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A 3D Bioprinted In Vitro Model of Pulmonary Artery Atresia
to Evaluate Endothelial Cell Response to Microenvironment

Martin L. Tomov, Lilanni Perez, Liqun Ning, Huang Chen, Bowen Jing, Andrew Mingee,
Sahar Ibrahim, Andrea S. Theus, Gabriella Kabboul, Katherine Do,
Sai Raviteja Bhamidipati, Jordan Fischbach, Kevin McCoy, Byron A. Zambrano,
Jianyi Zhang, Reza Avazmohammadi, Athanasios Mantalaris, Brooks D. Lindsey,
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Vascular atresia are often treated via transcatheter recanalization or surgical
vascular anastomosis due to congenital malformations or coronary
occlusions. The cellular response to vascular anastomosis or recanalization is,
however, largely unknown and current techniques rely on restoration rather
than optimization of flow into the atretic arteries. An improved understanding
of cellular response post anastomosis may result in reduced restenosis. Here,
an in vitro platform is used to model anastomosis in pulmonary arteries (PAs)
and for procedural planning to reduce vascular restenosis. Bifurcated PAs are
bioprinted within 3D hydrogel constructs to simulate a reestablished
intervascular connection. The PA models are seeded with human endothelial
cells and perfused at physiological flow rate to form endothelium. Particle
image velocimetry and computational fluid dynamics modeling show close
agreement in quantifying flow velocity and wall shear stress within the
bioprinted arteries. These data are used to identify regions with greatest levels
of shear stress alterations, prone to stenosis. Vascular geometry and flow
hemodynamics significantly affect endothelial cell viability, proliferation,
alignment, microcapillary formation, and metabolic bioprofiles. These
integrated in vitro–in silico methods establish a unique platform to study
complex cardiovascular diseases and can lead to direct clinical improvements
in surgical planning for diseases of disturbed flow.
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1. Introduction

Additive manufacturing and 3D bioprint-
ing technologies, in particular, have proven
to be versatile tools to create a variety
of high-resolution models with significant
impact in basic science and translational
applications.[1,2] Previously, we have been
able to bioprint 3D models used for pro-
cedural planning for complex pulmonary
artery (PA) stenosis and atresia based on
a patient case of Tetralogy of Fallot (TOF)
with major aortopulmonary collateral arter-
ies (MAPCAs).[3] The ability to engineer
complicated vascular structures and study
flow disturbance patterns allow investigat-
ing ideal transcatheter and surgical proce-
dures for various vascular recanalization or
anastomosis procedures, such as total oc-
clusion lesions in coronary artery disease.
Restenosis is a major complication in both
complex PA stenosis and coronary artery
disease, but the exact cause and mecha-
nism of its formation along these abnormal
vessels is not known and is unpredictable.
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These, in turn, lead to lifelong complications related to resteno-
sis and atresia of the arterial segments.[4–7] Thus, robust in vitro
cellular models, capable of recapitulating the complex vascular
geometry and flow, are needed to aid in prevention, intervention,
and discovery of potential pathways for alteration of this disease
state.[3]

3D bioprinting technologies can produce high fidelity patient-
specific models of cardiovascular pathologies based on medical
imaging tools. To date, two approaches of bioprinting, extrusion-
and light-based printing, are frequently used for creating in vitro
models of healthy and diseased tissues.[8,9] Extrusion bioprinting
is based on using pressure to deposit strands, which build up
the desired 3D construct based on a computer assisted design
(CAD) model.[10–12] Light-based bioprinting borrows its method-
ology from digital light processing (DLP) and stereolithography
apparatus (SLA), where light beams are used to trigger radi-
cal polymerization reaction to build the 3D constructs one layer
at the time.[13–16] DLP/SLA bioprinters offer high resolution, as
light-based crosslinking can get down to cell-sized voxels,[17,18]

allowing to generate precise tissue microenvironments.[15,16] The
speed of DLP printing is also relatively high, compared to extru-
sion techniques, owing to the layer-by-layer crosslinking.
Anatomically accurate printed vascular analogues that allow

physiologic flow can be instrumental in improving our under-
standing of physiology and the pathophysiology of many vascu-
lar systems.[10,19–25] These engineered models can help establish
robust in vitro platforms for disease modeling and drug screen-
ing. The inclusion of relevant cell types, such as endothelial cells
(ECs) and smooth muscle cells (SMCs), within bioprinted con-
structs is essential not only to development, but also to the home-
ostasis of functional bioartificial vessels. As aberrant cellular be-
havior could induce de novo stenosis or promote postsurgical
restenosis, identification of important cellular function regula-
tors may offer strategic insights for better understanding and
treatment of vascular atresia.
In this study, we present a patient-specific in vitro platform

that sustains viable and functional cell cultures under physiolog-
ical flow regimens. These bioprinted constructs can be used to
develop novel therapeutic approaches to treat various vascular
anomalies, specifically vascular stenosis. Patient imaging data,
obtained via computed tomography (CT) or 3D rotational angiog-
raphy, were used to generate 3D digital models of complex PA
atresia, which were then 3D printed using resins, and DLP bio-
printed using gelatin methacrylate (gelMA) hydrogels. Simpli-
fied bifurcation geometries were subsequently seeded with hu-
man umbilical vein ECs (HUVECs) and used to study cellular
response to flow patterns, identified via different experimental
and computational approaches.

2. Results

2.1. 3D Bioprinting of An In Vitro Model of Anastomosed PA
Structure

Extrapolating from patient clinical data images of an adolescent
(14 years old) MAPCA patient (Figure 1A,B and Video S1,
Supporting Information) were used to generate the bifurcated
anastomosed PA atresia constructs.[3] We used Autodesk Fu-
sion to generate a simplified CAD concept of the vasculature

area of interest, including a patent vessel and an atretic vessel
(Figure 1C, inset). A synthetic model was first printed based on
the obtained CAD model, using a clear resin ink, containing
two vessels that were anastomosed with a connection (conduit)
channel (Figure 1C, bottom). Following the validation, we bio-
printed the same 3D model in 20% gelMA using the Lumen X
DLP bioprinter (Figure 1D).

2.2. Mechanical and Fidelity Analyses of 3D Bioprinted PA
Constructs

Microindentation analysis demonstrated an elastic modulus (E)
ranging from 59 to 94 kPa for the bioprinted gelMA constructs,
depending on the depth within the 3D structure (Figure 1E,H).
Of note, modulus increased from the bottom surface (last layer
printed) to top surface (first layer printed) of these gelMA con-
structs (Figure 1G). We next conducted a series of microindenta-
tion tests on the luminal surface of bioprinted channels (5 mm
depth, 2 mm distance between indentation points). Generated
heatmap showed a relatively wide range ofmodulus (40–120 kPa)
along the channel structures (Figure 1H, Table S1, Supporting
Information. The highest modulus regions were located toward
the end (outlet) of patent channel, while the atretic channel exhib-
ited mostly low-modulus areas. Fidelity assessment of bioprinted
constructs was conducted in themicro (strand-level) and the bulk
scales and normalized by the CADmeasurement for each param-
eter. We obtained a strand diameter ratio (Ds) of 1.2, strand angle
ratio (𝛼s) of 1.0, strand uniformity ratio (Us) of 1.0, and inter-
strand area ratio (As) of 0.9 (Figure S1, the Supporting Informa-
tion). Bulk fidelity assessments showed a 1.6% error in the con-
struct length (l), 7.6% error in the width (w), and 2.7% error in the
height (h) (Figure 1I). Further, 12.8% and 12.3% errors weremea-
sured for the channel area (A) and circularity (C), respectively.
Printed channel uniformity was also at 1.9% error, compared to
the CAD model (Figure 1I).

