H,0,, prior to
performing the ‘on-chip FA’. The on-chip FA relied on
introducing a fluorescently labelled dextran into the
patterned microvessel, which could be detected by
fluorescence microscopy. After perfusing the system with the
dye for a few minutes (Fig. 2B, ‘Perfusion’), the model was
perfused with control medium to clear the dye from the
system and subsequently inspected for signs of
hyperfluorescence, the late stage (Fig. 2B, ‘Removal’).

Using fluorescence intensity data from the ‘Perfusion’ phase
of the on-chip FA, we calculated the permeability of the
endothelial monolayers. For that, first we corrected the images
for background intensity, to eliminate the effect of ambient
light. Afterwards, fluorescence intensities of the gel were
normalized to microvessel intensities. Using these normalized
intensities, we calculated the slope of the gradual increase in
fluorescence (Fig. 2C). Normalizing intensities minimized the
inconsistencies of the fluorescence intensity of dye perfused
through the microvessel, and provided an objective method to
compare data from multiple chips and multiple days.

Based on FA analysis of untreated samples, our on-chip
cultures maintained their barrier over the course of the
treatment (Fig. 2D). Moreover, 800 uM treatment did not cause
significant damage to the barrier in shorter exposures (1 day).
However, significant damage occurred upon 2 and 5 days of
exposure. As a positive control, we used a very high
concentration of H,0, 10 mM, which caused significant
damage to the cellular barrier after 1, 2 and 5 days of exposure
as well. Here, our FA setup was only used for semi-quantitative
determination of permeability, as the diffusion time for labeled
dextran to travel from the microvessel-gel border to the channel
wall (~8 min) was longer than the time of the ‘Perfusion’ phase
(~4 min). As a result, the gradients within the gel were still
significant at the end of this phase. Therefore, any quantitative
estimation of the permeability from the rate of change of this
average intensity would be significantly skewed. The technical
impossibility of full quantification prevents a direct
comparison of permeability measurements in our system with
other in vitro culture systems.

In addition to performing this semi-quantitative analysis
of the fluorescence data, our method based on microscopic
imaging also allows a qualitative inspection of the
microvessels for local defects. Normally, the dye leaks from
the microvessel in a uniform pattern, but occasionally, we
found patterns of enhanced dye accumulation at specific
sites of the microvessel (Fig. S37).

In order to reveal the cell morphology upon peroxide
exposure, we fluorescently stained HUVECs inside the
microvessel for nuclei and actin filaments. In line with our
observations in the FA analysis, we observed a dose-
dependent effect on the cell morphology and monolayer
integrity (Fig. S41). At 800 uM H,0,, cells acquired an
elongated morphology with strong F-actin stress fibers and
damaged monolayers with scattered intercellular holes. At 10
mM of H,0,, cells displayed a shrunken morphology, and
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intercellular spaces became so large that the monolayer
disappeared almost completely. Interestingly, the observed
patterns of monolayer damage (particularly in the condition
of 800 uM H,0,) were not as severe as what was observed in
our experiments with HUVECs in culture plates, in which we
already observed strongly reduced cell numbers upon
treatment with 800 uM H,0, (Fig. S1Ct). This is presumably
due to the low internal volume of the chips, which causes
reduced cellular exposure to H,0O, and its short-lived radical
oxygen species compared to culture plates with high absolute
amounts of H,0,. Alternatively, endothelial cells in chips
could be better protected from damaging stimuli because
their culture conditions better recapitulate the native in vivo
conditions of these cells.

In our experiments with co-cultures, even with high
concentrations of H,O,, no considerable damage to the layer of
RPE was observed as there was no dye accumulation in the
culture chamber. A possible reason for this might be that the
effective concentrations of H,O, to which the RPE cells are
exposed is strongly reduced because they were shielded from
the H,0, in the patterned microvessel by both the cultured
endothelium and the collagen hydrogel. Another reason may
be the specific RPE cell line we utilized in this study; ARPE-19
has been reported to be highly resistant to oxidative stress.>
Even though our current disease stimulus does not have a
damaging effect on RPE, we confirmed that our FA analysis is
suitable to evaluate this type of damage. For this, we performed
experiments in devices with monocultures of endothelial cells
only. The absence of the ARPE-19 layer in the culture chamber
enabled us to simulate the severe late stages of AMD where
both endothelial and epithelial layers are damaged.’ In these
experiments, we found leakage of dye towards the culture
chamber upon treatment with H,O, (Fig. S57).

