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In recent years, various vascularized organ-on-a-chip models have been designed for drug development

and screening, and many of them have also advanced to serve as disease models for studying infectious

diseases and gene disorders. Currently, most vascular models are capillary-like structures with only a layer

of endothelium. Some of them may have pericytes to support the vessel structure. However, there are very

limited studies on developing the complex structure of the arteries. In this study, we report a physiological

approach to develop self-assembled arterioles in a microfluidic device, providing an in vitro model for

human arterioles. First, we use human umbilical artery endothelial cells (HUAECs) and smooth muscle cells

(HUSMCs) to create a vessel network through vasculogenesis and angiogenesis. Then, a 1 Hz oscillating

pressure is applied to create two different levels of wall shear stress on the vessel network to stimulate

arteriogenesis. Using this method, self-assembled arterioles are successfully developed in a microfluidic

chip with HUAEC endothelium wrapped by HUSMCs and a basement membrane. The experimental studies

show that vessel networks under high shear stress tend to grow over time. Furthermore, the concurrent

formation of primary vessels with enlarging diameters and regression of secondary vessels with thinning

diameters can be observed, suggesting that cyclic shear flow is a critical physiological stimulus in arteriole

development. Finally, we verified the functionality of the developed arterioles. Vasodilation and

vasoconstriction can be stimulated by administering varying dopamine concentrations into the arteriole

chip, suggesting they are functional arterioles. We also demonstrated that thrombosis can be induced

within the developed arterioles on the chip, suggesting that this device can serve as a viable in vitro human

arteriole model for studying arterial thrombosis.

Introduction

The cardiovascular system consists of intricate vessel
networks that transport vital nutrients, oxygen, and
pharmaceutical drugs to tissues and organs, and it also
removes metabolic waste. The arterial and venous vessels are
layered tubular structures consisting of endothelial cells
(ECs), smooth muscle cells (SMCs), and connective tissues.1

The capillary bed lies between them and has only one layer of
endothelium to facilitate mass transportation between blood
and the surrounding tissues. Abnormal vessels lead to

cardiovascular diseases, which are the leading cause of death
around the world.2 Thus, replicating the human vascular
models in vitro is critical for better prognosis and drug
development.

Vascularized tissue model systems have significantly
advanced in recent years. A comprehensive review can be
found in ref. 1, 3 and 4. Reported methods that partially
replicate in vivo vessel structures include lining endothelial
cells on the bottom surface of a rectangular5,6 or a cylindrical
microchannel,7,8 or on a tubular hydrogel channel.9,10 A more
biomimetic approach is to stimulate neovascularization in a
3D cell construct using vasculogenesis and angiogenesis. Co-
culturing endothelial cells with stromal cells induces
vasculogenesis, forming a vascular network within the gel
scaffold.11–15 On the other hand, a monolayer of endothelial
cells in the side channels promotes angiogenic sprouting and
develops into perfusable vessels. These two methods can form
a vessel network like an in vivo capillary bed.15,16 However,
these networks have only one layer of endothelium, and some
may have pericytes to support their structure and functions.17
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Thus, they can only mimic capillaries' biophysical and
biochemical responses and lack a smooth muscle layer to
serve as a model for arterial studies.

In addition to vessel structure, the types of ECs also play
an important role in vessel functions and responses. A
discussion on EC sourcing can be found in ref. 18. Most
studies use human umbilical vein ECs (HUVECs) and human
microvascular ECs (HMVECs), which may not have the same
gene expression and responses as arterial ECs.19–21 Therefore,
arterial endothelial cells are essential for constructing artery-
on-a-chip models to study artery-related diseases and develop
targeted therapeutics. In this study, we use human umbilical
artery ECs (HUAECs) to retain arterial gene expression and
hemodynamic responses.

To date, very limited numbers of studies have reported
arterial-like vessels on a chip. The first study inserted a
mouse mesenteric arterial segment into a microfluidic
device.22,23 The artery retained its contractility and could be
stimulated on the chip. The second study sequentially seeded
human aortic smooth muscle cells (HASMCs) and HUVECS
in a cylindrical collagen-I channel to create a layered
structure.24 However, muscle contraction is limited due to
the thick collagen wall.

On the other hand, only a few reports use primary arterial
ECs in organ-on-a-chip devices. For example, Hirth et al.
created an arteriole–venule microcirculation system using
HUAECs and HUVECs for leukocyte trafficking studies.25 Su
et al. lined two channels of a quad-channel microfluidic
device with primary human aortic ECs (PHAECs) and human
aortic SMCs (PHASMCs) that sandwiched a layer of
subendothelial extracellular matrix (ECM) between them.26

This design mimicked an arterial wall and enabled the study
of early atherosclerosis. A layered arterial structure can also
be emulated using a porous membrane as a substrate, with
PHAECs and PHASMCs seeded on opposite sides of the
membrane to study vascular diseases, and signalling between
the endothelium and SMCs can be studied.27,28 Nevertheless,
these methods are based on the 3-D or 2-D scaffolding to
grow an endothelium using arterial ECs. However, they are
not self-assembled arterioles that still lack co-localization of
the endothelium and the outer smooth muscle layer. Thus,
these models cannot respond to hemodynamic signals and
regulate vascular tone.

To replicate the in vivo layered arterial structure on a chip,
we developed a physiological approach to create an arteriole-
on-a-chip (AoC) model using human umbilical artery ECs
(HUAECs), human umbilical SMCs (HUSMCs), and normal
human lung fibroblasts (NHLFs). This method is based on
the arteriogenic process found in animal studies, which is
induced by a sudden elevated shear stress in a shunt vessel
that connects two arteries when one of the arteries is
obstructed.29,30 This mechanism differs from the
physiological stimuli of vasculogenesis and angiogenesis,
which are based on hypoxia or a high interstitial flow.31

The developed physiological approach is the following: a
perfusable vascular network was first obtained by

sequentially inducing vasculogenesis and angiogenesis
processes. Then, arteriogenesis was induced by introducing
oscillating shear flow on the endothelium of the vascular
network. Our experimental studies demonstrated that a
vessel network can be developed into an arterial network
where the HUAEC endothelium is wrapped by the HUSMC
layer and the basement membrane. Note that the present
method applies oscillatory shear stress on the HUAEC vessel
wall, whose influence on vessel remodeling and
arteriogenesis has yet to be studied. The oscillatory shear
stress only applies to the vessels that are perfused. Therefore,
it differs from the studies that introduce interstitial32,33 or
intraluminal34 flow to regulate vascular homeostasis.

To evaluate the extent of arteriogenesis induced by the
shear flow, we investigated two different shear flow
conditions and compared them with the static (control)
condition in the absence of shear flow. Our experimental
studies demonstrated that high shear stress enhanced the
perfusability of the vascular network by preserving and
enhancing the primary vessel while promoting regression of
the secondary vessel. Low shear stress induced a low level of
remodeling, improving the perfusability of the vascular
network, whereas the absence of shear stress led to
diminished perfusability. To verify the functionality of this
arteriole model, we introduced dopamine to study
vasodilation and vasoconstriction across different dosage
levels. We further demonstrated that the developed arteriole
model was perfusable with human blood and can be used to
study arterial thrombosis. These results suggest that the
present self-assembled arteriole-on-a-chip model serves as a
representative human arterial model, as it has a fully
developed layered arterial structure with proper biophysical
and biochemical signaling.

Materials and methods

To sequentially introduce vasculogenesis, angiogenesis, and
then arteriogenesis in a standard tri-channel microfluidic
device to develop an arteriole model, we applied the analogy
between the microfluidic channel and the resistive circuit to
control the mass transport inside the arteriole chamber and
perfused vessels.35 The following two sections address the
design concepts and the microfluidic configurations. The
developed protocols are described in the third section.

Create hypoxia to induce vasculogenesis and angiogenesis

Fig. 1A shows the design of the microfluidic configuration
to develop a perfused vessel network through vasculogenic
and angiogenic processes. The arteriole-on-a-chip (AoC)
device is placed at the center, and it has a central arteriole
chamber (AC) that is sandwiched by two symmetrically
arranged side channels (SCs). The AC and two SCs were
connected through 3 pores on each side. The height of the
AoC device was 150 μm, the lateral dimension of the AC
was 23.21 mm by 0.765 mm, and the width of the SCs was
200 μm. The cell construct was loaded into the AC via the
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load port (load), and a vent channel was designed to
release excess pressure to prevent the cell construct from
leaking into the two side channels (SCs). The cell construct
comprised HUAECs, HUSMCs, and NHLFs suspensions in a
bovine fibrin gel.