2.3. Particle Image Velocimetry (PIV) Analysis of Flow
Hemodynamics in Bioprinted PA Models

We developed and utilized two PIV-based assays to measure flow
patterns in the PA constructs (Figure 2, Videos S2–4, Supporting
Information). First, we used an ultrasound PIV approach to
generate comprehensive 3D maps of flow within 4× scaled
gelatin-based models (Figure S2A–D, Supporting Information),
including the aberrant eddies and turbulent areas that are
characteristics of stenotic-prone areas in anastomotic model
(Figure 2A–D). The results demonstrated that the 2D in-plane
flow velocity measurement can be obtained at a spatial sam-
pling spacing of 0.38 mm (Figure 2C). The 3D velocity of the
bifurcation flow in the gelatin model was obtained with a spatial
spacing of 2.12 mm. The highest velocity was seen at the inlet
near the anastomosis (i.e., in the region Z < 10 mm and Y <

50 mm, Figure 2D).
We subsequently used laser PIV to obtain more in-depth flow

analysis of flow (Figure 2E, Figure S2E,F, Supporting Informa-
tion). The mean velocity magnitude contour with in-plane vec-
tors (Figure 2F, left) and instantaneous flow distributions were
obtained (two examples at t = 0.13 and 0.37 s are shown in
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Figure 1. Hybrid PAA construct conceptualization, fabrication, and mechanical characterization. A) Patient imaging data was used to identify region
of interest, specifically the atretic vessel and a neighboring patent vessel B). C,D) 3D geometry of the pathology area was generated C, top) and then
a construct concept was extrapolated from the geometry and bioprinted C, bottom) using a stereolithography bioprinter D). E–H) Mechanical analysis
of bioprinted gelMA constructs was conducted via a microindentation device E) on the surface, as well as different depths (0, 3, 5, and 8 mm) within
the 3D hydrogel F). The unloading curves were subsequently used to calculate elastic modulus (E) at each depth G). Finally, a heatmap of elastic
modulus, E, was generated H) by conducting a series of microindentation tests throughout the printed channel structure (on the luminal surface).
I) Fidelity measurements conducted by quantifying several structural features of printed gelMA constructs. These included external dimensions of the
cubic construct (height, h, length, l, and width, w), channel circularity (C = 4𝜋A/p 2), and channel uniformity (U). A n = 4/experimental group was used
for mechanical and fidelity assays. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 2. Particle image velocimetry (PIV) analysis of flow hemodynamics in bioprinted PAA constructs. A–D) Ultrasound PIV results for flow patterns
within the PAmodels. A) The ultrasound PIV setup used in this study. B) A 3D printed water soluble (sacrificial), polyvinyl acetate (PVA)model used at 4×
scale for the PIV measurements. C) Representative ultrasound-PIV 2D vector maps of the flow pattern shown for the highlighted cross-section (dashed
line in B) within the PAA model. D) 3D reconstruction of flow velocity vectors within the entire construct. E–I) Laser PIV results of flow hemodynamics
in PAA models. E) Schematic illustration of the experimental setup used. F) Averaged flow patterns generated during one cycle of peristaltic flow (left)
and flow patterns at two specific time points (t = 0.13 s, top right and t = 0.37 s, bottom right). G) Mean velocity (uX) obtained by laser PIV at the inlet
(left) and both outlets (middle and right) of the PAA model. H) Wall shear stress (WSS) profiles at 4 defined zones (#1–4) within the PAA geometry.
I) Averaged shear (μ) patterns generated during one cycle of peristaltic flow (left) and shear patterns at two specific time points (t = 0.13 s,- top right
and t = 0.37 s,- bottom right). The zones #1 to 4 with maximum alterations in shear are highlighted in the left panel in (I).
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Figure 2F, right). These heatmaps showed the entrance of flow
through the inlet and splitting rather evenly before exiting from
the two outlets. The flow velocity ranged from −4 to 8 mm s−1.
The time-varying mean flow rates for the inlet and two outlets
(Figure 2G) were obtained by integrating the instantaneous ve-
locity profiles (Figure S3A–C, Supporting Information) at corre-
sponding locations. The flow pattern repeated itself every T =
0.492 s. We next examined the mean shear in x direction (time-
averaged absolute shear |𝜇du/dy|), as well as the wall shear stress
(WSS) distribution in eight different zones within the 3D PA
constructs (Figure 2H,I; Figure S3D,E, Supporting Information).
The mean shear magnitude contour with in-plane vectors and
two instantaneous shear distributions at t = 0.13 and 0.37 s were
obtained (Figure 2I), corresponding to the velocity heatmaps dis-
cussed above (Figure 2F). The shear stress ranged from−0.005 to
0.005 Pa, with the greatest levels of shear alterations around the
conduit (bridge) channel and its junctionwith the patent channel.

2.4. Computational Fluid Dynamics (CFD) Analysis of Flow
Hemodynamics in PA Constructs

CFD modeling was conducted for 4× scale (used for compar-
isons with PIV measurements; Figure 3 and Video S5, Support-
ing Information) and 1× scale (used for analysis in cell-laden
bioprinted constructs; Figure S4 and Video S6, Supporting In-
formation). A peristatic flow rate waveform, adopted from the
mean velocity measurements in the PIV experiments at 4× scale,
was prescribed at the inlet boundary (Figure 3A). Mean veloci-
ties at the outlets exhibited consistent cyclic waveforms with val-
ues consistent with those measured in PIV (Figures 2G and 3A).
Time-averaged (mean) velocity and representative snapshots of
forward-reverse flow cycle indicated slightly reduced flow in the
conduit compared to atretic and patent arteries (Figure 3B). In
general, the velocity values predicted by CFD were in agree-
ment with PIVmeasurements, although CFD results predicted a
stronger flow gradient along the arteries than PIVmeasurements
(Figure 3B). Zones 1 and 3, identifying the regions prior or sub-
sequent to conduit, showed larger WSS values at peak forward-
reverse velocities (Figure 3C,D). Although the flow is expected to
become fully organized at peak velocities, flow recirculation was
observed in Zone 4 (following the bifurcation), leading to lower
WSS values (Figure 3D) and higher levels of oscillatory shear in-
dex (OSI) in this region (Figure 3E). Overall, CFD predictions
for several measures of WSS (Figure 3C,D,F) showed both very
quantitative and qualitative agreement with corresponding PIV
estimates calculated from PIV measurements. The parabolic ve-
locity profile prescribed at the inlet transitioned to nearly a plug
flow at the outlets while maintaining the pulsatile flow condition
(Figure 3G). Remarkably, these CFD predictions were also con-
sistent with the corresponding PIV measurements (Figure S3A–
C, Supporting Information). The velocity magnitude across the
atretic artery outlet was slightly smaller than the patent artery
outlet (Figure 3G), similar to the PIV measurements.

2.5. Endothelialization of PA Models, In Vitro Perfusion, and
Cellular Assays

To achieve reliable homeostatic flow of 2 mL min−1 within the
constructs, customized housing chambers were 3D printed

and used to perfuse culture media through bioprinted artery
models (Figure S5, Supporting Information) for the vascular
analogues. Bioprinted gelMA models were (manually) cellu-
larized with HUVECs and perfused in our bioreactor with no
damage to the construct over the entire two-week time course
(Figure S5, Supporting Information). We were able to reliably
generate multiple bifurcation models, with a success rate of
≈74% (n = 16) using the DLP bioprinting (Lumen X) and a
success rate of ≈60% (n = 24) using the extrusion-based bio-
printing (BioAssemblyBot). The most common failure observed
during DLP bioprinting was due to delamination in the 3D
prints, likely caused by gelMA drying out during the rather long
print times, while the most common cause of failure on the
extrusion printer was excessive gelMA drying and construct
cracking.
In situ noninvasive AlamarBlue metabolic activity assay

