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Human circulation exhibits significant diversity and heterogeneity of blood vessel shapes. The complex
architecture of these vessels may be physiological or pathological resulting in unique hemodynamics and
endothelial cell phenotypes that may determine the regulation and alteration of cell signaling pathways and
vascular function. While human microphysiological systems of blood vessels (vessel-chips) have mimicked
several aspects of vascular pathophysiology, engineering of these tools is still limited to the fabrication of
homogeneous tubular structures, especially when living endothelial cell culture is also included. Here, a
common unifying approach based on gravitational lumen patterning (GLP) is presented to create non-
uniform, living 3D and closed vascular lumens embedded in a collagen matrix and lined with endothelial
cells, resulting in reproduction of the architecture of straight vessels, stenosis, bifurcations, aneurysms and
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tortuous vessels. Upon blood perfusion, these systems reveal the nature of altered flow dynamics and
corresponding endothelial cell morphology. These vessel-chips closely mimic the structural variations and
resulting endothelial responses often observed in vivo and may be used to investigate vascular
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complications like aortic and cerebral aneurysm, arterial tortuosity syndrome, atherosclerosis, carotid artery
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Introduction

The human vascular system is a network of a variety of
distinct vessels that include arteries, capillaries, and veins.
These vascular structures display significant diversity in shape
and architecture. For example, within the vasculature, vessels
also exhibit heterogeneous architectures such as stenosis,
branching, tortuosity, and aneurysm, either in a state of
health or pathology*™ (Fig. 1A). The complex structures of
these vessels are correlated with unique hemodynamics and
influence on the flow parameters including velocity, flow
resistance, pressure, shear stress, etc.”* These altered flow
behaviors directly affect local mechanobiology and cell
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disease, etc., where architecture plays a crucial role in disease onset and progression.

morphologies resulting in significant and distinct endothelial
cell phenotypes,®® including activation, coagulation and
innate immune responses that are spatially heterogeneous.
To understand the endothelial pathophysiology that is
architecture-dependent, existing model systems are either
poorly developed or have much difficulty allowing specific
assessment of underlying biological principles. For example,
while animal models have been extensively used to study
human physiology and diseases,"*™*® it is extremely difficult
to isolate complex microvascular architectural features and
perform a spatial analysis of hemodynamics and endothelial
functions at these sites. As an alternative, recently engineered
organ-on-chips (OOCs) that are contemporary in vitro
technology may be used to recapitulate the physiological
environment of human organ systems in a physiologically
relevant manner. Commonly used organ-on-chip devices are
composed of polydimethylsiloxane (PDMS) microfluidic
channels with a rectangular cross-section.'®™® Approaches to
engineer round vessel-chips also exist. For example,
gravitational lumen patterning (GLP) is a biofabrication
technique that has been employed in vascular organ-chips to
embed the inner surfaces of their microfluidic channels with
collagen or other viscous extracellular matrix (ECM) proteins.
GLP is a biofabrication strategy that utilizes the interplay of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Engineering complex vascular structures that recapitulate pathophysiological anatomies. (A) The human vascular system exhibits significant
diversity in vessel architectures and sizes, which are most prominently witnessed in cardiovascular complications like atherosclerosis, cerebral
aneurysms, etc. (B) In vivo images of complex vessels reproduced from prior literature: cerebral aneurysm,® stenosis,'® arterial tortuosity,** and
deep vein thrombosis'? (left), and modeled vascular architecture when GLP is performed using non-uniform microfluidic channel geometries
(right). (C) Schematic of the GLP biofabrication procedure that utilizes surface tension, gravitational and pressure driven forces to pattern lumen

embedded in the extracellular matrix.

surface tension, gravity and fluidic pressure forces between
two fluids, with significantly different levels of viscosity, to
form a cylindrical lumen within microfluidic channels;
however its application to generate more complex vessel
structures hasn't existed'®?° (Fig. 1C). GLP is based on the
physics of viscous finger patterning, but this process
incorporates gravitational force to act along the vessel's axial
direction during patterning, which prevents the buoyant
effect of light fluid being pushed toward the upper surface of
the microfluidic channel.>** In contrast, this technique
enables the generation of a more cylindrical cross-section
with a uniform distribution of collagen, as shown by us in
previous studies.'® A major limitation of the existing
collagen-embedded vessel chips is the lack of spatial
relevance to study diverse vessels with complex architectures.
Microfluidic devices with branches, stenosis and aneurysm
exist, but there is no unifying and easy approach to rapidly
create the architectural complexity of microvessels, including
the integration of living endothelial cell culture and blood
ﬂOW.23_25

This journal is © The Royal Society of Chemistry 2025

Here, we use the GLP as a unifying and foundational
approach to achieve spatial intricacy of engineered vessels. The
lumen patterning is governed by the shape and size of pre-GLP
microfluidic channels through the local changes in pressure
experienced by the two different fluids used to induce viscous
fingering, hence creating complex lumens with varying shapes
and sizes (Fig. 1B). Using this unifying approach, we fabricate
vessels with varying cylindrical diameters followed by stenosis,
aneurysms, bifurcations and tortuous features where size and
dimensional complexity can be easily controlled and
modulated. We then demonstrate that these vessels can be
functionalized and cultured with human endothelial cells
allowing them to function as living pathological vessel
surrogates, incorporating blood flow and unique hemodynamic
patterns. These easily engineered but complex vessel-chips
reveal flow-mediated endothelial functional heterogeneity. For
example, endothelial cells exhibit dysfunctional morphological
characteristics and abnormal cell alignment depending on
hemodynamics. These complex architecture-inclusive vessel-
chips may serve as microphysiological systems of preclinical
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vascular disease discovery, innovations in localized drug
delivery and mechanisms of cell-cell and cell-drug interactions.

