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ABSTRACT

To date, several off-the-shelf products such as artificial blood vessel grafts have been reported and clinically
tested for small diameter vessel (SDV) replacement. However, conventional artificial blood vessel grafts lack
endothelium and, thus, are not ideal for SDV transplantation as they can cause thrombosis. In addition, a suc-
cessful artificial blood vessel graft for SDV must have sufficient mechanical properties to withstand various
external stresses. Here, we developed a spontaneous cellular assembly SDV (S-SDV) that develops without
additional intervention. By improving the dragging 3D printing technique, SDV constructs with free-form,
multilayers and controllable pore size can be fabricated at once. Then, The S-SDV filled in the natural poly-
mer bioink containing human umbilical vein endothelial cells (HUVECs) and human aorta smooth muscle cells
(HA0SMCs). The endothelium can be induced by migration and self-assembly of endothelial cells through pores
of the SDV construct. The antiplatelet adhesion of the formed endothelium on the luminal surface was also
confirmed. In addition, this S-SDV had sufficient mechanical properties (burst pressure, suture retention, leakage
test) for transplantation. We believe that the S-SDV could address the challenges of conventional SDVs: notably,
endothelial formation and mechanical properties. In particular, the S-SDV can be designed simply as a free-form
structure with a desired pore size. Since endothelial formation through the pore is easy even in free-form con-
structs, it is expected to be useful for endothelial formation in vascular structures with branch or curve shapes,
and in other tubular tissues such as the esophagus.

1. Introduction

is estimated to increase to 23 million by 2030 [3]. When ischemic heart
disease occurs due to atherosclerosis or coronary artery disease, the

Cardiovascular disease (CVD), a complex group of disorders that
includes peripheral arterial disease (PAD), coronary artery disease
(CAD), cerebrovascular disease, and aortic atherosclerosis, is the leading
cause of death worldwide from non-communicable diseases [1,2]. CVD
caused about 19.1 million deaths in 2020, and the annual mortality rate
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coronary arteries are narrowed or blocked [4]. This can lead to serious
organ damage such as angina pectoris or myocardial infarction, and
sudden death due to lack of sufficient blood and oxygen supplied to the
myocardium [3]. Coronary artery bypass graft (CABG) is the most
common surgical method to solve this problem. It is estimated that over
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500,000 CABG procedures are performed in the United States annually.
Most CABG procedures use autologous blood vessels, and the patency
rate is very high at 90% after 1 year of the transplantation [4,5]. A
challenge to this procedure is that it is difficult to find suitable autolo-
gous blood vessels. Moreover, it is estimated that over 30% of CVD
patients do not have adequate blood vessels. Even if an autologous blood
vessel is obtained, the length or diameter may not be sufficient. Addi-
tionally, if secondary bypass surgery is performed, the possibility of
finding another suitable autologous vessel is significantly reduced. The
autologous blood vessel is obtained by invasive sampling, which pro-
vides an additional surgical scar. If the autologous blood vessel wall gets
damaged during the collection process, other chronic diseases or wound
complications are added, which can cause morbidity at the donor site
[6-8].

Accordingly, artificial blood vessel grafts to replace autologous blood
vessels are being manufactured in the field of tissue engineering [9-12].
Due to the high clinical demand for artificial blood vessel grafts, several
off-the-shelf products have been developed using synthetic polymers (e.
g., polyethylene terephthalate (Dacron) and polytetrafluoroethylene
(Teflon) and ePTFE (GORE-TEX)) [13-16]. These artificial blood vessel
grafts have been able to successfully replace diseased vessels when
transplanting medium or large diameter blood vessels [15-17]. How-
ever, CABG, which requires transplantation of small diameter vessels
with an inner diameter of less than 5 mm, has shown disappointing
clinical results, due to blood clots caused by damaged or dysfunctional
endothelium. The off-the-shelf artificial blood vessels do not have
endothelium. In the case of medium or large diameter grafts, blood flow
is high even without endothelium, so there is less chance of clot for-
mation. However, in case of small diameter vascular (typically less than
5 mm inner diameter) are plagued that thrombosis and thickening of the
neointimal as well-known as intimal hyperplasia. To overcome these
limitations, it is essential to form an endothelial cell layer inside the
artificial SDV [18,19].