demonstrated significantly (2–3 folds) higher levels of EC via-
bility and growth in the printed constructs for up to 35 days in
static culture, as compared to the control cast group (Figure 4A).
We next assessed EC growth in the bioprinted PA constructs un-
der static versus flow (2 mL min−1) culture for 14 days. Printed
constructs under flow culture demonstrated significantly (1.7–2
folds) greater levels of AlamarBlue reduction, suggesting higher
levels of cell viability and growth (Figure 4B). We also compared
EC growth in atretic versus precanalized (with the bridge) PA
constructs, demonstrating significantly greater levels of Alamar-
Blue reduction in the bridged models (Figure S6A, Supporting
Information). Subsequently, we examined the EC growth in the
stented constructs (Figure S6B, Supporting Information). Cast
and bioprinted PAmodels were stented on day 0 and then seeded
with ECs. Long-term (56-day) culture of HUVECs in the stented
constructs demonstrated fluctuating levels of AlamarBlue, with
an increase in week 1, a decline in weeks 2–3, and an increase
again after week 3 (Figure S6C, Supporting Information). Atmost
time points, bioprinted models showed significantly greater lev-
els of cell viability in comparison to cast constructs. Finally, we
conducted stenting on day 9 of the in vitro culture, followed by an-
other round of EC seeding for one of the groups. Results demon-
strated a trend consistent with the long-term study above, with
an initial increase in AlamarBlue (week 1), followed by a decline
(weeks 2–3), and then rising back up and reaching a plateau
(Figure S6C, Supporting Information)). Reseeding constructs
with ECs post stenting did not result in a significant increase
in AlamarBlue readout compared to the control (no reseed)
group.
Longitudinal bioprofiling assay demonstrated significant

differences in nutrient consumption and metabolite production
and accumulation in the 3D endothelial cultures under static
versus dynamic flow conditions (Figure 4C,D). Specifically, the
static cultures experienced statistically significant consumption
of nutrients, glucose and glutamine (Figure 4C), with concomi-
tant increase in metabolite accumulation, lactate and glutamate
(Figure 4D) almost throughout the culture time, peaking at day
3. In contrast, the perfusion system, which constantly provides
nutrients and removes metabolites, demonstrated almost con-
stant levels of nutrients and metabolites (except for glutamine)
which promotes the development of metabolically homeostatic
environment and, to some extent, avoids the metabolic stress
that was experienced in the static cultures.
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Figure 3. Computational fluid dynamics (CFD) modeling of flow within the bioprinted PAA construct at 4× scale. A) Average velocity values across
the inlet and two outlets as a function of time for multiple cycles. B) Contour plots and streamlines taken at the mid-plane cross-section showing
time-averaged and peak forward-reverse velocity. C) Contour plot of time-averaged wall shear stress (WSS) estimated on the 3D wall. D) WSS (vector
magnitude) estimated at the mid-plane cross-section for comparisons with PIV calculations at zones 1, 2, 3, and 4. E) Contour plot of the oscillatory
shear index (OSI) indicating changes in the direction of the WSS vector. F) Contour plot of the shear stress at the mid-plane cross section for comparison
with PIV analysis. G) Velocity profiles along the diameter (y) at the inlet two outlet areas.
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2.6. Immunohistochemical Analysis of Cellular PA Models

ECs seeded in bioprinted PA constructs were fixed after a two-
week static or dynamic (flow) culture and analyzed via immuno-
histochemical (IHC) staining (Figure 5). Four specific zones (#1
to 4) within the PA geometry were defined (consistent with the
PIV measurements) (Figure 5A) and examined via confocal mi-
croscopy. 3D cultures demonstrated consistent expression of EC-
specific cell surface marker CD31 and the tight junction marker
Connexin43 (CX43) (Figure 5B,D,E). The flow culture yielded sig-
nificantly greater level of CX43 (1.6×) expression compared to
the control group cultured under static conditions (Figure 5B). A
rather uniform and continuous endothelium was formed along
the printed channel walls in both groups, while noticeable dif-
ferences were observed in the morphology and structure of the
cells (Figure 5C–E). HUVECs in dynamic flow showed a more
extensive penetration into the bulk gelMA tissue, a more elon-
gated morphology and, and an orthogonal orientation to the PA
walls (median angle of 73° in the flow versus 37° in static culture)
(Figure 5C, arrows in Figure 5E; Figures S7 and S8, Supporting
Information). ECs in perfused group also exhibited an increased
sprout length and enhanced angiogenic activity (Figure 5E; Fig-
ure S9 and Table S2, Supporting Information).

3. Discussion

Our group has recently embarked on a series of bioprint-
ing endeavors to develop new generations of patient-specific,
cell-laden, in vitro models that recapitulate several microenviron-
mental aspects of the native cardiovascular tissue. These include
bioprinted in vitro models of vascular anastomosis in single
ventricle heart defects,[26] pulmonary vein stenosis,[27] PAA in
Tetralogy of Fallot,[3] and developing human heart.[28] These
works presented strong evidence that bioprinted constructs
could greatly aid examining cardiovascular processes in a tempo-
rally and spatially controlled manner in vitro while maintaining
physiological/pathophysiological flow patterns. In this study, we
investigated the use of a bioprinted model of canalized PAA for
a zone-specific analysis of endothelial function in response to
geometry and flow.
We first assessed the feasibility of using bioprinted constructs

to model complex PAA geometry and the potential procedures
of vessel anastomosis to nearby atretic vessels. Our in vitro
model focuses on vessel sizes that would be prime candidates for
such interventions, including recanalization or anastomosis.[29]

Tomodel the lack of flow in the affected vasculature and the com-
plexity of blood flow restoration, we designed our tissuemimic to
include both a patent and an atretic vessel (Figure 1A–C). To gen-
erate a reproducible analog of the patient pathology, the area of
interest was isolated (white box in Figure 1C, top) and its vas-

culature geometry was translated into a simplified model that
could be readily printed, incorporated into a perfusion system,
and cellularized (Figure 1C, bottom). This allowed us to expand
the model’s utility to obtain and analyze flow patterns via ultra-
sound or laser PIV techniques (Figure 2). This also necessitated
that we design a bioreactor housing and perfusion system that
allowed us to reliably introduce biomimetic flow rates to cellular-
ized constructs for long-term cellular assays (Figure S5, Support-
ing Information).
An expanding range of bioinks, such as gelMA, and the large

array of modifications that they can support, have shown poten-
tial in mimicking the key characteristics of the soft tissue extra-
cellular matrix, such as stiffness, cellular interactions, and func-
tional remodeling over both short- and long-term assays.[30–32] In
this study, we selected a bioink formulation that could create in
vitro tissuemodels with elastic modulus (40–120 kPa, Figure 1E–
H) that recapitulate what a surgical teammight experience when
proposing vasculature procedures (e.g., anastomosis) in vivo. In
addition to high tunability, other advantages of gelMA bioinks in-
clude supporting EC adhesion and growth, adaptability to differ-
ent printing modes, and availability and reliability of the bioink
to eliminate a source of experimental variability.[33,34]

Although, the range of printed tissue stiffness in this study
was relatively higher than the reported stiffness for native nondis-
eased PA (4–20 kPa[35,36]), it was well in line with those reported
in various diseased PA models (e.g., 50–100 kPa in hypertensive
calves[37,38]). The modulus variations observed across the width
and height of printed PA constructs (Figure 1F–H) have not been
reported in the native PA tissues and could be attributed to pos-
sible alterations in the hydrogel layer-by-layer crosslinking (in-
herent to the DLP printing process). It should be also noted that
these stiffness alterations did not introduce any effect on the CFD
or PIV measurements of flow hemodynamics (Figures 2–3).
The stress strain curves obtained from microindentation

testes, conducted at different depth of bioprinted hydrogel con-
structs, demonstrated a height-dependent elastic modulus (Fig-
ure 1G). This could be attributed to the inherent nonunifor-
mity associated with the DLP (stereolithography) bioprinting
technique[39–41] that was employed to create these constructs. In
suchDLP/SLAmethods, different layers of the solidifiedmaterial
are crosslinked for different durations, which could in turn result
in varying stiffness/modulus along the printing axis. This was
further confirmed by a heatmap, illustrating the nonuniform dis-
tribution of elastic modulus on the luminal surface of bioprinted
channels (Figure 1H).
PIV flow visualization techniques, in conjunction with CFD

modeling tools, provide a robust way to analyze and quantify
blood (or culture media) perfusion within the established pul-
monary connection in the bioprinted PA geometries. The ad-
vancement of ultrasound and laser sheet velocimetry techniques