To create a hypoxic environment, a static condition was
created inside the AC by connecting two long-channel devices
(LCDs) on two sides of the AoC device. Each long
microchannel (LC) was 263.5 mm long with a 100 μm by 100
μm cross-section, and one end was split into two channels
and connected to the two side channels (SCs) of the AoC
device using equal-length Tygon tubes (jumpers). The other
ends were attached with glass vials, and a media height
difference (PH–PL) of 10 mmH2O was applied to the two LCDs
to drive the media flow. This design created a symmetric
pressure drop across the AC, and the connection of two long
channels made the pressure drop across the AC to be
extremely small. Therefore, a static condition dominated by
diffusion was created, and hypoxia can be created inside the
arteriole chamber (AC) by placing the device in a 5% O2

incubator to induce hypoxia, as described in a previously
reported method.11,13

Fig. 1B shows the equivalent resistive circuit of this
microfluidic configuration. The cells and fibrin gel inside the
AC created a large hydraulic resistance RAC. It is
symmetrically sandwiched between the two short side
channels and split channels of the two LC devices, which are
simulated as two RSC resistors for each side. This symmetric
design makes a very small amount of media (IAC) flow into
RAC, and the majority of the media (ISC) flow into the

downstream of the RSC, representing the diffusion-dominated
mass transport. The resistances of the two long channels are
labeled as RLC. The LC devices (LCDs) created a large serial
resistance RLC of 5.13 × 1013 Pa s m−3. This design
significantly slowed down the flow rate where the reduced
media height was less than 10% in 24 hours. The media
height was adjusted daily to maintain this static condition.
The calculated RSC was 2.96 × 1011 Pa s m−3, which was 3
orders smaller than RLC. Therefore, only a 0.029 cmH2O
pressure drop was applied across the AoC device. Fig. S1A†
shows the finite element analysis of the diffusion-dominated
arteriole chamber (AC), where a nearly zero pressure gradient
was applied. The simulated results (S1B, C and F†) and
experimental verification (S1D, E and G†) of the diffusion
patterns at 1.75 hours and 3.75 hours demonstrated the
effectiveness of this design. Using this microfluidic
configuration, vasculogenesis can be induced to grow a
HUAEC vessel network inside AC, followed by the angiogenic
process to create anastomoses for connecting the side
channels with the vessels. Fig. 1C shows the setup of this
configuration.

Create an oscillating shear flow to study arteriogenesis

After culturing the AoC device under the static condition for
7 days, a HUAEC vessel network was developed and started to
perfuse. We then introduced a low and a high oscillatory
pressure to the perfused vessels to study arteriogenesis.
During this second phase of the experimental process, the
two LCDs were removed to allow for the induction of

Fig. 1 Microfluidic configurations, equivalent resistive circuits, and setups for inducing static and hypoxic conditions for stimulating
vasculogenesis and angiogenesis (A–C), and the low shear stress (D–G) and the high shear stress setups (H–K) for studying arteriogenesis.
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convective flow, which was applied to the top and bottom
side channels using different pressure levels and a rocker.

Fig. 1D and E show the microfluidic configuration and the
equivalent circuit to produce a low cyclic pressure and apply
a low oscillatory shear stress on the vessel wall. Four pipette
tips were gently tugged at the inlets and outlets of the two
side channels of the AoC device (Fig. 1F), creating an 11 mm
separation. The media height in each pipette tip was initially
adjusted to P1 = 30 mmH2O, P2 = 25 mmH2O, P3 = 25 mmH2-
O, and P4 = 20 mmH2O. Following this setup, the device was
placed on a rocker to generate a 1 Hz cyclic pressure by
tilting between −45° and 45°, as illustrated in Fig. 1G. Due to
the hydrostatic pressure driven by the media height
difference and rocking of the device, convection dominates
mass transport. The majority of media flow in the SC of the
top high-pressure side ISC flow into the arteriole chamber
(AC). Since the perfused vessels (RPL and RSL) have a much
lower resistance than the interstitial space (RAC) created by
the NHLFs and HUSMCs, only a small portion of media flow
IAC into the interstitial space. The majority of the media will
flow into the primary vessel (RPL) and the secondary vessel
(RSL). The primary vessel (RPL) represents perfused vessels
with larger diameters and lower resistance, which result in a
larger media flow (IPL). The secondary vessels (RSL) represent
perfused vessels with smaller diameters and higher
resistance, which have a smaller media flow ISL. Subscript L
stands for the equivalent resistance of vessels under low
shear stress conditions. The calculated cyclic pressure to
drive the low shear condition was 82.37 Pa across the AC and
the vessel network.

To create high cyclic pressure, the two side channels were
connected to long and wide microchannel devices (WCDs) on
each side of the AoC device, with a glass vial attached to one
end to control media height, as shown in Fig. 1H and I. The
dimensions of these wide microchannels were 30 mm long
by 2 mm wide by 300 μm high. These channels created a very
small hydraulic resistance RLR = 5.07E9 Pa s m−3 that
connected serially to RSC, as shown in Fig. 1J. Thus, 98.3%
pressure can be applied on the AoC device. This design
extended the distance between glass vials to 90 mm, and the
cyclic pressure can be largely increased during the rocking
process, as shown in Fig. 1K. The media height of the glass
vials was initially adjusted to P1 = 15 mmH2O, P2 = 10 mm
H2O, P3 = 10 mmH2O and P4 = 5 mmH2O. This setup can
simulate a 1 Hz oscillating pressure of 785 Pa (80 mmH20),
which was 9.53 times higher than the low-shear flow setup.
This cyclic pressure was applied to the interstitial space and
the perfused vessels, where the majority of media also flow
into the primary vessel (RPH) and the secondary vessel (RSH),
which are represented by IPH and ISH. Subscript H represents
the equivalent resistance of vessels under high shear stress
conditions.

These two setups allowed us to introduce two different
levels of oscillating shear stress on the HUAEC vessel wall.
Two factors determined the level of shear stress inside an
arteriole. The first factor was the pressure applied at the

pores on two sides of the arteriole chamber connected to the
side channels. The second factor was the dimensions of the
perfused HUAEC vessels. Vessels with larger diameters were
classified as primary vessels, while those with smaller
diameters were considered secondary vessels. In
Fig. 1E and J, RPL and RPH represent the hydraulic resistance
of primary vessels. Owing to their larger diameters, primary
vessels exhibit reduced hydraulic resistance and thus carry
the majority of the flow. In contrast, the smaller secondary
vessels, RSL and RSH, have higher resistance and contribute
less to the overall flow. Importantly, the hydraulic resistances
of both primary and secondary vessels are significantly lower
than that of the surrounding tissue (RAC). Consequently,
media flowing through the arteriole chip (AC) preferentially
travels through the primary vessels. This sustained flow
further enlarges the primary vessel, while limited flow
through secondary vessels leads to their regression,
dynamically optimizing the vascular network.

Physiological approach to develop arteriole-on-a-chip

Fig. 2A to E show the developed physiological approach to
grow arterioles on a chip. The ratio of HUAECs, NHLFs, and
HUSMCs cell suspension was 0.89 × 107 : 0.89 × 107 : 0.22 ×
107 cells mL−1. They were mixed with a bovine fibrin gel with
the final thrombin concentration of 1.1 U mL−1 and
fibrinogen concentration of 7.89 mg mL−1. This cell construct
was first loaded into the central arteriole chamber (AC)
(Fig. 2A). The physiological environment of the AC was
controlled by the two side channels (SCs), which connected
with the AC through three 50 μm wide pores on each side.
After fibrin gel solidification in an incubator, endothelial cell
media (ScienceCell™, ECM) were filled in the two side
channels (SC), and the device was placed in a 5% CO2/20%
O2/37 °C incubator for 6 hours to allow the cells to settle
down. Then, ECM media was replaced with EGM-2 media
(LONZA, CC-3162) without VEGF and bFGF (Fig. 2B). The two
black arrows show the direction of media flow, which creates
a symmetric flow pattern that results in a diffusive-
dominated environment as described and shown in
Fig. 1A and B. Hypoxia was created in the arteriole chamber
by placing the device in a 5% CO2/5% O2/37 °C incubator.13

This hypoxic environment induced vasculogenesis, leading to
the formation of a vessel network (Fig. 2B). On day 4, a
monolayer of HUAECs (5 × 106 cells per mL) was lined on the
exposed fibrin gel at pores to form endothelium (Fig. 2C),
followed by flowing HUAEC media into the two side
channels. By day 7, the lined endothelium had anastomosed
with the preformed network within the chamber through
angiogenesis to form a perfusable vascular network (Fig. 2D).
The connection and perfusion of the vessels were verified
using FITC-labeled 70 kDa dextran on day 7. Once the vessels
were perfused, a static, low-level, or high-level oscillating
shear flow was applied to introduce oscillatory shear stress in
the perfused vessel tree (Fig. 2E). The oscillating shear flow
was indicated with double-headed arrows. The static
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condition was to culture the AoC device under the diffusion-
dominated setup shown in Fig. 1A. Fig. 1F summarizes the
developed protocols. On the day we started to study the
remodeling of the HUAEC vessels, we designated it as the
inspection day 0 (ID0), and the remodeling process of the
vessels was investigated for two days to study the induction
of arteriogenesis by identifying the primary, secondary, and
regressing vessels. The vessels were inspected during the
24th hour and the 48th hour and labeled as ID1 and ID2.

