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Coaxial bioprinting of a stentable and
endothelialized human coronary
artery-sized in vitro modelf

Ashfag Ahmad,?® Seon-Jin Kim, 2 € Yun-Jin Jeong,” Muhammad Soban Khan,®
Jinsoo Park, (2 ¢ Dong-Weon Lee,® Changho Lee,” Yeong-Jin Choi*" and
Hee-Gyeong Yi (2 *3°

Atherosclerosis accounts for two-thirds of deaths attributed to cardiovascular diseases, which continue
to be the leading cause of mortality. Current clinical management strategies for atherosclerosis, such as
angioplasty with stenting, face numerous challenges, including restenosis and late thrombosis. Smart
stents, integrated with sensors that can monitor cardiovascular health in real-time, are being developed
to overcome these limitations. This development necessitates rigorous preclinical trials on either animal
models or in vitro models. Despite efforts being made, a suitable human-scale in vitro model compatible
with a cardiovascular stent has remained elusive. To address this need, this study utilizes an in-bath
bioprinting method to create a human-scale, freestanding in vitro model compatible with cardiovascular
stents. Using a coaxial nozzle, a tubular structure of human coronary artery (HCA) size is bioprinted with
a collagen-based bioink, ensuring good biocompatibility and suitable rheological properties for printing.
We precisely replicated the dimensions of the HCA, including its internal diameter and wall thickness,
and simulated the vascular barrier functionality. To simplify post-processing, a pumpless perfusion
bioreactor is fabricated to culture a HCA-sized model, eliminating the need for a peristaltic pump and
enabling scalability for high-throughput production. This model is expected to accelerate stent

rsc.li/materials-b development in the future.

1. Introduction

Cardiovascular diseases (CVDs) constitute the leading global
cause of mortalities. In 2010, they were responsible for
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approximately 16.7 million fatalities worldwide, and projec-
tions indicate a staggering estimate of 23.3 million deaths by
2030." According to the World Health Organization, in 2019, an
estimated 17.9 million individuals succumbed to CVDs, con-
stituting 32% of all global mortalities.> Among these CVD-
related deaths in 2019, approximately 7.4 million (approxi-
mately 42%) were attributed to coronary heart disease, while
6.7 million (approximately 38%) were associated with stroke.
These conditions arise as a consequence of complications from
atherosclerosis® and are characterized by the accumulation of
plaques within the arteries.* The gradual narrowing and rigid-
ity of blood vessels caused by the presence of atherosclerotic
plaques restricts the efficient circulation of blood and the
supply of oxygen to tissues. If not addressed, this can poten-
tially result in critical medical emergencies.” In the early stages,
atherosclerosis can be controlled through lifestyle modifica-
tions and medication.® The current clinical approach used
to treat advanced atherosclerotic plaques involves minimally
invasive techniques, such as angioplasty with stenting to
reopen narrowed arteries, and atherectomy to enhance stent
placement success.” Additionally, more invasive procedures
like coronary bypass surgery are typically reserved for very
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advanced-stage emergencies.® However, current strategies for
managing atherosclerosis, such as angioplasty and percuta-
neous bypass surgery, pose invasiveness-related risks and do
not fully address the underlying inflammatory pathology.®*°
Despite the advancement of these treatments, patients remain
susceptible to restenosis and ongoing plaque development.'™"?
Moreover, a one-size-fits-all approach to therapy disregards the
unique variations in the disease’s root causes.”®* The use of
patient-specific blood flow simulations in arteries is under
consideration as a promising method for improving diagnos-
tics and treating heart-related diseases.'* Smart stents with an
integrated sensor for detecting in-stent restenosis and heart
dynamics are being developed, demonstrating high-structural
integrity, durability, and real-time monitoring capabilities
in phantom models.">'® Furthermore, stents with integrated
passive pressure sensors are being developed for real-time
cardiovascular pressure monitoring."” Validating these new
technologies requires rigorous preclinical testing using either
in vitro or animal models to ensure safety and efficacy before
human applications. Typical, two-dimensional, in vitro models
often lack the three-dimensional complexity, blood flow simu-
lations, cell-to-cell interactions, or an extracellular matrix
environment found in living tissues."® Although animal studies
offer a physiological context they face limitations in isolating
specific elements of tissue environments'® relevant to vascular
diseases. Additionally, notable anatomical differences between
human and animal models can result in species-specific varia-
tions. A clear example is observed during pregnancy, where the
processes regulating the transformation of spiral arteries to
deliver nutrients to the placenta and fetus differ significantly
between humans and mice.?° Moreover, substantial differences
in arterial blood pressure, threefold greater elasticity, and
differences in vessel sizes relative to the size of the heart were
observed in larger animal models (such as swine) compared to
humans; these could lead to underestimations of wall stress
and other physiological factors.”’>* Therefore, there is a press-
ing need for an advanced, human-scale model to recapitulate
accurately the dimensions and physiology of coronary arteries.

Following the recent advancements in tissue engineering
and the evolution of new technologies, notable initiatives have
been documented that aim to create highly accurate in vitro
vascular platforms for various applications.* Some key methods
used to create a blood vessel in vitro platform include scaffold-
based fabrication.>> This method involves seeding vascular cells
onto natural or synthetic scaffolds to produce tubular tissue-
engineered blood vessels, with materials like collagen, fibrin,
and decellularized vessel matrices. The self-assembly method®
induces endothelial and smooth muscle cells to form concentric
tubular structures spontaneously under appropriate culture con-
ditions. Microfluidic systems®” create endothelialized vascular
channels within microfluidic devices, subjecting them to con-
trolled hemodynamic stresses. Decellularization/recellulariza-
tion*® involves the removal of cells from donor blood vessels
and repopulating them with autologous cells to create personal-
ized grafts. However, none of these methods have successfully
replicated the dimensions of HCA, particularly the variation in
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their sizes. In terms of vessel diameter, the right coronary artery
sizes typically range from 1.8 to 6.2 mm,* while the diameter of
the left coronary artery ranges from 2 mm to 7.3 mm,*’ depending
on its location. The inner diameter of commonly used coronary
artery stents typically falls within the range of 2.5-4 mm.*'??
Additionally, the wall thickness of the native coronary artery
ranges from 300 pum to 1000 pm.*?