Figure 4. Endothelial cell (EC) viability and proliferation within bioprinted gelMA constructs. Human ECs were manually seeded onto the luminal
space in PA structures (1 m mL−1) and analyzed for cell viability and growth. A) AlamarBlue assay was conducted in cast versus 3D bioprinted gelMA
constructs for 35 days. AlamarBlue reduction was measured and normalized by day 1 data as baseline. B) AlamarBlue results for 3D bioprinted gelMA
constructs, cultured under static versus flow, for 14 days. Measured reduction was normalized by day 1 data. A n = 4/experimental group was used for
cell proliferation assays. C,D) Differences in metabolism between static (n = 6) and perfused (n = 3) cultures can be seen in the consumption C) and
production D) of specific media components. Samples were taken on days 1, 4, 7, and 14 and subsequently analyzed using a BioProfile system. Mean
concentrations of glucose C, left), glutamine C, right), lactate D, left) and glutamate D, right) are shown over time, with brackets indicating significant
differences within and between groups. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Adv. Healthcare Mater. 2021, 2100968 © 2021 Wiley-VCH GmbH2100968 (8 of 16)



www.advancedsciencenews.com www.advhealthmat.de

Figure 5. Endothelialization of bioprinted PAA constructs and the zone-specific cellular response to flow. Endothelial cells (ECs) were cultured in 3D
PAA constructs for 2 weeks and then analyzed via IHC. A) Four representative zones of the construct (zones #1–4), corresponding to the 4 zones defined
for wall shear stress alterations in Figure 2, were used for immunohistochemical (IHC) analysis. B) Quantification of DAPI (blue), CD31 (green) and
connexin43 (red) staining in the static versus flow cultures. C) Quantification of EC alignment with respect to the printed channel axis, demonstrating
a significantly different cell orientation between the two groups. D) Confocal images of the selected zones (#1–4) in static (left) versus flow (right)
culture conditions, stained for DAPI nuclear marker (blue), CD31 EC-specific marker (green), and connexin43 tight junction (red). Scale bar: 1000 μm.
E) Magnified representative images of zones #1 and 4 of static (left) and flow (right) culture groups, showing merged DAPI (blue), CD31 (green), and
connexin 43 (red) staining. Themiddle graph shows quantification of sprout length obtained from the confocal images for each group. Scale bar: 100 μm.
Arrows point to the ECs orienting perpendicular to the channels, forming microcapillary-like structures, and migrating inward into the gelMA tissue. A
n = 4/experimental group was used for quantitative assays. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

has enabled 2D and 3D measurement of the flow hemodynam-
ics in variety of in vitro and in vivo geometries. It is feasible to
map flow dynamics at sub-millimeter scales and record the dy-
namic change of the flow within a tenth of a second using high
frame rate 2Dultrasound imaging techniques. Full 3D flow veloc-

ity mapping, although still not available using commercial ultra-
sound scanners, was made possible by using recently developed
3D ultrasound velocimetry technique (Figure 2A–D)[42] and has
recently been demonstrated in vivo in real-time 3D in a catheter
device.[43] In previous studies with the nonreal time approach
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that was also used here, our team reported accuracy of the ve-
locity measurements as high as 95.6% even when 5% noise was
added.[42] In this study, the 3D velocity was measured with a spa-
tial sampling of 2.12 mm. To further improve the spatial resolu-
tion in future studies, a higher frequency transducer could be em-
ployed with the PAAmodel size reduced along the Z direction. In
this study, only steady-state flow was measured using ultrasound
due to the limitation of the 3D ultrasound velocimetry setup. To
make a full 3D velocity map, 2D ultrasound images need to be
acquired at multiple (i.e., 42 in this study) orthogonal planes un-
der repeatable flow conditions. In the future, to measure the 3D
velocity map under pulsatile flow conditions, a flow rate-gated
imaging strategy could be employed by using the external trigger
of the programmable ultrasound scanner.
We further expanded flow analysis of PA models using a laser

PIV approach, which allowed us to recreate the full flow volume
within the constructs (Figure 2E–I). The shape of the flow curves
for both outlets resembled that for the inflow (Figure 2G). There
was a small phase lag (dt = −0.02 s or −6.1% T) between the
outlets and the inlet, while no noticeable phase difference was
found between the two outlets. The momentary reversed flow ve-
locity observed around t = 0.37 s (Figure 2F,G) happened when
one roller shoe detached from the tube, and it is inherent in
this type of pump operating at low flow rate conditions. We did
note, however, that this reversal in flow could also be seen in this
particular patient population of TOF/PA/MAPCAs as the right
ventricle to PA conduit becomes regurgitant.[44] In the patients
that have resultant free pulmonary insufficiency, the pulse pres-
sure becomes quite wide and results in periodic reversal of flow
in the PA. Interestingly, this pulsatile pump phenomena allows
us to study the effects of near free/free pulmonary insufficiency
on the distal vasculature which is known to be already markedly
abnormal.[44,45]

Defining eight zones within the 3D PA geometries, based on
the laser PIV data, that showed greatest levels of WSS alterations
(Figure 2H, Figure S3, Supporting Information) allowed us to
examine the effect of flow hemodynamics on cell behavior more
precisely. These zones can represent regions in the patient ar-
teries that are clinically prone to dysregulated endothelial func-
tion and stenosis. In zone 1, at the lower wall of the inlet, the
variation of the WSS synchronized with the inlet flow curve and
the maximum shear appeared at the time when flowrate peaked
(Figure 2H). In zones 2 and 3 near the outlets, the WSS was no-
ticeably lower than that observed near the inlet, possibly due to
lower flow rates at that region. There was a 180° phase differ-
ence between WSS in zones 2 and 3. In zone 4, in the conduit
region, the peak WSS was the highest during the brief reversed
flow phase. However, the mean WSS in zone 4 was comparable
to that at the inlet.
The two PIV techniques used in this study were able to char-

acterize in detail the changing flow patterns within the models,
strongly implicating the disturbed flow as a possible trigger for
restenosis within the anastomosed areas and potentially as a de
novo cause of stenosis that is a characteristic pathology associ-
ated with anastomosed complex atretic vasculature. There was a
significant overlap in the range of flow velocity measured via ul-
trasound PIV (0–4 mm s−1, Figure 2D) versus laser PIV (−4 to
8 mm s−1, Figure 2F), suggesting the accuracy and consistency
of these experimental methods to measure flow hemodynamics.

In parallel to experimental flow analyses, computational plat-
forms can greatly expand on effective validation and optimization
of geometrical, structural, and flow parameters in the vascular
tissue mimics.[3,46] These power complementary tools can help
to address the optimal considerations of vascular anastomosis,
such as diameter, location, and angle of canalization. While
establishing a connection for flow may temporarily provide
successful blood supply to the impacted vascular segments,
stenosis-inducing flow patterns must be avoided. Otherwise, the
recanalized connection may lose its patency over time or worse,
can promote stenosis in the once healthy vascular segment.[47–51]

