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1. Introduction

Atherosclerosis is an inflammatory disease 
in which plaque accumulates in arteries, 
and is the major precursor of cardiovas-
cular disease, the cause of 31% of deaths 
worldwide in 2016.[1,2] Atherosclerosis is 
initiated by accumulation of low-density 
lipoproteins (LDLs) in the endothelial cell 
(EC) layer of arteries, and progresses to EC 
dysfunction with increased secretion of 
RANTES chemokine and overexpression 
of endothelial receptors including P- and 
E-selectin, vascular adhesion molecule-1, 
and intercellular adhesion molecule-1 
(ICAM-1).[3] These EC changes promote 
the adhesion and transmigration of mono-
cytes (MCs), leading to formation of foam 
cell macrophages and plaque formation.

Atherosclerosis is site-specific and is 
associated with regions of low shear and 
oscillatory flow.[4–7] The outer walls of 
bifurcation areas and the inner walls of 
curvatures, which have low shear stress, 
show greater susceptibility to plaque 
and necrotic core formation.[8,9] Dai and 
co-workers defined “athero-prone” and 
“athero-protective” waveforms of blood-

flow, based on flow patterns in coronary artery bifurcations in 
normal human patients captured using magnetic resonance 
imaging and ultrasound and analyzed using 3D computational 
fluid dynamics (CFD).[6] Further, EC dysfunction, a precedent 
event of MC adhesion, has been confirmed to be correlated 
with fluid dynamic characteristics in in vitro models.[6,10]

In vitro studies of the relationship between fluid dynamics 
and atherosclerosis have attempted to emulate physiological 
blood flow conditions in devices with a flat surface,[11,12] or 
molded into simple tubes or anatomically accurate models using 
silicone-elastomer.[13–15] A coculture model[7] was developed 
to test the effect of hemodynamic forces on the interactions 
between smooth muscle cells (SMCs) and ECs, and identified 
athero-prone flow conditions in which the cells were more 
susceptible to inflammation. Recent studies reported more 
sophisticated in vitro microvascular structures[16,17] and were 
able to show the effect of disturbed flow on integrity of EC tight 
junctions or to recapitulate the anatomy of arteries; however, it 

Atherosclerosis begins with the accumulation of cholesterol-carrying 
lipoproteins on blood vessel walls and progresses to endothelial cell dys-
function, monocyte adhesion, and foam cell formation. Endothelialized 
tissue-engineered blood vessels (TEBVs) have previously been fabricated to 
recapitulate artery functionalities, including vasoconstriction, vasodilation, 
and endothelium activation. Here, the initiation of atherosclerosis is emu-
lated by designing branched TEBVs (brTEBVs) of various geometries treated 
with enzyme-modified low-density-lipoprotein (eLDL) and TNF-α to induce 
endothelial cell dysfunction and adhesion of perfused human monocytes. 
Locations of monocyte adhesion under pulsatile flow are identified, and the 
hemodynamics in the brTEBVs are characterized using particle image veloci-
metry (PIV) and computational fluid dynamics (CFD). Monocyte adhesion is 
greater at the side outlets than at the main outlets or inlets, and is greatest 
at larger side outlet branching angles (60° or 80° vs 45°). In PIV experiments, 
the branched side outlets are identified as atherosclerosis-prone areas where 
fluorescent particles show a transient swirling motion following flow pulses; 
in CFD simulations, side outlets with larger branching angles show higher 
vorticity magnitude and greater flow disturbance than other areas. These 
results suggest that the branched TEBVs with eLDL/TNF-α treatment pro-
vide a physiologically relevant model of early atherosclerosis for preclinical 
studies.

Dr. J. H. Lee, S. He, J. K. Zhou, A. Tsai, Prof. K. W. Leong
Department of Biomedical Engineering
Columbia University
New York, NY 10027, USA
E-mail: kam.leong@columbia.edu
Prof. Z. Chen
School of Biological Sciences and Medical Engineering
Southeast University
Nanjing, Jiangsu, 210096, China
Prof. G. A. Truskey
Department of Biomedical Engineering
Duke University
Durham, NC 27708, USA

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adbi.202000428.

Adv. Biology 2021, 5, 2000428



www.advancedsciencenews.com

2000428 (2 of 11) © 2021 Wiley-VCH GmbH

www.advanced-bio.com

is often of difficulty representing in vivo vascular characteris-
tics due to the choice of materials (i.e., poly dimethylsiloxane- 
(PDMS)- or Si-based) or inefficacy in connecting perfusion flow. 
In vitro models that more accurately capture the 3D architec-
ture and mechanical properties of arteries are needed to better 
study early atherosclerosis.

We previously fabricated endothelialized tissue-engineered 
blood vessels (TEBVs)[18–20] using SMCs embedded in collagen; 
Ji and co-workers used induced SMCs (iSMCs) reprogrammed 
from endothelial progenitor cells (EPCs) or from patients’ fibro-
blasts[21] using human myocardin (MYOCD) viral vectors.[22] 
The iSMCs exhibited the contractile phenotype of primary 
SMCs,[23–25] and the resulting eTEBVs showed artery function-
ality including vasodilation and vasoconstriction.[18–20,26,27] The 
eTEBVs were cultured in a perfusion environment and were 
used as a preclinical model of rare diseases such as Marfan syn-
drome and Progeria syndrome.[21,28,29]

