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Introduction

Microfluidic artery-on-a-chip model with
unidirectional gravity-driven flow for high-
throughput applications

H. Enhlers, @23° T. Olivier,? S. J. Trietsch,? P. Vulto,?
T. P. Burton? and L. J. van den Broek & *2

Cardiovascular disease (CVD) is the leading cause of death worldwide, with a noticeable decline in the
approval of new therapeutic interventions. Currently, there is no gold standard for developing new
therapies for CVDs, and preclinical models do not translate to clinical efficacy. Therefore, there is an urgent
need for in vitro models that more accurately mimic human disease processes. Here we describe a model
of the artery consisting of monocultures of human coronary artery endothelial cells (HCAECs) or cocultures
of HCAECs with human coronary artery smooth muscle cells (HCASMCs). The model was established in
the OrganoPlate® 2-lane-48 UF, a novel microfluidic device, comprised of a microtiter plate footprint with
48 chips. Fluid is circulated in a unidirectional manner by interval rocking. The creation of an air-liquid
interface at the inlets at a given inclination is used to select flow paths and establish flow in one direction
only, whilst capillary forces ensure the channel remains filled with fluid. We investigated the impact of
unidirectional or bidirectional flow conditions. Under unidirectional flow, endothelial cells aligned with the
flow direction, decreased fibronectin deposition, and smooth muscle cells presented a non-contractile
phenotype, emulating the characteristics of healthy arteries. Contrarily, bidirectional flow mimicked features
of early endothelial dysfunction, such as contractile morphology of vessels and increased fibronectin
secretion, ICAM-1 staining, and lipid deposits. Vascular inflammation could be induced by the addition of
TNFo and IL-1B in both flow conditions. Overall, the OrganoPlate® 2-lane-48 UF is a powerful platform
providing both throughput and improved flow control, for creating more physiological models. Its ability to
replicate key features of a healthy and diseased artery, its potential use in drug screening, and its
compatibility with lab automation make it an invaluable tool for researchers aiming for more accurate and
efficient therapeutic development in CVD.

leads to the development of endothelial dysfunction and later
CVDs, in particular, atherosclerosis.”” The innermost layer of

Cardiovascular disease (CVD) is a leading cause of death
globally, accounting for 32% of deaths annually, while drug
approvals for CVD therapies have been decreasing in recent
years."” Often, CVDs are developed over a lifetime with
contributing factors influencing obesity, diabetes, smoking, and
hypertension.® Currently, most CVDs are treated with drugs,
such as statins, despite poor efficiency. Limited translation of
preclinical models, in terms of safety and efficacy, has been
reported as a factor in the decline of new therapies. In the
vascular system, chronic inflammation or loss of homeostasis
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all blood vessels is composed of endothelial cells, which are
sensitive to environmental cues like shear stress.”® Smooth
muscle cells (SMCs) surround the endothelial cells and are
responsible for regulating vascular tone in response to cues
from the endothelial cells. Fluid flow plays a crucial role in
maintaining vascular homeostasis.” Laminar flow promotes a
noninflaimmatory state with elongated endothelial cell
alignment in the direction of flow, a vasodilated state, low SMC
activation, and low fibronectin secretion.'®! In contrast,
disturbed flow leads to an increased vasoconstriction, polygonal
endothelial morphology, increased expression of inflammatory
adhesion molecules, increased lipid uptake, and SMC
activation.’®">"® In endothelial dysfunction, the smooth muscle
cells become activated by increased lipid uptake and migrate to
areas of inflammation.’* This positive feedback loop leads to
the recruitment of immune cells and lipid droplet
accumulation, culminating in atherosclerosis, which involves
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plaque formation and reduces blood flow and oxygen supply to
the vital body organs.’” Current treatment options for
atherosclerosis treat the symptoms (e.g., high cholesterol or
high blood pressure),"”” but do not address the underlying
mechanism of action. Therefore, better models for disease
progression and therapies need to be developed.

There is no gold standard model for mimicking
endothelial dysfunction because animal nor in vitro models
fully recapitulate the disease pathology. Several mouse
models have been developed, such as ApoE-/- or eNOS
knockout, each of which has their drawbacks.'® In general,
animals have poor translation to humans due to different

genetics and mechanisms of disease progression.'
Therefore, there is a pressing need to develop new,
standardizable methods for CVD modeling in drug