Materials and methods
Complex vessel designs and 3D mold production

Complex microfluidic channels, inspired by clinically observed
vascular malformations, were designed to model bifurcations,
tortuosity, stenosis, and aneurysms. Each pathological vessel
was designed with multiple variations by adjusting angles,
tortuosity levels, degrees of stenosis, or extents of expansion
respectively using computer aided design (CAD) in Autodesk
Fusion360. Briefly, bifurcation channels were designed using
500 um x 500 um channels that branched into two 350 um x
500 pm channels, with 30°, 60°, and 90° bifurcation angle
variations. Tortuous channels were designed using 500 um x
500 pum straight channels with peak-to-peak heights of 1.5 mm,
2 mm, and 3 mm. Stenosis models were designed using 500 pm
X 500 um cross-section channels, containing three equally
spaced constrictions of 25%, 50%, and 75% widths. Similarly,
aneurysm channels were designed using 500 pm x 500 pm
channels containing 200% or 400% expansion of the cross-
sectional widths. All channels were designed to have an end-to-
end length of 2 cm. CAD designs for all vessel variations were
exported as STL files and were finally printed using an Asiga
Max SLA printer and clear resin (audioprint® GR-10). After
printing, molds were sonicated in 100% isopropyl alcohol (IPA)
for 30 minutes to remove excess uncured resin, followed by UV
treatment in an inert, N, environment to complete resin curing.

Microfluidic device fabrication

Microfluidic channels were patterned using the designed molds
via the standard polydimethylsiloxane (PDMS; Dow Sylgard™
184 Silicone Encapsulant Clear Kit, Ellsworth Adhesives) soft
lithography.>®?” Briefly, PDMS prepolymers were mixed with the
curing agent in a 10: 1 ratio. The prepared PDMS mixtures were
poured into the molds, followed by degassing in a vacuum
desiccator to remove traces of air. PDMS containing molds were
then placed in a 70 °C oven for at least two hours to complete
curing. Once the polymerization process was completed, PDMS
stamps were carefully peeled off from the molds. Inlet and
outlet ports were created at the ends of each channel using a 1
mm biopsy punch (Miltex-Integra). Excess PDMS were trimmed
and the PDMS stamps were bonded to PDMS coated glass slides
using 75 watts oxygen plasma at 0.80 mbar for 30 seconds. Once
bonded, devices were stored in a 70 °C oven overnight under
weighted conditions to complete the bonding process, resulting
in irreversibly bonded, completely sealed channels.

Chemical pretreatment

Fabricated microfluidic channels were chemically pretreated
to enhance bonding of the extracellular matrix (ECM) and
PDMS. Briefly, microfluidic channels were first oxygen
plasma treated to activate the PDMS surfaces. Once treated,
the devices were immediately injected with a 10% v/v
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solution of 3-aminopropyltriethoxysilane (APTES; Thermo
scientific) in 200 proof ethanol. Channels were incubated for
15 minutes at room temperature before thorough rinsing
with 100% and 70% ethanol solutions, respectively. Channels
were completely dried using an air gun to remove any traces
of fluid and channels were then incubated in a 70 °C oven
for 30 minutes. Channels were then injected with a 2.5 % v/v
solution of glutaraldehyde (Sigma-Aldrich) in PBS (Lonza),
followed by incubation at room temperature for 30 minutes.
Channels were then extensively washed with 100% and 70%
ethanol solutions to remove any traces of leftover
glutaraldehyde. Channels were allowed to dry overnight in an
oven and then degassed in a vacuum desiccator for at least
two hours prior to collagen patterning.