Numerous manufacturing technologies are being actively researched
to produce tubular SDVs with endothelium in the inner layer [12,
20-22]. The tubular construct of blood vessels requires a high level of
processing skill due to the complex hierarchical construct that includes a
variety of cell types and ECMs. Conventional fabrication techniques
have been extensively studied to fabricate multilayer tubular constructs
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containing endothelium (e.g., electrospinning, cell sheet engineering,
and mold casting). However, manufacturing 3D tubular constructs re-
quires a long time and is a labor-intensive multi-step process, limiting
production. 3D bioprinting technology has emerged as an effective
approach to overcome these limitations. Using this method, the tubular
SDV can be fabricated quickly and easily [2,23-29]. Cell-laden tubular
construct in a natural polymer that helps cells grow also can be manu-
factured. However, mostly it has weak mechanical properties, making it
difficult to use in clinics [11]. We developed a dragging printing tech-
nique using 3D printing as described in a previous study. Through this,
we produced a tubular artificial esophagus construct in which esopha-
geal epithelial cells and esophageal smooth muscle cells were evenly
laden with natural polymers that helped the cells grow [2]. The fabri-
cated esophageal construct had sufficient mechanical properties to be
used in clinics. During the research, it was confirmed that the presence
of pores helped not only the mechanical properties of the construct but
also the proliferation and differentiation of cells inside the construct. If
applied to artificial SDV, this approach has a very high potential to
simulate the physical and physiological characteristics that SDV should
have.

In this study, we combined a dragging 3D printing technique using
synthetic polymers with 3D bioprinting using natural polymers con-
taining cells to fabricate an engineered spontaneous cellular assembly
small diameter vessel (S-SDV) with a cell layer composition similar to
that of an autologous blood vessel (Fig. 1a). The normal 3D printing
method provides an easier way to fabricate 3D free form tubular con-
structs than the conventional methods. However, it is difficult to have
sufficient mechanical properties for transplantation while having a
uniform endothelial layer on the inner layer [11]. Here, intensifying the
dragging 3D printing technique allowed for precise control of the pore
size by adjusting the number of columns and feed rate. The pore in the
3D tissue-engineered scaffold has an important role in nutrient transport
and metabolism and cell viability. However, with normal 3D printing, it
is not possible to create a porous tubular structure without supporting
material and post-processing. So, we tried to advance our previously
established dragging printing method for controlling pore sizes on the
tubular construct. By improving its versatility, we applied this technique
to fabricate small diameter blood vessels for regenerative medicine
purpose and evaluated its mechanical and biological properties
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Fig. 1. Images of the spontaneous cellular assembly small diameter vessel (S-SDV) fabrication process. (a) Schematics of the fabrication and (b) human umbilical
vein endothelial cells (HUVECs) behavior on the S-SDV. (c) The developed artificial small diameter blood vessel graft, S-SDV. Green; HUVECs, Red; human aortic

smooth muscle cells (HAoSMCs).
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properly. In this study, the pores allowed cells to survive inside the 3D
tubular constructs, and affected cell migration and spontaneous as-
sembly, enabling human umbilical vein endothelial cells (HUVECS) to
spontaneously form an endothelium on the inner layer of the 3D tubular
constructs (HUVEC covered area >97.68%) (Figs. 1b and c). Through
this, the adhesion of the platelet could be prevented. In addition, the
graft need be flexible, maintained at an appropriate bursting pressure,
and be able to withstand the force caused by suturing during surgery.
The S-SDVs used in this study had sufficient mechanical properties to the
level of native blood vessels, which is ultimate strength of 6-9 MPa,
burst pressure of 432.23 + 45.54 mmHg and suture retention of with-
standing a maximum of 6.69 + 1.8 N tension force.