Study vessel remodeling under oscillating shear flow

To verify that the applied shear stress could mediate
HUAEC vessel remodeling, the devices were subjected to low
and high shear stress conditions using a rocker platform
for two days, as shown in Fig. 1D–G and H–K. Both shear
stress conditions were compared to the static condition. As
described above, the static culture conditions were
maintained for the control devices without any applied flow
(Fig. 1A–C). The vessel remodeling process was monitored
by perfusing 70 kDa FITC-labeled dextran every 24 hours
after applying shear stress. Vascular parameters such as
diameters, branch points, segment length, and number of
branch segments were compared to understand the effect of
shear stress on arteriole development. After rocking for 48
hours, the devices were fixed, and vessel structures were
investigated. The nuclei, endothelium, SMC layer, and
basement membrane (BM) were stained with H33342
(Invitrogen), PE-conjugated CD31 antibody (Invitrogen),
FITC-conjugated calponin antibody (Fabgennix), and Alexa
Fluor™ 647-labeled collagen IV antibody (Invitrogen),
respectively. The collagen IV images revealed the basement
membrane (BM) structure, representing the initial vascular

network formed through vasculogenesis, and the CD31
represented the final vessel structure after applying 48
hours of oscillating shear stress. The diameters and areas of
the BM and vessel network were measured to quantify the
extent of the vessel remodeling process.

Assays to verify arteriole functionality

Two experiments were conducted to verify the functionality
of the developed arterioles. First, their ability to undergo
vasoconstriction and vasodilation was assessed using
dopamine stimulation. Studies have shown that low
dopamine dosage (0.5 to 2 mg kg−1 per minute) acts as a
vasodilator, whereas higher dosage (>10 mg kg−1 per minute)
acts as a vasoconstrictor.36 Mixed behavior was found in the
medium dosage. For our studies, we used matured arterioles
developed until day 10. The long and wide channel devices
(WCDs) were replaced with pipette tips, and different
concentrations of dopamine mixed with the FITC-labeled
dextran in a PBS solution were introduced at one end of the
side channels with a 15 mmH2O driving pressure. This
allowed the dopamine to flow through the arterioles, and the
vasoconstriction and vasodilation processes were monitored
using a fluorescent inverted microscope (OLYMPUS IX71).
After each dopamine dosage, the arterioles were flushed with
PBS, and sufficient time was allowed for them to return to
their original structure before proceeding with the next
experiment. Changes in vessel diameters were quantified to
assess whether the arterioles underwent constriction or
dilation.

The second validation experiment aimed to assess the
ability to induce arterial thrombosis. We investigated whether
the secretion of von Willebrand factor (vWF) from the

Fig. 2 Illustrations of the experimental protocol for developing an arteriole model in the AoC device (A–F). On day 0, HUAECs, NHLF and HUSMCs
were seeded and co-cultured in the arteriole chamber (A). Vasculogenic vessels developed by day 4 (B) and HUAEC monolayer was seeded on the
side channels (C). By day 7, angiogenic vessels grew from the side channels and anastomosed with the existing vasculogenic vessels (D). Once the
vessels started to perfuse, a static, low shear stress, or high shear stress physiological environment was induced in the perfused vessels from
inspection day 0 (ID0) to inspection day 1 (ID1) and day 2 (ID2) (E). The experimental timeline of the developed protocol (F). Black arrows represent
the direction of media flow. The double-headed arrow represents the oscillatory flow under two different cyclic pressures.
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endothelial cells could trigger thrombosis. The vWF is a
glycoprotein released by injured endothelial cells that
facilitates platelet adhesion and blood clot formation to seal
the vascular injury.37 It is primarily involved in
thrombogenesis, and an abnormal deficiency of vWF-cleaving
metalloprotease (such as ADAMTS13) can lead to an
increased risk of arterial thrombosis. Phorbol 12-myristate
13-acetate (PMA), a phorbol ester, was used to stimulate
endothelial release of vWF, and blood clot formation was
assessed by staining for platelets.38,39 The experimental
summary is as follows. Matured arterioles on day 10 were
used for this study. Initially, human blood was perfused
through the arterioles to confirm that the developed vessels
did not spontaneously induce thrombosis. To stimulate von
Willebrand factor (vWF) release from endothelial cells, the
devices were then perfused with 50 ng mL−1 Phorbol 12-
myristate 13-acetate (PMA; Sigma-Aldrich) diluted in ECM
media and incubated for 30 minutes. Following incubation,
the arterioles were flushed with PBS and subsequently
perfused with human blood to investigate the induction of
arterial thrombosis. After perfusion, the blood was flushed
out using PBS, and the arterioles were fixed for analysis.

To verify vWF release from the endothelium, the arterioles
were stained with FITC-conjugated anti-vWF antibody
(Abcam). Platelet adhesion and clot formation were visualized
by staining with PE-labeled anti-CD41a antibody (Invitrogen),
which allowed identification of thrombosis sites.

Whole blood acquisition

Fresh human blood was drawn into a blood collection tube
with 3.8% sodium citrate from a healthy donor who
consented to participate in this study. Fresh blood was
introduced to the AoC within 2 hours to study arteriole
thrombosis. All experiments were performed in accordance
with the Guidelines of Human Subjects Research Act, and
experiments were approved by the ethics committee at
National Taiwan University (202112MH021). Informed
consents were obtained from human participants of this
study.

Cell culture

HUAECs and HASMCs were purchased from ScienCell™ and
cultured in endothelial culture medium (ECM), and smooth
muscle cell medium (SMCM) was purchased from the vendor.
NHLFs were purchased from Lonza and were cultured in
Fibroblast Growth Medium-2 BulletKit™ (FGM™-2). The
cells were cultured in a 5% CO2 and 37 °C incubator. Fresh
culture media were replaced every two days, and cells were
maintained until they reached approximately 90% confluency
before being passaged for experiments.

Immunohistochemistry protocol

The devices were fixed using 4% paraformaldehyde solution
for 30 minutes and then washed with 0.1% Triton thrice
every 10 minutes. Next, the devices were permeabilized with

0.5% Triton for 30 minutes before blocking with 3% BSA.
Devices were immuostained for 3–4 days at 4 °C. All
devices were washed with PBS thrice before fluorescent
imaging.

Quantification and analysis

The dynamic remodeling process of the HUAEC vessels was
monitored every 24 hours by flowing the FITC-labeled dextran
solution and recorded using an inverted fluorescent
microscope (Olympus X71). The immunostained AoC devices
were imaged using a spin-disk confocal microscope (Andor-
BC43, Oxford Instruments). Then, these images were
analyzed using the ImageJ software. The vessel parameters
were quantified, such as diameter, area, number of branches
and nodes, SMC and collagen-IV areas. Parametric or non-
parametric tests were performed after checking for the
normality of the data distribution and homogeneity of
variances using GraphPad Prism software. Statistical
significance was determined as p < 0.05. Each experiment
was repeated at least three times.

Fabrication

The fabrication process is the same as our previously
published paper.11 Briefly, a SU-8 master was first
constructed on Piranha cleaned 4″ silicon wafers, followed by
the standard photolithography process. A SU-82050
photoresist was used to create 150 μm and 100 μm height
masters for making AoC and LC devices. After the SU-8
master was hard-baked, PDMS prepolymer and curing agent
in a 10-to-1 ratio were mixed and poured on the SU-8 masters
to conduct micro-molding. Once the PDMS was cured, the
molded microchannels were demolded, punched holes, and
then bonded to another PDMS spin-coated cover glass using
O2 plasma. Then, the AoC and LC devices were placed on a 1
mm-thick PMMA to assemble the device with Tygon tubes.
The PDMS devices were sterilized using an autoclave, and the
PMMA sheets were sterilized using UVC light.