Gravitational lumen patterning

Collagen solutions were prepared according to the
manufacturer's protocol. The collagen stock (rat tail type 1; 8.50
mg mL ', Corning; 10 mg mL ", Ibidi) was reconstituted to a
concentration range of 5 to 7.5 mg mL™", with the pH adjusted
to 7.5 using sodium bicarbonate (7.5%, Gibco), sodium
hydroxide (Thermo Fisher), and HEPES (1 M, Gibco) (Method
S1t). For lumen visualization studies, the PBS solution was
mixed with red fluorescent microbeads and was used in place
of plain 1x PBS. Collagen mixtures were prepared on ice to
prevent premature cross-linking of collagen solutions. GLP was
then pursued as per our previously reported methods.'*?®
Briefly, prior to injecting collagen solutions into microfluidic
channels, 200 pL pipette tips (P200) were bent to nearly 135°
roughly 7 mm into the tip length. Individual bent tips were
pushed into the outlet ports of the channel till tips reached the
top of the microfluidic channels, except for bifurcated channels,
where two curved tips were employed due to the binary
splitting. Using a 20 pL pipette, ice-cold collagen was injected
into the microfluidic channels until the levels of collagen were
roughly equal between the inlet and outlet. Collagen was
allowed to equilibrate for 15 seconds after which inlet tips were
carefully removed. Simultaneously, another bent P200 tip was
loosely connected to a 200 pL pipette and 40 pL of 1x PBS was
aspirated. Tips were loosely attached to facilitate easy removal
from the pipette once pushed into the inlet ports of the
channels as well as to limit excessive pressures that could affect
the patterning process. Devices were then held vertically with
the outlet ports at the bottom, and PBS containing bent tips
were connected to the inlet (Fig. 1B). 40 pL of PBS was used for
fabricating all vessels, except for straight channels where 10 pL,
20 pL, and 40 pL of PBS were used for fabricating vessels with
varying diameters. Once tips with PBS were pushed in the
respective inlets, devices were immediately moved to a 5% CO,
37 °C humidified incubator while holding devices vertically.
Devices were incubated for 7 minutes, after which devices were
brought back to biosafety cabinets. The outlet tips were gently
removed first followed by inlet tips. Tips were removed using a
rotating motion to prevent the rupturing of the collagen layer.
Patterned channels were filled with PBS and incubated again in

This journal is © The Royal Society of Chemistry 2025
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the 37 °C incubator for at least an hour to complete the
polymerization of collagen.

Fluorescent microbead coating for lumen visualization

For lumen visualization studies, green fluorescent
microbeads (Fluoro-Max™, Thermo Scientific) in a 1x PBS
solution were injected in the patterned channels. The fluid
levels in the inlet and outlet tips were balanced and channels
were incubated at 37 °C inside a humidified 5% CO,
incubator for an hour to allow beads to coat the bottom half
of the lumen. After an hour, devices were rotated upside
down and incubated for another hour to coat the top half of
the vessels. After incubation, patterned channels were gently
washed with fresh 1x PBS to remove excess floating
microbeads while preventing the beads on the lumen surface
from detaching.

Preparation of the diluted RBC suspension

Whole human blood was mixed with equal parts 1x PBS and
centrifuged at 400g for 10 minutes. The supernatant was
discarded, and the process was repeated twice to remove any
trace of residual plasma. The presence of plasma would
initiate clotting due to the interaction with collagen within
the GLP lumen and hence it was deemed necessary to remove
plasma clotting factors. Finally, the pelleted RBCs were
diluted to achieve a hematocrit content of 2-4% prior to
addition to the vessels and perfused through the GLP vessels
at 40 uL min" using a syringe pump (Harvard Apparatus).

Endothelial cell culture

Patterned vessels were filled with endothelial cell growth
medium 2 (EGM-2, PromoCell) and incubated at 37 °C in a
humidified 5% CO, incubator overnight to diffuse the cell
media into the embedded ECM and create a favorable
environment for endothelial cell attachment. Human
umbilical vein endothelial cells (HUVECs, PromoCell) were
cultured in standard T75 flasks until 75-80% confluence.
HUVECs were then lifted from flasks using Accutase (Thermo
Fisher) and centrifuged to collect as a pellet. The supernatant
was aspirated, and the cell pellet was resuspended in 1 mL
EGM-2 for cell counting. After cell counting, cells were
centrifuged again, and supernatant was aspirated. The cells
were finally resuspended in EGM-2 at a concentration of 10
million per mL. 20 pL of the prepared cell suspension was
injected into the patterned vessels, and devices were loaded
on a custom rotator that rotates at 2 rpm inside a 37 °C
humidified 5% CO, incubator for approximately two hours to
allow an even coating of endothelial cells to the lumen
surface. After the two-hour incubation, vessels were carefully
washed with fresh EGM-2 to remove excess cells. The seeded
vessels were incubated at 37 °C in a humidified 5% CO,
incubator for 24 hours under hydrostatic flow conditions to
allow the cells to become confluent within the channel.

This journal is © The Royal Society of Chemistry 2025
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Cell staining

After the shear exposure, endothelial cells were fixed with 4%
paraformaldehyde (PFA) for 15 minutes at room temperature.
Vessels were then permeabilized with a 0.1% solution of
Triton X-100 in blocking buffer (2% BSA/DPBS) for 30
minutes at room temperature. For VE-cadherin staining,
mouse anti-human VE-cadherin primary antibody (R&D
Systems) was diluted in blocking buffer at a 1:200 ratio. 20
pL of the primary antibody solutions were injected into each
vessel and incubated at 4 °C overnight. After incubation, the
primary antibody solutions were washed with blocking buffer
solution and then a 1:200 solution of secondary rabbit anti-
mouse antibody (R&D Systems) in blocking buffer was
incubated within the vessels for 2 hours at room
temperature. Vessels were then washed with blocking buffer
thoroughly. To stain nuclei, Hoechst 33342 (Thermo Fisher)
was mixed with PBS in a 1:2000 ratio. 20 uL of the staining
solution was injected into the vessel and incubated for 30
minutes at room temperature before rinsing with PBS. The
stained vessels were filled with fresh PBS and stored at 4 °C
overnight.