The advancements in three-dimensional (3D) bioprinting
technologies, specifically those related to coaxial nozzle technol-
ogies, enable the precise deposition of cells and biomaterials in a
concentric fashion, mimicking the structural and functional
characteristics of vascular tissues. For instance, Gao et al.** used
a coaxial nozzle to construct an in vitro vascular model with an
internal diameter of around 1 mm. This accurately reproduced
the pathophysiological characteristics of the vascular endo-
thelium, as the endothelium plays a pivotal role in the majority
of vessel-related pathologies.*> However, relying on peristaltic
pumps for perfusion complicates the scalability of these in vitro
platforms to high-throughput systems.

The primary aim of this study was to develop an HCA-sized
in vitro model that mimics its dimensions, specifically targeting
an internal diameter of approximately 3 mm and wall thickness
ranging from 300 um to 1000 um where it can hold a cardio-
vascular stent. We formulated and optimized a bioink suitable
for coaxial printing, resulting in the creation of a well-defined
tubular structure while maintaining its compatibility to facil-
itate endothelialization. Using a coaxial nozzle, we varied the
wall thickness of the endothelialized model across a desired
range by manipulating printing parameters. Additionally, we
fabricated a pumpless perfusion chamber designed for cultur-
ing the bioprinted tube without the necessity for extra pump
equipment. This approach not only enhances scalability but
also suggests its potential for adaptation to high-throughput
platforms.

2. Methods

2.1. Cell culture

Human umbilical vein endothelial cells (HUVECs, Promocell)
and green fluorescent protein (GFP)-expressing human umbi-
lical vein endothelial cells (GFP-HUVECs) were used for
endothelialization. The cells were cultured in ready-to-use
endothelial cell growth medium 2, which includes basal med-
ium and supplement mix (Promocell), along with 1% penicil-
lin-streptomycin (Hyclone). The cell cultures were maintained
at 37 °C in a 5% CO, environment. To eliminate dead cells, the
cultures were washed with Dulbecco’s phosphate-buffered sal-
ine (DPBS) and the culture medium was refreshed every other
day. Extended cultures were conducted until the cells reached
90% confluency. Cells were washed with DPBS twice, and then
they were detached by incubating with 0.25% trypsin-EDTA
(Promocell) for 180 seconds at 37 °C in a 5% CO, environment.
The cells were then pelleted by centrifugation at 200 x g for
3 minutes at 25 °C. After discarding the supernatant of the cell
suspension, the cells were either sub-cultured or used for

This journal is © The Royal Society of Chemistry 2024
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endothelialization experiments. For this study, cells between
passages 3 and 5 were used.

2.2. Bioink preparation

To formulate a hybrid bioink, collagen type-1 (Atellocollagen,
Dalim Tissen) was combined with sodium alginate (Sigma-
Aldrich) in acetic acid (0.5 M, Biosesang) and stirred together
using a magnetic stirrer for at least 72 hours at 4 °C until the
collagen fibers were completely dissolved, thus resulting in a
homogeneous pre-gel solution. This pre-gel solution was fil-
tered with a 40 pm cell strainer to remove undissolved collagen
and was then neutralized using an NaOH solution (10 N,
Biosesang) and supplemented with 10x PBS (Biosesang) to
maintain osmotic balance. The final volume was adjusted using
distilled water. The neutralized pre-gel solution was stored at
4 °C until use. To optimize the bioink formulation, different
proportions of collagen and alginate were mixed to achieve the
final concentrations of 1%, 2%, and 3% collagen combined
with 2% alginate in the hybrid bioink. These formulations were
labeled as 1C2A, 2C2A and 3C2A, respectively. Additionally, 2%
alginate served as the negative control. PF-127 (Sigma-Aldrich)
was dissolved in a 100 mM calcium chloride (CaCl,) solution
(Biosesang) to create fugitive ink at concentrations of 30% and
40%, labeled as CPF30 and CPF40, respectively.

2.3. Rheological characterization of bioink

The rheological properties of the hybrid bioink were analyzed
using the Advanced Rheometric Expansion System (TA Instru-
ments) using a plate geometry with a diameter of 22 mm.
We measured the change in viscosity of the bioink at increasing
shear rates at 5 °C. To evaluate complete gelation, the bioink
was incubated at 37 °C for 30 min after it underwent ionic
crosslinking. During this period, we observed changes in the
gel’s modulus. Additionally, a dynamic frequency sweep test
was performed on the ionically crosslinked hydrogel, wherein
both storage and loss moduli were assessed across a range of
increasing angular frequencies.

2.4. Swelling behavior

The swelling behavior of the bioink was evaluated by casting
hybrid bioink into wells of a 24-well plate (SPL Life Sciences)
followed by dual crosslinking to form a gel disc. The gel disc
was carefully transferred from the 24-well plate to a 6-well plate
(SPL Life Sciences) and submerged in culture medium to allow
swelling. Changes in the weight and diameter of the disc were
monitored throughout the subsequent 72 h period.

