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Successful recovery from vascular diseases has typically relied on the surgical repair of damaged blood vessels
(BVs), with the majority of current approaches involving the implantation of autologous BVs, which is plagued
by donor site tissue damage. Researchers have attempted to develop artificial vessels as an alternative solution to
traditional approaches to BV repair. However, the manufacturing of small-diameter (< 6 mm) BVs is still
considered one of the biggest challenges due to its difficulty in the precise fabrication and the replication of
biomimetic architectures. In this study, we successfully developed 3D printed flexible small-diameter BVs that
consist of smooth muscle cells and a vascularized endothelium. In the developed artificial BV, a rubber-like
elastomer was printed as the outermost layer of the vessel, which demonstrated enhanced mechanical proper-
ties, while and human induced pluripotent stem cell (iPSC)-derived vascular smooth muscle cells (iSMCs) and
endothelial cells (iECs) embedded fibrinogen solutions were coaxially extruded with thrombin solution to form
cell-laden fibrin gel inner layers. Our results showed that the 3D BVs possessed proper mechanical properties,
and the cells in the fibrin layers substantially proliferated over time to form a stable BV construct. Our study
demonstrated that the 3D printed flexible small-diameter BV using iPSCs could be a promising platform for the
treatment of vascular diseases.

1. Introduction cause of mortality in the US in 2021 [4]. In other words, BV-related

diseases, such as thrombosis and atherosclerosis as well as the repair

The fundamental goal of biomedical engineering is the development
of viable organs and tissues to repair the damaged human body.
Regarding that, a considerable amount of research has been dedicated to
regeneration of various tissues by many biomedical engineers during the
past decades. While most previous studies focused on the regeneration of
specific organs and tissues, research related to the blood vessel (BV) has
been slow in progress. In the human body, vascular networks are criti-
cally significant as they perform the tasks to maintain the function of
tissue and organs, such as oxygen and nutrition supply, and waste
removal [1-3]. Being noted by the American Heart Association, BV
diseases (cardiovascular, artery, and venous) account for the leading

of damaged BVs remain one of the biggest challenges [5,6]. Although
autologous BVs have been known as the fundamental solution to that,
the lack of donor autograft interferes with its availability as a clinical
treatment [6,7]. Recently, artificial vessels have risen as a new candi-
date to remedy BV diseases [8-10], and some studies have reported
meaningful results from in vitro to clinical implantation stages [1,11,12].
However, the fabrication of artificial BV with a small diameter (< 6 mm)
is still considered one of the unsolved problems due to the complication
of microfabrication. Additionally, the failure of small-diameter BV is
typically caused by deficient patency due to the progress of athero-
sclerosis [5,13-17]. Thus, it is crucial to emphasize that the successful
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formation of small-diameter artificial BVs is the most significant key to
develop and recover damaged circulatory systems in the human body.

To embody these properties of small-diameter BVs, three-
dimensional (3D) printing techniques, such as fused deposition
modeling (FDM), stereolithography (SLA), digital light processing
(DLP), inkjet printing, extrusion-based printing, and others, have been
widely utilized to fabricate artificial vessels, based on their remarkable
reproducibility, controllability, and repeatability [1,2,18]. Among the
listed 3D printing systems, extrusion-based printing is a decent candi-
date for the quick fabrication of artificial BV constructs. Traditionally,
conventionally available bioplastic filaments, including poly-
caprolactone (PCL) or polylactic acid (PLA), have been utilized to en-
gineer BV, and several corresponding studies have reported noticeable
results [19-23]. However, the notorious issues with the use of these
materials include (1) the lack of innate flexibility compared to the nat-
ural BV, and (2) the insufficient capacity to support cell growth for BV
regeneration.