Here we further develop the TEBV technology to emulate 
early atherosclerosis by designing branched TEBVs (brTEBVs) 
with various branching angles to recapitulate bifurcation areas 
of coronary arterioles[30–32] and treating the brTEBVs with 
enzyme-modified LDL (eLDL) and TNF-α to induce EC dys-
function and MC adhesion. We describe i) the design and fabri-
cation of brTEBV chambers; ii) the selective localization of MCs 
on the EC layers in the brTEBV lumen; and iii) particle image 
velocimetry (PIV) experiments and CFD simulations used to 
characterize the hemodynamics in the brTEBV system. We 

found that the locations of MC focal adhesion in the brTEBVs 
coincided with regions of high vorticity in CFD simulations and 
high curl magnitude in PIV experiments and depended on the 
local bifurcation angle in the brTEBVs. The initiation and devel-
opment of atherosclerosis as a focal phenomenon in arteries 
has drawn attention in clinics but largely been ignored in the 
field of microphysiological systems (MPS), where vascular 
networks are rarely incorporated as one of the components in 
tissue-chip construction. This unique, free-standing, bifurcated 
vascular platform highlights the potential utility of human cell-
based vascular MPS as a preclinical model of early atheroscle-
rosis and, further, a part of systemic inflammation model by 
integration with other multiorgan MPS.

2. Results

2.1. Design and Operation of brTEBV Chambers

The brTEBVs possess an inlet, a main outlet, and a side outlet 
(Figure  1a): three side outlet branching angles—45°, 60°, and 
80°—to emulate coronary artery bifurcation angles.[30,31] The 
inner diameters (IDs) of the inlet and main outlet are 2  mm, 
the ID of the side outlet is 1.4 mm, and the vessel wall thick-
ness is 2 mm. Each brTEBV chamber consists of a gel-molding 
chamber and a perfusion chamber (Figure  1b,c,e). In the 
gel-molding chamber, a hollow vessel is formed by placing a 

Figure 1. Design, assembly, and operation of brTEBVs. a) Photographs of the three brTEBV chambers with side outlet branching angles of 45°, 60°, 
and 80°. b) A collagen gel containing ECs is formed in the gel-forming chamber. c) Mandrels are moved half-way out and the inlet and outlets of the 
gelated vessel structure are sutured onto them. d) Each brTEBV flow chamber has five flow connections: one for inlet flow, two for outlet flow, and two 
for refreshing the chamber. e) Schematic with top and side views of brTEBV chamber assembly. The top and bottom of the gel-forming chamber (Parts 
B and C) are assembled with Part A with mandrels tightly joined. The EC-collagen mixture is pipetted into the inlet hole on Part B (see top view) until 
the mixture exits the outlet holes in Part B. After gelation at 37 °C, Parts B and C are replaced with the top and bottom of the flow chamber (Parts D 
and E). f) Diagram of brTEBV operation. A multichannel peristaltic pump simultaneously infuses the inlets from the lumen reservoir (RL), withdraws 
flow from the outlets of multiple brTEBVs, and replaces media in the chamber from a separate reservoir (RC). A solenoid pinch valve acts as a pulse 
generator (PG) and is located immediately before the inlets to provide pulsatile flow into the vessel lumen.
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stainless steel mandrel across the middle of the chamber and 
adding a mixture of iSMCs and collagen which forms a gel. 
The vessel lumen has three perfusion ports (red arrows in 
Figure 1d), and the brTEBV chamber has two additional ports 
for refreshing chamber flow (green arrows in Figure 1d).

A 24-channel peristaltic pump was used to infuse culture 
media into the inlets and withdraw fluid through the outlets of 
multiple brTEBV chambers simultaneously (Figure  1f). It was 
necessary to use both infusing and withdrawing mechanisms 
to obtain consistent flow distribution into both outlets and to 
maintain reproducible flow across multiple brTEBVs. The volu-
metric flow rates in the main and side outlets were 0.75 × and 
0.25 × that of the inlet, respectively. The overall flow rate was 
4 mL min−1, at which the wall shear stress (WSS) in the absence 
of branching or pulsing would be ≈0.85 dyne cm−2. The flow 
into the brTEBVs was connected to a pulse generator (PG) to 
obtain a step pulse of 1 Hz (Figure 1f).

2.2. Confirmation of brTEBV Function and Effect of eLDL 
Treatment

To obtain iSMCs, human EPCs were transduced with m2rtTA 
and MYOCD vectors at different multiplicity of infections 
(MOIs), followed by treatment with doxycycline to induce 

MYOCD expression. Using both vectors at an MOI of 20, the 
EPCs were successfully reprogrammed to iSMCs as indicated 
by expression of calponin (CNN) and α-smooth muscle actin 
(α-SMA, Figure 2a). At an MOI of 10, the EPCs were only par-
tially reprogrammed; at an MOI of 30, a significant fraction of 
the cells died (data not shown). Figure 2b shows EC activation 
and MC adhesion following eLDL and TNF-α treatment, indi-
cated by expression of ICAM-1 on ECs and CD80 on MCs.

Adhesion of MCs was significantly greater following eLDL 
and TNF-α treatment than without treatment in 2D well plates 
(Figure 2c). In the absence of eLDL and TNF-α treatment, MCs 
were washed away; following eLDL and TNF-α treatment, the 
majority of MCs remained adhered to the activated ECs after 
washing (Figure  2d). The MCs not only adhered but also 
changed morphology (yellow arrows in Figure 2c), implicating 
potential transvasation into the vessel wall to form foam cells 
in vivo.[33]

Foam cell formation following MC adhesion was also investi-
gated. The brTEBVs were perfused for at least 7 days for matu-
ration before treatment with eLDL for 3 days and with TNF-α 
for 12 h, followed by perfusion with THP-1 MCs for 3 days. In 
brTEBVs with eLDL/TNF-α treatment, many MCs adhered and 
the majority showed internalized lipids (Figure 3b,c). Without 
eLDL/TNF-α treatment, few MCs adhered to the vessel lumen 
(Figure  3a) in the perfusion environment, likely due to the 