2.5. Cell adhesion and proliferation test

To identify the optimal bioink formulation for endothelializa-
tion, we assessed cell adhesion and proliferation in the bioink
groups described in Section 3.2. For cell adhesion, 0.1 million
cells were seeded onto each bioink formulation group, and the
adhesion area was quantified as the single cell spreading area
after 6 h using the image analysis program Fiji/Image] (NIH).
Cell proliferation was determined by counting the number
of cells per unit area 72 h post-seeding. Additionally, cell
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proliferation was confirmed using the cell counting kit assay
(CCK-8, GlpBio) at predetermined intervals according to the
manufacturer’s instructions.

2.6. Perfusion chamber fabrication and assembly

To establish a consistent media perfusion system for prolonged
cell cultures, a pumpless perfusion chamber was designed
using the computer-aided design software, Inventor (Autodesk,
Inc.). This bottomless chamber comprised dual reservoirs, each
with a 10 ml media holding capacity, a central chamber, and
sealing zones designed for the immobilization of the tube. The
chamber frame was 3D printed using polylactic acid (PLA) with
a 3D printer (Sindoh). Following the printing process, the
chamber frame was assembled with either a Petri dish or wide
glass plate (76 x 52 mm, Matsunami) using silicon polymer,
Sylgard 184 (Dow Corning) with a 10:1 ratio with its curing
agent as a glue. To ensure the optimal fixation of the perfusion
chamber, the fully assembled platform was carefully placed in a
60 °C oven overnight, allowing for the complete crosslinking of
the glue.

2.7. 3D bioprinting using the coaxial nozzle technique

A customized coaxial nozzle (5G/9G, Ramé-Hart Instrument
Co.) was connected to adjacent printheads of a multihead 3D
bioprinter (T&R Biofab). Both the bioink (1C2A) and sacrificial
ink (CPF40) were loaded into printheads connected with a
pneumatic pressure system. Both were maintained at 5 °C
and 37 °C for 15 min before printing to prevent the crosslinking
of the hybrid bioink and to induce the solidification of the
sacrificial ink, respectively. The CPF30 bath material was kept
at 4 °C before printing. Immediately before printing, the
material bath was briefly brought to room temperature, and
the printing process was expedited to ensure that the gelation
of the bath material embraced the structure inside it. During
extrusion, the diffused Ca®" ions from the core CPF40 rapidly
crosslinked the alginate component of the hybrid bioink in the
shell area, and as soon as the tube came in contact with the
bath material, the diffusion of Ca*>* ions from the bath material
(CPF30) swiftly triggered the complete crosslinking of the
alginate on the outer surface of the tube (which remained un-
crosslinked due to the limited diffusion of Ca®>" ions from the
core CPF40) to form a robust tube. The printed structure was
then incubated at 37 °C for 1 hour to allow complete collagen
gelation within the hybrid biomaterial. After incubation, both
ends of the structure were trimmed, and the tube was
immersed in 1x PBS and was maintained at 4 °C for 1 hour
to liquefy the water-soluble sacrificial material, resulting in the
formation of a hollow, perfusable tube.

2.8. Endothelialization

Endothelialization of a hollow, acellular, perfusable tubular
structure was achieved by mounting it on a perfusion chamber.
The sealing zone of the chamber was cast with a mixture
of SE1700 (Dow Corning) and polydimethylsiloxane (PDMS,
Dow Corning) at 5:5 and 10:1 ratios with their respective
curing agents, ensuring appropriate sealing and preventing
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any leakage of the culture medium into the central chamber
during the culture process. The tube was subsequently perfused
with DMEM F12 (Gibco) containing 1% Matrigel (Corning)
and maintained inside a humidified CO, incubator (37 °C)
overnight. This step prepared the lumen of the tube for the
attachment of cells by removing all remaining traces of CPF40.
Furthermore, the silicon glue at the sealing zones also under-
went appropriate curing during this time. On the subsequent
day, HUVECs were trypsinized, counted, and resuspended at a
density of 10 million cells per mL in a culture medium that
contained 0.5% gelatin (Sigma-Aldrich) to enhance their settle-
ment on the tube’s lumen. After washing the tube with PBS,
the outlet side of the chamber was sealed with noncytotoxic,
pressure-sensitive, silicone adhesive polyethylene terephthalate
PET tape (3 M). The cell suspension was introduced into the
lumen through the inlet with the chamber tilted to prevent the
cell suspension from leaking back. The inlet was immediately
sealed with adhesive tape. Concurrently, a prewarmed solution
of 10% GelMA (3D Materials) with 0.1% lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was poured into the central
chamber and readily subjected to photocrosslinking using
ultraviolet light (UV) at a wavelength of 405 nm for a duration
of 120 seconds to fully embed the tubular structure. The entire
assembly was then placed in an incubator and the entire device
was flipped at 180° after 2 hours for uniform cell adhesion on
both sides of the lumen. After 3 hours, the tapes at the inlet and
outlet were removed, and 1x PBS was perfused through the
lumen to wash out nonadherent cells. Fresh culture medium
was added to both reservoirs, and the chamber was placed on a
two-dimensional rocker with an adjustable tilt angle, rocking at
5 rpm inside a 37 °C incubator with 5% CO,. To sustain the
endothelialization process, the culture medium was refreshed
every other day.

2.9. Mechanical property assessment

To assess the ultimate tensile strength (UTS), after washing the
core sacrificial CPF40, 20 mm long samples (n = 3) were
securely immobilized between two clamps of a tensile testing
machine (MCT-1150, A&D Company Ltd, Japan) at a crosshead
speed of 2 mm min ', without any preconditioning or initial
stretching. UTS was calculated as the maximum force sustained
before tensile failure, divided by the cross-sectional area.
Porcine left coronary artery (pLCA) and right coronary artery
(pRCA) segments of similar length were harvested from a
porcine heart obtained from a nearby slaughterhouse to use
as controls. To evaluate the stentability, the samples were
cultured for at least 3 weeks. A 3 mm diameter polycaprolac-
tone (PCL) stent was then placed inside the lumen of each
sample using a balloon inflator. After stent placement, Trypan
blue was perfused through the samples to check for any leakage.