To overcome these obstacles, synthetic biopolymers that have suffi-
cient flexibility and biocompatibility were considered as a suitable
alternative. However, the fabrication of BV with synthetic biopolymers
possibly yields a lack of biocompatibility, which would result in insuf-
ficient cell adhesion and proliferation. Previous studies have used
collagen or fibrinogen-based natural biomaterials to provide ideal
biocompatibility, excellent cell adhesion, and proliferation environment
for the regeneration of BV and other tissues [24-27]. However, the se-
vere drawback of these natural biomaterials is their poor mechanical
properties that fail to endure internal or external stresses. Therefore,
integrating the benefits of synthetic and natural materials can be an
ideal candidate to resolve challenges in the current artificial BV fabri-
cation studies. To carry out the task, we propose to use a rubber-like
elastomer called GEL-LAY PORO-LAY (Gel-Lay) to enhance flexibility
and fibrin to promote biocompatibility with the combination of FDM 3D
printing and cell-laden coaxial bioplotting as an additive manufacturing
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tool. Moreover, we used human induced pluripotent stem cell-derived
vascular smooth muscle cells (iSMCs) and human induced pluripotent
stem cell-derived endothelial cells (iECs) to regenerate the smooth
muscle and endothelium of BV due to their advantages in many aspects.
Generally, it has been widely known that human induced pluripotent
stem cell (iPSC)-based technology is beneficial in biomedical applica-
tions due to its minimal immune response, unlimited cell resource, and
ethical issue-free privilege [28,29]. Specifically, iSMCs are a great
candidate to replace human vascular smooth muscle cells (VSMCs) for a
BV study as the main drawbacks of VSMCs are relatively low prolifera-
tion capability and potential culture senescence [30,31]. In addition, the
development of iECs contributed to overcoming the deficit of autologous
endothelial cells (ECs) by providing a large number of patient-specific
cells and healing BV diseases [32].

Having this anatomical, technical, and material background in mind,
the fabrication of a 3D printed architecture with organized integration
of the aforementioned characteristics could be motivated. In this pilot
study, an extensively flexible and biomimetic BV implant with the mix of
a natural biomaterial and a synthetic polymer is novelly demonstrated,
which can remedy weaknesses of current research due to poor stretch-
ability of the protection layer (conventional natural materials) and
concerns associated with the biocompatibility of inner layers in the
related field. The fabricated biomimetic BV consists of three layers: (1)
an outmost (supporting/protection) layer with Gel-Lay, which is majorly
comprised of polyamide as a functional component and polyvinyl
alcohol (PVA) as a soluble binder and conventionally obtainable at a
low-cost [33], (2) a middle layer of fibrin gel having iSMCs embedded,
and (3) an innermost layer with iECs in the fibrin gel. Based on these, the
main goal of this study is to develop multilayer BVs possessing previ-
ously mentioned biomimetic and physical characteristics via 3D printing
techniques in vitro as shown in Fig.1. Along with the proliferation
quantification of iSMCs and iECs over time intervals, the suitability of
our BVs for other cells including human coronary artery smooth muscle
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Fig. 1. A schematic illustration of the overall experimental design.
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cells (hSMCs) and human umbilical vein endothelial cells (HUVECs) was
also tested. Furthermore, the specific markers of iSMCs,
anti-alpha-smooth muscle actin (a-SMA) and iECs, anti-cluster of dif-
ferentiation 31 (CD31) were used to evaluate the bioactivity of the cells,
and CellTracker™ staining was performed to observe the distribution
and growth of both cells simultaneously.

2. Materials and methods

The reagents and solvents and reagents used in this study were
purchased from Sigma-Aldrich unless otherwise specified.

2.1. Preparation and fabrication of 3D blood vessels

Gel-Lay filament (MatterHackers, Lake Forest, CA) that consists of
polyamide (functional component) and PVA (soluble binder) [33-35] as
an outermost material was printed by an FDM 3D printer (MakerBot)
under the following conditions: 215 °C (nozzle temperature), 800 pm
(nozzle diameter), and 20 mm/s (printing speed). Before FDM 3D
printing, the Gel-Lay filament was left in a laboratory oven at 65 °C for 1
h to remove potential moisture on it. After which, the filament was
exported to the printing system for the initial 3D fabrication process. The
printed Gel-Lay material was changed from rigid plastic to flexible
elastomer after completely leaching out the rigid synthetic polymer,
PVA, which plays as an add-on to enhance the printability of the fila-
ment for the FDM printing procedure.