Data collection and processing

To visualize the 3D GLP channels, a confocal microscope
(Fluoview FV3000, Olympus) was used with a UPLSAPO
objective (Olympus), and the pinhole size was set to 131.0
pm. The wavelengths of the two lasers were 405 nm and 488
nm with the emission wavelengths set at 480 nm and 586
nm, respectively, and the excitation wavelengths set at 420
nm and 526 nm, respectively. 3D z-stack images of the
patterned lumen were collected with a range of 5-10 um step
size. For tortuous and aneurysm vessels, z-stack imaging was
coupled with ‘xy’ tiled imaging to capture the entire region
of interest. The collected images were exported and processed
in Image]. The maximum intensity z-projection was applied
to the stack of images to create a top view of the GLP
channels. Quantification of important characteristics of each
vessel type was performed in Image] using the projected
images with three replicates. ‘xz’ and ‘yz’ projections were
also created using the stack reslice command in Image] and
reported as maximum intensity projections. 3D visualization
was managed in Imaris.

Orientation and morphological analysis

Once fluorescence staining images of VE-cadherin structures
were obtained, we manually outlined the boundaries of 20
cells in each region of interest using Image], and the cell area
and perimeter of each cell were measured.

Area ) ()

Cell shape index (CSI) = 4n (—2
Perimeter

The cell shape index (CSI) was calculated using eqn (1).
Angles were computed for the major axis of cells with respect
to flow directions and plotted as polar plots of angular
distribution using a python code.
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3D CAD reconstruction and CFD analysis

3D z-stack images of the vessels were imported in Autodesk
Fusion 360 and 3D representations of each vessel with all
variations were produced. The 3D files were exported in the
STEP file format which were then imported into COMSOL
Multiphysics®. Once imported, we used the laminar flow
module to model the hemodynamic flow, and a cardiac cycle
waveform was used as the inlet pressure boundary condition.
The period of the waveform was 1 second and we used a
Fourier series approximation for the cardiac cycle given by
Pinler = 80 + 18.6cos(2nt — 1.67) + 8.6cos(4nt — 2.25) + 5.1
cos(6nt — 2.61) + 2.9 cos(8nt — 3.12) + 1.3 cos(10nt — 2.91) +
1.4 cos(12nt — 2.81) + 1.2 cos(14nt + 2.93).

TAWSS = J |7 |dt (2)
1 TTdt’
osi==[1-—__1 (3)
2 TAWSS
1
RRT ~ (4)

TAWSS(1 - 2 x OSI)

RRT ~ ’ s dt\ (5)

In our computational model, blood was simulated as a
Newtonian fluid with a viscosity of 3.5 cP, and we used a no-slip
boundary condition along all exterior walls. A temporal
simulation was then performed after discretizing and meshing
the 3D vessel domains and ancillary variables like time averaged
wall shear stress (TAWSS) and relative residence time (RRT)
were calculated using eqn (2) and (5), respectively, where T is
the time period and 7, is instantaneous WSS, and eqn (4) was
approximated as eqn (5) by applying eqn (2) and (3) and
rearranging the terms. TAWSS and RRT were calculated for the
entire length of vessels, and not just in the target regions such
as stenosis or aneurysm. The calculated TAWSS was normalized
with respect to the TAWSS values obtained by applying the same
boundary conditions across a simple, cylindrical lumen with
the same inlet diameter and end-to-end length as that of the
respective vessel variation analyzed. The calculated RRT was
normalized in the same manner as TAWSS.

Statistical analysis

All data are reported as mean + SEM. All experiments were
performed in triplicate (n = 3) unless otherwise stated.
Statistical comparisons were made using two-way ANOVA,
repeated measures two-way ANOVA, Student's ¢-test or
Pearson correlation test in GraphPad Prism ver. 9.
Differences were considered significant for p < 0.05. Multiple
testing correction was performed using the Tukey test in
GraphPad Prism ver. 10.
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Results and discussion

Engineering vascular architecture-on-a-chip: cylinders,
aneurysm, stenosis, bifurcations and tortuosity

We began by exploring if variations of our GLP biofabrication
process may produce complex vascular architectures that are
often sites of endothelial activation, aberrant hemodynamics,
aneurysms, atherosclerosis and thrombosis.

Cylindrical vessel-chips with varying lumen sizes. We first
engineered simple, uniform vessels by modulating the pressure
head during the GLP process. When we performed GLP in
straight microfluidic channels filled with reconstituted collagen
and layered different amounts of PBS, we observed that there is
an increase in vessel diameter as the pressure head increases
(Fig. 2A and B). Using pressure heads that can be applied easily
in these devices, we were able to form vessel-chips of diameters
in the range of 150-300 pm.