2.10. Computational fluid dynamics (CFD) simulation

A 3D tubular model was created using Fusion 360 (Autodesk)
with an internal diameter (d) of 3 mm and a length of 50 mm.
The numerical simulations for the fluid flow within the vascu-
lar tubular model were conducted using COMSOL Multiphysics
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(version 6.2, COMSOL Inc.). For the working fluid, Newtonian
fluid was assumed with a density of 1000 kg m ™~ and a dynamic
viscosity (1) of 0.00093 Pa s. The vascular walls were treated as
rigid with a no-slip boundary condition. The effective height (%)
of the media reservoir at each tilt angle, calculated using
trigonometric relationships, was used to find the initial
velocity (v) at the inlet using Torricelli’s equation (v = /2gh).
The volumetric flow rate (Q) simulated through CFD was used
to calculate wall shear stress (WSS) () at each tilt angle using
the Hagen-Poiseuille eqn (1).

0
W= 32 1
Ty = 32 (1)

2.11. Permeability assay

To evaluate the endothelium’s barrier function, fluorescein
isothiocyanate (FITC)-conjugated dextran (70 kDa, Sigma-
Aldrich) was perfused at a concentration of 0.1 mg mL ™" through
the tube after 7 d of culture. We tracked the movement of these
dextran molecules in the perivascular gel area around the tube
using a fluorescent microscope (ZEISS). At regular intervals,
images of a predefined region of interest (ROI) were captured.
To calculate the diffusional permeability, we analyzed the varia-
tion in fluorescence intensity within this ROI over time, using
the following eqn (2).

1 (I, —I,\d
Py = e b 2
d [,lflb(lzfll)él ()

where Py represents the diffusional permeability coefficient, I,
denotes the average intensity measured at the initial time point
t1, I, refers to the average intensity observed at a subsequent
time ¢,, I, is the intensity due to background noise acquired
before the introduction of FITC-Dextran, and d denotes the
tube’s diameter.

2.12. Immunofluorescence imaging

To confirm the endothelialization of the tube, after 7 days of
culture, the tube was stained against CD31. Briefly, sections of
the GelMA embedded tube were fixed in 4% paraformaldehyde
(Biosesang) for 2 h and then permeabilized with 0.1% Triton
X-100 (Biosesang) for 15 min at room temperature. To block any
reactive epitopes, a solution of 10% fetal bovine serum (Gibco)
in PBS was applied for 30 min. After washing with PBS,
the samples were subsequently incubated with the primary
antibody, anti-CD31 (Invitrogen), at 4 °C for 48 h. Following
this, the samples were washed with PBS three times to remove
any unbound primary antibodies. Subsequently, the samples
were incubated with a secondary antibody conjugated with a
fluorophore (Alexa flour 488 or Alexa flour 594) and counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) and phalloidin
(Alexa flour 488 or Alexa flour 594), all at room temperature for 4 h.
After labeling, the samples were imaged using a fluorescence
microscope (ZEISS) and analyzed using Image] (NIH).

This journal is © The Royal Society of Chemistry 2024
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2.13. Statistical analysis

The experimental data were processed, the results were
expressed as mean values + standard deviations and were then
plotted using Origin Lab and Microsoft Excel. For each condi-
tion, a minimum of three independent samples (n > 3) were
analyzed to conduct statistical analyses. The Student’s t-test
was used to compare differences between the experimental

groups.

3. Results and discussion

The study was designed to create an acellular tubular structure
which can be populated with HUVECs for endothelialization.
This was achieved through a microextrusion-based coaxial
nozzle bioprinting system supported by a bath material to
maintain the structural integrity of the tube and minimize
the risk of collapsing (Fig. 1). The bioink was optimized in
such a way that it maintained high printability, thus enabling
the production of a target-sized tubular structure while retain-
ing its endothelialization potential. This approach spares the
cells from exposure to the high-pneumatic pressure typically
required for extruding bioinks while maintaining good print-
ability.>® Furthermore, in this approach, postprocessing of the
acellular tube immediately after printing is easier compared
with a cell-laden tube, which carries a higher risk of contam-
ination during postprocessing. Additionally, the acellular tube
can be endothelialized more rapidly compared with direct
printing approaches, wherein cells are encapsulated in bio-
inks and they must self-assemble in a two-dimensional cell

a) Coaxial Bioprinting

Sacrificial ink
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CA ~SIZed tube

w

ori~—B
Co-axial \' 5 /

Nozzle

——
Moving Direction

v

View Article Online

Paper

monolayer for endothelium formation, which usually requires
longer time.**

For the fabrication of a perfusable vascular model with
precise dimensions via the coaxial bioprinting method, a
bioink that crosslinks rapidly is essential. This requirement is
key to achieving a well-defined tubular structure and reducing
the risk of tube collapse during printing. Additionally, the
bioink must possess appropriate mechanical and rheological
properties to allow extrusion-based bioprinting. Considering
these requirements, alginate-based hydrogels are deemed most
suitable for this application due to their rapid ionic cross-
linking mechanism and appropriate rheological properties
governed by their widespread use in microextrusion-based
bioprinting.*”*° However, it is important to note that previous
studies have identified native alginate as a bioinert material,
characterized by a lack of mammalian cell-adhesive motifs and
strong hydrophilicity, thus limiting its biological proper-
ties.**** Although alginate lacks intrinsic domains for mam-
malian cell interaction, its composition and structure facilitate
the creation of biomaterials well-suited for biomedical applica-
tions.”® Rapid crosslinking of alginate-based hydrogels has
been demonstrated to effectively produce hollow, perfusable
tubes using coaxial nozzle systems without significantly affect-
ing cellular functionality.>**”** Endothelial cells proliferate
well in alginate-blended bioinks, retaining their ability to self-
assemble into functional endothelium. Herein, we formulated
a hybrid bioink by blending alginate with collagen, a naturally
abundant structural protein (Fig. 2a). Collagen provides essential
cell binding motifs and a nanostructured framework, crucial for
effective cell-matrix interactions. Additionally, collagen, being the

b) Pumpless Perfusion
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e) Endothelialization