To enhance cell viability in the BV construct, fibrin gel, a degradable
biocompatible polymer formed from enzymatic crosslinking of fibrin-
ogen and thrombin, was used as an inner layer material. After sequential
steps to optimize the blending ratio of fibrinogen and thrombin to obtain
the ideal viscosity for fibrin gel, 25 U/mL of thrombin solution was
prepared by human plasma thrombin (100 U) diluting into PBS solution
(4 mL). The fibrinogen solution with a concentration of 50 mg/mL was
prepared by dissolving fibrinogen powders into 0.9% (w/v) NaCl solu-
tion. For inner layer printing, a custom-designed coaxial bioplotting
system was used. The bioplotting system was equipped with needles
(inner diameter: 1.2 mm and outer diameter: 1.6 mm) to extrude cell-
laden fibrinogen (the inner needle) and thrombin (the outer needle)
solutions at 1 mm/s (printing speed), 0.1 mL/s (extrusion flow rate), and
room temperature (printing temperature) [10].

2.2. Optimization of 3D printing material

Gel-Lay disk (8 mm x 2 mm) (D x H) and strip (10 mm x 20 mm x 2
mm) (L x W x H) samples with three different infill densities, i.e., 100%,
70%, and 30%, were 3D printed at 215 °C with three different printing
patterns including linear (LN), square (SQ), and hexagonal (HX). The
time to eliminate PVA from the Gel-Lay material was investigated using
the disk samples. The samples were completely submerged in a 48-well
plate with de-ionized water (dH20) for up to 14 days, and the water was
replaced every 6 h to maintain its freshness. The compressive moduli of
the discs and tensile moduli of the strips were measured before and after
leaching out the PVA components. Before each measurement, the sam-
ples were completely dried in an oven at 75 °C for 3 h. The mechanical
properties of each sample were measured using an MTS Criterion uni-
versal testing system (MTS Systems Corp). To acquire the compressive
modulus, the Gel-Lay discs were placed on the system equipped with a
10 kN load limit. The discs were compressed at a 1 mm/min strain rate
until their breaking points. The compressive modulus of each sample
was obtained from the linear elastic region slope of the stress-strain
graph [36]. The measurement of tensile modulus was also performed.
Briefly, the samples were vertically held by wedge grips and elongated at
a strain rate of 1 mm/min until their breakpoints. Then, the tensile
modulus of each strip was obtained in the same way as the compressive
modulus. The mechanical properties of the 3D printed Gel-Lay BV
scaffolds with 2 mm x 50 mm (D x L) was also characterized using the
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same protocol.

The surface topography of the 3D printed BV scaffolds before and
after leaching out PVA was characterized by an FEI Teneo LV scanning
electron microscope (SEM) (Thermo Fisher Scientific). The outer layers
of the samples were coated with a 3 nm Au sheet and underwent a 5 kV
potential difference from a 0.2 nA to 13 pA electron beam for image
capturing [36].

Additionally, the weight change of the printed Gel-Lay BV scaffolds
was quantified in phosphate-buffered saline (PBS) solution at 37 °C for
up to 14 days during the PVA removal process. After each time point, i.
e., 1,7, 10, and 14 days, the samples were washed with fresh PBS so-
lution and dried in an oven at 75 °C for 2 h before the measurement. The
retention weight percentage of the scaffold was calculated based on the
following equation [36].

Retention wt % = 100 — {(ﬁ) X 100} (%)

i

where W; and W, are the measured initial and remaining weights of the
samples.

2.3. Cell culture

hSMCs and HUVECs (Life Technologies) with single-digit passages
were used in the preliminary cell viability studies. Cascade Biologics™
medium 231 with smooth muscle growth supplement (Gibco) and
endothelial growth media (EGM) (Cell Applications) were applied as the
culture medium for hSMCs and HUVECs, respectively.

Methods to obtain iSMC or iEC from iPSC can be classified into
several approaches, including cell culture on extracellular matrix
(ECM)/ gelatin coating (iSMC), or coculture with stromal cells iEC) [30,
37-39]. Among them, the most common and mutual method for both
cell types is to generate embryoid bodies (EBs), which utilizes the
instinctive differentiation of iPSCs in a manner of a self-aggregated
structure and their innate characteristic to resemble early embryonic
development [30,38]. In our study, iSMCs and iECs were obtained from
the Laboratory of Cardiovascular Regenerative Medicine at the National
Institute of Health (NIH) (Bethesda, MD). All experiments were per-
formed with iSMCs and iECs of single-digit passages. iSMCs were
cultured in SmMGM™ -2 smooth muscle cell growth basal medium with
SingleQuots™ supplements and growth factors (Lonza). iECs were
cultured in a 1:1 ratio blended EBM™—2 endothelial cell growth basal
medium with EGM™-2 endothelial SingleQuots™ kit (Lonza) and
human endothelial SFM (Gibco). For passaging of the cells, TrypLE™
express trypsin (Gibco) was used. Also, a 1:1 total volume ratio of
blended cell culture media was used to co-culture different cell lines.