screening.'® " Recently, microfluidic models have tried to
bridge the gap between 2D cell culture and in vivo models.*
These so-called organs-on-a-chip offer a route to create
complex models of human disease®*** To reduce the use of
animal models for drug testing, the FDA Modernization Acts
2.0 and 3.0 help to stimulate innovation and lower the
barrier to the adoption of such advanced in vitro models.***
For example, Zhang et al. utilized tissue-engineered blood
vessels with endothelial cells and fibroblasts under the
physiological flow, enzyme-modified low-density lipoprotein
(eLDL), and TNFa, to model early-stage atherosclerosis.>® This
model mimicked the immune component of atherosclerosis
with the addition of monocytes, and they showed a decrease
in inflammation with the addition of a drug. However, this
model was low throughput and was not commercially
available. Hattori et al. investigated impact of three different
shear stresses and demonstrate that HUVEC cells aligned
with the fluid flow and had an increase in atheroprotective
gene expression, like eNOS and THBD, in response to the
increase in shear stress.”” Most microfluidic models that
modulate shear stress involve the use of a pump.””*'
However, the use of a pump makes operation more
complicated, limits the throughput, and requires the use of
external, often bulky setups. Gravity-driven microfluidic
devices have been developed to tackle these downsides. These
devices offer benefits over pump-based systems due to their
lower complexity, no additional tubing or complex setups,
lower initial costs, quicker set-up time, lower footprints,
lower reagent volumes, and open well architecture.***® van
Duinen et al. showed the culture of 96 blood vessels of which
barrier function could be modulated by inflammatory and
angiogenic triggers.”” These and other gravity driven setups
typically rely on bidirectional flow, or reversing the fluid flow
direction in dependance of the inclination angle.
Unidirectional flow setups have also been reported.>>*¢*%3°
These microfluidic models obtain unidirectional flow by
allowing the fluid to circulate using a circular channel or
using angle of inclination to allow the fluid to flow through a
separate channel to return to the starting location. This
results in a flow pattern comprising of a flow phase and a
stall or reset phase in which the fluid is returned to the
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initial reservoir. Yet these setups are typically based on a
single chip setup and have therefore limited value for routine
experimentation.

Here, we describe an innovative model of the human
in vitro artery. The model makes use of a novel microfluidic
device, the OrganoPlate® 2-lane-48 UF. The device has 48
microfluidic chips consisting of an extracellular matrix
channel, a perfusion channel, and a bypass channel. Flow is
induced by gravity through reciprocal rocking, and
unidirectional flow paths are selected by capillary force at the
air-liquid interfaces, thus preventing backflow. This platform
builds on the previous published unidirectional microfluidic
models in a higher throughput platform. Monocultures of
primary human coronary artery endothelial cells (HCAECs) or
cocultures of HCAECs and human coronary artery smooth
muscle cells (HCASMCs) vessels were established and placed
under unidirectional or bidirectional flow. By utilizing the
platforms multiplexing capabilities, cell alignment, marker
expression, cytokine release and extracellular matrix secretion
investigated to compare the effects of flow on
monoculture and coculture vessels. Additionally, the vessels
were exposed to cytokine treatments to study the effects of
flow on the vessels ability to respond to inflammation.
Overall, we could effectively demonstrate features of healthy
and disease coronary arteries. We believe these assays could
aid the discovery of novel treatments for cardiovascular
diseases.

Methods

Cell culture

were

Human coronary artery endothelial cells (HCAECs, Promocell,
C-12221) were thawed in a T75 flask and cultured at 37 °C,
5% CO, in MV2 medium (Promocell, C-22022). HCAECs were
cultured until passage 5 and frozen in MV2 + 5% FBS + 10%
DMSO for later use. Human coronary artery smooth muscle
cells (HCASMC, Promocell, C-12511) were thawed in a T75
flask and cultured at 37 °C, 5% CO, in smooth muscle cell
growth medium 2 (Promocell, C-22060) until passage 4.
HCASMCs were frozen in MV2 + 5% FBS + 10% DMSO for
later use. For each experiment, HCAECs and HCASMCs were
thawed into the flask and cultured in their respective
medium at 37 °C, 5% CO,, until they reached confluency.

OrganoPlate 2-lane-48 UF and 2-lane-48 UF bidirectional
control

Mimetas OrganoPlate® 2-lane-48 UF (Fig. 1A) comprises a
bypass channel, a cell culture channel that is separated from
a gel channel by means of a capillary pressure barrier, as
previously described.*® The bypass channel dimensions have
a thicker width, at 1.2 mm, to allow for a lower channel
resistance and reduce the reset period of the system. To
create one long well, the device uses a custom 384-well titer
plate where 3 wells are merged in columns 1-3, 6-8, 9-11,
14-16, 17-19, and 22-24. Columns 4, 12, and 20 are for
hydrogel seeding, and columns 5, 13, and 21 are the
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Fig. 1 Unidirectional flow microfluidic device with the comparable bidirectional microfluidic device. (A) OrganoPlate 2-lane-48 UF consists of 48
individual microfluidic chips. (B) Schematic of perfusable blood vessel consisting of endothelial and smooth muscle cells under unidirectional flow.
(C) Schematic of OrganoPlate 2-lane-48 UF chip design. Three wells of 384 well titer plate were combined to create one large well (columns 1-3
and 6-8). Cells were seeded in the perfusion channel (red). Bypass channel (yellow) is used to return the medium to starting well. The large well
allows the medium from the perfusion channel to pass through the bypass channel. (D) Schematic of bidirectional chip design. Standard 384 well
plate is used with no combined wells. Therefore, there is no medium exchange between the perfusion and bypass channels. (E) Schematic of
positive angle perfusion of the OrganoPlate 2-lane-48 UF chip allows fluid flow from the right side of the chip to the left through the perfusion
channel containing cells. (F) Schematic of the negative angle perfusion on the OrganoPlate 2-lane-48 UF chip allowing for fluid flow from the left
side of the chip to the right side of the chip through the bypass channel. (G) Graph of the simulated shear stress in the unidirectional microfluidic
chip. (H) Graph of the simulated shear stress in the bidirectional microfluidic chip.

