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Abstract: Inflammation and the immune response in atherosclerosis are complex processes involving
local hemodynamics, the interaction of dysfunctional cells, and various pathological environments.
Here, a modular multichannel system that mimics the human artery to demonstrate stenosis and
inflammation and to study physical and chemical effects on biomimetic artery models is presented.
Smooth muscle cells and endothelial cells were cocultured in the wrinkled surface in vivo-like circu-
lar channels to recapitulate the artery. An artery-mimicking multichannel module comprised four
channels for the fabrication of coculture models and assigned various conditions for analysis to each
model simultaneously. The manipulation became reproducible and stable through modularization,
and each module could be replaced according to analytical purposes. A chamber module for culture
was replaced with a microfluidic concentration gradient generator (CGG) module to achieve the cel-
lular state of inflamed lesions by providing tumor necrosis factor (TNF)-α, in addition to the stenosis
structure by tuning the channel geometry. Different TNF-α doses were administered in each channel
by the CGG module to create functional inflammation models under various conditions. Through
the tunable channel geometry and the microfluidic interfacing, this system has the potential to be
used for further comprehensive research on vascular diseases such as atherosclerosis and thrombosis.

Keywords: 3D printing; in vitro artery-mimicking model; inflammation; modular microfluidic
system; vascular stenosis

1. Introduction

Inflammation is a protective biological response by the immune system against harm-
ful external stimuli such as pathogens and injuries [1]. Inadequate inflammatory processes
can cause chronic inflammation that leads to diseases or tissue damage [2]. Atherosclerosis
is one of the inflammatory diseases in which plaques build up to narrow an artery, and
vascular inflammation is known as a key risk factor involved in atherogenesis, such as
initiation, progression, leukocyte recruitment, and rupture of plaque of atherosclerosis [3,4].
When endothelial cells (ECs) are activated due to inflammation, many cytokines and
chemokines are released [5]. In addition, the level of endothelial adhesion molecules is
also elevated, and therefore, neutrophils, monocytes, and platelets are attached to the
lesion [3,5]. Arterial stenosis and atherosclerosis can lead to various fatal diseases [6,7];
therefore, it is clinically significant to research and understand arterial problems.

A three-dimensional (3D) cell culture system with microfluidics has been improved
in mimicking in vivo tissue for biological assays [8]. A 3D structure and features such as
in vivo tissue recapitulating various in vivo-like microenvironments and understanding
of the phenomena and mechanisms of the system can be achieved through microfluidic
in vitro models [9]. Various tissues, such as blood vessels [10,11], heart [12], liver [13,14],
lung [15], and intestine [16], have been mimicked and studied using microfluidics.

Many different factors, such as narrowing of blood vessels, adhesion of leukocytes
and platelets, and formation of thrombi, are organically connected in atherosclerosis. In
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general, ECs and smooth muscle cells (SMCs) are major cell types that constitute the arterial
wall [17,18]. The microchannel-based 3D models of previous studies that simulated arterial
stenosis were mostly analyzed with only the stenosis structure without cells [19–21] or only
monocultured ECs for observation of cellular phenomena, including leukocyte [22] and
platelet attachment [22,23]. Since atherosclerosis is a disease that occurs in the artery, it is
obviously also affected by SMCs [17]. In the in vivo-like circular channel, however, there
are few studies based on the coculture of SMCs and ECs, which are two cells that mainly
constitute the artery, or about stenosis. There are many studies that have performed assays
with the coculture of SMCs and ECs [8], but the experiments were performed on a plane
rather than in a circular channel. Moreover, studies of monocyte adhesion using SMC–EC
coculture models in stenosis channels are rare. Since there is a hydrodynamic effect from
the stenosis structure of the circular channel, it is necessary to simulate the structure in
three dimensions rather than in a plane. Although studies of vascular inflammation and
leukocyte recruitment through microfluidics have been conducted [24–27], various physical
and chemical conditions have not been applied simultaneously. Menon et al. reported a
perfusable 3D stenosis model to observe vascular inflammation and endothelial interaction
with leukocytes [26]. However, they did not properly simulate the hydrodynamic flows in
the artery using a rectangular channel. The fabricated 3D stenosis model consisted only of
ECs, which cannot represent arteries without SMCs. Additionally, there was only a single
channel in the device, which makes it difficult to test multiple conditions at the same time
because multiple independently fabricated devices were required. In general, rectangular
channels are widely used for microfluidic blood vessel models, because they can be easily
fabricated by photolithography. In a rectangular channel, the shear stress at the corners
is considerably low, so cells have difficulty adhering to the corners, and there are various
problems such as a dead volume in a rectangular channel. Since the native blood vessel
has a circular cross-section, a geometrically similar model should be fabricated. Then, the
physiological conditions, such as the fluid flow acting in the channel, become similar to
those of the native vessel.

In a previous study, we cocultured SMCs and ECs with in vivo-like directionality
and morphology in a circular polydimethylsiloxane (PDMS) channel and studied the
effect of the wall shear stress on cells with physical changes in the model by creating a
stenosis structure in the channel [28]. Since hemodynamic parameters such as pressure,
flow and shear stress, and cellular interactions play an important role in atherogenesis,
it was necessary not only to mimic such physical conditions, but also to recapitulate the
cellular state of the lesion. In this study, we demonstrated a modular 3D in vitro artery-
mimicking multichannel system for recapitulating vascular stenosis and inflammation, as
well as a study of the physical and chemical effects on inflammation models (Figure 1).
Each module for the artery-mimicking modular device was fabricated by hybridizing the
three-dimensionally printed module frame and the PDMS. Through modularization and
standardization, the manipulation became reproducible and stable, and each microfluidic
module could be replaced according to analytical conditions, providing the possibility of
mass production. 3D human aortic smooth muscle cell–human umbilical vein endothelial
cell (HASMC–HUVEC) coculture models with in vivo-like cell directionality and morphol-
ogy were fabricated in parallel in the circular multichannel in one modular multichannel
device with chamber modules to especially recapitulate a small muscular artery with a
diameter of 1 mm. Additionally, several modular devices were simultaneously handled in
a high-throughput manner. A microfluidic concentration gradient generator (CGG) module
was used to recapitulate the cellular state of inflamed lesions by imparting chemical condi-
tions to the coculture models, in addition to physical conditions such as stenosis structure
and chaotic blood flow, by tuning the channel geometry. Tumor necrosis factor (TNF)-α, a
cytokine that causes inflammation, was treated at multiple concentrations simultaneously
in the coculture models in one artery-mimicking multichannel modular device through the
CGG module to create several inflammation models. In addition, the influences of the wall
shear stress, the stenosis structure, and the cell–cell interaction through the coculture of