2.4. Fabrication of iSMC (or hSMC) and iEC (or HUVEC)-laden inner
layers

The printing process of the inner layer was discussed above (Section
2.1). For the cell encapsulation, isolated iSMCs (or hSMCs) were sus-
pended in the fibrinogen solution to be simultaneously extruded in the
FDM printed outermost layer at a 3000 cells/pL concentration under the
extrusion conditions mentioned above, 1 mm/s (printing speed), 0.1
mL/s (extrusion flow rate), and room temperature (printing tempera-
ture). When the cell-laden fibrinogen and thrombin solutions came in
contact at a 1:1 volumetric ratio via coaxial needle, an iSMC (or hSMC)-
laden fibrin gel layer was formed. Similarly, the innermost fibrin gel
layer with iECs (or HUVECs) at a 6000 cells/uL concentration was
fabricated onto the iSMC (or hSMC) layer. The overall experimental
procedure is schematically described in Fig.1.

2.5. Quantification and visualization of cell viability

In order to quantify cell proliferation rate, the seeded cells on each
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specimen with a density of 500 cells/mm? were cultured in a 48-well
plate at 37 °C with 5% CO3 concentration for 7 days. The cell prolifer-
ation was quantified via a cell counting kit (CCK-8, Dojindo Molecular
Technologies) after 1, 4, and 7 days. In detail, the cell counting solution
(400 pL) that consists of 90% (v/v) cell culture medium and 10% (v/v)
CCK-8 reagent was added to each well, and the entire well plates were
left in an incubator for 3 h. Following that, the supernatant in each well
(200 pL) was further added into a 96-well plate and the absorbance at
450 nm wavelength was measured via a Thermo Scientific Multiskan GO
Spectrophotometer.

For visual observation of cell viability, a live-dead cell staining kit
(BioVision) was utilized following the enclosed protocol. Cell viability of
each cell line on the fabricated specimen with the same seeding density
was observed using a Zeiss LSM 710 confocal microscope (Carl Zeiss AG)
after 1, 4, and 7 days of culturing. Additionally, F-actin staining was
performed to evaluate the cell spreading morphology after 1, 4, and 7
days. Before the staining process, the scaffolds were rinsed three times
with PBS. Then, the cells were fixed and permeabilized for 15 mins using
10% formalin and 0.1% Triton X-100. After washing the scaffolds with
PBS several times, the cells were stained with Texas red™-X phalloidin
(Invitrogen) for 1 h and 4, 6-diamidino-2-phenylindole dihydrochloride
(DAPI) (Invitrogen) for 15 mins, respectively [36].

To observe the distribution and growth of two different cell lines in
the BVs, iSMCs, and iECs were pre-labeled by CellTracker™ Green
CMFDA and CellTracker™ Orange CMTMR Dye (Thermo Fisher Scien-
tific). Then, each cell line was suspended and blended with fibrin gel to
form the two layers of BVs. The z-stack images of the BV construct were
obtained using the confocal microscope after the same time intervals (1,
4, and 7 days). BVs with iECs and iSMCs were co-cultured in the mixed
cell growth medium.

2.6. Immunofluorescence staining

To investigate the bioactivity of iSMCs and iECs in the fabricated BV,
after 1 week of culture, the adhered cells were fixed and permeabilized
for 15 mins. After washing with PBS three times, the scaffolds were
incubated with a 1% (w/v) bovine serum albumin blocking solution for
1 h at 37 °C to block the unspecific binding antibodies. Once the
blocking buffer was aspirated, the scaffolds were incubated overnight at
4 °C with a-SMA (ab7817) and CD31 (ab28364), which were used as the
primary antibodies. On the next day, the scaffolds were rewashed with
PBS and incubated with the secondary antibodies, Alexa Fluor™ 594
goat anti-mouse IgG H&L (Red, Thermo Fisher Scientific) and Alexa
Fluor™ 488 goat anti-rabbit IgG H&L (Green, Thermo Fisher Scientific)
for 1 h at 37 °C. The stained samples were imaged under the confocal
microscope [17].