Fig. 1 Workflow schematic. (a) Bioprinting of an HCA-sized tube using a coaxial nozzle and a support bath. (b) Computer-aided design of a pumpless
perfusion chamber. (c) Integration of a bioprinted HCA-sized tube with the pumpless perfusion chamber and complete sealing of the chamber. (d) GelMA
embedding of the tube and seeding HUEVCs on its luminal surface for endothelialization. (e) Maturation and endothelialization on a pumpless perfusion

platform.
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Fig. 2 Bioink preparation and evaluation of endothelialization potential. (a) Schematic illustration of the steps involved in composite bioink preparation.
(b) Fluorescence microscopy images of green fluorescent protein-HUVECs seeded on the surface of different bioink compositions. Alginate (2%) served
as a negative control. All bioink compositions supported HUVEC adhesion (scale bars: 200 um, 50 um for insets of the first row). (c) Quantification of the
single-cell spreading area after 6 h of seeding. The symbol * indicates p < 0.001 versus 2A. (d) Significant differences were observed in cell proliferation,
as quantified by counting the number of cells per unit area (*p < 0.001). (e) Cell proliferation was further confirmed by measuring optical density at days

0, 3,and 5 (*p < 0.001).

abundant protein in the extracellular matrix of native vascular
tissues, offers an optimal environment for the growth and
proliferation of vascular cells.** Collagen undergoes thermal
crosslinking to form hydrogels at physiological temperatures.*’
Consequently, this hybrid bioink exhibits a dual crosslinking

8638 | J Mater. Chem. B, 2024, 12, 8633-8646

mechanism (Fig. 3a), making it highly compatible with the coaxial
printing setup to yield a perfusable and robust tubular structure.

To identify the optimal bioink concentration for endothe-
lial cell attachment and proliferation, we evaluated various
hybrid bioink formulations. These formulations incrementally

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Dual crosslinking mechanism, rheological properties, and swelling behavior of bioink. (a) Schematic illustration and gross images demonstrating
the dual crosslinking mechanism of the bioink via the vial tilt method. (b) Viscosity measurements of the bioink at varying shear rates demonstrating the
shear thinning behavior of bioink composition. (c) Dynamic frequency sweep analysis shows a higher storage modulus than the loss modulus of ionically

crosslinked bioink across a range of angular frequencies. (d). Alteration in

modulus upon subjecting the bioink to secondary thermal gelation at a

physiological temperature. (e) Quantification of the swelling percentage of the 1C2A gel disc due to water uptake over a 72 h period.

increased the final collagen concentration from 1% to 3%, while
the alginate concentration was maintained constant at 2%. This
alginate concentration was chosen based on previous studies
demonstrating its efficacy for fabricating freestanding vessels
via a coaxial nozzle in a microextrusion-based bioprinter.** The
formulations were labeled 1C2A, 2C2A, and 3C2A. Following
crosslinking with calcium chloride (100 mM) and incubation at
a physiological temperature (37 °C), endothelial cells were
seeded on each formulation. We assessed the attachment area
of individual cells after 6 hours, a period that is typically suffi-
cient for endothelial cells to settle and adhere to substrates.*®

This journal is © The Royal Society of Chemistry 2024

The results showed that all formulations facilitated endothelial
cell adhesion with no significant differences observed among
them (Fig. 2b and c). A 2% alginate solution was employed
as a negative control. Interestingly, we observed that higher
collagen concentrations in the hybrid bioink formulations led
to decreased cell proliferation. This was quantified by measur-
ing the number of cells per unit area 72 hours after seeding
(Fig. 2d). The probable reason is that a denser network of
collagen fibers combined with alginate led to reduced porosity,
thereby hindering efficient cell proliferation. This observation
is consistent with a previous report that indicated that dense
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collagen networks can reduce cell proliferation.”” This finding
was confirmed based on the CCK8 assay outcomes at days 0, 3,
and 5 after cell seeding (Fig. 2e). Considering its higher
endothelialization potential, we decided to evaluate the rheo-
logical and swelling properties of 1C2A composition to check
its suitability for use with a coaxial nozzle, aimed at fabricating
hollow, tubular structures.