Micromachines 2021, 12, 1528 3 of 19

SMCs and ECs on the inflammation models were investigated to promote a comprehensive
understanding of vascular diseases. The immune responses of the inflammation models
were also monitored by the recruitment of monocytic THP-1 cells. That is, the developed
modular multichannel system was used to create in vivo artery-like coculture models, and
through tunable channel geometry and microfluidic interfacing, various conditions were
assigned to the coculture models simultaneously to perform parallel biological assays
for diseases.

Figure 1. An artery-mimicking multichannel modular device for in vitro disease models. Each module, consisting of
a three-dimensionally printed module frame and polydimethylsiloxane (PDMS), can be replaced, depending on the
analytical purpose. The interchangeable microfluidic module interfacing enables parallel coculture model fabrication in
the multichannel and chemical condition control. An in vitro artery-mimicking multichannel module with tunable model
geometries for stenosis is also interchanged and used. In each channel of the in vitro artery module, axially aligned confluent
human umbilical vein endothelial cell (HUVEC) monolayers and circumferentially aligned and stretched human aortic
smooth muscle cells (HASMCs) are cocultured on a wrinkled surface. A modular 3D in vitro multichannel system that
mimics the human artery can be used for in vitro assays to demonstrate vascular stenosis and inflammation.

2. Materials and Methods
2.1. Materials

Primary HASMCs, primary HUVECs, SMC growth medium-2 (SmGM-2), and en-
dothelial cell growth medium-2 (EGM-2) were supplied from Lonza (Basel, Switzerland).
THP-1 cells were purchased from the Korean Cell Line Bank (Seoul, Korea). RPMI 1640 and
Dulbecco’s modified Eagle’s medium (DMEM) were ordered from Corning (New York, NY,
USA), and human plasma fibronectin was purchased from Millipore (Burlington, MA, USA).
Sixteen percentage formaldehyde and Hoechst 33342 were obtained from Thermo Fisher
Scientific. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane, erioglaucine, Triton X-100, and
albumin from bovine serum (BSA) were bought from Sigma-Aldrich (St. Louis, MO, USA).
Rabbit anti-smooth muscle myosin heavy chain 11 antibody (ab133567, 1:25), mouse anti-
CD31 antibody conjugated with Alexa Fluor 488 (ab215911, 1:100), mouse anti-intercellular
adhesion molecule 1 (ICAM1) antibody (ab2213, 1:50), rabbit anti-von Willebrand factor
antibody (ab6994, 1:100), goat anti-mouse IgG H&L Alexa Fluor 488 (ab150113, 1:200), and
goat anti-rabbit IgG H&L Alexa Fluor 594 (ab150080, 1:200) were ordered from Abcam
(Cambridge, UK). Recombinant human TNF-α was supplied from PeproTech (Rocky Hill,
NJ, USA). A PDMS polymeric base and a curing agent were purchased from Dow Chemical
Company (Midland, MI, USA).
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2.2. Fabrication of a Modular Device for In Vitro Artery Mimicking

Microfluidic modules such as the chamber module, the CGG module, and the in vitro
artery-mimicking multichannel module were assembled for a modular device (Figure 2a).

Figure 2. Module fabrication process of a modular three-dimensional (3D) in vitro artery-mimicking
multichannel device. (a) Digital image of an assembled modular device. The modules were assembled
using connection clips (inset). (b) Fabrication process of a microfluidic concentration gradient gener-
ator (CGG) module and a chamber module. (c) Fabrication process of an in vitro artery-mimicking
multichannel module. (d) Fabricated microfluidic modules and an in vitro artery-mimicking module.
Various microfluidic modules can be easily fabricated by changing the design of three-dimensionally
printed molds, interchanged and used, depending on the analysis. Various structures of channels
in the artery-mimicking multichannel module can be obtained by tuning the multichannel PDMS
device design, which is put into the module in the module fabrication process.
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Microfluidic module frames, module molds, and plugs for generating connection chan-
nels were three-dimensionally printed by PICO2 HD (Asiga, Alexandria NSW, Australia)
using PlasCLEAR resin and could be used semipermanently. Both module fabrication
processes are shown in Figure 2b,c. For microfluidic module fabrication, autoclaved three-
dimensionally printed molds were plasma-treated for 1 min and treated with vaporized
trichloro(1H,1H,2H,2H-perfluorooctyl)silane in a vacuum chamber for 1 h before casting
PDMS (PDMS polymeric base and curing agent at a 10:1 mass ratio) at 65 ◦C for 2 h. The
mold and the frame were combined, the plugs were inserted, and the PDMS was casted
(Figure 2b). The diameters of the plugs used were 1.8 mm, and the part inserted into the
module frame was manufactured in the shape of a truncated cone. This was because a
Tygon tube with an outer diameter of 1.78 mm (AAD04127) had to be inserted between
the modules, as shown in Figure 2a, and then sealed to prevent the leakage of a medium
during perfusion. For the production of an in vitro artery-mimicking multichannel module,
a circular multichannel PDMS device was fabricated as previously described [28]. Briefly,
a PDMS device with multiple rectangle channels was casted from a three-dimensionally
printed mold, and then uncured PDMS was spin-coated and cured to generate a device
with multiple semicircular channels. A PDMS device with semicircular channels was
stretched using a three-dimensionally printed custom-made clamp and air-plasma-treated
for 30 min to produce circumferentially aligned microwrinkle structures on the channel
surface. Wrinkles on the channel surface were used to promote stretching and aligning
of SMCs circumferentially as in vivo through a contact guidance phenomenon. After the
device release, two PDMS devices with semicircular channels were attached to fabricate a
device with multiple 1-mm-diameter circular channels. The diameter of the circular chan-
nels was adjustable by a three-dimensionally printed mold channel design, and control of
uncured PDMS viscosity, spin-coating speed, and time. By the 3D design of the channel
mold, four-channel PDMS devices with no occlusion and 50% occlusion were fabricated
for analysis. A multichannel PDMS device was placed, and plugs were inserted into the
module frame to produce an artery-mimicking multichannel module (Figure 2c). The
diameter of one side of the plugs used was 1.8 mm, and the diameter of the other side,
which was inserted into the multichannel PDMS device, was 1.2 mm. All standardized
modules of the same size were manufactured and were able to be interchanged along with
the purpose of the experiment (Figure 2d).