Aneurysms-on-chip. We next set out to explore if our
technique may be used to engineer complex living shapes of
vessel-chips. We introduced shape variations in the microfluidic
channels encasing patterned vessels to form more complex
geometries. As a first case study, to engineer the architecture of
fusiform aneurysms, we constructed microfluidic channels with
1 mm (200%) and 2 mm (400%) expansions and executed
patterning.”* We observed that the pre-GLP microfluidic device
shape regulates the ensuing lumen patterning as we observed
the sudden increase in the microchannel widths resulting in
lumen expansions in a proportional manner (Fig. 2C),
confirmed by quantifying the widths of the vessels at their
maximum expansions (Fig. 2D). The extents of aneurysms also
followed the trend of their pre-GLP microchannels as each
variation yielded aneurysms with nearly ~200% and 400% of
the pre-aneurysm diameters (Fig. 2D). While we presented two
variations of the lumen expansion model, a wide range of
aneurysm vessels can be engineered in accordance with
observations in in vivo studies.

Stenosis-on-chip. Unlike aneurysms, stenosis consists of
vessels with sudden constriction. This time, we constructed
microfluidic channels with constrictive features representative
of stenosis of various degrees and performed the GLP in these
variations. Here, we observed differential extents of stenosis
using 25, 50 and 75% constriction channels (Fig. 2E and F).
Quantification of the stenosis regions of the different variations
confirmed that the extent of lumen stenosis follows the same
trend as that of the microfluidic constrictions (Fig. 2F). In our
method, when we calculated the ratio of post- and pre-stenosis
diameters, termed as lumen recovery, we observed that the
vessel diameters were conserved and there was no loss of lumen
integrity either pre-constriction or post-constriction (Fig. 2G).
We then quantified the lengths of stenosis which was defined
as the length along the axial direction of the stenosed section
(Fig. 2H). Like width, we observed that the actual stenosis
lengths achieved by our approach followed trends as the length
of constrictions of their pre-GLP channels. These results suggest
that using various length and width combinations of
constriction regions within the microfluidic channels, GLP can

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Architecture of complex vessel-chips. Cylindrical vessel-chips: (A)
pressure heads respectively (red: collagen; green: lumen; scale bar: 250

uniform cylindrical vessels formed using GLP with 30, 60 and 90 Pa
um). (B) Cylindrical lumen diameters. Aneurysm-chips: (C) aneurysm

vessels in 1 mm and 2 mm expansion channels (scale bar: 500 pm). (D) Maximum widths of the aneurysm. Stenosis-chips: (E) stenotic vessels
formed in 25, 50 and 75% constriction channels (scale bar: 500 pum). (F) Minimum widths of stenosis. (G) Vessel recovery after stenosis. (H) Length
of the stenosis sections. Bifurcation-chips: (I) bifurcating vessels in 30, 60 and 90° bifurcating channels (scale bar: 500 um). (J) Linear regression
analysis between the bifurcation angles of pre-GLP and post-GLP lumens. (K) Pre-bifurcation lumen diameters. (L) Post-bifurcation lumen
diameters. Tortuous vessel-chips: (M) tortuous vessels in 1.5, 2 and 2.5 mm peak-to-peak tortuous channels (scale bar: 500 um). (N) Lumen
tortuosity index. (O) Linear regression analysis between the tortuosity index of pre-GLP and post-GLP tortuous vessels (n = 3 experiments; *p <

0.05; **p < 0.005; ns: not significant).

be modulated to create a range of stenosed vessels that are
observed in vivo. Although we have chosen 25, 50 and 75%
constricted microchannels with corresponding lengths, other
dimensions can also be engineered as informed by in vivo
observations to model the time dependent stenosis, for example
in atherosclerosis.>

Bifurcation-on-chip. Bifurcations are a common feature in
the vascular trees and are often sites of abnormal cell phenotypes
due to the increased oscillatory flow patterns observed in their
vicinity.*'** Developmentally, bifurcations are also sites of

This journal is © The Royal Society of Chemistry 2025

lymphatic and venous valvulogenesis as vessels try to withstand
and dampen the amplified flow oscillations.** This motivated us
to create bifurcating vessels using GLP with varying extents of
bifurcations e, 30°, 60° and 90°, producing bifurcating
structures with varying angles (Fig. 2I). When we quantified the
bifurcation angles of the lumen and performed a regression
analysis of the angles before and after GLP, we achieved high
correlation (R*> = 0.99), suggesting that bifurcating vessels
effectively mimic the angle of their pre-GLP microchannels
(Fig. 2J). Furthermore, the size of the bifurcated lumen was
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reduced relative to the major vascular lumen due to the
decreased cross-section of the encapsulating microchannel after
the bifurcation point (Fig. 2K and L, and S17). The reduction in
post-GLP lumen diameter was typically 23%, and the reduction
in the width of the pre-GLP microchannel was 30%.