Figure 2. SMC and activated EC markers and MC adhesion in 2D culture. a) SMC markers calponin (CNN, red) and α-SMA (green) are observed in 
iSMCs reprogrammed from human EPCs using MYOCD expression. The control shows EPCs without MYOCD viral transduction. b) After eLDL and 
TNF-α treatment, ECs express ICAM-1 (green), and THP-1 cells expressing CD80 (magenta) adhere to the ECs. The control shows ECs without eLDL/
TNF-α treatment. c) THP-1 cells remained adhered to the surface of the EC layer, and some THP-1 cells changed morphology (yellow arrows) after 
eLDL/TNF-α treatment. Without treatment, the majority of THP-1 cells were washed away. d) Quantitation of THP-1 adhesion; n = 6, representative 
data from ≥ 5 independent experiments; one-way ANOVA Tukey test. *** P < 0.001, **** P < 0.0001. Scale bars: 100 µm a–c), 50 µm (c, after wash 
(enlarged)). All panels represent 2D experiment results.
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inactivated ECs. Foam cell formation was also confirmed by 
using Oil-red-O staining of frozen sections of the brTEBVs 
(Figure  3d–f). Well-developed EC layers are visualized in the 
brTEBV at various locations after eLDL and TNF-α treatment 
(Figure 3g–i). Main and side outlet areas showed more aligned 
EC layers in contrast to the center area where the ECs were ran-
domly oriented. Phenotypic markers of iSMCs in the brTEBV 
tissue sections were also examined (Figure  3j,k). Colocaliza-
tion of CNN and α-SMA is indicated by yellow fluorescence 
in Figure 3j; colocalization of TAGLN and MYH11 is indicated 
by yellow fluorescence in Figure  3k. ICAM-1 expression in 
brTEBV ECs indicates EC activation by the inflammatory eLDL/
TNF-α treatment (Figure 3g–i).

An unbranched, linear TEBV was used to confirm iSMC 
vasodilation and vasoconstriction and to observe the effect of 
inflammatory signals on these capabilities. Measurement of 
changes in vessel diameters by vasoconstrictor or vasodilator 
was more reliable in linear TEBVs than in brTEBVs. The linear 
TEBV vessel diameter increased ≈4% following treatment with 

acetylcholine (Ach) at 1 or 10 × 10−6 m, and decreased ≈4% fol-
lowing treatment with phenylephrine (PE) at 1 or 10 ×  10−6  m 
(Figure 3m). The iSMC vasodilation and vasoconstriction capa-
bilities were lost following 4 days of treatment with eLDL and 
TNF-α, which affected not only EC dysfunction but also iSMCs 
in the underlying medial layer.

2.3. Localization of Human Monocytes in brTEBVs

We hypothesized that the selective localization of MCs in 
the lumen of brTEBVs would be affected by the side outlet 
branching angles. To monitor MC adhesion, CellTracker Green-
labeled THP-1 cells were perfused at 4 mL min−1 with a 1 Hz 
pulse into endothelialized brTEBVs treated with eLDL and TNF-
α. Based on previous pathological findings,[8,34] the brTEBV was 
divided into three areas (dotted circles in Figure 4a): inlet, outer 
wall of the main outlet, and outer wall of the side outlet. These 
low shear stress areas of the main and side outlets were areas 

Figure 3. TEBV function and effect of eLDL/TNF-α treatment. Oil-red-O staining of lipid-laden macrophages (foam cells) in brTEBVs without a) and 
with b–f) eLDL and TNF-α treatment: a–c) tissue staining, d–f) staining of frozen sections. g–i) Immunofluorescence images of endothelial layer in 
brTEBV tissue, with ICAM-1 (green) and DAPI (blue), after 5 days of culture and 72 h treatment of 10 µg mL−1 eLDL and 8 h TNF-α at main g), side h), 
and center (i.e., branching area) l) Schematic diagram indicating the location of each image and direction of flow in g–i). j,k) Confocal immunofluores-
cence images of TEBV tissues after the treatment; j) Calponin (CNN, green) and α-SMA (red); k) TAGLN (green) and MYH11 (red). Colocalization of 
CNN and α-SMA, and of TAGLN and MYH11 is indicated by yellow fluorescence. m) The change in vasoconstriction and dilation capabilities in linear 
TEBVs induced by 1 or 10 × 10−6 m acetylcholine (Ach) and phenylephrine (PE), before and after 96 h treatment with eLDL and TNF-α treatment; n = 6 
(3 locations/ vessel, 2 vessels/condition), two-way ANOVA multiple comparisons. *P < 0.05, ****P <0.0001. Scale bars: 100 µm d,g–k), 50 µm a,b,e,f), 
25 µm c). Panels a–k) are from brTEBVs and panel m) is from linear TEBV.
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of particular interest as indicated in many reports.[34,35] For all 
three branching angles of brTEBVs, MC adhesion was greater 
on the outer walls of the side outlet areas than on the inlet or 
main outlet areas (Figure  4b,c); MC adhesion was greatest in 
the side outlet areas at branching angles of 60° and 80°. Inter-
estingly, in the 45° brTEBV, MC adhesion in the side outlet 
was significantly greater than that in the main outlet, but not 
significantly different from that in the inlet. MC adhesion in 
inlets and main outlets were similar across all branching 
angles. These results demonstrate that the brTEBV model reca-
pitulates the focal nature of initiation of atherosclerotic lesions, 
and suggest that lesion formation is affected by the bifurcation 
angle; i.e., a greater change in the direction of flow results in 
greater susceptibility to MC adhesion and lesion formation. In 
the absence of eLDL/TNF-α treatment, minimal MC adhesion 
was observed (Figure  4d). The large error bars in Figure  4c,d 
resulted from experiment-to-experiment variation, possibly due 
to the use of different passages of THP-1 cells, or variation in 
stimulation of ECs by the different batches of eLDL.