observation wells. This allows each chip to consist of 2 long
wells, a gel seeding well, and an observation well (Fig. 1C).
The plate consists of a total of 48 chips. The long well and a
lower media volume allow for creating an air-liquid interface
above the outermost holes in the chip at positions 3 and 8
(Fig. 1E) when the plate is angled above a critical angle. The
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formation of an air-liquid interface above an inlet hole
prevents fluid flow, the size constraints of the device result in
a Laplace value, and surface tension prevents the
microfluidic channel from emptying. When the angle of
inclination is positive, fluid is routed through the cell culture
channel (Fig. 1E). When the angle of inclination is negative,

This journal is © The Royal Society of Chemistry 2025
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fluid is routed through a bypass channel, resetting the
system (Fig. 1F). For the bidirectional plate, a standard 384-
well titer plate was used as the top part (Fig. 1D). For the
bottom part, the 2-lane UF bidirectional plate used the same
microfluidics as the OrganoPlate® 2-lane UF. Without the
long channels, the medium in the perfusion channel cannot
pass through the bypass channel and flows back through the
perfusion channel. This creates bidirectional flow through
the perfusion channel.

OrganoPlate seeding and unidirectional flow

For seeding of the ECM, 1.1 uL of a gel composed of 4 mg
mL™" collagen-I (Cultrex 3D collagen-I rat tail, 5 mg mL ™",
3447-020-01, AMSbio), 100 mM HEPES (15630-122, Thermo
Fisher, Waltham, MA, USA) and 3.7 mg mL' NaHCO,
(Sigma, S5761) was dispensed in the gel inlet. The
OrganoPlate was incubated for 15 min at 37 °C. After gel
polymerization, 50 pl of HBSS was added to the gel inlet and
observation well. Plates were stored in an incubator at 37 °C,
5% CO, overnight. HCAECs and HCASMCs were harvested
using trypsin + 0.25 EDTA (Lonza, CC-5012) and neutralized
with trypsin neutralizing solution (Lonza, 5002). All
conditions were spun down at 220g for 5 minutes. Cultures
were resuspended to a density of 10000 HCAECs per pl and
2500 HCASMCs per pl. For coculture conditions, HCAECs
and HCASMCs were combined at a ratio of 4:1, respectively.
The 4:1 ratio of ECs to SMCs was determined to lead to the
most stable vessel over time in previous studies and model
optimization (data not shown here). To seed the cells, 50 ul
of MV2 medium was added to the perfusion outlet and 1 pl
of the cell suspension to the perfusion inlet. Plates were
incubated at a 75° angle for 2 hours to allow cell attachment
before adding 50 pl of MV2 medium to the perfusion outlet
and 100 pl to the perfusion inlet for the unidirectional
conditions. For the bidirectional conditions, 50 pul of MV2
medium was added to the perfusion inlet, bypass inlet, and
bypass outlet (Table S17). Plates were placed at OrganoFlow®
2.0 with the setting of 7° 8 minute, herein called the growth
rocker setting, for 3 days. This growth setting ensures that
both conditions form a confluent tube before being placed in
their respective high-shear rate condition. These settings
have previously been used in the OrganoPlate to generate
endothelial tubes with leak-tight barriers.** Medium change
was performed where 40 ul of MV2 medium was added to the
perfusion inlet and outlet. Unidirectional conditions were
placed on the asymmetric rocker with a 25° 1 minute interval
for a positive angle and a 25° 15 second interval for a
negative angle. Bidirectional conditions were placed on a
symmetric 25° 1 minute interval rocker (Table S1t). At day 4
of the culture, specific chips were exposed to cytokines for 24
hours. For the cytokine exposure, TNFa (R&D Systems, 210-
TA-020) and IL-1f (ImmunoTools 11340013) were diluted in
MV2 medium to 1 ng ml™. On days 3 to 5 of culture, all
chips of the OrganoPlates were imaged for 4x magnification
phase contrast images at the ImageXpress Micro XLS
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microscope (molecular devices). On day 5 of the culture, the
OrganoPlates were fixed in 3.7% formaldehyde in HBSS with
calcium and magnesium (Sigma, 252549) and stored at 4 °C.