For instance, low velocity, oscillatory flow patterns have been
shown to correlate with arterial stenosis and thus should be
avoided via proper anastomotic geometry and angle of place-
ment, all of which are better modelled prior to the procedure.
Evaluating a variety of connection designs and angles in silico
and via techniques, such as ultrasound or laser PIV, would allow
us to avoid pathologic turbulent flows that will eventually result
in restenosis of the reestablish vascular tree.
The CFD analyses provided the predictions of the flow patterns

in the bioprinted anastomosis at 1× and 4× scales allowing an ef-
ficient examination of the flow development in tissue constructs.
Overall, CFD results were in acceptable consistency with PIV
measurements and calculations for velocity and WSS, highlight-
ing the importance of CFD simulations to efficiently predict and
evaluate the effects of design parameters on flow performance
(Figures 2 and 3). Interestingly, CFD results predicted the transi-
tion of parabolic velocity profiles to plug profiles as a result of the
forward-reverse flow condition with velocity ranges comparable
to those obtained via PIV. In general, flow was found to be lami-
nar throughout the geometry except at the entrance of the bifur-
cation, where a moderate shedding of recirculation regions was
observed close to peak flow acceleration and deceleration time-
points for both scales (Figure 2; Figure S4, Supporting Informa-
tion). The CFD results identified zones 1 and 4 as the two impor-
tant regions of consideration to avoid simultaneous highOSI and
WSS. The flow recirculation regions in zone 4 led to an increase
in OSI (Figure 3E) while the region prior to the bifurcation (zone
1) maintained a larger WSS with no sign of significant recircu-
lation. Potential design parameters, such as the angulation and
diameter of anastomosis between the patent and atretic arteries,
can be used to modulate the amounts of WSS and OSI at the re-
gions of consideration and reduce potential flow perturbations
(Figure 4, Supporting Information). Such computational strate-
gies could help the clinical teams in the future for more effective
preplanning of interventional procedures to achieve optimal out-
comes. The flow patterns in the PAA models at 1× were similar
to those at 4× following (as a result of enforcing Reynolds’ simi-
larity between two scales), further corroborating CFD’s potential
to predict the flow hemodynamics after anastomosis (Figure S4,
Supporting Information). Overall, the selective CFD studies in
this work demonstrated how a personalized surgical planning
platform, guided by in vitro modeling, and empowered by a com-
putational optimization approach, can be developed to efficiently
explore various anastomotic scenarios, and determine the best
postoperative flow characteristics.
Incorporation of human ECs into the bioprinted gelMA con-

structs, allowed us to perform in situ biological analyses, such as
cell viability, proliferation, and function assays (Figures 4, 5), and
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link these outcomes to the mechanical and flow hemodynamics
results obtained from the biomimetic 3D platforms. In compar-
ison to the cast PA models, ECs grown in bioprinted models
exhibited significantly greater levels of viability and growth
(Figure 4A; Figure S6C, Supporting Information). This could be
attributed to enhanced mass transport within printed constructs,
due to the formation of micro porosities that are inherent to
the layer-by-layer deposition of materials.[41,52] Further, the 3D
printed perfused group showed a higher cell growth compared
to the static prints (Figure 4B), which could mainly due to
enhanced mass transport (diffusion and convection[53,54]) and
the removal of metabolic stresses on the cells as a result of flow,
as confirmed by the bioprofiling analysis (Figure 4C,D).
We next evaluated the potential impact of conducting vascu-

lar stenting procedure via catheter on endothelial cells within the
bioprinted PA constructs. Stentedmodels showed significant cell
activity over a two-month time span (Figure S6B,C, Supporting
Information), which is within the timescale of patient pathology
manifestation. Importantly, the incorporated ECs survived the
mock stenting procedure (conducted day 9 in culture), were able
to infiltrate the conduit, and recovered per measured metabolic
activity for over 30 days poststenting (Figure S6D, Supporting In-
formation). While we were able to demonstrate considerable cel-
lular activity poststenting with single cellularization at the begin-
ning of the assay, we also verified the effect of a secondary cell
seeding, immediately after the stenting procedure, to simulate a
potential infusion of patient-specific cells for a regenerative ther-
apy. While there was a positive trend in cell viability and growth,
therewas no significant difference between the reseeded and con-
trol (single seed) groups (Figure S6D, Supporting Information).
Together, these results offer a promising avenue to generating a
cellular bioprinted in vitro model of PAA that can be used as a ro-
bust platform to trial novel surgical procedures, focused on stent-
based therapies.[3,55,56] Future works can focus on incorporating
a smooth muscle layer into the bioprinting process to mimic the
bilayer vascular tissue structure.
IHC examination showed a relative (not complete) success in

endothelialization of printed channels, with most areas consist-
ing of multiple layers of cells (Figure 5). Expectedly, HUVECs
showed significantly greater levels of AlamarBlue reduction in
bioprinted PAA constructs cultured under flow versus static
(Figure 4B), again mainly to the enhanced mass transport
properties in the dynamic flow culture. In addition, altered
(increased) WSS, induced by flow through the printed channels,
could contribute to increased endothelial cell growth.[57,58] The
latter mechanism was further confirmed by IHC analysis of
the cellular PA constructs (Figure 5), where we obtained sig-
nificantly greater levels of gap junction expression in the flow
group. The higher CX43 expression under flow conditions could
be related to cellular changes in response to increased WSS.[59,60]

Remarkably, and consistent with previous findings,[61–63] ECs in
perfused PA constructs oriented themselves perpendicular to
flow, particularly in the zones #1 and 4 where maximum WSS
were developed (Figure 5C,E). The orthogonal EC alignment in
perfused samples suggested the formation of self-assembled mi-
crovasculature or neovasculature, sprouting out of the bioprinted
channel toward the 3D gelMA.[64] This was further confirmed
by the angiogenesis and cellular activity assay conducted on

the supernatant culture media collected from different groups
(Figure S9, Supporting Information).
More in-depth quantitative analysis revealed significant differ-

ences in EC orientation along the channel walls, where zones #1
and #4 with the highest levels of WSS alterations showed the
most perpendicular cell orientation to the flow (Figure S8A,B,
Supporting Information). This is consistent with previous re-
ports on perpendicular alignment of ECs in response to spatial
gradients in WSS.[61] Zone-specific quantification of IHC signals
also highlighted the significantly lower CD31 expression in ECs
in zone #2 (the outlet 1), and lower CX43 expression in ECs in the
zone #4 (within the conduit) (Figure S8C, Supporting Informa-
tion). The reduced CD31 expression in the zone #2 (i.e., potential
EC loss) could be attributed to the increased average WSS within
that region, as predicted by the CFD results (Figure 3C), which
could result in removing some of the ECs from channel surface.
The bioprofiling results indicated that HUVECs in PAA

constructs cultured under flow exhibited a more efficient
metabolism than those under static conditions (Figure 4C,D).
These results suggest that the inclusion of a continuous flow
provided a more physiologically relevant microenvironment that
encouraged the cells to maintain a stable metabolism while expe-
riencing cellular growth. It also demonstrates that the properly
designed engineered tissues can recapitulate the physiologi-
cal complexity of in vivo tissues/organs. Such analyses could
be highly effective in the design and development of feeding
strategies in future works that sustain the desirable metabolic
environment.
In summary, reproducible processes to generate bioprinted

patient-specific 3D models that can be used in a clinical or trans-
lational settingwould be an exciting development that bridges the
fields of surgical intervention and tissue engineering.[65–69] There
are, however, several aspects of developed PA models that could
be further improved in the future works. These include creating
a complete EC coverage and an integrated endotheliumwith con-
trolled permeability, precise control of endothelial layer thickness
to avoid overgrowth and resulting complications, and incorpora-
tion of other vascular cells (e.g., smooth muscle cells) to improve
biomimicry and function of printed arteries.

4. Conclusions

A multipurpose perfusable vascularized tissue platform based
on the state-of-the-art 3D bioprinting and bioreactor technolo-
gies can be utilized for modeling and treatment planning of
complex vascular atresia. In this model, we incorporated human
endothelial cells into bioprinted designs to allow for a simplified
cell-based vessel mimic. These models can be also reliably
bioprinted in large numbers to allow for statistically significant
multidimensional analyses. Further, the vascular mimics could
be readily perfused at biomimetic flow rates. We expect our
findings here to facilitate positive translational impact for the
treatment of vascular stenosis in surgical and transcatheter
intervention development, in pharmacological therapies, and
in mapping cellular interactions. In particular, this platform
can provide significant insight into the postsurgical effects on
vascular function and flow modifications in bifurcation and
trifurcation areas of impacted vasculature.
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5. Experimental Section
3D CAD Model Preparation—Validation of Patient-Inspired PA Atresia

Constructs: Starting with a patient vasculature’s XA scan presenting se-
vere case of TOF with MAPCAs, a digital 3D model (STL file) of the af-
fected vascular system was generated using established process flow as
previously described.[3] The area of interest was isolated to the clinically
relevant geometry and simplified the bioprinted model to facilitate reli-
able and reproducible generation of a vascular bifurcation. Following STL
creation, the extrapolated mimics were 3D printed in resin on a Form 3
SLA printer (Formlabs, MA, US), using the manufacturer’s recommended
washing and postcuring steps. Briefly, the finished models were washed
for 60 min in pure isopropanol to remove residual non-crosslinked resin,
followed by support removal and UV cure for 20 min to stabilize the chan-
nels’ shape and harden the resin to its stable condition.