Finite element analysis

COMSOL Multiphysics® was used to study the induced
physiological environment in the culture chamber. A 3-D
model of the AoC device was constructed, which was
connected with two long-channel devices (LCDs). Hydrostatic
pressures of PH = 98 Pa and PL = 0 Pa were applied at the
entrance and exit of the two LCDs, while non-slip boundary
conditions were applied to all other surfaces. The resultant
mass transport inside the culture chamber was studied using
the steady state analysis, followed by a time-dependent
analysis of the nutrition delivery from the long
microchannels.

The three-dimensional geometry of the primary and
secondary arterioles was reconstructed from the IMARIS
software using one of the developed arteriole 3-D images.
The 3-D image was imported into a finite element software
(COMSOL Multiphysics®) for simulation. The velocity
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profile and wall shear stress of the basement membrane
(BM) and the vessel network (Endo) of the primary and
secondary vessels were simulated to study the initial and
final vessel structure after applying the high shear stress
condition. To simulate high-flow conditions and the
resulting shear stress, the inlet of the arteriole was set to
785 Pa, while the outlet was set to 0 Pa. Non-slip boundary
conditions were set to the inner surface of the arterioles.
Then, a steady-state analysis was conducted to study the
hydrodynamic environment, including velocity profiles and
shear stress. The parameters used for the finite element
analysis are summarized in the following: media density
and dynamic viscosity were 0.99 kg m−3 and 0.7 mPa; the
porosity and permeability of the fibrin gel were 0.99 and
1.5 × 10−13 m2; the concentration of nutrition was 1 mol
m−3 with a diffusion coefficient of 7 × 10−11 m2 s−1; the
temperature was 310.15 K.

Results
Influence of the oscillating shear stress on the arteriole
network structure

Fig. 3A–C show the representative vessel structures developed
under static (Ctrl), low oscillating shear stress (LS), and high
oscillating shear stress (HS) conditions. The endothelium,
SMC layer, and the BM were visualized using IMARIS
software and represented with red, green, and magenta
pseudo-colors, respectively. To better visualize the HUAEC
vessels and SMCs, the IMARIS Surface module was used to
reconstruct the vessel structures, which are shown in

Fig. 3D–F, respectively. Quantified measurements of vessel
diameter, vessel area (CD 31), SMC area (Calponin), and BM
(Col IV) area are summarized in Fig. 3G–J, respectively. The
vessels formed in the HS condition were found to have
larger, longer, and more intricate structures than the other
two conditions. The measured median vessel diameter of
the HS condition was 28 ± 10.8 μm, which was significantly
larger than the LS (14 ± 5.53 μm) and Ctrl (16 ± 8.05 μm)
conditions (Fig. 3G). Furthermore, the average vessel area
of the HS conditions was also significantly larger than the
other two conditions, measuring 46.7% ± 8.4%, compared
to 20.6% ± 4.1% under LS conditions and 13.7% ± 2.6%
under static conditions (Fig. 3H). Notably, the total vessel
area was lowest under static conditions. The vessel
diameter in the static condition was relatively larger than
in the LS condition and remained significantly smaller than
in the HS condition (Fig. 3G). When compared to the
perfused and connected vessels analyzed in the subsequent
section, only a limited number of vessels appeared to be
connected and perfused under the static condition
(Fig. 4A). In comparison, a greater number of vessels were
connected under LS and HS conditions
(Fig. 4B and C). These results suggest that HUAEC vessels
developed under static conditions were sparsely connected
and exhibited limited perfusability through both inter-
vessel connections and pores of the AoC device. In contrast,
vessels exposed to low shear (LS) conditions developed
longer structures with smaller diameters but showed
enhanced perfusability, likely due to increased connectivity
within the vascular network. The vessel structure became

Fig. 3 Fluorescent micrographs and IMARIS Surface images of the vessels developed under static (Ctrl) (A and D), low (LS) (B and E), and high (HS)
(C and F) oscillating shear stress. Statistical analysis of vessel diameter (G), vessel area (H), SMC area (I), and ColIV area (J). Each condition was
repeated 3 to 4 times, and the total number of measured vessels was 68, 115, and 112 for the static, LS, and HS conditions. Fluorescent
micrographs (K) and cross-sectional micrographs of an arteriole section developed under HS conditions (L), and an illustration of the self-
assembled arteriole structure (M) (image partially done with http://Biorender.com). HUAEC vessels, SMC layer, and basement membrane are
stained with endothelium (red), SMC (green), and BM (magenta) (scale bar = 150 μm (A–F), 40 μm (K), 10 μm (L)).
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much larger when a higher shear stress was applied using
the HS condition.

These results demonstrate a direct correlation between
enhanced arteriolar network and the level of oscillating
shear stress. Elevated shear stress promotes vessel
structural integrity and maturation, whereas static
conditions impede vessel formation and slow down the
network development. Similar results were also found for
the SMC area. The measured SMC area under HS
conditions was 55.4% ± 7.9% (Fig. 2I), which was
significantly greater than that of the LS conditions (33.1%
± 8.8%) and static conditions (27.5% ± 5.5%). The BM area
was comparable across all three conditions, with only a
slight and statistically insignificant increase observed under
HS conditions.

Finally, we investigated the HUAEC vessel structure
developed under the HS condition. Fig. 3K highlights the
region (indicated by the white dashed line) selected from
one of the arteriole devices, and the corresponding cross-
sectional view of this section is shown in Fig. 3L. It
shows that the arteriole-like vessel structure (Fig. 3M) was
successfully self-assembled. The vessel lumen exhibited a
concentric organization, consisting of an inner layer of
HUAEC endothelium (red), surrounded by smooth muscle
cells (green), and enclosed by an outer BM layer
(magenta).

Effect of oscillating shear stress in dynamic HUAEC vessel
remodeling

To visualize the dynamic remodeling of the HUAEC vessels,
FITC-labeled dextran was flown into the vessels every 24
hours from day 7 to day 10. Fig. 4A–C show the fluorescent
micrographs of the vessels grown under static (Ctrl), low (LS),
and high (HS) oscillating shear stress conditions. The onset,
the 24th hour, and the 48th hour of introducing cyclic shear
stress into the vessels are labeled as ID0 (0 h), ID1 (24 h), and
ID2 (48 h).

For static condition (Fig. 4A), it was found that the
perfused HUAEC vessel network gradually reduced over 48
hours, and many of the vessels lost connection by day 9. In
contrast, under the LS condition, vessel perfusability
increased progressively over time, accompanied by enhanced
completeness of network connectivity (Fig. 4B). However,
after 48 hours of culture under LS conditions, some vessels
became thinner or disconnected, as labeled with white and
yellow arrows, respectively. In contrast, at increased
oscillating flow, a distinct vascular remodeling process was
observed for the HS condition, as shown in Fig. 4C. It was
observed that larger vessels expanded (light blue arrows, P1
and P2), while smaller vessels thinned (white arrows, S1 and
S2) or ceased to perfuse (yellow arrows, C1 and C2), indicating
regression of these secondary vessels. Fig. 4D shows the

Fig. 4 Fluorescent micrographs of the HUAEC vessels grown under static (Ctrl) (A), low (LS) (B), and High (HS) (C) oscillating shear stress over 48
hours. Intensity profiles of the cross-sections of the P1, P2, S1, S2, C1, and C2 labelled vessels cultured under the HS condition (D). Statistical analysis
of the vessel diameter (E), length (F), number of branches (G), and nodes (H). Each condition was repeated 3 to 4 times, and the total number of
measured vessels was 18, 50, and 37 for the static, LS, and HS conditions. Comparisons of diameters of vessels that only perfused on ID0 (day0–0),
perfused from ID0 to ID1 (day0–1) and from ID0 to ID2 (day0–2) (I), and the diameter enlarge ratio between ID1 to ID0 (ID1/ID0), ID2 to ID0 (ID2/ID0),
and ID2 to ID1 (ID2/ID1) (J) (scale bar = 100 μm).
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intensity profiles of the cross-sections of the labeled vessels
over the 48 hour application of the HS condition, where blue,
green, and red lines represent the vessel diameters measured
on ID0, ID1, and ID2, respectively. The increased fluorescent
intensity and width of the primary vessels P1 and P2 suggest
that these vessels were enlarged. On the other hand, the
reduction of fluorescent intensity and width of the secondary
vessels S1 and S2 from ID1 to ID2 demonstrates the thinning
process of the smaller vessels. The C1 and C2 vessels that
became disconnected were also from ID1 to ID2. These
findings are pivotal for understanding HUAEC vessel
remodeling, wherein a specific level of shear stress leads to
the regression of secondary vessels, while primary vessels
remain perfused and structurally reinforced. This result
suggests that the developed arterioles can effectively respond
to wall shear stress and undergo structural reconstruction,
ultimately evolving into a more efficient arteriolar network.