Immunofluorescent staining and imaging

After fixation, cultures in the OrganoPlate were stained for
immunofluorescent markers, as described previously.** In
short, cells were permeabilized using a Triton X-100 solution for
15 min and blocked using a buffer containing FBS, bovine
serum albumin, and Tween-20 for 45 min. Primary antibodies
were incubated overnight, after which secondary antibodies
were incubated for 2 hours. The following primary antibodies
were used to stain fixed cultures: anti-VE-cadherin 1:500
(Abcam, ab33168), anti-ICAM-1 1: 50 (R&D systems, BBA3), anti-
human CD31 1:160 (Dako, M0823), fibronectin 1:100 (Sigma,
F3648) and oSMA 1:500 (Sigma, A2547). The following
secondary antibodies were used: goat anti-rabbit IgG (H + L)
Alexa Fluor 555 1:250 (Thermo Fischer Scientific, A21428), goat
anti-mouse IgG (H + L) Alexa Fluor 647 1:250 (Biotium, 20040).
Additionally, BODIPY 1:760 (Thermo, D3922) and actin green
(2 drops per ml) (Thermo, R37110) were added to secondary
antibodies. Nuclei were stained using Hoechst (ThermoFisher,
H3570). After staining, the OrganoPlate was transferred to a
confocal high-content imaging microscope for automated
imaging (Micro XLS-C, molecular devices). Images were
acquired at 10x magnification at 5 um increments along the
height of the microfluidic channel. Analysis was based on sum
projection (ICAM expression, fibronectin, BODIPY) of the entire
vessel or Max projection (CD31, actin, VE-cadherin) images of
the bottom 10 z-slices.

Image analysis

Images were cropped to the same dimensions using a macro in
Image] that created the same box for all images. Nuclei were
counted using an automated Image] nuclei counting tool
developed in-house. ICAM-1, fibronectin, and BODIPY
immunofluorescent staining quantification was performed as
de Haan et al. reported in 2021.* Directionality was determined
using a max projection of only the bottom 10 slices of CD31 to
ensure that only a single layer of endothelial cells was analyzed.
The directionality tool in the software Fiji was used to quantify
alignment.** Orientation] analysis was used to create alignment
images of CD31.*

For VE cadherin analysis, image analysis was performed
using MetaXPress (version 6.7) and IN Carta image analysis
software (version 2.1). Images acquired on the ImageXPress
Micro Confocal were exported to XMCE format using
MetaXPress. Afterward, images were imported into IN Carta,
where analysis was conducted. Using the SINAP module, the
pre-trained nuclei DCNN*® was utilized to segment the nuclei
from the Hoechst stained image, and masks were generated.
For the VE-cadherin signal, two distinct DCNN were trained.
One was configured to segment the cellular space between
the junctions (negative space), and the second was to
segment the stained junctional network itself (positive space).

Lab Chip, 2025, 25, 2376-2389 | 2379
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Morphological, intensity, positional, and textural descriptors
were extracted from the DAPI and VE-cadherin images.
Supporting data was obtained by applying the negative space
VE-cadherin masks to the other markers, measuring intensity
and textural descriptors. Further quality control and initial
analysis were performed using JMP software 17.2 (SAS
Institute Inc., Cary, NC). All objects were checked for faulty
or erroneous segmentations. Objects smaller than 5 um and
outside the perfusion channel were excluded from the
output. Chip positions were labeled based on their treatment
conditions and flow configuration.

IL-6 ELISA

IL-6 release was quantified using an IL-6 ELISA kit (R&D
systems, DY206-05). The manufacturer protocol was followed.
For non-cytokine exposed samples, coculture samples were
diluted 1:2 in reagent dilutant, and HCAEC monocultures
were not diluted. For cytokine conditions, samples were
diluted 1:200 in reagent diluent. The standard curve was
calculated using the “Interpolated Standard Curve” function
in GraphPad Prism software. Sample concentration was
determined from the standard curve.

Statistics

Means of two or more groups were assessed using Brown-
Forsythe and Welch ANOVA (Gaussian, heterogeneity of
variance) or Kruskal-Wallis tests (non-Gaussian) for statistically
significant differences. In the case of two or more factors, two-
way ANOVA tests were formed depending on the number of
factors. Multiple comparisons were accounted for using Tukey's
or Dunnett's tests. All data sets were tested for normality using
QQ plots and residuals for normality. Statistical analyses were
performed using GraphPad Prism v10.4 (GraphPad Software).
Differences were considered significant when p < 0.05. For the
number of replicates, each independent experiment is
represented by an “N”, and the individual chip is represented by
an “n”. Total number of replicates is N x n.