GelMA Bioink Preparation for DLP Bioprinting: GelMA based bioink
was prepared as previously described,[70,71] but with necessary changes
to reflect the use of DLP bioprinter. Briefly, porcine gelatin (Sigma) was
modified with methacrylic anhydride (MAA, Sigma) at 50°C for 3 h. Func-
tionalized gelatin was cleared of unreacted MAA via reverse osmosis,
lyophilized and stored away from light at −20 °C until use.[70,71] The
gelMA bioink formulation that was used to print the models constituted
of 2 g of gelMA resuspended in 10 mL of sterile 1× phosphate buffered
saline (PBS) for a final concentration of 20% (w/v) solution. Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; Sigma-Aldrich) photoini-
tiator was added to the solution to a final concentration of 0.5% (w/v) and
the mixture was heated at 37 °C for 60 min to fully dissolve the gelMA and
LAP into the PBS. Once fully dissolved, the bioink pHwas adjusted to≈7.5
and 50 μL of 300 × 10−3 m Tartrazine photoabsorber (1.5 × 10−3 m final
concentration, Sigma) was added to allow for high-resolution DLP bio-
printing with the Lumen X (CELLINK). The prepared bioink was vortexed
to mix all ingredients again and further incubated at 37 °C for 5 min. This
gelMA-DLP bioink was stored away from ambient light at 4 °C until ready
to use, but no later than a week postpreparation. For the extrusion-based
bioprinting, via a BioAssemblyBot printer (Advanced Solutions, Louisville,
KY), a 20% (w/v) gelMA solution, mixed with 0.5% Irgacure photoinitiator
(Sigma) was used.[3,30] To ensure adequate mechanical properties, extru-
sion printed constructs were crosslinked using UV light at 20 mW cm−2

for 2 min.
3D Bioprinting of PA Atresia Constructs: Using the Lumen X bioprinter

(CELLINK), 3D models of vascular bifurcation in 20% gelMA were used.
The gelMA mimics were crosslinked using blue light in situ during Lumen
X printing (15 s per layer; 1× burn-in; 30 ± 2 mW cm−2 projector inten-
sity), which took ≈45 min per model. These constructs comprised of a
block of gelMA (25 mm × 16 mm × 8 mm) with embedded patent and
stenotic vessels based on pathology presentation from patient data.[72,73]

The model consisted of 2 mm channels, which is the average bifurcation
vascular size for coronary arteries as well as infantile branching patterns.

Mechanical Testing of gelMA Constructs: Mechanical properties of bio-
printed PA constructs were measured via both unconfined compression
and microindentation tests (Mach-1 V500C, Biomomentum Inc., Mon-
treal). For compression test, cubic gelMA samples were bioprinted at 5 ×
5 × 5 mm3 and incubated on a rocker in 1× PBS for one hour to wash out
the excess non-crosslinked bioink. Subsequently, the samples underwent
an unconfined compression at a displacement of 70% at 10 μm s−1. The
stress–strain curve was obtained using the following equations

𝜎 = F
A

(1)

𝜏 = ΔL
L

(2)

where, 𝜎 is stress, F is the compressive force, A is the sample’s cross-
sectional area (Equation (1)), 𝜏 is the compressive strain, and L is the sam-
ple height (Equation (2)). The compressive modulus was derived from the
slope of the linear trend line (initial 0%–20%) of the stress–strain curve.
Four replicates were tested (n = 4) and the average value with standard
deviation was recorded.

The microscale mechanical behavior of printed gelMA constructs were
further assessed using microindentation (Mach-1 V500C, Biomomentum
Inc.). A 500 μm probe was first used to indent on the surface of the PA
constructs. Next, a vibratome (VT 1200S, Leica BioSystems) was used to
slice the constructs at 4 mm depth and then another round of indentation
was conducted on the channel luminal surface. All indentations were per-
formed at a depth of 300 μm at 7.5 μm s−1, with three indentation points
for each sample and a total n = 6 samples. The force–displacement un-
loading curves were recorded and used to measure the stiffness (S) ac-
cording to the slope of the linear trend line at initial 10%–20% displace-
ment. Reduced elastic modulus (Er) and plane strain modulus (E) were
derived using Equations (3)–(6)[74]

Er =
√
𝜋

2𝛽
S√
A (hc)

(3)

where, 𝛽 is a geometrical constant on the order of 1, S is the sample stiff-
ness, and A(hc) is projected contact area at the contact depth of hc, which
can be obtained from the equation below

A (hc) = 2𝜋Rhc − 𝜋hc
2 (4)

where

hc = hmax − 𝜀
Pmax

S
(5)

where, hmax and Pmax are the peak unloading displacement and peak un-
loading force, respectively, and 𝜖 is a constant with a value of 0.75 for the
spherical probe.[75]

The elastic modulus, E, can be then calculated using the following
equation[74]

1
Er

=
(
1 − v2

)
E

+
1 − v2i
Ei

(6)

where, v and vi are the Poisson’s ratio of tested material and the indenter
tip material, respectively (both equal 0.5). Ei represents the elastic modu-
lus of the probe with a value of 2 GPa. All mechanical tests were performed
at room temperature (≈23 °C) while hydrating the gelMA samples in 1×
PBS at 37°C between measurements.

Further, the heat map of the elastic modulus (E) of PA constructs was
developed at 5mmdepth (channels luminal surface) through indentations
with a 500 μmprobe at a depth of 300 μmat 7.5 μms−1. Indentation points
were spaced at 2 mm intervals along each channel. The PA constructs
were incubated for 15 min in 1× PBS after each of the three channels were
indented to keep the samples hydrated.

Fidelity Assessment of Bioprinted Constructs: Bright field microscopy
images were acquired at 1× and 3.2×magnifications to assess the printing
fidelity in ImageJ (National Institutes of Health, USA). Design factors such
as the strand diameter ratio (Ds), strand uniformity ratio (Us), strand an-
gle ratio (𝛼s), and interstrand area ratio (As), were quantified as previously
described.[30] The experimental (printed) measurement for each parame-
ter was CAD measurement as the reference.

The bulk (macroscopic) printing fidelity was further demonstrated by
assessing the printed PAA model in terms of its outer geometry and inner
structural features. Geometrical factors including the length (l), width (w),
and height (h) of the cubic structure weremeasured and compared against
the designed CADmodel. For the inner structural details, a vibratome was
used to slice the printed gelMA construct either horizontally or perpen-
dicularly, and the structural fidelity was evaluated in terms of channel cir-
cularity (C = 4𝜋 A

P2
), where A is the channel diameter and P is the chan-

nel periphery, and channel uniformity (U = printed channel length/CAD
channel length).[30] Three printed PAA samples (n = 3) were used for the
assessment, and tissue slices from different locations were collected for
measurements.
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Cell Culture—Cellularization of Bioprinted Constructs: HUVECs, ex-
pressing endogenous green fluorescent protein (GFP), were plated on
0.5% gelatin coated T75 flasks and maintained in complete EC Media
(VascuLife VEGF Endothelial Medium Complete Kit), supplemented with
pen/strep (Gibco) until they were at 90% confluency. Cell cultures were
split at 1:20 and expanded fresh with full media changes every 3 days until
target confluency of 90% was reached again. When passaging cells, 1 mL
of 0.05% Trypsin (Invitrogen) was added to detach the cells from the flask
and washed with 5 mL of HUVECmedia. In a microcentrifuge tube, 100 μL
of cell solution was added to 100 μL of Trypan Blue solution (Invitrogen),
while the rest of the cell solution was transferred to a centrifuge tube. The
cell-Trypan Blue solution was placed on a cell counter slide to determine
the number of cells present. Once completed, the flask was washed with
sterile 1× phosphate buffered saline (PBS; Sigma-Aldrich), added 10 mL
of HUVEC media and cell solution, and then stored away from light at
4 °C. Remaining cells after the split were either discarded or pelleted down
for downstream experiments. In preparation for cell seeding, the cell pas-
saging was repeated to quantify the cell number. The cell suspension was
centrifuged at 1500 rpm for 5 min and resuspended in HUVEC media to
reach a concentration of 1 m cells mL−1. PA atresia constructs were then
seeded with HUVECs by adding 250 μL of cell suspension into the printed
patent channels and 150 μL to the atretic channel. The cellularized mod-
els were incubated at 37 °C in complete HUVEC media for two hours to
allow for cell attachment before proceeding to downstream applications.
Importantly, before adding the cells, the PAA constructs were incubated
overnight with 0.5% (w/v) gelatin in PBS at 37°C, to improve cell retention
within the model.