2.3. HASMC–HUVEC Coculture in a Modular Device

The arterial wall consists mainly of SMCs and ECs. Primary HASMCs and HUVECs
were cocultured to mimic arteries. HASMCs and HUVECs were cultured in SmGM-2
and EGM-2, respectively, in a humidified incubator with 5% CO2 at 37 ◦C. The chamber
modules, the multichannel modules, the Tygon tube, and the connection clips were steril-
ized with 70% ethanol and then dried under ultraviolet (UV) light overnight. The in vitro
artery-mimicking multichannel module was washed with phosphate-buffered saline (PBS)
and coated with 50 µg/mL human plasma fibronectin at 37 ◦C for 1 h. After the removal of
fibronectin from the channels, the multichannel module and the chamber modules were
assembled using the connection clips and the Tygon tube. To prevent air from entering the
channel when plugging or unplugging the module, a small amount of an extra medium
was added to the module inlet, and even if a small air bubble entered, it quickly escaped
from the channel through perfusion at a high flow rate. PBS and SmGM-2 medium were
injected serially through a chamber module to wash multiple channels at the same time.
HASMCs (1 × 106 cells/mL) at passages 6 and 7 were seeded in the device and allowed to
settle for 30 min. The device was flipped over, and the cells were seeded and settled down
again to cover the entire channel surface. After 30 min, the device was washed by SmGM-2,
and HASMCs were cultured in a humidified incubator with 5% CO2 at 37 ◦C. The medium
was changed every 24 h. After 48 h, the device was washed with PBS and serum-free
DMEM (1% penicillin–streptomycin). Then, 50 µg/mL fibronectin in serum-free DMEM
was injected into the device and coated on the SMC layer at 37 ◦C for 5 min. The device



Micromachines 2021, 12, 1528 6 of 19

was washed by PBS and EGM-2. HUVECs (4 × 106 cells/mL) at passages 5 and 6 were
seeded and settled down for 30 min. The seeding process was repeated with the flipped
device. The channels were washed at once with a coculture medium (SmGM-2:EGM-2
volume ratio = 1:1) in the chamber module. The static coculture of cells for 24 h was fol-
lowed by a 48 h perfusion coculture of cells with a wall shear stress of 0.24 Pa of a channel
using a Minipuls 3 peristaltic pump (Gilson, Middleton, WI, USA). Coculture models were
fabricated in parallel in multiple channels in a modular device, and four to eight modular
devices were operated simultaneously. The fresh medium was changed every 24 h for
static culture conditions.

The medium perfusion system was as follows. The medium flowing from a medium
reservoir along the Tygon tube entered the peristaltic pump tubing (F117940, Gilson)
connected by a stainless steel tube (outer diameter of 1.5 mm). Then, the medium came out
through the Tygon tube connected by the stainless steel tube and flowed into the device.
After perfusion, the medium went back into the reservoir.

A shear stress of 0.24 Pa, which is a low shear stress condition, was used to simulate a
lesion environment where atherosclerosis occurs, such as an arterial bifurcation area and an
inner curvature area with low shear stress. Since most of the analysis was performed in the
straight channel here, the inflammatory condition was simulated by applying a low shear
stress to the straight channels. When analyzing channels with a stenosis structure, more
realistic research results can be obtained if the shear stress close to a physiological condition
over 1 Pa is applied for further study. However, it could be a big challenge, because the
cells may fall off the channel wall or be damaged by harsh conditions in vitro, resulting
in a breakage of the cell-to-cell connection. In order to solve this problem, new coating
techniques and cell culture conditions and the introduction of additional extracellular
matrices (ECMs) have to be considered. Although the shear stress used in the experiment
was somewhat lower than the actual range, it showed the possibility of analyzing the effect
of mechanical stimuli, such as shear stress, on the artery-mimicking coculture model.

2.4. Characterization of the Microfluidic CGG Module

A microfluidic CGG module with a 300 µm channel width and a 100 µm channel
height was fabricated. Micropillar structures (200 µm × 200 µm) were included for the
efficient and complete mixing of two inlet fluids. There were four outlets for the connection
with four channels of the multichannel module. It has the potential of more channels
in an in vitro artery-mimicking multichannel module and a CGG module with changing
three-dimensionally printed mold design. To analyze the concentration distribution ability
of the CGG module, 0 and 0.6 mM erioglaucine were injected into each inlet with a
flow rate of 795 µL/min per inlet, which applied 0.06 Pa to each cocultured channel.
Erioglaucine solutions (0, 0.2, 0.4, and 0.6 mM) were produced by the manual pipetting
method for comparison. Erioglaucine is a coloring dye with a peak absorbance at 406 nm.
Ten microliters of each of the samples from each outlet of the CGG module and manual
pipetting were diluted with 200 µL of distilled water, and the optical density of the diluted
samples was measured by a microplate reader (VersaMax; Molecular Devices, San Jose,
CA, USA).