2.7. Statistical analysis

The quantitative data are presented as the mean =+ standard devia-
tion (n = 9). Data were analyzed by the one-way analysis of variance
(ANOVA) with student’s t-test to analyze statistically significant differ-
ences among groups. A p-value <0.05 was considered to be statistically
significant [17,36].

3. Results and discussions
3.1. Optimization of outermost flexible BV material

The fundamental goal of this study was to obtain the vasculogenic
potential of iPSCs in a flexible BV frame that satisfies physical and
biomedical requirements. To investigate the effects of printing condi-
tions on physical parameters first, a series of 3D printed Gel-Lay discs
and strips with 100%, 70%, and 30% infill densities and LN, SQ, and HX
printing patterns (total 9 groups) before and after PVA leaching out were
optimized. These patterns and infill densities of 3D printing have been
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widely used as the basic elements in the fabrication of tissue constructs,
including artificial BV fabrication. It was demonstrated that the weight
change of each sample in the different groups started stabilizing after 7
days. As a result, there was no significant change between 7 and 14 days
(varying 1.6% =+ 0.9% weight change between 7 and 10 days and 0.86%
+ 0.7% between 10 and 14 days) which could be attributed to the slow
biodegradation of polyamide (the main component of Gel-Lay),
compared to the 36.8% + 5.4% weight loss between 1 and 7 days,
regardless of printing pattern or infill density (Fig.2a). In other words,
the complete removal of PVA from the Gel-Lay material could require
around 7 days.

The physical tolerance against high blood pressure is an essential
factor for artificial BV to survive in a dynamic flow condition. In the
mechanical durability tests for material optimization, it was noticed that
there were descending trends in both compressive and tensile moduli as
infill density decreased within the same printing pattern group as ex-
pected. Also, the LN and SQ samples with 100% infill density possessed
tensile and compressive rigidities each, compared to other groups
(Fig.2b). Considering the contraction and relaxation nature of a BV, a
tensile elongation, which is directly related to the stretchability of the
printing material, is considered a more significant factor than the
compressive modulus for a BV study. As a result, it was optimized that
the use of the 100% LN group for the BV fabrication is advantageous in
this perspective. It was also noticed that the surface roughness of the
Gel-Lay materials changed after dissolving PVA in dH>0. The removal of
PVA resulted in a higher surface area in all 9 groups, regardless of the
printing pattern and infill density as shown in SEM images (Supple-
mentary Figs. 1-3), which is beneficial as a larger number of cells can be
attached to the surface.

3.2. Characterization of optimized printed flexible small-diameter BV
scaffolds

To further characterize the optimized outermost layer Gel-Lay BV
scaffolds, the 100% LN group was printed to investigate their surface
morphologies and mechanical properties using similar approaches
above. The surface morphology of 3D printed BV with the dimension of
(2 mm x 50 mm) (D x L) before and after PVA removal was charac-
terized. As expected, it was observed that the BV sample prior to PVA
removal possessed the minimum surface roughness with no obvious
pattern. In contrast, the BV sample with the absence of PVA resulted in a
higher surface area with a distinctive parallel alignment to the direction
of 3D printing (Fig.3a-c). The obvious difference in stretchability be-
tween the two groups could be visually observed as shown in Fig.3d.
Upon the completion of dissolving PVA in dH50, the elongation rate at
the breakpoint of the BV sample significantly increased from 113.82% to
262.67%. In other words, the stretchability of the fabricated BV
construct was enhanced more than 2.5 times compared to the original
printed BV construct, which is higher than an electrospun polyurethane
BV graft and its combination with other polymers, such as PCL [40].
Moreover, the permeability of the BV structure that plays a critical role
in intercellular communication with its neighbor tissues and cells was
visually reinforced after the PVA removal process (Fig.3e), demon-
strating this structure could mimic complex fibrous constructs of ECM.
Although many investigators attempted to obtain architectures that
resemble native ECM, most of the previous studies utilized the native
major components of ECM, such as collagen, elastin, gelatin, and
glycosaminoglycan [41-45]. As an effective means of artificial vessel
fabrication that uses synthetic polymers, the discovery of this
strengthened flexibility and permeability is significant. Along with that,
the tensile modulus of the BV sample after PVA removal was still rigid
enough. It is known that BVs in the human body exhibit around 20-50
kPa and 100-200 kPa tensile moduli at the initial and post-radius
expansion steps, respectively [46,47]. Although the absence of PVA
resulted in a downturn of tensile modulus, that of the BV sample held
similar durability to the native carotid artery in the human body
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Fig. 2. (a) Weight change quantification of the 3D printed Gel-Lay samples with different infill densities (30%, 70%, and 100%) and printing patterns (LN, SQ, and
HX) throughout the PVA removal process for 14 days. (b) Compressive moduli of the 3D printed Gel-Lay samples before and after PVA removal. (c) Tensile moduli of
the 3D printed Gel-Lay samples before and after PVA removal. *: p < 0.05 and **: p < 0.01 when compared to 100% infill density groups of the same printing pattern.