Tortuous vessel-chips. Finally, we engineered vessels with
tortuous architectures using the GLP method. We constructed
tortuous microchannels with three different extents of tortuosity
with the peak-to-peak distances for each variation being 1.5, 2
and 2.5 mm respectively. As expected, GLP resulted in the
development of lumens that followed the trend of their pre-GLP
channel by exhibiting similar levels of tortuosity index, defined
as a ratio of the vessel length along the path to the straight-line
distance between the two end points (Fig. 2M and N). To
confirm our observation, we also performed regression analysis
on the tortuosity index before and after GLP and achieved high
correlation (R* = 0.99), which implied that the GLP process
mimicked the spatial variations that were present in the pre-
GLP microchannels (Fig. 20). Tortuosity with low amplitude
and high frequency is more commonly observed in smaller
vessels, and higher amplitude is frequently seen in larger
vessels. By demonstrating the ability to control the amplitude of
tortuous vessels along with diameter variance previously
confirmed in straight channels, we establish a powerful
platform that can model a large spectrum of vessel tortuosity
found in vivo.**

Endothelialization and orientation analysis of the complex
vessel-chips

In the next phase, we challenged these devices to endothelial
cell culture to form a confluent lumen and a 3D living cell
structure.

Cylindrical vessel-chips. First, to validate our cell culture
method in a straight configuration as has been published
before,” we cultured endothelial cells (ECs) in a typical
arteriolar sized cylindrical design and observed that the cells
created a confluent vascular lumen covered with cells on all
sides (Fig. 3A(i)). The cells displayed alignment along the
axial flow directions and conserved their barrier function,
assessed by analyzing the orientation of VE-cadherin and
gaps (Fig. 3A(i) and (ii), Movie S17).

Aneurysms-on-chip. To form living human aneurysm-chips,
we cultured ECs in these geometries and found that these
vessel-chips form a confluent lumen within 24 hours in the
same manner as straight cylindrical vessel-chips. Although the
barrier function was conserved as we did not see any visible
gaps (Movie S2}), we observed that cells cultured in the normal
and straight portion of the vessel were axially aligned, but the
aneurysm regions of the vessel had abnormal and random
orientation and morphologies (Fig. 3B(i)). In the post-aneurysm
sections, when the vessels regained their original structure, the
endothelial cells showed recovery of cellular orientation
(Fig. 3B(ii)—(iv)). We also calculated the cell shape index (CSI) in
each region, which revealed that the cells at the aneurysm
exhibit a more rounded shape compared to the pre- and post-
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aneurysm sections of the vessel (Fig. 3B(v)). These results
suggest that the sudden increase in the lumen diameter results
in significant flow disruptions at the aneurysm zone and cells
that are unable to align themselves to the axial position undergo
morphological change, in contrast to cells in the pre- and post-
aneurysm regions of the vessel (Fig. 3C(ii)-(v)).

Stenosis-on-chip. We then cultured the engineered stenosis-
chips with ECs in the 50% stenosis variations (Fig. 3D(i), Movie
S31). Interestingly, we observed that cells in the pre-stenosis
and stenosis regions show alignment along the direction of
flow, also confirmed by quantifying the angles of cell
boundaries in these regions (Fig. 3D(ii) and (iii)). Similar to the
aneurysm section of the living aneurysm-chip, we observed that
in the post-stenosis section, endothelial cells were not as
aligned to flow in relation to the pre-stenosis region, consistent
with observations in in vivo models.>®> When we calculated the
CSI of cells in each region, however, we observed that cell
morphology was maintained throughout all regions (Fig. 3C(v)).
These results suggest that disturbed flow in the post-stenosis
region causes misalignment of cells, but it is insufficient to
induce alteration in cell morphology.

Bifurcation-on-chip. Like our stenosis and aneurysm-chips,
we also cultured endothelial cells in the luminal side of the ECM
layer in bifurcation geometries and observed that the barrier was
conserved throughout the entire vessel (Fig. 3D(i), Movie S47).
When visualized via VE-cadherin imaging of endothelial cells, we
observed that altered cell alignments begin at the point of vessel
separation and do not fully recover in the post-bifurcation
sections of the vessel (Fig. 3C(ii)~(iv)). The calculated CSI values
also reveal that cells at the site of bifurcation display a much
more rounded shape compared to those in the pre- and post-
bifurcation regions (Fig. 3C(v)). These results suggest that when
the fluid flow encounters obstacles (in the form of bifurcations),
it becomes disturbed and as a result, the endothelial cells sense
and acquire a pathological phenotype in the vicinity of the
branches and may take a thromboinflammatory phenotype. The
engineering of such endothelialized in vitro vascular bifurcations
may, therefore, provide a model to investigate the specific
localized and heterogeneous effects of cells, molecules and drugs
in these systems.

Tortuous vessel-chips. Lastly, we also tested cell culture in
these vessels with tortuous architecture (Fig. 3E(i), Movie
S51) and observed that cells within the tortuous region did
not align along the axial direction of flow unlike the pre-
tortuous part of the vessel (Fig. 3E(ii) and (iii)). The
calculated CSI also reveals that the cell morphology becomes
more rounded in the tortuous section, and this can be
explained by the presence of helical flow patterns due to
tortuous features, consistent with in vivo literature.’® The
normal orientation of the endothelial cells was regained after
the vessel recovery in the post-tortuous region (Fig. 3E(iv)).