2.4. Particle Image Velocimetry Reveals brTEBV Flow Profile

To understand the behavior of MCs at different locations in 
brTEBVs, we used PIV with three branched PDMS vessels and 
captured the motion of 10 µm fluorescent beads at 500 fps for 
10 s. Movie S1 (Supporting Information) shows the fluorescent 
beads moving in an 80° branched PDMS vessel at a flow rate of 
4 mL min−1 with 1 Hz pulse. There was significant circulation 
of flow near the side outlet after flow was established, and a 
chaotic relaxation of flow at the branching area when flow was 

stopped by closing the valve. In contrast, when the flow rate 
was reduced to 1 mL min−1 (Movie S3, Supporting Information) 
while keeping all other conditions the same (including pulsatile 
flow), no circulation of flow at the side outlet or chaotic relaxa-
tion was observed.

We analyzed the PIV results to examine and quantify the 
particle movements. In our brTEBV design, the flow appeared 
laminar without pulses; the Reynolds number was ≈50 in 
the circular inlet tubes, much lower than that of traditional 
threshold for turbulent flow. To quantify the flow separation 
and strong recirculation with oscillatory inflow in the branched 
tubes, we first considered the vorticity field (ω), defined as the 
curl of velocity field v(vx,vy) as shown in Equation (1)
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These correlations reflect the variation rates in the spatial and 
temporal domains. With pulsatile flow, the changes in velocity 
magnitude and direction became irregular and more stochastic, 
and therefore, the combined spatial and temporal correlation 
was lower than that for typical laminar flow. Figure 5 compares 
the flow profiles in a 60° brTEBV at a flow rate of 4 mL min−1 
with and without pulses. Velocity magnitude maps showed 

Figure 4. Localization of MC adhesion in brTEBVs at various branching angles. a) Brightfield image of brTEBV with branching angle of 45° is shown 
with categorized area of inlet, main and side outlets (dotted circles), where MC adhesion was considered. b) Fluorescence images of CellTracker Green-
labeled MCs in each brTEBV area. Scale bar: 100 µm c) Quantitative analysis of effect of branching angle on MC adhesion in each area with 10 µg mL−1 
eLDL and 50 ng mL−1 TNF-α treatment; n ≥ 4 vessels from 5 independent experiments; Kruskal–Wallis two-way ANOVA test multiple comparisons. 
d) Effect of eLDL and TNF-α on MC adhesion; n ≥ 3 vessels from 2 independent experiments; one-way ANOVA Tukey test. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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the average velocities in the brTEBV. Without pulses, the flow 
appeared laminar; with pulses, the flow was disturbed in the 
side outlet area (see arrows indicating velocity in Figure 5a,b). 
Curl magnitude maps showed significant vorticity near the side 
outlets with pulsatile flow (yellow dashed circle in Figure 5d). 
Flow was more disturbed near the side outlet than near the 
inlet or main outlet as indicated by lower spatial and temporal 
correlation in the flow pattern at the side outlet areas (yellow 
dotted circle, Figure 5f).

2.5. Computational Fluid Dynamics

CFD simulations were performed to compare the flow profiles 
in brTEBVs with different branching angles. The simulations 
solved the unsteady Navier–Stokes equation for the flow pattern 
in the brTEBVs. To mimic pulsatile inflow driven by the pulse-
generating solenoid valve, a sinuous function was used for the 
inlet flow rate. The volumetric flow rates at the main and side 
outlets were 0.75 × and 0.25 × that at the inlet, respectively, as 
in brTEBV experiments. Figure S2 (Supporting Information) 
shows simulation results when the outlet flow partitioning was 
0.5:0.5 instead of 0.75:0.25. Figure 6b shows the flow velocity at 
the inlet and two outlets over one period; red arrows indicate 
the time points at which the flow velocity was at its maximum 
(0.250 s) and minimum (0.755 s). Figure 6c–h shows the post-
processed flow profiles of brTEBVs at these two time points 
with 3D-streamlines colored according to the velocity magni-
tude. For all three branching angles, irregular and curled flow 
streamlines were observed extensively at t = 0.755 s; in contrast, 
normal and straight streamlines were observed at t  = 0.250 s. 
During the relaxation period (at around t = 0.755 s), there were 
few lines passing through the side outlet; instead, recirculation 
of fluid was mainly observed (Figure 6f–h). At this time point, 
for all three branching angles, the flow velocity from the inlet 
to the main outlet was greater than that to the side outlet. As 

marked by the black arrows in Figure  6i, areas with relatively 
lower speed were observed, indicating secondary flow such 
as swirl or curl motions. Figure  6j compares vorticity stream-
lines in a brTEBV under steady and pulsatile flow at t = 0.696 s 
(i.e., immediately before complete relaxation); it is confirmed 
that swirl or recirculating motion of flow appears only in the 
pulsatile flow condition, as shown in PIV. The vorticity mag-
nitude itself was lower with pulsatile flow during this relaxa-
tion period. Figure 6k shows the vorticity streamlines near the 
branching area of each brTEBV in detail. A small and strong 
recirculation of flow was observed at the outer wall of the side 
outlet and a wide and long recirculation near the outer wall of 
the main outlet in each brTEBV. Changes in vorticity during 
the relaxation period of each brTEBV are shown in Movies S6–
S8 (Supporting Information). The swirl motion appeared more 
complicated and irregular with larger side branching angles. 
It is notable that clinical observations of atherosclerotic loca-
tions are consistent with the two regions showing swirl motion, 
indicated by flow velocity and vorticity fields (in Figure  6i,k). 
The WSSs along the outer walls of each brTEBV from inlet to 
main outlet or from center to side outlet are plotted in Figure 6l 
(walls depicted as A to B or G to F). The low WSS areas along 
the walls of A to B and G to F were consistent with areas of 
recirculation during both infusing and relaxation periods (t  = 
0.25 and 0.696 s, respectively).