Data are the mean + standard deviation; n = 9.

Fig. 3. SEM images of the 3D printed BV samples (a) before and (b) after PVA
removal. The surface morphologies of the samples became remarkably different
after PVA removal. Scale bars, 500 pm. (c) A cross-sectional SEM image of the
3D printed BV after PVA removal. Scale bar, 1 mm. (d) A photo image shows the
enhanced stretchability of the 3D BV samples after PVA removal. (e) A
magnified SEM image of the 3D printed BV sample after PVA removal, in which
porous and fibrous structures can be observed. Scale bar, 100 um.

Table 1

Comparison of tensile modulus and elongation at the breakpoint of the Gel-Lay
BV construct before and after PVA removal with the native BV (carotid artery of
men) [48].

Tensile Modulus (MPa) Elongation at Break (%)

Before PVA Removal 86.62 113.82
After PVA Removal 0.62 262.67
Native BV [48] 0.607 N/A

(Table 1) [48] and higher than previously reported 3D hydrogel
based-BV graft studies [31,49]. It was important to demonstrate that the
outermost supporting layer of an artificial BV possessed superior
stretchability as well as sufficient tensile durability, which proves that
our design can sustain in an environment with high blood pressure when
transplanted into a patient at the level of in vivo and -clinical
demonstrations.

3.3. Evaluation of cellular behaviors in 3D printed BV construct

To confirm that the presence of the Gel-Lay material does not affect
the viability of the laden cells within the fibrin gel layers of the printed
BV constructs, a preliminary biocompatibility study using hSMCs and
HUVECs were performed with other prevalent supporting materials for
cell culture and tissue regeneration, including PCL, PLA, and gelatin
methacrylate (GelMA) for comparison. As shown in Fig.4a, b, the cell
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deviation; n = 9.

proliferation rate was not much affected by the types of the outer layer
supporting materials due to the proper biocompatibility. In other words,
the fibrin gel layers provided an optimal environment for cell growth,
regardless of the outermost layer’s biocompatibility. Furthermore, a
series of live/dead staining tests were performed with hSMCs and
HUVEGs to investigate whether the engineered 3D constructs could be
biocompatible with other BV cell lines. As a result, the 3D printed vessel
structure could also be modeled with hSMCs and HUVECs (Fig.4c).
Similarly, the cell proliferation rate was quantified for iSMCs and iECs,
having Gel-Lay as an outer layer, and a similar pattern was demon-
strated despite the innate slow proliferation of iECs (Fig.4d, e). Based on
that, it was observed that the degree of biocompatibility of the outer-
most material was not a critical factor in our study due to the existence
of the fibrin gel layers.

To visually explore the changes in cellular behavior, F-actin staining
was performed for iSMCs and iECs within fiber gel of BV constructs
separately after 7 days of culture. As shown in Fig. 5a—c, cell staining
images of iSMCs demonstrated that the embedded cells appeared to be

1 vay 4 Days 7 vays

()

iSMCs

iECs

(f)

Fig. 5. Confocal microscope images of iSMCs (a—c) and iECs (d-f) after 1, 4,
and 7 days in the 3D printed middle and innermost fibrin gel layers of our
printed BV constructs. Scale bars, 100 pm.