Generally, to maintain the shape of the construct, other materials are
mixed to make a hybrid ink, crosslinking is added by UV irradiation, and
a hardening bath is added to the fabrication process. But these methods
still have the disadvantage that they contain a sacrificial layer that must
be removed for the final tubular construct [30]. However, the dragging
3D printing technique used here enables the fabrication of a construct
that satisfies the multi-layered, free-form graft condition [31]. This
technique can build the desired physiological construct by sequentially
arranging cell-laden bioink printing. The ability and mechanical prop-
erties of the graft to mimic the autologous construct also affect the
ability of the graft to withstand the physiological environment after
transplantation [18]. Therefore, the S-SDV could be an attractive
alternative for the fabrication of artificial SDVs.

2. Materials and method

2.1. Development of a porous free-form multi-layered construct using a
dragging 3D printing technique

Dragging 3D printing was performed using a lab-made multi-head
bioprinting system. A customized dragging G-code generator program
was used to fabricate the various shapes of the porous multi-layered
tubular constructs. A medical-grade polycaprolactone (mPCL, Resomer
C209, Evonik, Germany) with a molecular weight of 73,000 and an
inherent viscosity of 0.8-1.0 dl/g (0.1% in chloroform, 25 °C) was used
as the printing material. First, mPCL pellets were placed in a stainless-
steel print head (SS10, U-Jin Tech., Republic of Korea) and melted at
85 °C, after which the print bed was heated to 35 °C during printing. In
addition, the room temperature (RT) during the printing was maintained
at approximately 15-18 °C. After the pellets had completely melted,
they were printed on the print bed and dragging region using precision
nozzles (SHN-0.1 N, Musashi, Japan) with a size of 150 pm at an equal
pneumatic pressure of 550 + 10 kPa. To obtain a stretching material, the
printing feed rate was adjusted such that the printing region was printed
at a rate of 8 mm/s, whereas the dragging region was printed at a rate of
150 mm/s. The vertical standoff distance was 100 pm. We investigated
the morphological features of the dragging printed 3D construct and
compared it with normal 3D printing by field emission scanning electron
microscopy (FE-SEM; S-4800, Hitachi, Japan).

To validate the fabrication ability of the multi-layer tubular
construct with natural polymer, a 2% porcine skin atelocollagen
collagen (Collagen; Dalim Tissen, Seoul, Republic of Korea) was loaded
in the space between the porous layers using a 26G nozzle (PN-26G-13,
U-Jin Tech, Republic of Korea) with an operating pneumatic pressure of
15 kPa. The collagen was mixed with color inks to clearly distinguish
each layer.

2.2. Parameter study of the dragging 3D printing technique for pore
control

In the dragging technique, one variable of the dragging arc length is
directly related to pore control (Supplementary Figs. 1a and b). This
variable is determined by adjusting the number of symmetrically ar-
ranged columns (Supplementary Figs. 1c—e). Therefore, the dragging arc
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length was controlled by adjusting the number of columns (NC), and the
pore size change was observed accordingly. Specimens were manufac-
tured with R1 (Inner diameter) = 5.0 mm, R2 (Outer diameter) = 5.2
mm, and the angle of ©2 was fixed at 3°. Dragging G-code was produced
by adjusting the NC44 to NC28 (Supplementary Fig. 1f).

2.3. Analysis of mechanical properties of porous tubular multi-layered
constructs

To evaluate the mechanical properties of the constructs with
different pore sizes and layer numbers, the specimens were subjected to
tensile testing using a universal testing machine (UTM; Model E42, MTS,
Germany). The load cell capacity of the UTM was 5.0 KN, and the fixed
specimens were elongated at a speed of 0.1 mm/s.

We prepared porous multi-layered tubular constructs with two to
five layers to investigate the tensile strength with different layer
numbers. The 10 mm length specimens were prepared for the tensile
test, with 3.25 mm of each end of the specimens mounted to the UTM jig,
and the remaining 3.5 mm were used for the tensile testing. The cross-
sectional area of the two to five layers was measured as 2.16 mm?
3.75 mmz, 5.67 rnrnz, and 7.89 mmz, respectively.

Likewise, to investigate the mechanical properties of the specimens
depending on different pore sizes, specimens were prepared for three
different NC conditions (NC42 to NC30). The sample jigging was
mounted and measured as mentioned above. The cross-sectional area of
the specimens was used at 6.40 mm? by measuring from FE-SEM anal-
ysis to calculate the stress-strain.