Overall, the brTEBV experiments, PIV experiments, and 
CFD simulations showed consistent results. PIV experiments 
showed particle swirling motion near the side outlet branch 
after each pulse; similarly, in CFD simulations, the side outlet 
area showed greater curl magnitude than at the inlet or main 
outlet, and lower temporal and spatial correlation indicating 
greater flow disturbance. Together, the CFD and PIV results 
suggested a greater chance of collision of MCs with the EC wall 
at blood vessel branches, consistent with the observation of 
greater MC focal adhesion and foam cell formation at branches 
in the brTEBV model.

Figure 5. Quantitative analysis of PIV results. PIV results for a brTEBV with branching angle of 60° at 4 mL min−1 with 1 Hz pulsing (bottom row: 
b,d,f), and without pulsing (top row: a,c,e). a,b) Velocity magnitude profiles. c,d) Curl magnitude maps. e,f) Spatial and temporal correlation maps.
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Figure 6. CFD simulations reveal brTEBV flow profiles. a) Mesh diagram for the 80° brTEBV. b) Sinuous inflow at the inlet (purple lines), and outflow at 
two outlets over one time period (green lines for the main outlet, yellow lines for the side outlet). c–h) 3D velocity streamlines in the three brTEBVs at t = 
0.250 s and t = 0.755 s. i) Velocity profiles in the longitudinal direction in three brTEBVs at t = 0.755 s, with black arrows denoting secondary flow at the 
outer walls of main and side outlets. j) Vorticity field in brTEBV in steady and pulsatile flow at t = 0.696 s. k) Detailed views of vorticity streamlines near 
the branching area at t = 0.696 s. l) Wall shear stress (WSS) along the outer walls of inlet to main outlet (AB) and branched area to side outlet (GF).
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3. Discussion

We developed a vascular microphysiological system to emu-
late early atherosclerosis at bifurcated areas of blood vessels. 
The brTEBVs treated with eLDL and TNF-α were employed 
to study the localization of perfused human MCs and to test 
the effect of bifurcation angle on preferential MC focal adhe-
sion at certain areas. MC localization was significantly greater 
near branched side outlets than near the inlets or main outlets. 
It was particularly interesting that the focal adhesion of MCs 
at side outlets corresponded to the location where fluorescent 
particles were swirling in PIV and furthermore, was consistent 
with clinical observations of atherosclerotic-prone locations. In 
consideration of Murray’s law of flow partitioning,[35] the volu-
metric flow rates at the main outlet and the side outlet were 
controlled to be 0.75 × and 0.25 × that of the inlet, respectively. 
Without application of pulsatile flow, neither swirl motion nor 
curl formation was observed in PIV or CFD (shown in Movie 
S2 (Supporting Information), top row of Figures 5 or 6j). Inter-
estingly, evidence of flow disturbance was not found at a low 
flow rate (≈1  mL min−1), even with pulses (Movie S3, Sup-
porting Information). These results were similar to previous 
observations[36] of swirl motion disappearing at relatively lower 
Re with flow partitioning following Murray’s law. A significant 
backflow from the main outlet to the side outlet was observed 
during the relaxation periods when a flow partitioning ratio of 
0.5:0.5 (deviating from Murray’s law) was applied (Movie S5 
and Figure S2, Supporting Information). We applied flow in 
both an infusion mode through inlets and a withdrawal mode 
through the main and side outlets to precisely control flow con-
ditions. When infusion flow was applied without withdrawal, 
the flow partitioning ratio could not be controlled due to the 
difference in pressure drop in the outlet flow connections. MC 
localization at branched side outlets was greater at the larger 
branching angles of 60° and 80° than at 45°. CFD results high-
lighted the secondary recirculation flow shown near the outer 
walls of the main and side outlets (Figure 6i), where WSS was 
relatively lower than other areas in both infusing and relaxa-
tion periods under pulsatile flow conditions (Figure 6l). During 
relaxation, the outer wall of the side outlet of the 80° brTEBV 
showed not only perturbed, recirculating flow, but also denser 
streamlines with low WSS (Figure 6k,l); this may have contrib-
uted to the preferential focal adhesion of MCs at the side out-
lets with larger angles. While the effect of hemodynamics was 
clear on the focal phenomena of early atherosclerosis, it is pos-
sible that the specific hemodynamics near the bifurcated area 
caused EC dysfunction to a different degree,[10] which resulted 
in the MC localization observed in this study.