2.5. TNF-α Treatment for the Inflammation Model

To investigate the adhesion molecule and the von Willebrand factor (vWF) expression
in the inflammation model, an artery-mimicking multichannel system was fabricated with
chamber modules under various conditions and compared: (1) static coculture; (2) perfu-
sion coculture; (3) EC monoculture; (4) SMC–EC coculture. The front module was changed
to a microfluidic CGG module for the concentration gradient distribution of TNF-α to
each channel of the artery-mimicking multichannel module. Various conditions could be
given simultaneously. The coculture medium and TNF-α in the coculture medium (1.5 or
15 ng/mL) were perfused to each inlet of the CGG module with a flow rate of 795 µL/min
per inlet for 10 min. Then, the models were stimulated with TNF-α at 37 ◦C for 24 h. After
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TNF-α treatment, ICAM-1 and vWF were immunofluorescence-stained and analyzed for
each experimental condition. The intensity measurement was made near the center of the
multichannel device. Because of the cell signal overlapping at channel edges, fluorescence
images excluding edges were used for the analysis.

2.6. Monocytic THP-1 Cell Adhesion in the Inflammation Model

Monocytic THP-1 cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin–streptomycin in a humidified incubator with 5% CO2 at
37 ◦C. THP-1 nuclei were fluorescently stained with 1 µg/mL Hoechst 33342 in RPMI 1640
at 37 ◦C for 15 min and then prepared at a concentration of 5 × 105 cells/mL in media
(SmGM-2:EGM-2:RPMI 1640 volume ratio = 1:1:1). To investigate monocyte recruitment in
the inflammation model, inflammation models under various conditions were fabricated
and analyzed: (1) a multichannel device with no occlusion channels in static culture
conditions; (2) a multichannel device with no occlusion channels in perfusion culture
conditions; (3) a multichannel stenosis device with 50% occlusion channels in perfusion
culture conditions. Perfusion models were cultured with 0.24 Pa of the channel front wall
shear stress. After fabricating inflammation models using the CGG module, two chamber
modules were assembled back and forth to the multichannel module of the cocultured
inflammation models. THP-1 cells were perfused into the device and incubated under the
static conditions at 37 ◦C for 1 h. Channel washing with PBS and the coculture medium
was followed by the fluorescence imaging of the channel area. The stained THP-1 cells in
each region (upstream, inlet, apex, outlet, downstream) were counted and analyzed.

2.7. Immunofluorescence Staining and Imaging

To confirm the SMC–EC coculture models in the multichannel module, HASMCs
and HUVECs were visualized by immunofluorescence staining of smooth muscle myosin
heavy chain (SM-MHC) and platelet endothelial cell adhesion molecules (PECAM-1 or
CD31), respectively. ICAM-1 and vWF were immunofluorescence-stained for the analysis
of the inflammation model and monocyte adhesion which is the immune response of
the inflammation model. First, the models were fixed in 4% formaldehyde for 15 min,
permeabilized in 0.1% Triton X-100 for 10 min and blocked with 3% BSA in PBS for
30 min at room temperature. The cells were immunofluorescence-stained with rabbit
anti-SM-MHC, mouse anti-CD31 with Alexa Fluor 488, mouse anti-ICAM1 and rabbit
anti-vWF primary antibodies in 1% BSA in PBS at 4 ◦C overnight, and goat anti-mouse
and anti-rabbit IgG antibodies in 1% BSA in PBS at room temperature for 1 h. Nuclei
were stained with 5 µg/mL Hoechst 33342 in PBS at room temperature for 10 min. PBS
washing for 5 min was performed three times between all processes. All phase-contrast
and immunofluorescence staining images were visualized using an inverted microscope
(IX51, Olympus, Tokyo, Japan).

2.8. Statistical Analysis

All data in graphs were presented as the mean ± standard deviation, and calculations
were performed using SPSS software (version 25, IBM Corp., Armonk, NY, USA). The
student’s t-test was used for the significance test between two conditions, and the one-way
ANOVA with post hoc Tukey’s test was used for multiple comparisons. p-values less than
0.05, 0.01, and 0.001 were considered statistically significant.

3. Results and Discussion
3.1. Fabrication of a Modular 3D In Vitro Artery-Mimicking Multichannel System

We fabricated a module-type in vitro artery-mimicking multichannel device that was
a three-dimensionally printed frame–PDMS hybrid (Figure 1). Using a modular system,
arterial disease models could be simulated and analyzed. The modular device had an artery-
mimicking multichannel module in the center, and microfluidic modules were connected
to the front and the rear of the multichannel module using a Tygon tube and connection
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clips (Figure 2a). HASMCs and HUVECs formed a coculture model in each channel of the
multichannel device. Circumferentially aligned wrinkle structures existed on the surface of
each PDMS channel [28], and SMCs and ECs with in vivo-like directionality by wrinkles
and flow were cocultured to create a model. Since cell directionality plays an important
role in cell functionality, a model to recapitulate in vivo cell directionality was fabricated.
Each module was of the same standardized size and could be replaced according to the
purpose of the experiment. Depending on the type of microfluidic module interfacing, the
fabrication of a coculture model or the control of chemical conditions such as inflammation
was performed. Stenosis was simulated, compared and analyzed by the tunable model
geometry of the multichannel module. Using the 3D printing of channel molds, the design
of several microfluidic module channels and an artery-mimicking multichannel could be
easily controlled (Figure 2b–d). As shown in Figure 2c, the wrinkled circular multichannel
PDMS device fabricated as in a previous study [28], which had wrinkles with a wavelength
of 5.2 ± 0.33 µm through 30 min of plasma treatment, was used to manufacture the
modular device.

The HASMC–HUVEC coculture model was produced using a modular device assem-
bled by connecting two chamber modules to a multichannel module (Figure 3a). There
were bubble traps at the inlet and outlet parts of the chamber modules. Since bubbles
can block channels, interfere with cell culture or change the proper flow patterns, bubble
traps were installed in front of and rear of the channels to collect bubbles and prevent such
phenomena (Figure 3b). The bubbles floated up with buoyancy, so once captured, they
did not fall out. Figure 3c,d presents the establishment of a modular 3D in vitro artery-
mimicking multichannel system. The in vivo hydrodynamic microenvironment, such as
shear stress, was recapitulated through medium perfusion for a coculture model. Since
four to eight modular devices were operated at the same time and each device had four
channels, it was possible to compare and analyze multiple physical or chemical conditions,
such as stenosis structure or TNF-α dose, simultaneously in a high-throughput manner. In
addition, a reproducible and stable modular system for manipulation made it possible to
minimize manual manipulation through modularization.