To quantify the vessel remodeling process, we measured
dynamic changes in vessel diameter (Fig. 4E), vessel length
(Fig. 4F), as well as the number of branches (Fig. 4G) and
junctions (Fig. 4H). It was found that the median diameter of
the static condition was 18 ± 5.3 μm on ID0, and no
observable vessels were detected for the remainder of the
experiment. The range and distributions of the vessel length
did not have significant differences compared to the other
two conditions.

For the LS condition, the measured median vessel
diameter was 22 ± 9.1 μm, 24 ± 9.5 μm, and 23 ± 10.3 μm for
ID0, ID1, and ID2, respectively (Fig. 4E). Although there was a
slight increment in diameter over the 48 hour period, the
difference was insignificant. Similarly, the vessel length and
the number of branches and nodes were either maintained or
increased slightly over the 48-hour period in the LS condition.
These findings underscore the critical role of low shear stress
in promoting the development and stabilization of luminal
structures, thereby ensuring sustained vessel perfusion.

In contrast, the median vessel diameter under the HS
condition showed a significant increase from ID0 to ID1,
rising from 18 ± 7.9 μm to 25 ± 9.6 μm, and remained
relatively stable at 24 ± 10.03 μm on ID2. Furthermore, the
number of branches and nodes under the HS condition was
relatively lower on ID2, as shown in Fig. 4G and H. Also, we
observed that while some vessels underwent enlargement,
others became thinner or regressed, indicated by the white
and yellow arrows in Fig. 4C. These observations suggest that
applying a high oscillating shear stress on the HUAEC vessel
walls can stimulate an extensive arteriogenic process in the
first 24 hours. This process can slow down once the vessel
diameter enlarges, resulting in a reduction of the wall shear
stress.

In summary, our experimental studies show that shear
stress levels may play a key role in arteriolar remodeling: low
shear stress may promote increased perfusability by
encouraging the expansion of the vascular network, whereas
high shear stress may optimize the network by stabilizing
primary vessels and inducing regression of secondary vessels.

Given that vessel diameter affects intraluminal shear
stress, we examined whether the initial diameter of perfused
vessels influenced the final state of remodelled vessels. We
categorized vessels developed by high oscillating shear stress
into three groups: (i) vessels that were perfused only on ID0

and lost perfusion by ID1 and ID2 (Day0–0), (ii) vessels that
remained perfused on ID1 but not on ID2 (day0–1), and (iii)
vessels that remained perfused from ID0 through ID2 (day0–2).
The vessel diameter for ID1 and ID2 in each group was also
quantified. The results are summarized in Fig. 4I. The initial
median diameter of the day0–0 was 14.8 ± 4.5 μm, and it was
significantly smaller than the initial median diameters of the
day0–1 and day0–2 vessel groups, which were 17.2 ± 4.9 μm
and 21.0 ± 7.9 μm. Also, there was no significant difference
between the initial median diameter of the day0–1 and day0–2
cases.

On the other hand, the median diameter on ID1 of the
day0–1 condition was significantly smaller than that of ID1 of
the day0–2 condition. These results suggest that the initial
diameter of the HUAEC vessels is directly related to the
sustenance of the perfusability of the vessels when subjected
to high oscillating pressures and the resultant shear stress.
Larger vessels tend to grow when introduced to a high-level
oscillating shear flow. It suggests that HUAEC vessels with a
larger diameter can be stimulated to enlarge and develop into
a functional arteriole.

Next, we investigated the daily changes in diameter for
vessels that remained perfused from ID0 through ID2 (day0–2
group), to evaluate how these vessels enlarged over time.
We grouped the vessels that continued to grow until ID2,
and quantified their diameter changes over time by
calculating the following ratios: ID1 to ID0 (ID1/ID0), ID2 to
ID0 (ID2/ID0), and ID2 to ID1 (ID2/ID1). The quantified
results are summarized in Fig. 4J. We found that the
average diameter enlargement ratios for D1/D0 and D2/D0

were 1.51 ± 0.83 and 1.83 ± 0.96, respectively. The vessel
diameters clearly increased on both ID1 and ID2 compared
to ID0, with some vessels exhibiting enlargement by as
much as 5.57-fold and 6.14-fold after 1 and 2 days of
incubation under high shear conditions, respectively.
Interestingly, the diameter enlargement ratio D2/D1 was
significantly smaller than the D1/D0 and D2/D0 ratios. The
average ratio was reduced to 1.23 ± 0.28 times, and the
largest ratio was only up to 2.14. This observation suggests
that the sudden application of high shear stress leads to a
substantial increase in intraluminal shear, resulting in
pronounced vessel dilation within the first 24 hours.
However, after the vessel diameter enlargement, the wall
shear stress level also reduced, which could be below the
physiological range that can stimulate the arterial
enlargement. This could also be a function of the arteries,
in which the arterial vessels can adapt to the wall shear
stress to remodel into a vessel structure with a more stable
hemodynamic state. These findings indicate that high shear
stress is critical in initiating vessel enlargement and driving
structural stabilization of the vascular network.
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Investigating HUAEC vessel remodeling using CD31 and
collagen IV

From previous results, we observed that shear stress is
important in developing arteriole vessels and maintaining
their luminal structure for perfusion. In vivo studies have
shown that basement membranes (BMs) of regressing
blood vessels can persist even after the endothelium has
regressed.40 Since our initial vessel network was formed
through vasculogenesis, and vessel remodeling was
observed during arteriogenesis, the study of the BM and
the final vessel structures can effectively visualize the
extent of vascular remodeling induced by the three
physiological conditions. Hence, we immunostained fixed
devices with anti-CD31 and anti-collagen IV to visualize
endothelium and basement membrane structures. Collagen
IV staining served as a marker for the initial vessel
architecture, while CD31 staining represented the induced
vessel remodeling after culturing under static, LS, or HS
conditions, representing the final endothelial configuration.
Fig. 5A and B, D and E, and G and H, present fluorescent
micrographs of CD31-labeled HUAEC endothelium (red)
and collagen IV-labeled basement membranes (magenta)
under static, LS, or HS conditions, respectively. To visualize
their spatial correlation, we used the IMARIS Surface
module to generate merged 3D renderings of both markers,
shown in Fig. 5C, F and I.

As expected, the endothelium and basement membranes
(BMs) were co-localized across all three conditions, with a
few exceptions. Some BMs lacked associated vessels
(indicated by white arrows), while others contained
regressing vessels (yellow arrows). Additionally, certain

vessels appeared significantly thinner than the surrounding
BM layer, suggesting they were undergoing thinning or
regression. The presence of BMs without endothelium further
supports that these sites correspond to regressed blood
vessels. Collectively, these findings recapitulate key features
of vascular remodeling observed in vivo. Our results confirm
that the basement membrane represents the initial vascular
network, which undergoes extensive remodeling upon
application of shear stress to form an optimized vascular
structure.

To quantify the effect of shear stress in remodeling, we
measured the diameter and area of the endothelium
(CD31) and BMs (ColIV). The results are summarized in
Fig. 5J and K. It was found that the diameter of the BMs
was generally larger than that of the endothelium, as
shown in Fig. 5J. The median diameters of the vessels
developed under static, LS, and HS conditions were 16 ±
8.0 μm, 13 ± 5.9 μm, and 27 ± 10.8 μm. The
corresponding media BM diameters were 23 ± 10 μm, 20
± 6.5 μm, and 32 ± 11.9 μm. These differences were
partially attributed to the remodeling process of HUAEC
vessels and the SMC layers that wrapped around the
endothelium to form the arteriole structure. Notably,
consistent with our observations of dynamic remodeling,
larger-diameter vessels were observed under the high shear
(HS) condition, suggesting that high oscillatory shear
stress promotes the development of enlarged HUAEC
vessels.

On the other hand, there is a significant difference
between the endothelium and BM areas for the static (Ctrl)
and LS conditions, but not for the HS condition. The BM
areas of the static and LS conditions were 52.69 ± 5.29% and

Fig. 5 Fluorescent micrographs of the CD-31 labeled HUAEC endothelium and collagen-IV labeled basement membranes (BMs) under static (Ctrl)
(A–C), LS (D–F), and HS (G–I) conditions (n = 3). Statistical analysis of the endothelial and BM diameters (J) and area coverage (K). Each condition
was repeated for 3 to 4 times (scale bar = 150 μm).
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56.62 ± 2.81%, and the endothelium area was 13.57 ± 2.59%
and 20.27 ± 3.56%, respectively. In contrast, the endothelium
and BM areas of the HS conditions were 46.69 ± 6.87% and
67.05 ± 9.61%, respectively.