The brTEBV structure was intended to mimic bifurcation 
in the coronary arterioles, especially branching from the left 
main (LM), left anterior descending (LAD), and left circum-
flex (LCx) coronary arteries.[36,37] The brTEBV lumen diameters 
were designed to match L3 of LAD for the main outlet and C3 
of LCx for the side outlet.[30] To avoid enlargement of the plat-
form, the length of the brTEBVs does not match the physiology 
of the coronary artery. The brTEBV platform utilized physiologi-
cally meaningful biological materials. It consisted of collagen-
embedded, contractile iSMCs with ECs lining the lumen. Three 
SMC phenotypes are commonly observed in vivo and in vitro: 

proliferative, synthetic, and contractile.[25] The iSMCs, transdif-
ferentiated from human EPCs using lentiviral gene delivery 
of MYOCD, showed the contractile phenotype based on SMC 
markers and gene expression,[19] and their alignments were 
sensitive to cyclic stretch caused by pulsatile flow as shown in 
Figure S3 (Supporting Information). In addition, the contractile 
iSMCs clearly contributed the vasodilation and vasoconstric-
tion capabilities demonstrated in Figure  3m. The WSS of the 
brTEBV was estimated to be ≈∼0.85 dyne cm−2 under steady 
flow, and as high as 1.8 dyne cm−2 under pulsatile flow, both of 
which are within the range of WSS in the contractile SMC phe-
notype.[38] We modeled slightly smaller vessels toward proximal 
locations of LM, LAD, or LCx; the WSS in these areas are lower 
than the typical WSS in a human coronary artery, which is ≈6.8 
dyne cm−2 by mean value.[39] The flow rate we chose (4  mL 
min−1 with pulses) resulted in a lower WSS than the physiologi-
cally relevant values summarized in Table S1 (Supporting Infor-
mation). At high flow rates such as 32 mL min−1, there would be 
leaks caused by the pressurized perfusion chamber. In order to 
meet the physiological WSS, reducing vessel diameter instead 
of increasing flow rate would be a viable strategy to resolve 
the issue. A CFD simulation at inlet flow rate ≈32  mL min−1 
(Figure S5 and Movie S9, Supporting Information), which pro-
duced a mean WSS of 6.8 dyne cm−2, revealed that velocity 
streamlines and vorticity fields exhibited similar patterns with 
the ones with the inlet flow rate of 4  mL min−1. PIV experi-
ments and CFD simulations in this study did not consider the 
elastic properties of blood vessels. For PIV, optically transparent 
PDMS was chosen to replace the semiopaque collagen for high 
speed capture of moving fluorescent particles.

To induce THP-1 MC adhesion, differentiation to mac-
rophages, and foam cell formation, we treated the ECs with 
eLDL (to model cholesterol) and TNF-α (an inflammatory 
cytokine secreted by activated ECs). eLDL has been reported to 
be more effective in inducing foam cell formation than LDL or 
oxidized LDL.[40] EC dysfunction by eLDL and TNF-α was shown 
by ICAM-1 expression on well-developed EC layers in brTEBVs 
(Figure  3g–i). However, eLDL alone did not significantly affect 
THP-1 adhesion (Figure S4, Supporting Information); an addi-
tion of TNF-α, even at a later time point, caused THP-1 cell 
adhesion, expression of CD80, and a change in cell morphology 
(Figure  2). These results suggest that a longer maturation and 
perfusion culture period would be necessary to cause inflamma-
tion by eLDL-only treatment than by treatment with both eLDL 
and TNF-α. The loss of vasodilation and vasoconstriction in 
linear TEBVs after eLDL and TNF-α treatment is likely due to 
the inflamed SMCs/ECs at the medial layer, although the pos-
sibility of phenotype switching in iSMCs cannot be excluded.[19]

The results from this study indicate that the brTEBV plat-
form may present utility for testing patient-iPSC-derived SMCs 
or ECs to understand the effects of systemic inflammation on 
initiation of atherosclerosis in branched blood vessel areas. 
Patients with chronic inflammatory diseases such as rheu-
matoid arthritis are our next target to test their iPSC-derived 
SMCs and ECs for susceptibility to atherosclerosis as well as 
conduct patient-specific drug screening. Further, testing the 
effect of the PCSK9 gene, either by gain-of-function or loss-of-
function mutations, on such systemic inflammatory diseases 
using this vascular MPS may hold potential for developing 
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patient-specific drugs without addressing liver function or 
other associated genes.[41,42]

4. Conclusions

We developed a tissue-engineered vascular MPS that recapitu-
lates key features of bifurcated coronary arterioles and, when 
treated with eLDL and TNF-α, emulates the focal phenomenon 
of MC adhesion and foam cell formation in early atheroscle-
rosis. Selective localization of MCs was observed at the vessel 
branch; a larger bifurcation angle (60° or 80°) caused greater 
focal MC adhesion than a smaller angle (45°). We used PIV 
experiments and CFD simulations to characterize the hemody-
namics in the branched TEBV system and observed significant 
similarities between the in vitro brTEBV experiments and the 
PIV and CFD results. These results warrant further investiga-
tion of this vascular MPS as a physiologically relevant platform 
for in vitro preclinical studies of early atherosclerosis.

5. Experimental Section
Cell Culture, Transfection, and Transduction: Human EPCs were derived 

from human umbilical cord blood[19,20] and were cultured in T75 cell 
culture flasks in complete EBM-2 medium with EGM-2 supplement, 
10% fetal bovine serum (FBS), and 1% penicillin/streptomycin (P/S), 
unless otherwise indicated. Doxycycline (2 µg mL−1; Sigma) was added 
to induce transgenic expression of human MYOCD. After EPCs were 
cultured for a couple of passages in culture flasks with the above 
EGM-2 supplemented medium, EPCs expressed EC markers, such 
as CD31, CD105, and von Willebrand Factor (vWF) and were used for 
endothelialization of the TEBVs.[19,20]