Catheter-Based Stenting of Printed PA Models: All stenting procedures
were performed in the cardiac catheterization laboratory. Two methods
were used to create constructs, layer-by-layer bioprinting and casting. The
bioprinted models were generated consistent with the LumenX procedure
described inMethods. The castmodels weremade using a custom-printed
mold that mimicked the vascular geometry. Following casting with gelMA
and crosslinking (same as above), the cast models were removed from the
molds.

It begunwith unseeded constructs on day 0 of print (or casting) and cre-
ated a channel between the atretic channel and the patent using a 0.14”
Runthrough (Terumo) wire, followed by a Turnpike microcatheter (Tele-
flex). AnOnyx coronary stent of 3mm× 15mm (Medtronic) was inflated to
bridge the connection. Connections were confirmed angiographically with
Omnipaque contrast. Subsequently, HUVECs were seeded (1 × 106 cells
mL−1) into the PAA constructs to simulate the innermost vessel lining.
The constructs were cultured for 56 days. In another study, HUVECs (1 ×
106 cells mL−1) were first seeded into the PA luminal space and allowed
them to recover and fully adhere to the bioprinted walls for 9 days prior to
stenting. The stenting procedure was performed like above to simulate a
mock interventional procedure to treat distal PAA.[3] To further help with
cellularization of the stented vessels, in one study group, a secondary cell
seeding was performed immediately after stenting, where another 200 μL
of 1 × 106 cells mL−1 suspension was added to the PAA constructs. The
stented constructs were then tracked for at least 30 days, performing Ala-
marBlue assays to assess metabolic activity every 7 days.

Bioreactor Design and Fabrication: 3D printed polymeric housing was
designed and fabricated that could incorporate the vascular gelMAmodels
(a close fit). The perfusion chambers included one inlet and two outlets
with standard barbed connectors to introduce peristaltic flow through the
device with minimal damage to the construct and cellular layers within the
bioprinted vessels. Fully assembled perfusion units were tested under flow
to ensure that they remain leak-free and are able to handle homeostatic
flow profiles at the inlet flow rate of 2 mL min−1 while cells were seeded
uniformly within the printed tissue mimic. This flow rate corresponds to
the blood flow velocity observed in vivo in the human PAs of the same type
and diameter.[3,76,77] 3D printed bioreactor holders and a media cartridge
to accommodate the hybrid assembly for long-term perfusion and in situ
high-throughput metabolite analysis were custom designed.

3D PIV Analysis of Flow Hemodynamics in Bioprinted PA Models: To
conduct ultrasound (echo) PIV analysis of flow hemodynamics, an ul-
trasound compatible tissue-mimicking gelatin construct was fabricated

based on the 3D printed PA bifurcation model. Constructs were created
using a 3D printer (Ultimaker 2+) with sacrificial polyvinyl alcohol (PVA)
ink. The vascular analog was scaled up by 4×. The model was fabricated
using degassed water (91% V/V), gelatin powder (6% w/v, 300 bloom),
1-propanol (5% v/v), and 25% glutaraldehyde aqueous solution (4% v/v).
The 3D printed model was placed in a plastic case with the inlets and out-
lets connected to tubing. The gelatin solution was poured into the case in-
stantly after adding the glutaraldehyde. The solution solidified within 30 s
with the construct embedded in it. After the gelatin analog was stored for
10 h at ≈4 °C, water was infused through the constructs to slowly dissolve
the 3D printed model, resulting in a channel with the geometry of the bi-
furcation inside the gelatin model. During ultrasound imaging, a constant
flow rate of 8 mL min−1 was introduced through the construct using a
syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA).

To measure the 3D flow velocity, a 3D ultrasound velocimetry
method[42,46] was used in this study. A custom 3D ultrasound system
was built in the lab using a custom-made rotational transducer holding
device, a 3-axis motion stage (XPS-Q8, Newport, Irvine, CA, USA) and a
programmable ultrasound system (Verasonics, Kirkland, WA, USA) with
a linear array probe (L11-5, ATL, Bothell, WA, USA). Ultrasound contrast
agents synthesized in the lab (≈105 microbubbles mL−1) were used as the
tracer for flow velocity measurement. 50 frames of 2D ultrasound images
were acquired at 200 frames s−1 at multiple orthogonal imaging planes.
2D velocity of the flow in individual planes was measured by acquiring 2D
ultrasound images using a PIV algorithm.[78] A map of the full 3D flow
velocity was obtained by combining 2D flow velocity vectors at the inter-
sections of the orthogonal planes.

For laser PIV analysis, since the original (bioprinted) models were too
small and nontransparent, a 4× scaled-up design of the model was cast
using transparent PDMS (Dow Corning, Sylgard-184). The 4× scale was
chosen as this was the smallest scale that the PIV methods could reli-
ably analyze. A beaker was used as the fluid reservoir and an ultrasonic
flow meter (ME 4PXL, Transonic Systems) downstream of it was used to
monitor the flow rate continuously. The inlet was split into four parallel
channels and ran through the four individual rollers of a peristaltic pump
(VWR Variable-Speed, USA) to drive the flow circuit. The two outlets from
the model returned the fluid to the beaker, closing the flow loop. To facil-
itate imaging of the particles in PIV experiments, a 51% by weight aque-
ous solution of urea[79] was used to match the refractive index (1.4134) of
the PDMS. Operating at 20°C, the measured density of the solution was
1.12 g mL−1 and the viscosity was 1.3cP (NDJ-5S Rotational Viscometer).
The model was placed horizontally in a tank filled with the same aque-
ous urea solution tominimize optical distortions. During experiments, the
peristaltic pump was operating at a nominal flow rate of 2 mL min−1, the
same setting used in the bioprinted samples and cell culture experiments
for the 1×model. The use of four parallel channels quadrupled the nomi-
nal flow rate to 8 mL min−1, while keeping the flow waveform unchanged.
With the kinematic viscosity of the working solution (1.16 cSt at 20 °C)
close to that of water (1 cSt at 20 °C) and the model four times larger, the
Reynolds numbers were closely matched in both experiments.

An Nd:YLF laser (DM20-527-DH, Photonics Lasers) beam was deliv-
ered by an articulated arm (LaVision 1108453) and converted to a thin
sheet less than 1 mm by an adjustable sheet optics (LaVision 1108405).
The laser sheet cut through the center of the flow channels in the PDMS
model. The flow was seeded with 2 μm polystyrene particles coated with
Rhodamine 6G (LaVision 1001851). A CMOS high-speed camera (Phan-
tom VEO-E 340L, 2560 × 1600 px,[2] AMETEK) with a Nikon NIKKOR
105 mm Macro lens was used to record the particle fields through a
45° mounted front surface mirror. A long-pass filter (>540 nm, LaVision
1108573) mounted in front of the lens was used to block the scattered
laser light by the model. The field-of-view was 76 × 47 mm.[2] A total of
2000 frames of particle images were recorded at 150 frames per second
and the corresponding Δt between images was 6.67 ms. The maximum
particle displacement between frames was around 6 pixels. The particle
images were processed initially by background removal and followed by
a multipass cross-correlation algorithm (LaVision Davis 10). With a final
interrogation window size of 16 × 16 pixels and a 50% overlap, the result-
ing vector spacing was 0.24 mm, corresponding to 33 vectors across the
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diameter of the channel. A universal outlier detection algorithm[80] was
applied to remove the spurious vectors. The uncertainty of the measured
velocity was around 0.2 mm s−1.