Study on arteriole remodeling using finite element analysis

In the preceding sections, we demonstrated that high
oscillating shear stress plays a pivotal role in remodeling and
maintaining the HUAEC vascular network. We also
demonstrated that HUAEC vessels exhibited an arteriole-like
structure, characterized by an endothelial layer encased by
both a SMC layer and a surrounding basement membrane.
Fig. 6A and Video S1† show an image and a video of human
blood perfused through an arteriole network that developed
after 48 hours of high oscillatory shear stress. This AoC
device corresponds to the vessels shown in Fig. 3C, F and G–
I. A prominent primary arteriole spanning the chamber and
two secondary vessels branching toward the top and bottom
regions were observed and are outlined with white and light-
blue dashed lines, respectively. Fig. 6B and C display 3D
IMARIS surface renderings of CD31-labeled HUAEC
endothelium and collagen IV-labeled basement membranes
(BMs), respectively.

To assess the wall shear stress and velocity profile within
these segments under high shear (HS) conditions, we isolated
the IMARIS surface models of the perfused regions and their
corresponding BM networks. They are highlighted by dashed
lines in Fig. 6B and C using IMARIS Slicer software. These
geometries were then imported into COMSOL Multiphysics
for the finite element simulation. The segments were
modelled under a high-shear hemodynamic environment to
evaluate the flow dynamics within the luminal spaces of both
the endothelial and BM structures.

Fig. 6D and E show the simulated velocity profiles, and
Fig. 6F and G show the corresponding shear stress profiles
in the endothelial (Endo) and basement membrane (BM)
segments, respectively. The primary and secondary vessels
were labeled as Prim and Sec in Fig. 6D and E,
respectively.

The tubular structure of the BM layer was generally
larger than that enclosed by the endothelium. It was
because SMC layers were sandwiched between the
endothelium and the BM layer. Nevertheless, it likely
represents the original vessel structure before applying high
oscillatory shear stress (τ). For both networks, the sampled
primary vessel is the d, e, and f cross-sections, and the
sampled secondary vessel is from the a, b, and c cross-
sections, as shown in Fig. 6F and G. Simulation results of
the basement membrane (BM) layers revealed that the
secondary network exhibited higher velocity and wall shear
stress compared to the primary arteriole, except at position
d. At this location (d), the primary vessel had a narrower
lumen, resulting in elevated local wall shear stress.
Comparisons of wall shear stress profiles within the Endo
and BM structures are presented in Fig. 6H and I. These
data indicate that the secondary vessel experienced
progressive thinning at positions a, b, and c, corresponding
with regions of higher wall shear stress (Fig. 6I). In contrast,
the primary vessel showed localized thinning only at
position d (Fig. 6H).

To quantify the shear stress and velocity within vascular
structures, the primary and secondary vessels were
segmented into eight sections. For the secondary vessel,
measurements were conducted along the path from c to a,
and for the primary vessel, the path was from f to d. The
average velocity and average wall shear stress for the
endothelial vessel are shown in Fig. 6J and K. The average

Fig. 6 Finite element analysis of vessel and collagen structures developed under the high oscillating shear stress (HS) condition: micrographs of
human blood flowing through a mature artery (A). 3D renderings of the vessel structure (B), and collagen structure (C). Simulated velocity and
shear stress profile of fluid flow through representative sections of the primary (Prim) and secondary (Sec) vessel structures (D and F) and collagen
structures (E and G). Shear stress at different representative cross-sections of vessel structure (H) and collagen structure (I). Analysed values of fluid
velocity and wall shear stress through different cross-sections of the vessel structures (J and K) and collagen structures (L and M). Scale bar = 100
μm (A–C), 50 μm (D–I).
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velocity of the primary and the secondary vessels ranged from
2.95 mm s−1 to 5.68 mm s−1 and from 1.95 mm s−1 to 9.35
mm s−1, respectively. Their corresponding average wall shear
stress ranged from 1.49 Pa to 3.84 Pa and from 1.42 Pa to
8.13 Pa. It clearly shows that the section that underwent the
most thinning process of the secondary vessel, from point 4
to point 8, had a higher average velocity and wall shear
stress.

The velocity and shear stress profiles for BM vessels are
shown in Fig. 6L and M. Similar to endothelial vessels, the
secondary vessel's average velocity and wall shear stress were
also higher than those of the primary vessel. The BM
structure exhibited relatively lower velocity and shear stress
compared to the corresponding endothelial vessels, primarily
due to its wider tubular morphology. The site of the
secondary vessel that underwent extensive thinning showed a
step velocity and wall shear stress. In contrast, the primary
vessel had a very gradual increase in velocity and wall shear
stress. Our results confirmed that thinner vessels exhibit
higher intraluminal velocity and shear stress than thicker
ones, which is a well-established fluid dynamics principle.
Next, we calculated the total volume flow rate of the BM and
Endo structures. As expected, the thicker collagen structure
had a higher flow rate (0.0748 μL s−1) than the endothelial
structure (0.04 μL s−1).

The comparison of these two simulation results suggests
that under high oscillatory shear stress, vessels experiencing
abrupt changes in wall shear stress may begin to regress,
possibly due to inadequate regulation of shear stress along
the vessel. In contrast, when shear stress is evenly
distributed, elevated levels may ultimately contribute to
vessel stabilization, promoting the maturation of these
vessels into primary arterioles.

Dopamine effect in vasodilation and vasoconstriction

Dopamine is a vaso-stimulant that has a dose-dependent
effect on the cardiovascular system. It is a standard treatment
for cardiac arrest and low blood pressure. A low dose of
dopamine can induce vasodilation to increase blood flow,
and a high dose can cause vasoconstriction.41 To verify the
functional response of the developed arteriole model, we
exposed the vessels to different doses of dopamine to
evaluate dose-dependent vasoconstriction or vasodilation.
This experiment was repeated 4 times.

Fig. 7 shows one of the experimental results from
introducing different dopamine concentrations into an AoC
device with matured arterioles. The original arteriole network
was first observed by flowing PBS mixed with 70 kDa FITC-
labeled Dextran, as shown in Fig. 7A. Next, three different
concentrations of dopamine, also mixed with FITC-labeled
Dextran, were introduced into the arteriole network to
investigate the vessels' response. The device was flushed with
PBS between tests to allow the vessels to return to their initial
state.

Fig. 7B–D show the experimental results of introducing 0.5
mg mL−1, 1 mg mL−1, and 2 mg mL−1 dopamine into the
arteriole network. Note that the vessel structures at time 0 s were
not as extensive as those in Fig. 7A. This was because the image
shown in Fig. 7A had a longer incubation time, and FITC-
labeled dextran can gradually diffuse into vessels that do not
have an exit. This experimental study found that the arterioles
were perfused with 0.5 mg mL−1 and 1 mg mL−1 dopamine but
not with 2 mg mL−1 dopamine. To quantitatively analyze the
vasodilation and vasoconstriction responses, we measured the
vessel diameters at 0 s, 35 s, and 70 s after treatment. The vessel
diameter (Dtime) ratios of D35s/D0s and D70s/D0s were studied and

Fig. 7 Fluorescent micrographs of an arteriole network flowed with FITC-labeled dextran (A). Arteriole's response to 0.5 mg mL−1 (B), 1 mg mL−1

(C), and 2 mg mL−1 (D) dopamine at different time points. Analysis of vasodilation and vasoconstriction of the arteriole for applied dopamine
dosage (E). 7 sections of the primary vessels were measured for quantification (scale bar = 100 μm).
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summarized in Fig. 7E. Secondary vessels that exhibited
thinning or regression were excluded. Vasodilation was
induced with 0.5 mg mL−1 dopamine, while vasoconstriction
occurred with 2 mg mL−1 dopamine, resulting in almost no
perfusion. The concentration of 1 mg mL−1 dopamine was
the transitional concentration. The vasodilation response,
transition state, and vasodilation response of another
developed arteriole are also shown in the Videos S2† (2×
speed video), which were sequentially treated with 0.5 mg
mL−1, 1 mg mL−1, and 2 mg mL−1 dopamine. These
experimental results confirm that the developed arterioles can
be used to study drug effects on arterial vasodilation and
vasoconstriction. They also suggest that the self-assembled
arterioles mimic in vitro arterial functions.