HASMCs and HUVECs were sequentially seeded and grown on the wrinkled mul-
tichannel surface of the produced modular device to form stacked cell layers to prepare
an in vivo artery recapitulating coculture model (Figure 4a). Stacked two cell layers were
confirmed by the cross-section image and the reconstructed 3D image of each cell layer
as performed in the previous study [28]. Through the immunofluorescence staining of
the SM-MHC, which is a contractile-specific marker, it was revealed that the HASMCs of
the coculture model had contractility. CD31, which is an endothelial cell-specific marker,
proved that there were well-formed intercellular junctions between HUVECs. Each PDMS
channel had a circumferentially aligned wrinkle structure on the surface for the contact
guidance of SMCs [28]. SM-MHC and CD31, markers of HASMCs and HUVECs, respec-
tively, of the coculture model under static and perfusion culture conditions, are shown in
Figure 4b. SMCs that were circumferentially aligned and stretched as in vivo and had a
contractile phenotype through wrinkles were verified by SM-MHC expression. HUVECs
formed a confluent monolayer on the HASMC layer. Under static conditions, HUVECs
were also circumferentially aligned due to underneath circumferentially aligned HASMCs,
but under perfusion conditions, a confluent layer of HUVECs axially aligned due to the
medium flow was observed through CD31 staining. Since multiple channels in a device
were controlled by one front microfluidic module, coculture models could be generated
in parallel in each channel simultaneously, and it was then possible to analyze several
conditions simultaneously in one device. Components such as stainless steel tubes were
eliminated, and a more reproducible device was fabricated by modularizing the device,
resulting in an augmented area for growing cells compared to that in the previous study.
The wall shear stress in the device under perfusion conditions was confirmed through
COMSOL simulation (Supporting Figure S1a) as in a previous report [28]. In the magni-
fied images of a channel in the in vitro artery-mimicking multichannel module, in which
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HASMCs and HUVECs were cocultured, the wall shear stress and the flow velocity were
maintained constant in the cell culture area (Supporting Figure S1a,b). In other words,
it was confirmed that the same culture conditions were applied to each coculture model,
because all the cells in the channel were subjected to uniform shear stress and flow velocity.
Two types of cells with in vivo-like directionality and functionality were cocultured in a
modular device to create an artery-recapitulating model.

Figure 3. An overall operating system for modular 3D in vitro multichannel devices. (a) Photo of the modular 3D in vitro
artery-mimicking multichannel device. The in vitro artery-mimicking multichannel module was connected with two
chamber modules back and forth in a modular device for the coculture of cells. The bubble trap in the chamber module is
shown in a magnified image. (b) Cross-sectional side view of the chamber module. The module was a hybrid of PDMS and
a three-dimensionally printed frame. Bubbles, which could disturb the medium flow, block channels and interfere with the
adhesion and culture of cells on the channel surface, were collected in the bubble trap. Scheme (c) and photograph (d) of the
overall system. Four to eight modular devices were operated simultaneously in a high-throughput manner.
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Figure 4. Cocultured HASMCs and HUVECs in an artery-mimicking multichannel device. (a) Phase-contrast image and
immunofluorescence staining images of HASMCs and the HUVEC layer of the perfusion coculture model in a multichannel
module. Several images were stitched for the whole device observation. (b) Smooth muscle myosin heavy chain (SM-MHC)
and CD31 of the coculture model in static and perfusion culture conditions.

Although native arterial vessel consists of various types of cells, ECM layers, and base-
ment membrane, we first cocultured HASMCs and HUVECs, which mainly constitute the
arterial wall, since it is quite challenging to recapitulate all of these structural components.
Fibronectin was chosen for the easy coating of the channel surface for cell attachment. It
was confirmed that ECMs such as laminin and collagen type IV were synthesized from
cocultured cells in our previous study [28]; therefore, we believe that our model can be
used to recapitulate arteries in terms of channel shapes and cell composition.

3.2. Concentration Gradient Generation in a Multichannel with a Microfluidic CGG Module

To comprehensively study diseases such as atherosclerosis, it is necessary to inves-
tigate not only physical conditions such as stenosis structure and shear stress, but also
chemical conditions such as the cellular state and the cellular interaction of the lesion.
Therefore, we tried to simulate inflammation and analyze the effects of the chemical condi-
tions by assigning different chemical conditions to each of the artery-mimicking coculture
models in the fabricated multichannel. For this purpose, a microfluidic CGG module was
exploited. Micropillar structures were designed in the CGG channel to allow the complete
mixing of the two inlet fluids (Supporting Figure S2a). The front microfluidic module
was switched to the CGG module to give a concentration gradient to the multichannel
(Supporting Figure S2b). There were two inlets in the CGG module, and two injected
inlet fluids were distributed with a linear concentration gradient to each channel of the
multichannel module (Supporting Figure S2c). The performance of the microfluidic CGG
module was tested using erioglaucine. Erioglaucine solutions (0, 0.2, 0.4, and 0.6 mM) were
prepared by the manual pipetting method and compared with the concentrations of each
of the four outlet solutions of the CGG module with inlet solutions of 0 and 0.6 mM. As a
result, there was no significant difference in the optical density of the resulting solutions
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between the manual pipetting method and the concentration gradient generation method
using the CGG module (Supporting Figure S2d). In other words, the generation of a con-
centration gradient using the CGG module was linear between the two inlet concentrations,
and further experiments were performed based on this result. Different chemical conditions
were simultaneously applied to the coculture models in one device using the CGG module.
In addition, external environmental conditions other than the concentration condition were
maintained constant by minimizing manual manipulation, so that only the effect of the
concentration condition on the models could be studied. Various types of microfluidic mod-
ules can be manufactured by new and easy design of three-dimensionally printed molds
according to the experimental purpose (Figure 2d and Supporting Figure S3), which shows
the potential to use artery-mimicking models for various disease analyses in the future.