Our results demonstrate that an FA can be carried out on
the organ-on-chip co-cultures, and that this method allows
both semi-quantitative evaluation of the endothelial barrier
by analyzing the slope of the fluorescence increase in the
‘Perfusion’ phase, as well as qualitative assessment of lesions
and defects by analyzing local accumulation of the
fluorescent dye in the ‘Removal’ phase.

In the clinic, two dyes are typically used in fluorescence-
based angiography: fluorescein and indocyanine. Fluorescein
has a low molecular weight (0.3 kDa) and therefore readily
leaks out of the fenestrated choroidal capillaries, leading to a
diffuse ‘choroidal flush’ early in the angiogram that reveals
few details about the choroidal vasculature. It is therefore
mostly used to find defects in the retinal pigment epithelium
and the retinal vasculature. In contrast, indocyanine binds
strongly to plasma proteins and is therefore retained in the
lumens of the fenestrated choroidal microvessels. Patterns in
the indocyanine angiogram like delayed filling of vessels or
focal hyperfluorescence can therefore be used to diagnose
defects in the choroidal vasculature. For example,
hyperpermeability of choroidal vessels is often observed in
diseases like central serous retinopathy and AMD.**"*° The
dye that we used in our studies was a fluorescein-labeled 40
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kDa dextran, which diffuses over the endothelial barrier at a
rate much lower than fluorescein, but which is not retained
fully in the vessels like high molecular weight plasma
proteins. These properties allow us to reliably track the
diffusion of the dye into the collagen gel over time by time-
lapse microscopy, which enables sensitive semi-quantitative
analysis of vascular permeability. Fluorescein would diffuse
too rapidly to perform a reliable quantification, while a very
high-molecular weight dye (e.g fluorescently labelled
albumin, 66 kDa) would instead only allow qualitative
identification of extreme vascular defects. Since our assay
gives information on the state of the ‘choroidal’ vessel in the
organ-on-chip, the observed increase in permeability
(Fig. 2D) upon treatment with hydrogen peroxide can be
considered to be analogous to choroidal hyperpermeability
observed in clinical indocyanine angiography.

Optical coherence tomography on 3D microvessels in the
microfluidic chip

OCT is a method in ophthalmology to assess the structure of
the tissue layers of the retina. Because it is a non-invasive
readout, and allows for in vivo imaging, it is a routine tool for
diagnosis and follow-up after AMD treatment. OCT is based
on a pattern that is formed by backscattered light from the
sample. Through the interference of this pattern with the
reference beam (Fig. S21), an optical map of the structures of
the retina can be drawn.

In this study, we explored whether our organ-on-chip
model of the outer tissue of the retina is compatible with

View Article Online
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OCT, and whether structural changes in the on-chip hydrogel
structures could be visualized. To characterize the sensitivity
of using OCT as a read-out, we first used it to measure
patterned microvessels of defined, but different sizes: 500,
300 and 120 um. Horizontal and vertical axes lengths showed
a low variance and average lengths were approximately the
same size as the intended diameters (Fig. 3B). In addition, we
evaluated the quality of these microvessels, Quessel (S€€
Materials and methods), using OCT data. Consistent with our
optical observations, analysis of vessel quality revealed a
higher number of microvessels in good quality (Qyesse1 > 0.5)
for larger sized (500 um) patterned microvessels (high quality:
15/32), as compared to smaller ones: 5/48 and 1/32 for 300,
120 pm microvessels, respectively (Fig. 3C-i). Any microvessel
below Quesser Of 0.5 was deemed improper as these were
partially destroyed and non-perfusable (Fig. 3C-ii and iii).

We then set out to study whether OCT can not only be
used for analysis of pre-patterned microvessels, but for self-
developed microvessels of physiological sizes as well. For
this, we compared our regular organ-on-a-chip with those in
which the collagen I hydrogel was replaced with a fibroblast-
containing fibrin hydrogel. It is known from literature that
fibrin hydrogels can strongly induce cultured endothelial
cells to form network branches in vitro.**** After 7 days of
culturing, the matrix (Fig. 3D) in our organs-on-chips was
imaged by OCT. Typical cross-sectional scans of the patterned
microvessel in a collagen I matrix revealed a lumen with the
same cross-section as the needle used for patterning, with
clearly delineated borders (Fig. 3D-i). In contrast, scans of the
fibrin gel (Fig. 3D-ii) revealed an enlarged lumen and a
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Imaging matrix structure and microvessels in the organ-on-chip system using OCT. (A) Schematic overview of the organ-on-a-chip device