MYOCD and M2rtTA plasmid vectors and their viral particles were 
prepared by replacing OCT4 with MYOCD in FU.tet.on.OCT4.[18,19,22] To 
produce viral particles, the psPAX2 packaging vector (Addgene plasmid 
12 660) and the pMD2.G envelope vector (Addgene plasmid 12 559) were 
used. Briefly, HEK293T cells were maintained in standard Dulbecco’s 
modified eagle medium (DMEM) supplemented with 10% FBS, 1% 
P/S, 1 × nonessential amino acids (NEAA), 1 × sodium pyruvate, and 
β-mercaptoethanol, and were expanded in T75 flasks precoated with 
0.1% porcine gelatin (Sigma). HEK293T cells at 90% confluence were 
transfected in serum-free medium with 12.94  µg of the three lentiviral 
vectors (6.47  µg of expression vector, 4.31  µg of psPAX2, and 2.16  µg 
of pMD2.G) using Calfectin (Signagen, SL100478). The medium was 
exchanged at 24 h after addition of vectors, and 20 mL of supernatant 
containing the viral particles was collected at 48 and 96 h. The 
supernatant was concentrated using Amicon Ultra-15 centrifugal filter 
units (Millipore) and stored at 4 °C for short-term use or in aliquots at 
−80 °C for long-term use. Viral particle concentration was determined by 
qPCR using a lentivirus titration kit (Abmgood, LV900).

To transduce human EPCs, the EPCs were plated at ≈15 000 cells cm−2 
in a T75 flask. The culture medium was removed on the following day 
and replaced with 20  mL of medium containing 10–20 virus particles 
per cell (FUW.M2rtTA, FU.tet.on.MYOCD); 10  µg mL−1 polybrene 
(hexadimethrine bromide; Sigma) was added. The virus-containing 
culture medium was replaced with fresh medium on the third day, and 
doxycycline (20 µg mL−1; Sigma) was added.

Enzyme-Modified LDL Preparation: Human plasma LDL (Lee 
Biosolutions, 360-10) was enyzme-modified as described previously.[43] 
Briefly, LDL was dissolved in saline solution and the LDL concentration 
was determined using a Modified Lowry Protein Assay (Thermo Fisher, 
23 240). Trypsin (7  µg per mg LDL cholesterol; Life Technologies, 
25200-056) was added and the solution was incubated for 6 h at 37 °C. 

Cholesterol esterase (12 µg per mg LDL cholesterol; Sigma, C9281) was 
then added and the solution was incubated for an additional 10 h. These 
steps were followed by the sequential addition of 24 µg of trypsin and 
29  µg of cholesterol esterase per mg LDL cholesterol and incubation 
at 37  °C for 6 and 48 h, respectively. The resulting eLDL preparation 
appeared cloudy and was extensively dialyzed against phosphate-
buffered saline (PBS), filter-sterilized twice, and stored at 4  °C for up 
to 3 months. eLDL size was ≈200  nm based on DLS measurements 
(Malvern Zetasizer ZS90). The toxicity of eLDL on EPCs was assessed 
by adding eLDL at various concentrations to EPCs and measuring cell 
viability using a live/dead cell probe (Molecular Probes, L3224). An eLDL 
concentration of 10 µg mL≈1 was selected for subsequent experiments.

Human Monocyte Adhesion on EPCs (2D): THP-1 human MCs (ATCC) 
were maintained in RPMI 1640 medium supplemented with 10% FBS, 
1% P/S, and β-mercaptoethanol, and were passaged every 3–4 days to 
maintain a cell density of 2–8 × 105 cells mL−1. THP-1 cells were labeled 
with CellTracker Green CMFDA or CellTracker Red CMTPX (Thermo Fisher) 
before perfusion into eTEBVs to monitor adhesion to the TEBV lumen.

EPCs were seeded at 75 000 cells per well and maintained on 12-well 
plates for two days, followed by addition of 10 µg mL−1 eLDL for 24 h and 
50 ng mL−1 TNF-α for 4 h. THP-1 cells were then labeled with CellTracker 
Green CMFDA at 1  ×  10−6  m and were added into a 12-well plate at 
300 000 cells per well. After 1 h, bright-field and fluorescence images 
were acquired before and after washes with growth medium.

Design, Fabrication, and Operation of brTEBV Chambers: The brTEBV 
chambers were composed of a collagen gel-molding chamber and a 
perfusion chamber (Figure 1). The brTEBV vessels featured an inlet and 
main outlet with 2 mm inner diameter (ID), a side outlet with 1.4 mm ID, 
and a wall thickness of 2 mm. A hollow vessel was formed by mandrels 
that cross in the middle of the gel-molding chamber. The diameter of a 
vessel lumen was determined by the outer diameter of the mandrels, 
and the vessel wall thickness was determined by the mandrels and the 
gel mold. Fabrication of molding and perfusion chambers (acrylic) and 
mandrels (stainless steel) was performed using milling techniques. 
The mandrel pieces were assembled, forming a brTEBV chamber with 
a branching angle of 45°, 60°, or 80°. Mandrels were fit tight for molding 
steps (Figure  1b,e) and were released for suturing and connection to 
perfusion flow (Figure 1c,e).

The brTEBV flow chambers had five flow connections (Figure  1d,f): 
three for flow through the vessel lumen (red in Figure 1d), and two for 
refreshing media (green in Figure  1d). A 24-channel peristaltic pump 
(Ismatec ISM394) was used to simultaneously infuse into inlets and 
withdraw from outlets. The volumetric flow rates at the main and side 
outlets were 0.75 × and 0.25 × that at the inlet, respectively, controlled 
by using different tubing diameters (Cole-Parmer EW-96460-36 for 
inlet, EW-95692-32 for main outlet, and EW-95723-28 for side outlet). 
The overall flow rate was maintained at 4 mL min−1. Two culture media 
reservoirs were used: one for perfusing the lumen (RL), another for 
refreshing the chamber (RC). EGM-2 media (Lonza CC3156 and CC4176) 
for ECs was used for perfusing the lumen; M231 media (Gibco M231) 
for SMCs was used for refreshing the chamber. The flow from RL was 
connected to a pulse generator (PG) and was split into the inlet ports of 
multiple chambers; the two outlets (main and side) from each chamber 
were combined after withdrawal and were returned to RL; chamber-
refreshing flow was also returned to RC.

brTEBVs were subject to pulsatile flow using a pulse generator: a 
two-way, normally-closed, solenoid pinch valve (EW-98302-02, Cole 
Parmer) connected between RL and the chamber inlets. The valve was 
actuated at 1 Hz with a 50% duty cycle (0.5 s open, 0.5 s closed) using 
a custom-built external circuit with slight modification from a previous 
work.[44] Figure S1 (Supporting Information) shows schematics of the 
oscillator circuit for valve actuation and the driver circuit for the solenoid 
pinch valve.