3.3. TNF-α Dose-Dependent Adhesion Molecule and vWF Expression in an Inflammation Model

TNF-α, a proinflammatory cytokine, is involved in the innate immune response as
a mediator of inflammation and the immune system [29,30]. It regulates many signaling
pathways and promotes inflammation [31]. TNF-α-activated vascular models alter the
expression levels of adhesion molecules and vWF [32,33]. We compared and analyzed
the expression of ICAM-1 and vWF according to the TNF-α treatment concentration in
the models under various culture conditions. ICAM-1, as an inflammatory adhesive cell
surface protein, and vWF, as a procoagulatory protein, are associated with leukocyte
recruitment and platelet aggregation in blood vessels [34]. A cellular model with in vivo-
like directionality in each channel of the in vitro artery-mimicking multichannel module
was fabricated using two chamber modules (Figure 5a). We constructed cellular models
under various culture conditions to compare the expression of ICAM-1 and vWF: (1) static
coculture model vs. perfusion coculture model, (2) EC monoculture model vs. SMC–EC
coculture model. By replacing the front module from the chamber with the microfluidic
CGG module, which was connected to the multichannel module with the produced cellular
models, a linear TNF-α concentration gradient was formed and treated in each channel of
the multichannel module. Then, the inflammatory response to TNF-α concentrations, such
as ICAM-1 and vWF expression, was observed for each culture model.

When the medium and 1.5 ng/mL TNF-α in the medium were injected into the device
through two inlets of the CGG module, each channel of the multichannel module was
treated with estimated concentrations of TNF-α of 0, 0.5, 1, and 1.5 ng/mL based on the
CGG module performance test. The higher the TNF-α concentration was, the higher the
ICAM-1 expression level in the SMC–EC perfusion coculture model (Figure 5b). Depending
on the concentration of the inlet fluid to be injected, TNF-α of various concentration ranges
could be simultaneously treated in the multichannel. By injecting 1.5 or 15 ng/mL TNF-α
into one inlet, changes in ICAM-1 expression in the models over a wide range of TNF-α
doses were obtained (Figure 5c). The ICAM-1 expression level was almost saturated over
a concentration of 5 ng/mL TNF-α. Because it might be difficult to clearly see the effect
of TNF-α on the marker at high concentration ranges, and more sensitive results could
be obtained at a low concentration range, the concentration range from 0 to 1.5 ng/mL of
TNF-α was determined for use and tested further.

Next, cellular models fabricated under various conditions were analyzed. First, the
HASMC–HUVEC coculture models in static and perfusion culture conditions were com-
pared (Figure 6a). In general, the higher the TNF-α dose was, the higher the ICAM-1
expression level. When comparing the perfusion culture and the static culture conditions
in the model fabrication process, the level of ICAM-1 in the perfusion coculture model was
higher. Shear stress is known to affect ICAM-1 upregulation in ECs [35–38]. The perfusion
culture model was a model in which the wall shear stress, a mechanical stimulus, was
continuously applied for 48 h during culture. A low shear stress of 0.24 Pa along with
TNF-α was applied to the cells, which developed a pathological environment; hence, the
perfusion model expressed more ICAM-1 than the static model. We were able to observe
the effects of the wall shear stress and cytokines on the SMC–EC coculture model. This



Micromachines 2021, 12, 1528 12 of 19

result is in agreement with previous reports that studied the effects of TNF-α and shear
stress on ECs [39]. In the case of vWF, there was no significant difference between static and
perfusion conditions, but both conditions showed a similar tendency: the vWF expression
level slightly decreased, as the TNF-α dose increased. It is known that vWF is secreted
from cells and is not deposited to the ECM in a low shear stress environment, and there
is less intracellular vWF in a low shear stress condition than in a static condition [33].
According to Galbusera et al. [40], when shear stress is applied to HUVECs, vWF release
from ECs is significantly increased. That is, more vWF is released through exocytosis in
the presence of shear stress. However, they measured the amount of vWF released to the
cell supernatant and reported that the amount increased when shear stress was applied,
indirectly meaning that the amount of vWF in the cell decreased. Meanwhile, we observed
vWF protein through immunofluorescence staining. Since the amount of intracellular vWF
was observed, the amount of stained vWF under perfusion culture conditions was slightly
lower than that under static conditions, showing consistent results with a previous study.
Additionally, TNF-α inhibits vWF synthesis and storage and increases vWF secretion from
cells, which increases as the dose increases [33,41,42]. Therefore, due to the low shear
stress and TNF-α in our experiment, both the static and perfusion culture models showed
a tendency to express less vWF as the TNF-α dose increased, and the perfusion condition
showed a slightly lower value. The reason for the small difference in vWF intensities
between the static and perfusion culture models was that when TNF-α was not treated,
the levels of vWF expression were already similar under static and perfusion conditions.
According to previous reports, the higher the concentration of TNF-α, the more vWF is
released, but 1.5 ng/mL is not a concentration that makes a significant difference [41]. As a
result, the amount of vWF in the cells was lowered either by shear stress or by TNF-α, but
the difference was insignificant within the experimental range.