We investigated the bioink’s rheological properties, such as
viscosity and dynamic modulus, by subjecting it to ionic and
thermal crosslinking, and by studying its swelling behavior.
Due to the presence of thermally gelling collagen and ionically
crosslinkable alginate, the hybrid composition (1C2A) under-
went a dual crosslinking mechanism (Fig. 3a). To evaluate the
gelation of this formulation, a vial tilting test was conducted
following thermal, ionic, and combined (dual) crosslinking.
Furthermore, we assessed how the viscosity of the 1C2A for-
mulation changed under increasing shear rate conditions
implemented at a controlled temperature of 5 °C. This specific
temperature was chosen for the printing process to avoid any
unwanted thermal crosslinking of the collagen within the
bioink. The result demonstrates the shear-thinning character-
istic of the 1C2A formulation (Fig. 3b). This shear-thinning
property is essential in bioink formulation, particularly for use
in microextrusion-based bioprinting systems. It imparts the
bioinks with a suitable viscosity that facilitates a smooth flow
through the printing nozzle and helps maintain the shape
of the material after it has been deposited. Moreover, shear-
thinning plays a vital role in ensuring the structural integrity
and fidelity of the printed constructs, thus preventing any
physical obstruction of the bioinks during their extrusion from
the nozzle and aiding the effective retention of their designated
shapes. The bioink formulation quickly formed a stable gel
when subjected to ionic crosslinking, achieved by treating it
with calcium chloride for a brief duration of 15 s (Fig. 3a).
To evaluate the mechanical properties of the bioink after a brief
(15 s) calcium chloride treatment, a dynamic frequency sweep
analysis was conducted by measuring both the storage and loss
moduli. The results showed that the ionically crosslinked
bioink possessed gel-like mechanical properties instead of
liquid-like properties. It further confirmed that the bioink was
capable of maintaining its shape during the printing process,
indicated by a higher storage modulus compared with the loss
modulus (Fig. 3c). Furthermore, when the gel was exposed to a
temperature of 37 °C, the storage modulus exhibited an addi-
tional increase, which can be attributed to the thermal cross-
linking of collagen, thus suggesting that following dual
crosslinking, the formation of a stable tubular structure was
likely (Fig. 3d). Given that the swelling behavior of hydrogels due
to water absorption in the culture medium can substantially
modify the dimensions of the printed structure,*® it is crucial to
evaluate the swelling characteristics of the ink compositions.
The swelling properties of the 1C2A composition were evaluated
by first forming a gel disc in a 24-well plate, achieved through
dual crosslinking. Subsequently, the disc was transferred to
a 6-well plate and immersed in a medium to facilitate swelling.
We monitored the disc’s weight gain due to water absorption,
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and its diameter over the subsequent 72 h period. The gel disc
exhibited rapid swelling for the first 40 h, increasing in size by
up to 140% before it stabilized (Fig. 3d). During this phase, the
disc’s diameter expanded from 17 mm to 18.3 mm for 40 h of
swelling and then remained stable during the subsequent hours
(Fig. S1, ESIt). This observation suggests that minimal dimen-
sional changes in the printed structure can be anticipated due to
the swelling behavior of the bioink.

Before starting the coaxial bioprinting of tubular structures
of a target size, we conducted a parametric study to understand
the impact of variations in applied pressure to the shell and
core nozzles, at a constant head speed, on the resulting luminal
dimensions of the printed tube (Fig. 4a). These dimensions
included the inner diameter and the wall thickness. The bioink
composition exhibited shear-thinning properties that enabled
us to effectively adjust the wall thickness of the printed tubular
structure by altering the pneumatic pressure on the shell
nozzle. We observed that increasing the shell pressure from
120 kPa to 160 kPa allowed the wall thickness to vary from
339 + 41 um to 976 + 25 pum, consistent with the typical wall
thicknesses of HCAs. As the pressure of the core nozzle
remained constant, changes in the shell nozzle pressure not
only altered the wall thickness but also the inner diameter of
the tube. Consequently, the inner diameter of our printed
structure decreased from 3121 + 80 pm to 2948 £ 54 um,
which was within our targeted range (Fig. 4c). We opted to
bioprint the tubular structure using a pressure of 140 kPa for
the shell nozzle while we maintained a constant pressure of
65 kPa for the core nozzle. The printhead temperatures were
critical in this process. Given the thermosensitivity of the
collagen-containing shell bioink, its temperature was set to
5 °C. The core material (CPF40) is also thermosensitive and can
liquefy at lower temperatures. Although it can retain its shape
at room temperature, we maintained it at 37 °C to enhance its
gel properties, aiming to achieve a more perfectly circular
lumen after removal. Both temperatures were sustained for
10 min before loading the syringes into the printheads.
Meanwhile, the CPF30 bath material was kept at 4 °C and
was brought to room temperature immediately before printing.
During printing, the alginate in the shell rapidly crosslinked
upon contact with the calcium ions in the core CPF40 material
(Fig. 4(b-i)). However, due to the limited diffusion of calcium
ions, the outer layer of the alginate shell remained un-gelled,
posing a risk of deforming the printed structure. This issue was
resolved by adding calcium chloride to the bath material
(Fig. 4(b-ii)). It ensured that the un-gelled alginate on the outer
shell crosslinked through the diffusion of calcium ions from
the bath, and thus resulted in a structurally sound, circular,
freestanding tube (Fig. 4(b-iii)). The hollow tube was able
to hold a 3 mm sized polycaprolactone (PCL) stent thus
demonstrating the structure’s compatibility with conventional
cardiovascular stents after incubation at 37 °C (Fig. 4d). The
mechanical properties of the printed tube were assessed
through ultimate tensile strength (UTS) testing and compared
with those of the porcine left coronary artery (pLCA) and right
coronary artery (pRCA), which are common sites for stent

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Support bath-assisted coaxial bioprinting of the HCA-sized tube. (a) Cross-sectional view of printed tubular structures at varying shell-nozzle
pressures. The wall thickness and inner diameter of the tube are controlled by the pressure in the shell nozzle, while the pressure in the core nozzle is
kept constant (scale bars: 500 um). (b) (i) Schematic illustration of microextrusion-based coaxial bioprinting, where 1C2A bioink is extruded through the
shell part of the nozzle, CPF40 ink is extruded through the core part of the nozzle, and CPF30 is used as the bath material; (ii) rapid crosslinking
mechanism through diffusion of Ca®* ions from the core material and bath material to yield a robust tube; and (iii) post-printing steps until obtaining a
hollow, perfusable tube. (c) Quantification of the changes in wall thickness and inner diameter of the printed tube by varying the pressure in the shell
nozzle. (d) Gross image of the printed tube’s ability to hold a PCL stent. (e) Ultimate tensile strength (UTS) test images showing the (i) tension and failure of
samples. (i) Compared to pLCA and pRCA, the printed tube had significantly less UTS (*p < 0.05).