To determine the WSS from the PIV data, eight different zones were
defined within the 3D PA constructs. These zones were picked around the
regions that showed greatest levels of shear alterations (clinically prone to
dysregulated endothelial function and stenosis). First, a third-order poly-
nomial was fitted to the velocities at four nearest points perpendicular to
the wall, starting from the first nonzero velocity point. Then, the shear rate
parallel to the wall was calculated by taking the first derivative of the poly-
nomial and evaluated it at the wall. Finally, the WSS was obtained by mul-
tiplying the shear rate with the dynamic viscosity of the fluid (𝜇 = 1.3 cP).
Each plottedWSS was the average of ten neighboring points parallel to the
wall, minimizing the uncertainties associated with determining the exact
location of the wall.

Computational Fluid Dynamics (CFD) Modeling of Flow Hemodynamics
in Bioprinted PA Constructs: CAD geometries of vascular constructs were
designed using Autodesk Fusion 360 for CFD simulations to study flow
hemodynamics in bifurcated PA geometries. The bioprinted tissue mod-
els consisted of one inlet and two outlets and a conduit, resembling the
placement of a connection between the patent and atretic arteries to re-
store the flow. Time dependent CFD simulations under a laminar flow as-
sumption (𝜌 = 1060 kg m−3) were carried out using FLUENT solver (AN-
SYS Inc., Lebanon, NH, USA). A volumetric flow waveform mapped to a
parabolic profile and a low constant pressure were used for inlet and out-
let boundaries, respectively. A rigid no-slip boundary condition was used
at the entire wall sections of the model. CFD simulations were conducted
at two scales: 1) the scale used for ultrasound and laser PIV analyses, re-
ferred to as 4× with inlets and outlets being 8 mm in diameter; and 2) the
scale used for bioprinting (1×). The 4× simulations were used for assess-
ing CFD predictions against PIV measurements (performed for the same
dimensions) while 1× simulations, performed at a similar Reynold num-
ber, enabled them to estimate flow patterns and relevant hemodynamic
results for the bioprinting scale where the PIV was measurements were
not feasible. The pulsatile volumetric flow waveform was scaled to pro-
vide average inlet velocity ranging between ≈ −7 to 9 mm s−1 (for 4×),
which represents a common forward-reverse flow pattern in the PA flow
cycle and the blood velocity ranges normally seen in infantile PA arteries.
For all simulations, fluid was considered Newtonian with a dynamic vis-
cosity of 1.3 mPa s, consistent with the fluid properties used in PIV. In
addition to the baseline conduit design used in PIV and bioprinting, CFD
simulations were performed for three additional designs of the conduit, to
study the effect of conduit diameter and angle on flow hemodynamics in
PAA constructs.

Anisotropic discretization with tetrahedral elements was used for each
model with a characteristic element length of 0.7 mm at the center and
0.45 at the first four layers adjacent to the wall (for 4×). Each simulation
was conducted for multiple cycles (using 1000 time steps per cycle), mesh
convergence was verified, and the last cycle was used for analysis. In ad-
dition to calculating velocity field, time-averaged values of the WSS mag-
nitude and oscillatory shear index were estimated by

TAWSS = 1
T

T
∫
0
|WSS| dt (7)

OSI = 1
2

⎛⎜⎜⎝
1 −

|||∫ T
0 ∫ WSS dt|||
∫ T
0 |WSS| dt

⎞⎟⎟⎠
(8)

Cell Viability, Bioprofiling, and Angiogenesis Assays: HUVECs were
loaded into bioprinted constructs and let adhere to the channel surfaces
for 3 days before starting the metabolic and cell profiling assays. Tissue
analogs were either perfused, or kept under static conditions, which al-
lowed for noninvasive AlamarBlue assay, prepared as 10% v/vmixture with
HUVEC media to measure overall metabolic activity and cell proliferation
in the tissue constructs. This was performed long term for over 50 days.
Cellular growth was noted to be robust over a two-week time-course and
subsequent experiments under static and flow conditions were performed

over that time period. Cells were incubated in the AlamarBlue mixture for
4 h at 37 °C and the 550/600 absorbance ratio was measured on a Synergy
2 plate reader (Biotek).

For bioprofiling assays, supernatants were collected from the static
(n = 6) and perfusion PAA constructs (n = 3) throughout the culture pe-
riod and analyzed (400 μL) using the BioProfile FLEX2 Automated Cell
Culture Analyzer (Nova Biomedical, USA). This technique measured pH
levels, metabolite concentrations (glucose, glutamine, ammonium, gluta-
mate, lactate), and ion concentrations (K+, Na+, Ca++). Machine read-
outs were visualized to map out production/consumption of metabolites
and changes to pH/ion concentrations during sample collection. Statis-
tical significance was determined using single-factor ANOVA (Excel) with
results considered significant at p < 0.05.

An angiogenesis cytokine assay kit (RayBiotech, Peachtree Corners, GA,
USA) was used to quantify EC angiogenic activity under static versus flow
conditions. Supernatants were collected from both static and flow cultures
at days 1, 4, 7, and 14 (n= 3). A 100 μL quantity of supernatant was used to
quantify cytokine concentrations for each timepoint. The incubation proto-
col suggested by the supplier was used. Cytokine readouts were performed
on an InnoScan 1100 Microarray Scanner (Innopsys) and their concentra-
tions were calculated using the software provided by RayBiotech, specific
to this kit.

IHCAnalysis of Cellularized PA Constructs: Bioprintedmodels were per-
fused with HUVEC media for 14 days and then fixed in 10% formalin.
Each construct was incubated in formalin overnight at 4°C, then washed
in 1× PBS three times for 10 min each at room temperature. Constructs
were then embedded in agarose, sectioned at 200 𝜇m slice thickness us-
ing a vibratome (VT 1200S, Leica BioSystems), and stored at 4°C until
ready for IHC staining and subsequent confocal imaging. Briefly, the slices
were incubated in 0.5% TritonX-100 in PBS, supplemented with 1% bovine
serum albumin (BSA), for 20 min at room temperature. The slices were
then washed three times with 1% BSA in PBS for 5 min at room tempera-
ture. Primary antibody against Connexin43 (mouse; Invitrogen) and CD31
(rabbit; Invitrogen) at 1:500 dilution was then incubated onto the slices
overnight at 4°C. Anti-mouse secondary AlexaFluor647 antibody (donkey
anti-mouse; Invitrogen), anti-rabbit AlexaFluor568 (donkey anti-rabbit; In-
vitrogen), and DAPI nuclear stain were used at 1:1000 dilution. Sectioned
constructs were incubated at room temperature for 1 h, protected from
light, followed by another three washes in 1× PBS for 10 minutes each and
mounted using Vectashield HardSet Antifade Mounting Medium (Vector
Labs) for 15 min at room temperature. Confocal images were taken on
Olympus laser scanning confocal microscope with an air 10× and 40× ob-
jectives. Epifluorescent images were also taken of GFP-positive HUVEC
live cells within the PVS constructs prior to fixation using a Leica epifluo-
rescent microscope using air 4× and 10× objectives.

Statistical Analysis: For AlamarBlue and bioprofiling assays, the gen-
erated data was normalized to day 1 (AlamarBlue assays only) and sub-
sequently presented as an average ± standard error of the mean (SEM)
between replicates for each time point. One-way ANOVA or two-way
ANOVA, if applicable, were used to determine if significant differences
were present. A post hoc Tukey–Kramer test was performed for multiple
comparisons and a p-value of <0.05 was considered statistically signifi-
cant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). At least
three replicates of either static or flow PAA constructs were used for each
statistical analysis in AlamarBlue metabolic assays andmetabolite biopro-
filing (n reported in each method section).
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