Results
OrganoPlate 2-lane-48 UF

Fig. 1 shows the novel OrganoPlate 2-lane-48 UF. It is
comprised of a microtiter plate footprint and comprises 48
chips. Each chip comprises two flow paths: a first path
comprising the cell culture and a second ‘bypass channel’ to
reset the flow (Fig. 1E and F). The inlets holes of the two flow
paths are connected by joining together three wells from the
microtiter plate (Fig. 1A and C). The cell culture channel
comprises a phaseguide®” that serves to pattern the hydrogel
in one part of the channel and direct the growth of cells
against the gel in an adjacent part of the channel, to form a
vessel-like structure (Fig. 1B).*>*” The OrganoPlate 2-lane-48
UF uses passive leveling of fluid to drive flow through the
microfluidic channels. The OrganoPlate 2-lane-48 UF is
placed on an interval rocker that tilts back and forth. The
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device uses an asymmetric rocking profile where flow is
driven through the cell culture channel by tilting to a 25°
angle for 1 minute in the positive direction and subsequently
rocked to 25° for 15 seconds in the negative direction to
redirect flow through the bypass channel to reset the system.
While the rocker moves to the negative angle, there is
approximately 7 seconds of backflow before the fluid flow
stalls for the remainder of the 15 second reset period. The
flow path is selected by the capillary force at the air-liquid
interface at the inlet of the fluid channel in which flow is
blocked at respective inclination (see Fig. 1E and F). The
plate utilizes high angles of inclination to prevent fluid flow
through the highest elevated inlet when the plate is tilted
above 10°. This directed flow through the cell culture channel
(Fig. 1E) or the bypass channel (Fig. 1F). This rocking scheme
is repeated throughout the duration of the culture with a
simulated peak shear stress of 3.7 dynes per cm® (Fig. 1G,
ESIT Methods). The unidirectional flow was confirmed using
fluorescent beads (Fig. S1t). A second plate serves as
bidirectional control, in which the wells of the inlets and
outlets of each chip are not joined together. This disconnects
the active channel from the bypass channel, resulting in a
bidirectional flow (see Fig. 1D). For bidirectional flow, the
device uses a symmetric rocking profile, where flow is driven
by tilting to a 25° angle for 1 minute in the positive direction
followed by 1 minute in the negative direction. The cell
culture channel has a simulated peak shear stress of 3.57
dynes per cm?® (Fig. 1H, ESI{ Methods).

Effects of unidirectional and bidirectional flow on human
coronary artery endothelial vessels

In the first three days after seeding the endothelial cells in the
OrganoPlate, HCAECs were cultured to confluency and formed
a complete tubular structure within the microfluidic channel
under bidirectional flow. After 3 days, the vessels were
confluent with a cobblestone-like, polygonal endothelial
morphology for both OrganoPlates (Fig. 2A and B). The
unidirectional plate was placed under unidirectional flow
conditions on day 3 by changing the rocker to asymmetric
rocking and lower the fluid volume. Within 24 hours, the cell
morphology changed, with the cells elongating and aligning
with the direction of flow (Fig. 2B). The bidirectional control
vessels continued to exhibit the cobblestone-like morphology.
This was also apparent on day 5 of culture. In line with phase
contrast images, the actin filament expression in the
unidirectional condition aligned with the flow, whereas the
bidirectional conditions did not have uniform actin alignment
(Fig. 2C and D). In addition to the cytoskeletal alignment,
alignment of the cell body was confirmed using CD31 staining,
where the unidirectional flow had a normally distributed
alignment with the flow direction, and the bidirectional
conditions had little alignment (Fig. 2E). The CD31 junctions
in the unidirectional flow appeared thinner and more uniform
than the bidirectional conditions, which had wider and fuzzier
appearing junctions. Fibronectin, an adhesion glycoprotein

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 HCAEC vessel under unidirectional flow versus bidirectional flow. (A) Experimental timeline for vessel formation and unidirectional or
bidirectional flow. (B) Phase contrast images of HCAECs over time in unidirectional versus bidirectional flow (scale bar 200 pm) (N = 3, n = 9).
Actin (green) and nuclei (blue) max projection images and 3D reconstructions of (C) unidirectional HCAEC vessel and (D) bidirectional HCAEC
vessel (N = 2, n = 2-3) (scale bar 50 um). (E) Quantification of CD31 alignment in the direction of the flow (N = 2, n = 2-3) and CD31 fluorescent
staining of bottom 10 slices of unidirectional HCAEC vessel and bidirectional HCAEC vessel. Color matches directionality in legend on left (scale
bar 50 um). (F) Fibronectin staining and quantification of HCAEC vessel (scale bar 50 um) (N = 2, n = 2-3). Statistically significant differences were
calculated using unpaired T-test (*p < 0.05).

involved in maintaining blood vessel morphology, was 1 expression were similarly expressed in unidirectional and
secreted more in the bidirectional condition than in the  bidirectional conditions in monoculture vessels (Fig. 3).