SMC-Embedded Vessel Formation and brTEBV Assembly: Collagen 
I (high concentration, rat tail; Corning, 354 249) was used to 
produce dense vessel constructs as described previously, with slight 
modification.[19,20] Briefly, the gel-forming chamber was prepared by 
connecting the mandrels and securely closing the top to the bottom 
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(Figure  1e). For two of the brTEBV chambers, 1.86  mL of collagen at 
≈9 mg mL−1 was mixed with 0.235 mL of 10 × DMEM in a 50 mL conical 
tube while swirling, followed by addition of 1 m NaOH to neutralize 
the pH. 3 × 106 iSMCs in 0.25 mL of EGM-2 media were added to the 
collagen solution and swirled to mix homogeneously, producing a total 
volume of ≈2.5 mL of cell and gel mixture. 0.93 mL of the cell-collagen 
solution was pipetted into the inlet hole at the top of the gel-formation 
chamber until solution exited from the two outlet holes on top of the 
chamber (Figure  1e). This procedure was repeated for another set of 
two chambers. Avoiding air bubbles while pipetting the collagen and cell 
mixture was crucial, as bubbles would result in holes in the vessels and 
cause leakages. The collagen-filled chambers were incubated at 37 °C in 
a humidified incubator for 30 min until a gel formed. After gelation, the 
branched construct was removed from the gel-forming chamber and 
was reassembled in the flow chamber (Figure  1c,e). M231 media was 
added to hydrate the gel construct for 30 min, followed by dehydration 
using autoclaved Kimwipes for 1–2 s per side; this dehydration step was 
critical to achieve dense collagen gel. The three stainless steel mandrel 
pieces were pulled half-way from each inlet and outlet port to function 
as flow connection ports. Each end of the gel construct was attached to 
the end of the three mandrels with surgical sutures (Figure 1c). The flow 
chamber was then assembled completely and filled with M231 media.

ECs were seeded into the sutured construct at 6 × 106 cells mL−1 in 
EGM-2 media. 0.1 mL of ECs were seeded into each inlet and outlet and 
were incubated for 2 h on a rotation device at ≈10 rph. The chambers 
were then removed from the rotator and flow was connected as 
described above (Figure 1d,f).

Addition of eLDL, TNF-α, and Human Monocytes: 4  mL min−1 of 
perfusion flow with a 1 Hz pulse was maintained for 3–5 days to mature 
ECs and iSMCs before addition of eLDL (10 µg mL−1) into EGM-2 media 
on Day 5. On Day 6, cell-tracker labeled THP-1 cells at 0.5 × 106 cells mL−1 
were added to the perfusion flow for another 3 days. 50 ng mL−1 TNF-
α was added to the media for the last 8 h of THP-1 perfusion. TEBV 
samples were fixed using 4% paraformaldehyde (PFA) for 24 h before 
paraffin-embedding or further immunofluorescent sample preparation.

Immunofluorescence and Confocal Microscopy: Fluorescence imaging 
was performed using a Nikon Eclipse TE2000-U microscope with a 
Roper Scientific CoolSnap HQ camera. Confocal z-stack images of 
the entire TEBVs were acquired using a Nikon A1RMP laser scanning 
system on an Eclipse Ti stand with a 10 × air objective; 3D images were 
reconstructed using NIS Elements software.

Primary antibodies used for immunofluorescence experiments were 
the following: anti-αSMA (Abcam, ab7817), anti-calponin (Abcam, 
ab46794), anti-TAGLN (Abcam, ab14106), anti-MYH11 (Abcam, ab683), 
anti-vWF (Abcam, ab6994), anti-CD31 (Abcam, ab32457), anti-ICAM1 
(Santa Cruz, sc-107), and anti-CD80 (Abcam, ab225674). Secondary 
antibodies were purchased from Life Technologies and conjugated to 
Alexa Fluor 555, Alexa Fluor 488, or Alexa Fluor 647. Cell nuclei were 
stained using DAPI (Life Technologies, D1306). The actin cytoskeleton 
was stained using phalloidin conjugated to Alexa Fluor 488 or 647 (Life 
Technologies). Cells were fixed using 4% paraformaldehyde (Electron 
Microscopy Sciences) in PBS, and were permeabilized using 0.1% 
Triton X-100 (Sigma) in PBS. Nonspecific adhesion was blocked using 
5% bovine serum albumin or 10% goat serum. MCs were labeled with 
CellTracker Green CMFDA or CellTracker Red CMTPX (Life Technologies) 
before perfusion into the brTEBV lumen.

Statistical Analysis: The number of samples for analysis is indicated 
in each figure caption. Quantitative data are presented at mean  ±  SD. 
Group differences were assessed by one-way or two-way ANOVA with 
multiple comparisons using GraphPad Prism 8. Statistical significance 
was set at P > 0.05 (ns), P < 0.05(*), P < 0.005 (**), P < 0.0005 (***), 
and P < 0.0001 (****).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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