Hemodynamic analysis of the complex vessels

Complex vascular architecture also results in spatially
heterogeneous shear stress distribution among these

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Endothelialization and orientation analysis of complex vessel-chips. (A) Cylindrical vessel-chips: (i) fluorescence confocal micrograph of
ECs cultured in the vessel-chip (green: VE-cadherin; blue: nuclei; scale bar: 250 um); (ii) analysis of EC orientation along the axis. (B) Aneurysm-
chips: (i) fluorescence confocal micrographs of ECs cultured in the vessel-chip (green: VE-cadherin; blue: nuclei; scale bar: 500 um); analysis of
EC orientation in the pre- (ii), intra- (iii), and post-aneurysm (iv) sections; (v) CSI of ECs in pre-, intra-, and post-aneurysm regions. (C) Stenosis-
chips: (i) fluorescence confocal micrograph of ECs cultured in the 50% stenosed vessel (scale bar: 250 um); analysis of EC orientation in the pre-
(i), within (i), and post-stenosis (iv) sections; (v) CSI of ECs in pre-, intra-, and post-stenosis regions. (D) Bifurcation-chips: (i) fluorescence
confocal micrograph of ECs cultured in the 60° bifurcation vessel (scale bar: 500 um); analysis of EC orientation in the pre- (i), within (iii), and
post-bifurcation (iv) sections; (v) CSI of ECs in pre-, intra-, and post-bifurcation regions. (E) Tortuous vessel-chips: (i) fluorescence confocal
micrographs of ECs cultured in the 1.5 mm peak-to-peak tortuous vessel (scale bar: 500 um); analysis of EC orientation in the pre- (i), within (jii),
and post-tortuous (iv) sections; (v) CSI of ECs in pre-, intra-, and post-tortuous regions.

structures that may result in unique endothelial responses to
flow. Therefore, we also introduced blood in these structures
and prepared a shear using
computational predictions structure—
function studies.
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Cylindrical vessel-chips. We first exposed the cylindrical
vessel-chips under the perfusion of red blood cells (RBCs) for
approximately half an hour, and did not observe any loss in
lumen integrity (Fig. 4A(i), Movie S6t). Since microphysiological
flows are mostly laminar, we could apply well-established
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computational algorithms to predict hemodynamics in these
vessels and validate flow patterns. As expected for a uniform
flow in a cylinder, our computations predicted a uniformly
distributed time-averaged wall shear stress (TAWSS) for all
diameter variations of the vessel-chips. The TAWSS increased
linearly as the vessel diameter increased (Fig. 4A(ii) and (iii)).
Consequentially, the average relative residence time (RRT) of
simulated blood cells (for example, leukocytes) decreased as the
vessel diameter increased (Fig. 4A(iv)). This was expected as
larger vessels will allow more effective and faster fluid transport
due to less fluidic resistance as compared to smaller vessels.
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This is also observed in vivo as usually larger arteries have
higher shear stress values compared to smaller arterioles and
capillaries.””

Aneurysms-on-chip. Aneurysms are typically characterized
by stagnation and reduced flow at the extremities.*® To test if
the adhered ECM within our engineered structures supports the
flow of RBCs and validate the reduced hemodynamics at the
extreme sections in our aneurysm-chip, we exposed the
aneurysm-chips under perfusion and observed that RBCs in the
extremes of the aneurysms moved slower in comparison to
those in the middle (Fig. 4B(i), Movie S7t). This experimental
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uniform vessel (magnification: 10x (top) and 20x (bottom)); time averaged wall shear stress (TAWSS) normalized with respect to the 30 Pa
condition as a distribution heatmap (i) and compared between vessel diameters (iii); (iv) normalized residence time (RRT) compared between
vessel diameters. (B) Aneurysm-chips: (i) brightfield micrographs showing flow of RBCs in the 2 mm aneurysm vessel (magnification: 5x (top) and
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widths (iii); (iv) normalized RRT values compared between maximum channel widths. (C) Stenosis-chips: (i) brightfield micrographs showing flow of
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observation was supported by our computational analysis which
also revealed a significantly reduced flow in the extremes of
aneurysms (Fig. 4B(ii)). This was consistent with the in vivo
findings where extremely low TAWSS values have been reported
along with fluid recirculation.>® We also observed that the range
of TAWSS values was more spread out in vessels with higher
aneurysm extents and the average TAWSS over the entire vessel
also decreased as expansion of the increased
(Fig. 4B(iii)). Consequently, quantification of the residence time
validated that the vessel with larger aneurysm had a higher
susceptibility to retain blood cells for a longer duration
(Fig. 4B(iv)). These results suggest that aneurysms formed using
this approach have the potential to model the pathological
hemodynamics that are witnessed in vivo and can model the
shear dependent changes that are prevalent in aneurysms.*’
Overall, our aneurysm-chips may provide an in vitro model to
reproduce clinically relevant hemodynamics, blood-endothelial
interactions and immune cell migration behaviors that are
observed clinically.**