unidirectional condition (Fig. 2F). Other markers related to The effects of inflammatory cytokines, 1 ng ml™" TNFa, + 1
vascular health, IL-6 secretion, lipid accumulation, and ICAM-  ng ml™ IL-1f were assessed to determine vascular inflammatory
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Fig. 3 HCAEC vessels exposed to inflammatory cytokines under unidirectional flow versus bidirectional flow. (A) Phase contrast images of HCAEC
vessels were exposed for 24 hours to 1 ng ml™ of TNFa + IL-1B under unidirectional and bidirectional flow on day 5 of culture. Scale bar 100 um. (B) IL-6
release (pg ml™) of cytokine-exposed HCAEC vessels. Significant difference between control and cytokine conditions (****p < 0.0001) as well as between
unidirectional and bidirectional cytokine treated conditions (****p < 0.0001) (N = 2-3, n = 3-4). (C) CD31 fluorescent staining of the bottom 10 slices of
the vessel. Staining color matches directionality in legend in Fig. 2C. Scale bar 50 um. (D) Quantification of CD31 alignment in the direction of the flow (N
= 2, n = 2-3). (E) Lipid droplet fluorescent images by BODIPY of HCAEC vessels. Scale bar 50 um. (F) Lipid droplet accumulation quantification through
BODIPY staining. Significant difference between control and cytokine conditions (****p < 0.0001) (N = 2, n = 2-3). (G) ICAM-1 fluorescent image of
HCAEC vessels. Scale bar 50 pm. (H) ICAM-1 quantification of HCAEC vessel. Significant difference between control and cytokine conditions (****p <
0.0001) as well as between unidirectional and bidirectional cytokine treated conditions (**p = 0.002) (N = 2, n = 2-3). Data was analyzed using two-way
ANOVA tests, followed by Tukey's multiple comparison test.
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Fig. 4 HCAEC/HCASMC co-culture vessel under unidirectional flow versus bidirectional flow. (A) Phase contrast images of HCAECs over time in
unidirectional flow versus bidirectional flow. Scale bar 200 um (N = 3, n = 9). Max projection images and 3D reconstructions of (B) HCAEC/
HCASMC vessel under unidirectional flow and (C) HCAEC/HCASMC vessel under bidirectional flow. HCAECs were stained with VE-cadherin
(green), and HCASMCs were stained with aSMA (red) and cell nuclei with Hoechst (blue) (scale bar 50 pm). (D) Quantification of CD31 alignment in
the direction of the flow (N = 2, n = 3). (E) CD31 fluorescent staining of the bottom 10 slices of the vessel. Staining color matches directionality in
legend in Fig. 2C. Scale bar 25 um. (F) VE-cadherin fluorescent staining of bottom 10 slices of the vessel. Scale bar 25 um. (G) Fibronectin staining
and quantification of HCAEC/HCASMC vessel. Scale bar 50 pm. Significant difference between conditions (**p < 0.005). Data was analyzed using
Welch's T-test (N = 2, n = 2-3). (H) Lipid droplet staining by BODIPY and quantification of HCAEC/HCASMC vessel. Scale bar 50 uM. Significant
difference between conditions (*p < 0.05). Data was analyzed using an unpaired T-test (N = 2, n = 2-3). (I) ICAM-1 fluorescent staining and
quantification of HCAEC/HCASMC vessel. Scale bar 50 um (N = 2, n = 2-3).
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responses under both flow conditions. Upon exposure to
inflammatory cytokines, both flow conditions showed changes
in cell morphology (Fig. 3A). The cells exposed to unidirectional
flow and cytokines widen, and the bidirectional cytokine-
exposed cells start to elongate as witnessed by CD31 staining
(Fig. 3C). In the unidirectional condition, the vessels exposed to
inflammatory cytokines remained aligned with the flow but less
aligned than those without cytokines (Fig. 3C and D). Under
bidirectional flow, cells exposed to inflammatory cytokines align
more with the flow, albeit to a lesser extent than under
unidirectional flow. Interestingly, the unidirectional condition
showed approximately half the IL-6 release compared to the
bidirectional control after 24 hours in culture in conditions
exposed to cytokines (Fig. 3B). When exposed to inflammatory
cytokines, endothelial cells start to take wup lipids, a
characteristic of endothelial dysfunction. This increase in lipid
accumulation was seen in both cytokine-exposed conditions
through an increase in BODIPY lipid dye (Fig. 3E and F). Both
conditions showed increased ICAM-1 expression upon
inflammatory cytokine exposure, but the unidirectional
condition had a higher increase in ICAM-1 expression upon
exposure compared to the bidirectional condition
(Fig. 3G and H).

Effects of flow on an artery model using human coronary
artery endothelial cells and human coronary artery smooth
muscle cells

In a next step, human coronary artery smooth muscle cells
(HCASMCs) were added to increase the comprehensiveness
of the artery model. HCAEC and HCASMCs formed a
bilayered vessel, where the HCAECs are surrounded by the
HCASMCs (Fig. 4B and C and S27). Both conditions formed a
tubular structure can be seen in the 3D reconstruction
(Fig. 4B and C). The cultures were grown for three days under
bidirectional flow on the OrganoFlow® 2.0 at the growth
rocker setting. After 3 days, the vessels started to show
contraction (Fig. 4A). On day 3 plates were placed under
unidirectional flow. In these plates, the vessels showed
relaxation, covered the microfluidic channel diameter and
remained stable for the rest of the culture. In contrast, the
plate placed under continued bidirectional flow remained
contracted (Fig. 4A).

The alignment of the cells was confirmed using CD31 and
VE-cadherin staining (Fig. 4E and F). Similar to monoculture
conditions, vessels cultured under unidirectional flow showed
alignment with the flow direction, whereas vessels cultured
under bidirectional flow showed a more cobblestone-like
morphology (Fig. 4D and E). In addition, the VE-cadherin
junctions were more linear and less thick or fuzzy when exposed
to unidirectional flow compared to the bidirectional control
(Fig. 4F). Similar to the HCAEC monoculture, the bidirectional
conditions had significantly higher fibronectin secretion when
compared to the unidirectional culture (Fig. 4G). Other than in
monocultures however, the bidirectional conditions had
significantly higher lipid accumulation (Fig. 4H) and ICAM-1
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expression (Fig. 4I)
unidirectional flow.