placement in animal models®® (Fig. 4(e-i)). The UTS of the
printed tube (167 + 10 kPa) was significantly lower than those of
the pLCA (431 £ 42 kPa) and pRCA (308 £ 20 kPa) (Fig. 4(e-ii)).
However, to determine if the printed tube could withstand the
pressure exerted by a balloon inflator during the stent placement
procedure, trypan blue was perfused through the tube after a stent

This journal is © The Royal Society of Chemistry 2024

was placed inside a 3-week cultured tube. Embedded within
a supporting GelMA matrix, the tube was able to sustain the
pressure applied by the balloon inflator without any leakage of
trypan blue (Fig. 6 and Movie S1, ESI).

Even though peristaltic pumps can effectively replicate
hemodynamic flow within tubular structures,® their use limits
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00601a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 aolt 2024. Downloaded on 2026-03-15 00:50:15.

(cc)

Paper

the scalability of in vitro models and constrains high-through-
put testing. Consequently, we opted to endothelialize and
culture the printed tubes using a pumpless perfusion chamber,
which facilitates dynamic culture on a two-dimensional rocker.
This chamber was specifically designed to house the tubular

View Article Online
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structure, with media chambers on each side for nutrient fluid.
It also featured two sealing zones at both ends of the tube to
secure them in place and prevent media leakage. We constructed
a bottomless chamber framework using PCL, a material known
to be biocompatible® and extensively used in 3D printing to

GelMA embedding &
endothelialization

‘ Tube immobilization ’

a) Perfusion chamber fabrication ‘ Tube mounting

d) View BB’

-
; DAPI CD31
e) () =
End + End -
1 min R ———_———— et

End- ._'_< _‘

0 0.05 0.1 0.15 0.2
Diffusional Permeability (mm/s)

30
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FITC-Dextran (70 kDa)

Fig. 5 Endothelialization of the tubular construct. (a) Schematic illustration of the steps involved in the endothelialization process, including perfusion
chamber fabrication, tube mounting, immobilization, and seeding of HUVECs. (b) (i) Gross image of the immobilized tube and (i) schematic of different
views of the tubular structure observed after endothelialization. (c) Representative immunostained image along section AA’ and inset views at multiple
ROI showing the uniform expression of CD31 on the luminal surface (scale bar: 250 pm; 20 pm for the insets). (d) View along section BB’ showing CD31
localization at cell junctions and the spread of actin filaments (scale bar: 100 pm). (e) (i) FITC-Dextran (70 kDa) perfusion through the tube: dashed lines
distinguish the lumen from the perivascular gel region (scale bar: 200 pm); (i) increased permeability of the tube without endothelium (End—), whereas
the endothelialized tube (End+) maintains its barrier function, impeding the permeability of dextran molecules (*p < 0.001).

8642 | J Mater. Chem. B, 2024, 12, 8633-8646 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00601a

Open Access Article. Published on 09 ao(it 2024. Downloaded on 2026-03-15 00:50:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

create complex three-dimensional structures with excellent shape
fidelity.>> We assembled the bottomless framework of the chamber
using silicon glue to attach it to a transparent glass slide, as
explained in Section 2.6. The tubular structure was then mounted
and secured with silicon material. After silicon curing, the tubular
structure was embedded in a 10% GelMA matrix (Fig. 5a).
Although the tube can be securely fixed and immobilized within
the chamber after printing, it is susceptible to deterioration over
time due to the dissociation of alginate during the culturing
process. The GelMA embedding matrix provides a supportive
environment that prevents the collapse or damage of the tubular
construct throughout the culture period (Fig. 5(b-i)). Additionally,
the inherent transparency of GelMA is advantageous as it permits
the observation and tracking of biomolecules. This attribute is
particularly useful for terminal assays, such as permeability assays,
where the movement of fluorescently labeled dextran can be
monitored in the perivascular gel region. After seeding, HUVECs
proliferate and mature into an endothelium on the luminal sur-
face of the tube. This approach, unlike direct cell printing with cell-
laden bioinks, protects the cells from the shear stress typically
experienced during printing.”® Given that the endothelium is
present in the form of a two-dimensional endothelial monolayer
rather than a three-dimensional network, encapsulation is not
optimal.>* This is because the cells need to remodel the extra-
cellular matrix and migrate to the luminal surface to establish the
endothelium. Consequently, in these cases, the stiffness of the
matrix becomes a critical factor that requires careful optimization
to support the self-assembly of HUVECs. While the cell seeding
approach spares the cells from shear stress-induced damage
compared to direct cell printing, it often raises concerns about
achieving a uniform distribution of cells on the luminal surface.
We examined cross-sectional and luminal surface views of the tube
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to assess cell distribution (Fig. 5(b-ii)). In the cross-sectional view of
the endothelialized tube (Fig. 5c), we observed a uniform expres-
sion of CD31 along the entire luminal surface. This was confirmed
by magnifying different ROIs on both the upper and lower luminal
surfaces, indicating uniform cell distribution. After seven days of
culture, we immunostained a section of the luminal surface of the
tube. This staining revealed CD31 expression, localized primarily
at the cell junction areas (Fig. 5d). This suggests that the HUVECs
successfully formed a monolayer, thus establishing a selec-
tively permeable barrier. This barrier is a critical function of the
endothelium in arteries.