with inset showing the cross-section view of the channel. (B) Measured diameters of collagen | hydrogel patterned microvessels with different
needle dimensions. Horizontal (Hor, x-axis in (A)) and vertical (Vert, y-axis in (A)) are measured separately. Each dot represents a different cross-
section along the channel. Line showing mean with error bars denoting standard error of mean. Theoretical distances were labelled as dotted lines
at 500, 300, and 120 um. (C-i) Distribution of quality assessment of microvessels with different diameters. Values below 0.5 were considered as
improper. (C-ii and iii) OCT images of two different vessels (500 um) with qualities at opposite extremities were shown with their respective quality
factors. (D) OCT cross section of a microvessel containing collagen | patterned hydrogel without cells (D-i) and fibrin, HUVECs and fibroblasts with
white arrows showing cavities representing branches within the hydrogel (D-ii). Blue arrows represent OCT imaging artefacts. Scale bars: 100 um.
(D-~iii) Distribution of vessel sizes within the fibrin hydrogel based on image analysis of multiple OCT cross-sections.
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damaged matrix structure with cavities (Fig. 3D-
ii, white arrows), which coincided with endothelial growth
into the fibrin hydrogel (Fig. S2Ct). Here it is worth noting
that the resolution was considerably lower in the upper part
of the damaged matrix due to the thick PDMS layer below the
microchannel. By analyzing the OCT scans, we determined
the size distribution of the observed cavities. The majority of
cavities consisted of smaller vessels (~20 um, Fig. 3D-iii),
sizes which are consistent with choroidal capillaries in vivo.*®
Note that because of the 3D acquisition scheme described in
Materials and methods, artefacts were prone to appear in
OCT images (Fig. 3D), due to specular reflections and
incomplete removal of DC component in the signal which
were consistent with recent relevant studies.*>®”

Our data demonstrate that OCT can be used to visualize
the physical structure of the matrix, as well as formation of
new microvessels in our organ-on-chip device. The resolution
of the imaging technique is high enough to not only detect
large structural defects (Fig. 3C-iii), but also microvessels and
cavities of physiological sizes (Fig. 3D-iii). Given the
importance of OCT as a clinical tool, this read-out should in
the future enable the comparison and correlation of data
from our in vitro assay with clinical observations. In the
clinic, OCT provides information about structural defects in
the RPE in the form of drusen formation and fluid
accumulation, as well as neovascularization from the
choroid.®® Currently, the lack of resolution in the area of RPE
culture in our device prevents us from screening for sub-
retinal fluid accumulation or drusen formation. However, the
technique does allow us to observe changes in capillary
density and neovascularization, which are key steps in the
pathophysiology of AMD preceding RPE dysfunction and
photoreceptor degradation.®® Future studies will focus on
improving the imaging depth of the set-up.

Conclusions

Microfluidic organ-on-a-chip systems have great potential to
investigate basic mechanisms of disease pathology and
organ-level physiology due to their flexibility of incorporating
various cell types and physiologically relevant biochemical
readouts.”” In addition, they can be used to test the effect of
disease triggers and drugs. Here, we report an organ-on-a-
chip model of the o0BRB, it to track
pathophysiological processes relevant for AMD.

Our model consists of a microvessel that is defined by
patterning a collagen I hydrogel to recapitulate the in vivo
choroidal microenvironment. Using H,0, to mimic oxidative
stress, one of the well-known disease factors in AMD
pathophysiology, we explored the effects on co-cultures in
our organ-on-a-chip devices. Using a readout that is
analogous to the clinically used FA, we showed that on-chip
co-cultures were affected by the H,0, stimulus. In addition,
we used OCT to image the hydrogel matrix of our organ-on-
chip model, as well as 3D microvascular structures formed by
cells within the hydrogel. Together, our results demonstrate

and we wuse
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the added value of integrating relevant read-outs in complex
in vitro models like organs-on-chips when studying the 0BRB.

There are various challenges in investigating AMD
pathophysiology in vivo due to AMD being a multifactorial
disease.” The model, including read-outs, presented in this
study demonstrates the potential added value of using
organs-on-chips for future studies of disease mechanisms
and treatment development for AMD.

As a next step, co-cultures of patient stem cell-derived
endothelial cells and RPE cells can be integrated into the
chip to generate a more representative model of AMD.
Moreover, the integration of clinically relevant read-outs in
our model will strongly facilitate future side-by-side
comparison of in vitro findings with patient data. Together,
this would make our organ-on-a-chip model of the outer
tissues of the retina a powerful functional test for evaluating
potential treatments for specific patients or patient sub-
groups in the context of precision medicine.”
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