Stenosis-on-chip. We next introduced RBCs within the
stenosed vessels and these stenosed sections supported
perfusion for half an hour without any change in dimensions
(Fig. 4C(i), Movie S8%). To validate the influence of stenosed
geometry on flow, we also performed fluid dynamics
simulations under physiological flow conditions assuming a
cardiac pressure waveform and calculated the TAWSS
(Fig. 4C(ii)) and observed that increasing extents of stenosis had
increasing TAWSS values in the stenosis regions (Fig. 4Cf(ii)).
The TAWSS values decreased in the pre- and post-stenosis
regions as the extent of stenosis increased due to more
resistance to fluid flow and hence lower flow rates in these
regions. We also observed that the range of TAWSS values was
more spread out in vessels with higher stenosis and that
average TAWSS over the entire vessel decreased as stenosis
increased (Fig. 4Cf(iii)), suggesting more complex and possibly
pathogenic hemodynamics in vessels with high stenosis. When
we quantified the relative residence time (RRT) of blood cells
within these variations, we observed that higher stenosis vessels
had a propensity to retain particles for a longer duration
(Fig. 4C(iv)), suggesting a possibly prolonged and pathological
endothelial-blood cell interactions within these model systems.
These results suggest that stenosed vessels formed using GLP
have the potential to model the hemodynamic alterations that
are observed in vivo in conditions like atherosclerosis and
coronary artery disease, where significant shear activation and
leukocyte accumulation is observed in the stenosed and post-
stenosed regions of arteries.*>

Bifurcation-on-chip. Upon RBC perfusion, we observed that
the adhered ECM of the bifurcation-chips supported fluid flow
and that the flow is evenly divided among the two post-
bifurcation sections (Fig. 4D(i), Movie S91). The computational
analysis on bifurcation-chips revealed that as the angle of
bifurcation increased, the region around the bifurcation
witnessed higher TAWSS values (Fig. 4D(ii) and (iii)), as wider
angles imply the presence of more fluidic resistance and hence
fluid flow disruption may be enhanced. These results suggest

lumen
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that bifurcations consisting of a physiologically-relevant ECM
layer have the potential to recapitulate the pathological
hemodynamic conditions that are witnessed in vivo and can
model the shear dependent changes that are prevalent in
bifurcating vessels, specifically at sites of vessel separation.

Tortuous vessel-chips. Finally, we also perfused RBCs
through the tortuous vessels to confirm that the embedded
ECM layer can support perfusion and to validate the effect of
tortuous architecture on flow. We observed slower movement
of cells in the outermost corners of the lumen (Fig. 4E(i),
Movie S10t). This was further supported through CFD studies
where the outermost corners of vessels had lower TAWSS
levels across all variations; however the severity of reduction
diminished as the tortuosity increased (Fig. 4E(ii)). Longer
tortuous channels also resulted in an overall lower average
TAWSS as compared to vessels with a shorter flow path
(Fig. 4E(iii)). The CFD studies confirm the clinically observed
linkage between severe tortuosity and resulting low shear
stress, which is associated with a higher risk of disease
development and  progression.*>**  Longer channels
consequently also had a longer residence time of particles
owing to the increased length (Fig. 4E(iv)).

Conclusion

In summary, by regulating and controlling our gravitational
lumen patterning (GLP) method, we engineered spatially
intricate 3D vascular models. We show that the shape and size
of a patterned lumen can be modulated with the structure of
their external microfluidic channels. Although we show some
representative structures and their variations, this procedure
can be extended to model pathological structures for a wide
range of vessels observed in human circulation (Fig. 1B). There
are several advantages of using these complex architecture
vessel-chips as model systems to wunderstand cell-cell
interactions under flow and to discover drug—cell interactions in
health or diseased states. First, complex geometry introduces
variations in hemodynamics that may directly influence
transport phenomena of blood and its components that may be
essential to some vascularized organ-chip models. Secondly, an
important consequence of reproducing complex hemodynamics
and transport phenomena in these vessel-chips is that they
model the endothelial cell responses to the localized shear
conditions more faithfully. Therefore, these engineered vessels
with various architectures can serve as platforms to investigate
vascular complications strongly associated with the structure of
vessels such as aneurysm, fibromuscular dysplasia, and
atherosclerosis. There are still some limitations of these systems
that have not been fully realized or resolved. For example, blood
vessels are compliant and contract or relax depending upon
changes in physical hemodynamic cues or biochemical
signaling. So far, we have not engineered compliant vessel-
chips, even though this work offers architectural modulation. In
the future, this approach can be used to dissect spatially
heterogeneous cell signaling. One of the opportunities would be
to incorporate surrounding stromal cells like smooth muscle
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cells, pericytes, etc., into the ECM to produce more physiological
in vitro vessel models and advance our understanding of
atherosclerosis."”*>* The analysis of blood-endothelial
crosstalk and cross-correlation with hemodynamics is an
expected future work using our vessel-chips. Due to their ability
to alter the physiological flow patterns, these models also hold
great promise in allowing the investigation of more complex,
developmental processes like venous or lymphatic valve
formation in response to flow oscillations.”® Development of
therapeutic strategies that not only target the molecular and
cellular processes that occur in vivo, but also can limit or reverse
pathological flow behavior can then be studied with these
modalities to evaluate alternate, less invasive treatment
strategies that focus on flow correction. With the possibility of
future incorporation of patient specific vascular architecture
and cellular systems, personalized therapeutic drug testing and
development could be enabled.
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