The barrier function of the endothelium within the tube
was assessed by perfusing FITC-labeled dextran (70 kDa) as a
permeability indicator. It was perfused through the tubular
structure, and the resulting changes in fluorescence intensity in
the surrounding perivascular gel were monitored over time
(Fig. 5(e-i)). In tubes with endothelial cells (End+), a robust
barrier function was observed, effectively limiting the perme-
ability of dextran molecules into the perivascular gel area with a
low-diffusional permeability of 0.061 + 0.0065. In contrast,
tubes lacking endothelial cells (End—) showed increased diffu-
sional permeability (0.162 + 0.0123) (Fig. 5(e-ii)). These out-
comes suggest that the tube, with a size similar to those of
HCAs, successfully replicates the native endothelium’s barrier
function.

Endothelial cells lining the lumen of arteries are highly
mechanosensitive, possessing mechanoreceptors that enable
them to detect mechanical forces, such as shear stress induced
by blood flow. These forces are converted via mechanotrans-
duction pathways into functional responses, such as adjusting
vascular tone or activating an inflammatory response.”® Although
we simplified the induction of flow using a gravity-driven,

Trypan Blue

Fig. 6 Stent compatibility of the tube cultured for 3 weeks. (a) An inflatable balloon catheter was used to place a 3 mm PCL stent inside the tube.
(b) No leakage was detected during trypan blue perfusion through the tube after stent placement.

This journal is © The Royal Society of Chemistry 2024
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pumpless perfusion system, we aimed to assess how closely this
setup replicates physiological WSS. CFD analysis revealed that
the maximum WSS along the walls of the tube varied between
13 and 14 dyne cm 2 at the maximum media reservoir level,
across various tilt angles (Fig. S2, ESIt), which falls within the
physiological range previously reported (0-40 dyne cm™?).>*>¢
The WSS level declines steadily once the media drains to the
opposing reservoir. While the tilt angle influences WSS, the
range of adjustment is limited because the flow is driven by
gravity. A major limitation of our pumpless system is its
inability to replicate the unidirectional flow characteristic of
native arteries. Thus, while partially mimicking native arterial
flow, our system does not fully recapitulate physiological
hemodynamic features. Future development of our model will
focus on incorporating a recirculating perfusion system to
establish unidirectional flow within the tube, thereby enhan-
cing the physiological relevance of the model for arterial
hemodynamics.

4. Conclusion and outlook

Most current vascular in vitro models, such as microfluidic
chips,?”°”*° hydrogel casting around molds,*® cell-sheet roll-
ing,®" and bioprinting,****°* have effectively demonstrated the
recapitulation of vascular physiology. However, most models
focused on achieving physiological function rather than recapi-
tulating the size of HCA. For example, microfluidic chips have
been able to model the barrier function of vessels in micro-
sized channels.®® Similarly, bioprinted freestanding vessels
with an internal diameter of ~1 mm have recapitulated the
pathophysiology of arteries, including endothelial dysfunction,
monocyte adhesion, and inflammatory responses.** These
models are promising for advancing drug discovery against
vascular pathologies.

However, following the emergence of smart cardiovascular
stents designed for specific sizes,'>'” there is a need for HCA-
sized models that can accommodate these stents. While some
efforts have been made to fabricate stentable arteries, they
could not demonstrate that they can recapitulate HCA dimen-
sions and endothelium barrier functionality.®® To the best of
our knowledge, no reports exist on the successful replication of
HCA dimensions using bioprinting technology.

Anatomically, the HCA consists of three layers: the inner-
most tunica intima, middle tunica media, and the outer tunica
adventitia.® The tunica intima is lined with endothelial
cells that form a monolayer, which plays a pivotal role in the
pathogenesis of coronary artery pathologies.®®> Dysfunction of
endothelium leads to early stages of atherosclerosis and plaque
development. Therefore, engineering the endothelium is of
utmost importance in tissue-engineered blood vessels pertain-
ing to applications for intravascular devices such as stents.
To address this, we utilized a coaxial nozzle capable of simulta-
neously depositing two materials concentrically. We developed
a bioink composed of collagen, an abundant protein in vascular
tissue,** to provide biological relevance, and used alginate to
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achieve enhanced viscosity and printability. Rapid crosslinking
of alginate was facilitated by exposing it to calcium ions flowing
simultaneously through the core nozzle, resulting in a highly
tubular structure without the risk of collapsing. One challenge
in fabricating thick-walled structures is the limited diffusion of
alginate crosslinkers that leads to un-gelled alginate on the
outer side. We overcame this by using a thermoreversible bath
mixed with calcium ions. This core-bath-assisted crosslinking
mechanism yields robust tubular structures with controllable
wall thickness and internal diameter.

Direct cell printing approaches involve cell-laden bioinks,
exposing cells to pneumatic pressure which can cause cell
injury or death.>® Additionally, engineering a two-dimensional
endothelium monolayer requires a precise balance between the
stiffness and printability of the bioink when laden with cells.
We fabricated an acellular tube and endothelialized it, thus
avoiding pneumatic-pressure-induced cell damage and bioink
tuning complexities. While our bioink was optimized for con-
trolled dimensions, the dissociation of sodium alginate over
time during culture led to a loss of mechanical strength,
making the structure fragile. To provide support, we employed
a GelMA matrix, known for its slow degradation, good mechan-
ical properties, and high-optical transparency.®® This allowed
the tracking of molecular permeability across the endothelium
to the perivascular region.

To further reduce the complexity of the culture process, a
pumpless perfusion platform was employed, which enables a
gravity-driven flow and thus eliminates the need for specialized
equipment such as pumps to provide hemodynamic cues.>
Although it can only partially mimic the native flow, it is
anticipated that future research focused on developing recircu-
lating flow using pumpless models will enhance the feasibility
of these platforms. The compatibility of the HCA-sized tubular
structure with stents, as demonstrated in this study, indicates
its potential as a valuable tool in the development of novel
drug-eluting and smart stents.
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