Figure 5. Tumor necrosis factor (TNF)-α dose-dependent inflammation model. (a) Experimental procedure for the
inflammation model. A coculture model was fabricated with chamber modules. Static vs. perfusion coculture conditions
and EC monoculture vs. SMC–EC coculture were compared. (b) Intercellular adhesion molecule 1 (ICAM-1) fluorescence
staining images in different channels. Based on the CGG module performance, TNF-α concentrations applied to each
channel in a multichannel device were estimated, and ICAM-1 expression in the models was immunofluorescence-stained
and observed. (c) The ICAM-1 intensity of four channels in a device with one inlet TNF-α concentration of 1.5 or 15 ng/mL.
Since the channel diameter was large and the whole diameter was not included in the depth of focus, we analyzed only
the area of 70% of the center of the channel width, excluding the channel edge part. * p < 0.05, *** p < 0.001 vs. no
treatment channel with 1.5 ng/mL inlet TNF-α; ## p < 0.01 vs. no treatment channel with 15 ng/mL inlet TNF-α. All
n = 3 independent devices.
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Figure 6. TNF-α dose-dependent ICAM-1 and von Willebrand factor (vWF) expression in the inflammation model.
(a) Comparison of ICAM-1 and vWF expression between static and perfusion coculture conditions. For the ICAM-1 graph,
§§ p < 0.01 vs. static culture conditions at the same TNF-α dose; * p < 0.05, *** p < 0.001 vs. no treatment channel in perfusion
conditions; ### p < 0.001 vs. no treatment channel in static conditions. (b) Comparison of ICAM-1 and vWF expression
between the EC monoculture and SMC–EC coculture models. & p < 0.05, && p < 0.01, &&& p < 0.001 vs. EC monoculture
conditions at the same TNF-α dose. For the ICAM-1 graph, * p < 0.05, *** p < 0.001 vs. no treatment channel in SMC–EC
coculture conditions; +++ p < 0.001 vs. no treatment channel in EC monoculture conditions. All n = 3 independent devices.

Second, the EC monoculture model and the SMC–EC coculture model under perfusion
conditions were compared (Figure 6b). The coculture with SMCs induced more ICAM-1
expression in ECs, regardless of TNF-α treatment. ECs cultured with proliferating secretory
SMCs showed increased responsiveness to TNF-α in a previous report [43]. An atheroprone
environment refers to an environment susceptible to atherosclerosis, usually at a low shear
stress location such as a bifurcation. The inflammation model in this study was generated
with low shear stress atheroprone flow and TNF-α treatment. Then, the proliferative SMCs
caused by atheroprone conditions induced ECs to be more sensitive to TNF-α, and thus,
a higher expression level of ICAM-1 in the coculture model was obtained. In the case
of no TNF-α treatment, the coculture model showed higher ICAM-1 expression than the
monoculture model due to the low shear stress condition. In other words, it seems that this
result was probably due to the cellular interaction between SMCs and ECs. In the case of
vWF, the SMC–EC coculture model became more atheroprone than the EC monoculture
model due to TNF-α and the low shear stress. More vWF was released from cells and not
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deposited to the ECM, which was synthesized [28] in the fabricated inflammatory coculture
model, so that the coculture model showed a lower intracellular vWF level.

In our experiment, the cytokine TNF-α at multiple concentrations was simultaneously
applied to one multichannel device through the microfluidic CGG module, and inflamma-
tion models were constructed. The effects of the TNF-α dose, the wall shear stress, and the
cell–cell interaction between SMCs and ECs on ICAM-1 and vWF expression were analyzed.
As a result, parallel biological assays for diseases are possible through the microfluidic
interfacing of the modular system.

3.4. TNF-α Dose-Dependent Monocyte Adhesion in the Inflammation Model

An activated endothelium through inflammation causes cell signaling processes such
as the upregulation of adhesion molecules. Through the immune response, inflammatory
immune cells such as monocytes and neutrophils are recruited and attached to the inflamed
site [44,45]. Monocyte recruitment, in particular, is known to be involved in the early stage
of atherogenesis [45–47]. To analyze monocyte adhesion to inflammation, several inflamed
SMC–EC coculture models were employed: (1) a multichannel device with four channels
without occlusion (0% stenosis device) in static culture conditions; (2) a multichannel device
with four channels without occlusion (0% stenosis device) in perfusion culture conditions;
and (3) a multichannel stenosis device with four 50% occlusion channels (50% stenosis
device) in perfusion culture conditions. Based on the tunable geometry of the multichannel
device and microfluidic module interfacing, it was possible to perform parallel biological
assays by simultaneously assigning various physical and chemical conditions.

The channel area near the stenosis structure was analyzed by dividing it into five
regions (upstream, inlet, apex, outlet, and downstream) (Figure 7a). The wall shear stress
of a multichannel stenosis device with 50% occlusion channels in the perfusion culture con-
dition was observed through simulation (Figure 7b). The shear stress that cells experienced
was very low across the outlet and downstream regions just behind the stenosis structure.
The estimated TNF-α doses from channel 1 to channel 4 were 0, 0.5, 1, and 1.5 ng/mL.
Monocytic THP-1 cell recruitment in a nonstenotic multichannel device under static cul-
ture conditions and a stenotic multichannel device under perfusion culture conditions
showed more THP-1 adhesion to the model with a higher TNF-α treatment concentration
(Figure 7c,d). The monocyte adhesion analysis of the stenosis region (inlet + apex + outlet)
of the models under three culture conditions is shown in Figure 8a. Overall, the inflam-
matory response occurred more strongly with increasing TNF-α dose, and the adhesion
molecule ICAM-1 was more strongly expressed, so that THP-1 adhesion increased. When
comparing the 0% stenosis device in the static and perfusion conditions, ICAM-1 was more
strongly expressed in the coculture model with shear stress (Figure 6a), and therefore, more
THP-1 cells were attached to the presheared perfusion model (Figure 8a). This is consistent
with previous studies [35,48]. In other words, it might seem that the immune response,
such as leukocyte adhesion, is more likely to occur when an in vivo environment, such
as wall shear stress, is applied to the inflammation model. When comparing 0% and 50%
stenosis devices in the perfusion conditions, fewer THP-1 cells were recruited to the 50%
stenosis perfusion device. A regional analysis of a 50% stenosis device in the perfusion
culture condition was performed (Figure 8b). As the TNF-α dose increased, more ICAM-1
was expressed and more THP-1 cells adhered. There was a tendency for fewer THP-1 cells
to adhere to the stenosis region, particularly the apex region, than to the peripheral regions
(Figures 7d and 8b). This is in agreement with previous studies, indicating that ICAM-1
expression in the stenosis region was lower than that in the peripheral regions in terms
of shear conditions [49,50]. For this reason, it seems that fewer THP-1 cells were attached
to the stenosis region of the 50% stenosis device in the perfusion condition than in the 0%
stenosis device in Figure 8a. Due to the stenosis structure, a disturbed flow occurred in
the outlet and downstream regions, which developed a recirculation zone. A very low
shear stress and a low velocity were formed in the recirculation zone, which triggered other
signaling pathways, including the expression of adhesion molecules. As a result of the local
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cell response, cell damage and ICAM-1 upregulation occurred [49], and monocyte adhesion
in the recirculation zone was increased (Figure 8b). That is, the local hydrodynamic flows
generated by the stenosis structure impacted on the monocyte adhesion pattern.