Induction of arterial thrombosis

To verify the feasibility of using the AoC device for the
arterial thrombosis study, we use PMA to stimulate the
endothelium to release vWF. Once the injured endothelium
releases vWF, it promotes blood clot formation by facilitating
platelet adhesion, and arterial thrombosis can be studied. To
observe this effect in the developed arterioles in the AoC
device, we first stimulated the blood vessels by flowing 50 ng
mL−1 PMA in EGM-2 media for 30 minutes. Next, the excess
PMA was washed away with PBS, and whole human blood
was flowed through the device for 1 hour. After flushing the
blood from the AoC device, the arterioles were fixed for vWF
and platelet (CD41a) immunostaining.

Fig. 8A and B show confocal and zoomed-in fluorescent
images of induced thrombosis in developed arterioles using
an AoC device, where nuclei, vWF, platelets, and collagen IV
were stained in blue, green, red, and magenta. Fig. 8C to F

show the individual fluorescent images of nuclei, vWF, BMs,
and platelets.

We used the IMARIS surface function to highlight
thrombosis formation and visualize their spatial correlations
with BM and platelets, as shown in Fig. 8G. From
Fig. 8B and G, it is evident that the HUAEC endothelium was
successfully stimulated to release vWF, which was expressed
in both the primary (white dashed lines) and secondary (light
blue dashed lines) arterioles that remained perfused. In
contrast, vWF wasn't released significantly in the control
group, as shown in the supplementary Fig. S2.† These results
demonstrated the efficiency of using PMA as an endothelial
stimulant for releasing vWF. Furthermore, platelet
accumulation was predominantly observed in the primary
arterioles, suggesting maximal blood flow through these
vessels. Fig. 8H shows a cross-sectional view of an induced
thrombosis site, clearly illustrating platelet accumulation on
top of the vWF-expressed area. The clot is situated within the
luminal space of the arteriole. This result confirms that the
current arteriole-on-a-chip model can be used to study
arterial thrombosis, allowing for the observation and
investigation of the role of vWF in thrombosis.

Discussion

In this study, we demonstrated that a self-assembled human
arteriole network can be developed on a chip by sequentially
stimulating vasculogenesis, angiogenesis, and arteriogenesis.
The novelty of our design lies in the first-time use of primary
HUAECs, HUSMCs, and NHLFs to develop an arteriolar
network closely resembling in vivo architecture, as well as in
studying dynamic vascular remodeling induced by the
application of oscillatory flow to the developed arterioles.

Fig. 8 Fluorescent micrographs showing an arteriole network following induction of arterial thrombosis (A and B), where (B) is an enlarged image
of the white dashed box in (A). The nuclei, vWF, BMs and platelets were stained in blue (C), green (D), magenta (E), and red (F). IMARIS surface
rendering showing vWF-mediated platelet trapping within the endothelium (G). A confocal image showing the location of the induced thrombosis
(H) (scale bar = 100 μm (A–G), 50 μm (G and H))
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While several studies have successfully developed self-
assembled vascular networks and investigated the role of flow
in vessel formation,32,33,42–44 they have primarily focused on
HUVEC-HLF co-cultures or tri-cultures involving brain
endothelial cells, pericytes, and astrocytes. Notably, the
interstitial flow in these models is static and occurs over
millimeter-scale gradients. Our study employed
vasculogenesis and angiogenesis to guide HUAECs, NHLFs,
and HUSMCs into forming a perfused arteriolar network. To
induce these two processes, the devices were driven by
diffusion mass transport to create static and hypoxic
conditions. This method followed the previously reported
method in ref. 13. Briefly, the hypoxia in the AoC device was
achieved by (i) using a cover glass to block gas exchange
through the bottom surface, (ii) incorporating a thick PDMS
top layer to limit oxygen diffusion from the environment,45

(iii) placing the device in a 5% O2 incubator, and (iv) the
arteriole chamber was made much larger than the 100 μm O2

diffusion limit. As a result, oxygen was primarily supplied via
the two side channels. Since the chamber size exceeded the
O2 diffusion limit, hypoxia can be effectively created in the
arteriole chamber's central region.

Our study demonstrated that arteriogenesis can be
stimulated by applying continuous oscillatory flow to the
perfused vessels, which increased intraluminal wall shear
stress. The resulting arterioles mimicked human arteriole
structure with HUAEC endothelium enveloped by a layer of
SMCs and outer BM (Fig. 3L). Note that the arteriogenic
process observed in our study contrasts with previously
reported interstitial flow-driven HMVEC vessel growth, which
relied on convective flow within the interstitial space.29–31

The wall shear stress we applied to the developed arterioles
was 3 orders higher than the interstitial flow. The elevated
shear stress subsequently promoted the development and
maturation of the vascular network.

Our studies also demonstrated a direct correlation
between the magnitude of applied wall shear stress and the
extent of vessel remodeling, highlighting the critical role of
hemodynamic forces in vascular adaptation. When a low
shear stress (∼83 Pa) is applied, the vascular network shows
extensive remodeling characterized by an increased number
of perfused vessel segments (Fig. 4B) without a significant
change in vessel diameter. Interestingly, low oscillating
pressure also facilitated the perfusion of previously non-
perfused vessels, underscoring the critical role of shear stress
in promoting vessel perfusion, as shown in the Fig. S3.†

Upon application of high oscillating shear stress, the
vascular networks exhibited both extensive and regressive
remodeling for the first 24 hours, characterized by a
significant increase in the diameter of larger vessels and the
regression of smaller vessels. Over the subsequent 24 hours,
only a marginal increase in vessel diameter was observed,
although regression of secondary vessels continued
(Fig. 4I and J). This result highlights the temporal influence
of a specific shear stress range on vascular remodeling. The
abrupt onset of high shear stress induced rapid network

remodeling for the first 24 hours, after which the vessel
architecture remodeled as the hydrodynamic and metabolic
environments stabilized. Therefore, the enlargement of the
primary vessel at the second 24 hours was not as extensive as
that of the first 24 hours. We hypothesize that further
increases in shear stress to the physiological level of
arteriogenesis will promote additional vessel enlargement
and remodeling to remodel the network again to
accommodate the applied hemodynamic forces. The
secondary vessel could eventually regress or become a shunt
vessel. Furthermore, our observations also agree well with
previously reported animal studies on the effect of wall shear
stress on vascular remodeling. In fact, Clark demonstrated in
a frog model that small blood vessels regress after a decrease
in flow rate, and vessels exposed to high shear stress are
stabilized.46 Thus, our AoC device and experimental studies
provide an initial framework for studying continuous shear
stress-mediated arteriogenesis and lay the groundwork for
future investigations into optimizing oscillating shear stress
to enhance arteriole network formation.

Comparison of stained devices across all three conditions
revealed distinct differences in vessel architecture due to the
variations in applied shear stress (Fig. 3). Higher shear stress
promoted greater co-localization of SMCs and HUAECs,
accompanied by the formation of larger and better-perfused
vessels. Notably, the high shear (HS) condition exhibited the
highest SMC proliferation and extensive wrapping around the
endothelium. In contrast, the static condition showed
minimal SMC association with vessels, while the low shear
stress condition demonstrated intermediate SMC co-
localization. These findings underscore the critical role of
wall shear stress in promoting arteriole-like structure
formation, which could not be achieved under a static
physiological environment.

As previously discussed, the presence of empty basement
membranes without endothelium indicates regressed blood
vessels. Animal studies have shown that these structures
indicate the existence of a prior vascular network, appearing
post-regression.47,48 This suggests that the basement
membrane retains a blueprint of the initial vasculature
formed during vasculogenesis and angiogenesis, which is
subsequently remodeled in response to external and internal
stimuli. Our study shows that the retention of initial vessel
architecture depends on the magnitude of applied shear
stress. Vessel diameter showed the greatest reduction under
static conditions, with vessel diameters decreasing by 30.43%
and 35% in static and LS conditions, compared to only
15.62% in the HS condition. The final vessel coverage relative
to the BM area was markedly reduced in static (74.24%) and
LS (64.19%) conditions, while HS showed only a 30.37%
reduction. This result suggests that extensive regressions
occurred in static and LS conditions. The difference between
the significantly larger vessel area and much smaller vessel
and BM area in the HS condition underscores the importance
of introducing a high oscillatory shear stress to maintain
arteriolar structure and stability.
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The experimental result in Fig. 6A demonstrated that
applying a high shear stress to the vessel wall can guide the
HUAEC vessels to develop into a primary vessel and the
others into secondary vessels. To infer the hydrodynamic
environment of the HUAEC vessels before and after the
induction of the high wall shear stress, finite element
analysis was conducted for the endothelium (Endo;
Fig. 6D, F and H) and basement membrane (BM;
Fig. 6E, G and I). Simulated wall shear stresses revealed that
secondary vessels exhibited higher wall shear stress and an
abrupt shear stress than primary vessels (Fig. 6L and M). This
suggests that fluid preferentially flowed through vessels with
a lower shear stress level and gradient, promoting their
development into primary vessels, while areas exposed to
higher shear stress formed secondary vessels. Furthermore,
the region with the highest wall shear stress, identified at
location ‘a’, likely marks the onset of secondary vessel
regression in Fig. 6F and G. The level of wall shear stress for
vessels was between 1.42 Pa and 8.13 Pa. This level of wall
shear stress matches well with the 0.5 Pa to 1 Pa of the aorta
and conduit arteries and 5.2 Pa of the arterioles, suggesting
that the present method can properly simulate the in vivo
physiological environment of arteries.49 Notably, the wall
shear stress at the basement membrane was approximately
five times lower than at the endothelium. This difference is
attributed to the presence of an intermediate SMC layer,
which increased the overall vessel diameter. Despite this, the
shear stress distribution still reflects the hydrodynamic
environment of the original vessel structure.