elongated and proliferated within the mid-fibrin gel layer. iECs, which
have a smaller size than iSMCs, also demonstrated an increase in
numbers being irregularly patterned from 1 to 7 days in the innermost
fibrin layer (Fig. 5d-f). Additionally, the CellTracker™ stained images
for both cell lines showed a similar tendency in terms of cell growth over
7 days of culturing. As shown in Fig. 6a—c, the growth and migration of
iSMCs (red) and iECs (green) within their layer indicated successful
vascularization and the formation of smooth muscle and endothelium.
After 1 day, iISMCs were properly attached, elongated, and expanded in
the fibrin gel layer due to their rapid proliferation and superior regen-
erative potential [31]. Approaching day 7, the development of both
layers not only in the longitudinal but in the transversal direction was
also observed, which is related to maturing myogenesis and
vasculogenesis.

Fig. 6. Confocal microscope images of CellTracker™ stained iSMCs (red) and
iECs (green) after (a) 1 day, (b) 4 days, and (c) 7 days of culture when coaxially
extruded with a fibrinogen solution and a thrombin solution to form the fibrin
gel layers. Scale bars, 500 um. Confocal microscope immunofluorescence im-
ages of the 3D printed BV construct with (d) iSMCs, (e) iECs, and (f) both
(merged), after 1 week of culture in the fibrin gel layers. a-SMA (red) and CD31
(green) primary antibodies with DAPI (blue) were used to identify iSMCs and
iECs, respectively. Scale bars, 500 pm.
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To further investigate the development of cell function, iSMCs and
iECs were visually evaluated by the immunocytochemistry of the formed
smooth muscle and endothelium in the 3D printed BV with iSMCs and
iEC-specific biomarkers, such as a-SMA and CD31 primary antibodies
after 1 week of cell culture. As shown in Fig.6d-{, it was demonstrated
that the engagement of the biomarkers to both cell lines was enhanced,
despite the relatively slower-growing nature of iECs. These results imply
that the cells laden in the fibrin layers can successfully lead to the
development of a mature endothelium as well as a smooth muscle to
mimic the natural BV structure.

Generally, our approach using iPSCs can be significantly beneficial
since the proliferation and differentiation abilities of human stem cells
substantially decrease as donors age [30], which prevents acquiring
sufficient numbers of autologous cells for damaged BV reconstruction.
Hence, the successfully established fabrication protocol for the forma-
tion of smooth muscle and endothelium in the 3D BV constructs with
patient-specific iSMCs and iECs can significantly contribute to the
advancement of BV-related disease treatment. Although we have suc-
cessfully developed 3D flexible BV grafts in vitro using a unique com-
bination of multiple 3D printing techniques, the printer resolution is still
limited to create BVs at a smaller scale. The development of
high-resolution bioprinting systems or advanced nanobioinks will help
us manufacture novel BVs at varied scales.

4. Conclusion

As vascularization is the most important process for the repair of
damaged BV that is caused by associated diseases, the successful fabri-
cation of artificial BV can significantly contribute to the essential vas-
culogenesis of ECs and myogenesis of vascular SMCs, which will result in
an adequate integration with the surrounding tissues. The integration of
mechanical and biological aspects accounts for a critical role in
acquiring an optimal BV fabrication process; however, it has yet to be
achieved. In the present study, we exhibited that the incorporation of a
flexible rubber-like elastomer and a fibrin gel with embedded iSMCs and
iECs using FDM 3D printing and coaxial bioplotting technologies could
successfully generate excellent small-diameter BV constructs with
similar morphology to native BVs. The use of our FDM printed rubber-
like Gel-Lay elastomer as an outermost layer would provide essential
support until the 3D printed BV is remodeled by the host environment in
the human body. Additionally, the iSMCs and iECs-laden fibrin gel
layers formed from fibrinogen and thrombin were printed by the coaxial
bioplotting as two inner layers to compensate for the lack of bioactivity
of the Gel-Lay layer and to improve the BV regeneration. Based on their
durability and perfusability, the BVs could withstand blood pressure and
support nutrient transport, which hold great potential for future clinical
vessel replacement and vascularized tissue regeneration. Moreover,
there are several future study directions to further validate our BV
design: (1) a dynamic culture condition replicating the physiologically
relevant microcirculation system to obtain a confluent iEC layer and to
test vascular contractile functions, and (2) an in vivo study to demon-
strate its performance for clinical applications.
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