Figure 7. Monocytic THP-1 cell adhesion in the inflammation model. (a) The side view of the channel, which was divided
into five regions for analysis (upstream, inlet, apex, outlet, and downstream). The presence of a flow and the presence of a
stenosis structure were the parameters. (b) Simulated wall shear stress of a multichannel stenosis device with 50% occlusion.
(c) The recruitment of THP-1 cells in each channel of a nonstenotic multichannel device under static culture conditions.
(d) The recruitment of THP-1 cells in each channel of a multichannel stenosis device with 50% occlusion under perfusion
culture conditions. The estimated TNF-α doses were 0, 0.5, 1, and 1.5 ng/mL from channel 1 to channel 4.

THP-1 attachment in upstream and downstream regions of 0% and 50% stenosis
devices in the perfusion condition were compared (Figure 8c). Unlike the stenosis region
analysis graphs (Figure 8a), more THP-1 cells were attached in the upstream and down-
stream regions for the 50% stenosis perfusion device than for the 0% stenosis perfusion
device. This was because the peripheral regions may have become inflammatory due to
the physical stenosis structure. In addition, downstream is the recirculation region where
the shear stress is very low; therefore, ICAM-1 was more strongly expressed, and THP-1
adhesion was higher than that in the upstream region. Because the cells were functional in
our model, the inflammatory response and monocyte adhesion could be observed.

We conducted the experiment by spiking monocytes into the medium. There are
various components in the blood, and red blood cells occupy a very large proportion
of the blood. Normal red blood cells will not adhere to ICAM-1, and when plaques are
ruptured, as in atherosclerosis, they will aggregate to form a thrombus. If the experiment
were conducted with real blood, it would have been more difficult for monocytes to attach
to the model because a large number of red blood cells would interfere. However, since
monocytes attach to the vessel wall in response to inflammation, they would still show
the same tendency if they were allowed to flow for a long time. Although the shear stress
and the perfused liquid environment are somewhat different from the in vivo system, the
tendency and response to various conditions could be seen through this experiment. We
demonstrated that this system is suitable for analyzing the physical (preshearing in the
coculture model fabrication and local hydrodynamic changes by stenosis structure) and
chemical (SMC–EC interaction and cytokine TNF-α dose) effects on inflammation and
monocyte attachment of artery-mimicking coculture models, and this system could be used
for comprehensive research on atherosclerosis.
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Figure 8. TNF-α dose-dependent monocytic THP-1 cell adhesion in the inflammation model. (a) THP-1 adhesion in the
stenosis region of each channel of each conditioned device. * p < 0.05, ** p < 0.01, *** p < 0.001; # p < 0.05, ## p < 0.01,
### p < 0.001; § p < 0.05, § § § p < 0.001 and & p < 0.05, && p < 0.01, &&& p < 0.001 vs. 0% stenosis device in the perfusion
condition. (b) Regional analysis of each stenosis channel in a 50% stenosis device in the perfusion condition. (c) Upstream
region and downstream region analyses between a nonstenotic and a 50% stenosis device in the perfusion condition. For
the upstream graph, # p < 0.05, ### p < 0.001; + p < 0.05; &&& p < 0.05. For downstream graph, # p < 0.05, ### p < 0.001;
& p < 0.05. All n = 4 independent devices.

4. Conclusions

In this paper, a modular 3D in vitro artery-mimicking multichannel system was fabri-
cated to study vascular stenosis and inflammation. HASMCs and HUVECs were cocultured
on wrinkled-surface circular channels in an in vitro artery-mimicking multichannel module
to create artery-mimicking models that recapitulated in vivo artery characteristics such
as cell directionality and biological markers. Through the modularization of the device,
the reproducibility and stability of the experiment were improved, and the module could
be replaced according to the purpose of analysis. The microfluidic module and artery-
mimicking multichannel module could be easily fabricated into various channel structures
and arterial structures, respectively, by changing the design of the three-dimensionally
printed mold. Several chemical conditions were simultaneously assigned to the cocul-
ture models and analyzed through the microfluidic CGG module interfacing. Changes in
monocyte adhesion, as well as changes in the expression levels of ICAM-1 and vWF in
the vascular inflammation model according to the TNF-α dose, were observed. Using an
in vitro artery model that recapitulated the native artery through the coculture of SMCs
and ECs in an in vivo-like circular channel in the analysis, not only the effects of wall shear
stress, stenosis geometry, and TNF-α dose, but also the effect of the SMC–EC interaction,
which was not well shown in previous studies, on vascular stenosis and inflammation were
investigated in parallel. Since four channels in one device were operated simultaneously,
the fabrication of coculture models or condition control was performed easily in parallel,
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and the models in each channel could be compared and analyzed while all external en-
vironments other than the TNF-α doses remained constant. Since inflammation and the
immune response as monocytic THP-1 cell recruitment were investigated with a modular
in vitro multichannel system, this system has the potential to be used for comprehensive
research on vascular diseases such as atherosclerosis in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mi12121528/s1, Figure S1: The wall shear stress and the velocity profile in the device under
perfusion conditions through COMSOL simulation, Figure S2: Demonstration of the microfluidic
concentration gradient generator (CGG) module in a device, Figure S3: 3D designs of the microfluidic
module molds and digital images of the microfluidic modules.
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