To check if the remodeling process is unique to arterial
endothelial cells and smooth muscle cells, we also studied
the co-culture of HUAECs + NHLFs and HUVECs + NHLFs, as
shown in supplementary Fig. S4A and B,† respectively. We
found a similar vessel remodeling process in the HUAECs +
NHLFs model under high-shear stress conditions. Primary
vessels were enlarged, and the secondary vessel regression
persisted for 72 hours. In contrast, vessels developed in the
HUVECs + NHLFs model showed a lower level of vessel
remodeling under high-shear stress conditions. As shown in
Fig. S5,† vessel diameter analysis revealed a significant
increase in the HUAECs + NHLFs group over the first 48
hours of shear stress. Specifically, HUAEC vessel diameters
increased by 31.5% at 24 hours and 24% at 48 hours, with
only marginal, statistically insignificant changes observed
thereafter. In contrast, the HUVEC + NHLF group exhibited a
significant diameter increase only within the first 24 hours,
with no notable changes over the following 48 hours.
Notably, the HUVEC vessels exhibited only a 16% diameter
increase within the first 24 hours, approximately half the
enlargement observed in HUAEC vessels. This indicates that
HUAECs may have a greater capacity to adapt to shear stress
through vessel enlargement. Also, high-shear stress could be
a unique physiological cue for the arterial remodeling
process, and the endothelium is responsible for sensing and
responding to these sudden changes in a physiological
environment.

The observations of the extensive arteriogenic
remodeling process found in the HUAECs + HUSMCs +
NHLFs and HUAECs + NHLFs co-culture system, but not
for the HUVECs + NHLFs case. These results suggest that
the arterial endothelial cells could have a unique gene
expression over the capillary and venous endothelial cells,
and that they can respond to the high oscillatory shear
stress and start the arteriogenesis to compensate for
arterial injury. Furthermore, the technique to develop iPSC-
derived ECs has become very mature in recent years. It is
postulated that the iPSC-derived ECs that have similar gene
expression to the primary arterial ECs could potentially
express the arteriogenic remodeling process. An extensive
study is needed to verify this hypothesis by using different
arterial endotherlial cells from different organs and
identifying the gene expressions.

These experimental findings also suggest that arterial
remodeling and arterial functionality are two different
behaviors of arteries. The remodeling process is part of vessel
development, whereas the arterial function depends on both
the endothelium and the smooth muscle layer. The arteriole
structure stabilized once their hydrodynamic and metabolic
environment reached a steady state, and the remodeling
activities became quiescent. The arteriole-like functions of
the developed arteriole vessels depend on the signaling and
coordination between the developed endothelium and the
smooth muscle layer. We validated the functional
responsiveness of the developed arterioles by treating them
with different dosages of dopamine. Prior studies have shown
that vasomotion, the active regulation of vessel diameter, is a
defining characteristic of arteries and is primarily governed
by the SMC layer.50–53 Vasodilators are used to lower blood
pressure and manage conditions like acute heart failure,
myocardial infarction, and chronic congestive heart failure,
while vasoconstrictors are applied in treating hypothermia,
shock, asthma, and COPD. Dopamine can be used as both a
vasodilator and a vasoconstrictor, depending on its dosage.
However, the effect of dopamine on ECs is poorly
understood. Previous studies have reported that dopamine
disrupts endothelial function, reduces nitric oxide (NO)
production, and compromises cell junctions.54,55 However,
the dose-dependent effect on fluid flow is underexplored. We
investigated how dopamine affects vascular function using
two engineered vessel types: one incorporating smooth
muscle cells (SMCs) and one without them. By perfusing
different concentrations of dopamine through these
networks, we observed distinct responses. At low (0.5 mg
mL−1) and intermediate (1 mg mL−1) concentrations, both
vessel types maintained perfusability (Video-S2 and S3†).
However, only the SMC-containing vessels exhibited
vasodilation, highlighting the active role of SMCs in vessel
response. At a higher dopamine dose (2 mg mL−1), the SMC
co-cultured vessels contracted significantly but didn't occlude
completely. Yet, the vessels became imperfusable within few
seconds. Notably, even in the absence of SMCs, vessels also
lost perfusion shortly after dopamine exposure, despite no
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substantial changes in diameter (Video-S3†). These
observations, in line with previous reports, indicate that
dopamine-induced changes in vessel perfusability are dose-
dependent and primarily mediated by the endothelial cells.
At elevated concentrations, dopamine may compromise the
integrity of the endothelial barrier, leading to impaired
perfusion. Collectively, the results emphasize that
vasomotion is mediated by SMCs, while endothelial cells
primarily regulate vessel perfusability. These findings further
demonstrate the AoC platform's ability to dissect cell-type-
specific responses to drugs and serve as a powerful tool for
evaluating vascular toxicity and informing therapeutic
strategies.

Thrombosis is the abnormal formation of a blood clot
within a vessel, which can obstruct circulation and lead to
life-threatening complications. However, the mechanisms of
arterial thrombosis, venous thrombosis, and microvascular
thrombosis are different. A comprehensive review of their
differences can be found in ref. 56. Currently, most of the
reported vessel-on-a-chip models utilize HUVECs or HMVECs.
They are either lined in an artificial microchannel57,58 or on
a porous membrane with SMCs lining on the opposite side of
the membrane.59 However, the cellular responses of arterial
endothelial cells can differ from those of endothelial cells in
microvasculatures and veins. Arterial thrombosis often arises
from atherosclerosis, an inflammatory condition marked by
disrupted vasoconstriction–vasodilation balance and
increased vascular permeability to lipoproteins. In response,
smooth muscle cells migrate into the intimal layer,
proliferate, resist apoptosis, and promote extracellular matrix
buildup and lipid accumulation, leading to arterial wall
thickening and narrowing of the lumen.60 Thus, to study
atherosclerosis and arterial thrombosis, it is important to
reconstruct the anatomical structure of the arteries. In this
study, we successfully induced arterial thrombosis in a self-
assembled arteriole model. While the underlying
mechanisms were not explored, this platform offers a
foundation to study endothelial–SMC interactions and
develop targeted therapies.

Conclusion

In this paper, we report a physiological approach to develop
the first self-assembled human arteriole network in a
microfluidic device using HUAECs, HUSMCs, and NHLFs.
We applied the concept of the analogy between microfluidic
channels and resistive circuits to control the physiological
environment inside the 3-D arteriole chamber of the AoC
device. A hypoxic environment was first induced to
stimulate vasculogenesis and angiogenesis to form a
connected vascular network. Then, 1 Hz oscillating pressure
was introduced to the luminal space of developed vessels
for stimulating arteriogenesis. Our results demonstrate that
cyclic fluid shear stress is an important physiological cue
and regulator of artery development, including perfusability,
arterial remodeling, and co-localization of arterial

endothelial cells and smooth muscle cells. Furthermore, our
study suggests that wall shear stress is an important factor
in maturing arterial vessels, and the level of wall shear
stress should be physiologically relevant to mimic the
in vivo environment. Finally, we verify that this arteriole-on-
a-chip model can be an in vitro model for developing
arterial-related diseases. Vasodilation and vasoconstriction
can be induced on the chip, and whole human blood can
directly flow into the arteriole network to study arterial
thrombosis. In conclusion, our study presents a novel
method for developing an arteriole model on a chip. It can
potentially replace animal models for artery-related
cardiovascular disease studies, which meets the replacement
concept of the current 3Rs trends for drug discovery and
development.
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