Vascular inflammation conditions were induced through
exposure to 1 ng ml™" of TNFo + 1 ng ml™* IL-1p for 24 hours.
Vessels cultured under unidirectional flow contracted upon
cytokine exposure, whereas vessels under bidirectional flow
were already contracted before cytokine exposure and did not
contract further (Fig. 5A and C). Changes in cell morphology as
observed with VE-cadherin staining were comparable to the
monoculture vessels (Fig. 5D). For vessels cultured under
unidirectional flow, the cells exposed to cytokines were less
elongated than non-exposed cells. In contrast, for vessels
cultured under bidirectional flow cells exposed to cytokines
were elongating and had similar directionality to the
unidirectional conditions exposed to cytokines. In addition, the
cytokines caused the nuclei in both the unidirectional and
bidirectional conditions to elongate (Fig. S3ET). Unidirectional
and bidirectional conditions showed increased IL-6 release
when exposed to cytokines (Fig. 5B). As seen in monoculture
vessels, both unidirectional and bidirectional cytokine exposed
conditions significantly increased lipid accumulation and
ICAM-1 expression in the vessels compared to the control
condition (Fig. 5E and F). Overall, both the unidirectional and
bidirectional cocultures showed increased inflammatory
characteristics when exposed to cytokines.

compared to vessels grown under

Discussion

Here, we report an artery model for healthy and diseased
arteries using a coculture model of HCAECs and HCASMCs
showing key characteristics of the in vivo structure. This
microfluidic artery-on-a-chip platform with 48 chips per plate
allowed for both unidirectional and bidirectional gravity driven
flow. We assessed the impact of flow directionality on vessel
morphology, cytokine secretion, and changes in junction
markers. In both the unidirectional and bidirectional chips, the
peak shear stress was around 3.7 dynes per cm* and had flow
cycle times of 1 minute. Under unidirectional flow, the
endothelial cells aligned with the flow, and the smooth muscle
cells presented a noncontractile phenotype that mimicked
healthy in vivo arteries. Bidirectional flow-induced contractile
phenotype in smooth muscle cells and the slightly increased
levels of fibronectin, lipid accumulation, and ICAM-1 expression
might indicate early signs of endothelial dysfunction. Both flow
conditions showed vascular inflammation hallmarks upon
exposure to inflammatory cytokines.

In contrast to most other unidirectional vascular model
studies, this research was done with primary-derived artery
endothelial cells. In line with previous reports on HUVEC
vessels, HCAEC vessels under unidirectional flow showed
alignment of cytoskeleton and CD31. Thick actin filaments
that align with the flow are thought to maintain cell stiffness,
which tone.*®* We observed that
realignment with flow happens within 24 hours, which is in
line with previous reports.’® The lower levels of fibronectin
secretion observed under unidirectional flow compared to

sustains vascular
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Fig. 5 HCAEC/HCASMC vessel exposed to 1 ng ml™ of TNFa + IL-1B under unidirectional flow versus bidirectional flow. (A) Phase contrast images
of vessels on day 5 of culture (scale bar 100 um) (N = 3, n = 9). (B) IL-6 release of cytokine exposed vessel (N = 2, n = 4). (C) Quantification of
vessel confluency using VE cadherin total area coverage (N = 2, n = 2-4). (D) VE-cadherin fluorescent staining of the bottom 10 slices of the vessel.
Scale bar 50 um. (E) Lipid droplet accumulation quantification and staining (N = 2, n = 2-3). (F) ICAM-1 quantification and staining of HCAEC/
HCASMC vessel (N = 2, n = 2-3). Significant difference between control and cytokine conditions (****p < 0.0001). Data was analyzed using two-
way ANOVA tests, followed by Tukey's multiple comparisons test.
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bidirectional flow in combination with increased alignment
might suggest that the vessels cultured under unidirectional
flow can be considered more atheroprotective.”>* 1In
contrast to Yang et al, no difference was found in the
secretion of inflammatory mediator IL-6.>° This inconsistency
could be explained by a difference in shear stress, different
cell types used, and different frequencies in the flow cycle.
The flow cycle frequency in both studies is much lower
compared to in vivo flow cycles within arteries, which occur
at the same frequency as the heartbeat, approximately 1 Hz
at rest.>

Previously, HCAECs models in the OrganoPlate have been
reported.”®®” These vessels were grown under bidirectional
flow and had cobblestone-like morphology, similar to the
monoculture bidirectional control. Results, however, are not
directly comparable, because the previously reported models
were grown in chips with shorter microfluidic channels and
used different rocker settings, with a lower frequency of fluid
flow through the microfluidic channel. Similar to the
previous HCAEC OrganoPlate models, ICAM-1 expression was
increased when exposed to inflammatory cytokines. Also,
lipid accumulation and IL-6 secretion were increased for both
unidirectional and bidirectional flow conditions when
exposed to cytokines.

There is limited literature available that compares fluid flow
over a similar time frame in endothelial vessels with
comparable readouts. However, existing studies suggest that
there would likely be a greater difference between conditions
during vascular inflammation than were found here.""*® While
there was a similar level of IL-6 in healthy monocultures, after
cytokine exposure, cells under unidirectional flow produced
approximately half the IL-6 compared to cells under
bidirectional flow, possibly indicating greater resilience to
external stressors. In contrast, ICAM-1 expression was
significantly higher under unidirectional flow, a finding that
has also been reported in previous studies.””*® The flow effect
on the HCAEC vessels showed the difference between healthy
and slightly atheroprone vessels.

Adding HCASMCs yielded more pronounced differences in
flow conditions. The coculture vessels had all contracted by
day 3 of culture, which would change the intraluminal shear
stress, as it is dependent on the vessel diameter. While not
all the vessel contracted uniformly, this change in shear
stress might promote an inflamed vessel prior to change of
flow conditions. Therefore, the relaxation of the blood vessels
after placing them in unidirectional flow indicates that the
SMCs reacted to cues from ECs due to the change in flow
conditions, causing vasodilation.®”** Chiu et al. found that
shear stress played an important role in inhibiting
proinflammatory genes expressed by ECs cultured in close
proximity to SMCs.*® The bidirectional control exhibited a
more inflamed state, with higher lipid and ICAM-1
expression, similar to the turbulent region of a blood
vessel.*® Due to the bidirectional flow, the SMCs appeared
more activated by causing sustained vessel contraction and a
significant increase in lipid accumulation compared to the
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monoculture conditions." As a result of the vessel
contraction, in vitro cultures utilizing bidirectional flow are
more likely to collapse over time than those under
unidirectional flow. In this study, vessels were only cultured
for 5 days, so longer culture times would be needed to
confirm this. Studying the process of vasoconstriction might
be more difficult in bidirectional flow as SMCs have a
contracted morphology before exposure to cytokines.

The addition of SMCs and the application of unidirectional
flow yielded a more complex artery-on-a-chip model with a good
assay window for fibronectin deposition, lipid accumulation,
and ICAM-1 expression that could be used to screen for drug
candidates to treat vascular inflammation. Here, inflammation
was modeled with the addition of TNFa and IL-18, which are
secreted by activated leukocytes®® and are proinflammatory
triggers linked for atherosclerosis.®® Additionally, when exposed
to inflammatory cytokines, both unidirectional and
bidirectional conditions had a significant increase in IL-6
release and ICAM-1 expression, consistent with previous
findings.®®® This means that both unidirectional and
bidirectional conditions provided a significant assay window for
evaluating vascular inflammation. In the future, monocytes or
other immune cells could be added to both coculture models to
mimic the adhesion and extravasation immune component of
early-stage atherosclerosis or vascular inflammation.>®

While this study highlights the effects of flow conditions
on monoculture and coculture endothelial vessels, several
limitations can be noted. One limitation is that the platform
experiences a period of backflow in the unidirectional
condition when the fluid is resetting. To date, many of the
unidirectional flow microfluidic models are not continuously
unidirectional but have a stall or reset phase to allow for the
fluid to return to the initial well. While having continuous
unidirectional flow would be beneficial, this is not yet
feasible in a gravity driven platform, and is a compromise for
achieving much higher scalability. It should also be
considered some discontinuity in the flow might be
acceptable given the pulsatile nature of in vivo perfusion due
to the heart beating. The OrganoPlate 2-lane-48 UF has a
shear of 3.7 dynes per cm” which is lower than in vivo
arteries or some other microfluidic devices used to mimic
blood vessels.*> However, alignment of EC
unidirectional flow was observed.** 7397971

This study presents a novel artery-on-a-chip model that
effectively recapitulates key features of healthy and diseased
arteries using a medium-throughput microfluidic platform with
unidirectional gravity-driven flow. Using the OrganoPlate®
2-lane-48 UF, we demonstrated that unidirectional flow
promotes  endothelial alignment, reduces fibronectin
deposition, and maintains a non-contractile smooth muscle cell
phenotype, mimicking a healthy arterial state, while
bidirectional flow induces characteristics associated with early
endothelial dysfunction, including increased fibronectin
secretion, lipid accumulation, and ICAM-1 expression. Exposure
to inflammatory cytokines elicited distinct responses under
both flow conditions, further highlighting the platform's ability

under
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to model vascular inflammation. The integration of endothelial
and smooth muscle cells in this microfluidic environment
provides a more physiologically relevant system for studying
cardiovascular diseases and evaluating potential therapeutics.
Compared to traditional in vitro and animal models, this
platform offers improved flow control, scalability, and
compatibility with lab automation, making it a valuable tool for
drug discovery and mechanistic studies. However, some
limitations remain, including a brief period of backflow during
flow resetting, potential differences in intraluminal shear stress
due to vessel contraction, and the relatively short culture
duration used in this study. Future research should explore
longer culture durations, additional immune components, and
further refinements to optimize the model for broader
applications in vascular biology and pharmacology.
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