2.4. Preparation of the spontaneous cellular assembly small diameter
vessel

For the fabrication of the S-SDV, an SDV construct was printed with
mPCL using a precision nozzle with an inner diameter of 150 pm and
550 kPa pneumatic pressure. The construct has an inner, and outer
diameter, and height of 5, 7, and 5 mm, respectively.

A bioink was prepared by mixing the cell pellets with the collagen,
and the final concentration of the bioink was 2%. The collagen was
neutralized with NaOH and 10X Dulbecco’s modified eagle medium
(Hyclone, Logan, USA). Primary HUVECs (PromoCell, Heidelberg, Ger-
many) were cultured in an endothelial cell growth medium solution
containing endothelial cell growth medium 2 (PromoCell), growth me-
dium supplementmix 2 (PromoCell), and 1% penicillin-streptomycin (P/
S; Gibco). Also, primary human aortic smooth muscle cells (HAoSMCs;
PromoCell) were cultured in a smooth muscle cell growth medium so-
lution containing smooth muscle cell growth medium 2 (PromoCell),
growth medium 2 supplementmix (PromoCell), and 1% P/S. These cells
were maintained at 37 °C and 5% CO,. The HUVECs and HAoSMCs were
detached using trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA)
and centrifuged to obtain cell pellets.

The seeding density of the cells used in the bioink was HUVECs =
107/ml (HUVECs-only); HUVECs: HAoSMCs = 5 x 10%: 5 x 10%/ml (V1:
S1); HUVECs: HAoSMCs = 2 x 107: 5 x 10%/ml (V4:S1). For HUVECs-
only culturing, the endothelial cell growth medium solution was used.
For V1:S1 and V4:S1 culturing, the endothelial cell growth medium
solution and the smooth muscle cell growth medium solution were
mixed with a 4:1 ratio. All bioinks were prepared under ice-cold con-
ditions. Then, S-SDV was induced by sequentially bioprinting 2% bioink
between the inner and outer layers of the SDV construct. The 3D bio-
printing used a 26G nozzle at 15 kPa, 4 °C.

2.5. Study of the cell behavior according to pore size

To confirm the migration of the HUVECs according to pore size, three
NCs of SDV constructs were printed. NC40, NC36, and NC32 had
dragging arc lengths of 0.27, 0.31, and 0.37 mm, respectively. The pores
were observed using FE-SEM and the results were measured by ImageJ.
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After that, the HUVECs-only bioink was injected into the NC40,
NC36, and NC32 through 3D bioprinting for inducing S-SDV. These were
cross-linked for at least 30 min at 37 °C and 5% CO»,. The media was
added, and these were cultured under the same condition for 1 and 14
days.

HUVECs were stained using Phalloidin-Tetramethylrhodamine B
isothiocyanate (Phalloidin; Sigma Aldrich). The specimens were placed
in a 4% paraformaldehyde solution for 15 min at RT, after which they
were treated with 0.1% Triton X-100 for 15 min. Subsequently, speci-
mens were stained using FITC-phalloidin for 20 min at RT. VECTA-
SHIELD® (DAPI; Vector Laboratories, Burlingame, USA) was added for
staining the nuclei. The specimens were observed using confocal mi-
croscopy (LMS 980, Zeiss, Oberkochen, Germany) and FE-SEM.

2.6. Mechanical validation of a small diameter vessel construct

To confirm the leakage of the S-SDV with V4:Al bioink, 2 pm
Fluirescein isothiocyanate-dextran (FITC-microspheres; Sigma Aldrich,
St. Loius, USA) were perfused with a 10 mm/s flow rate, similar to
bloodstream speed [32]. The S-SDV was connected to the peristaltic
pump via a silicone hose. The results were observed in real-time with
365 nm wavelength UV light and intensity analysis was performed with
ImagelJ.

A burst pressure test was conducted by connecting a silicone hose,
which is mounted with a syringe pump, on each end of the S-SDV with
V4:A1l bioink. Phosphate buffered saline 1X (PBS; Gibco, New York,
USA) was infused in the S-SDV until it completely ruptured and was not
detached from a pressure sensor (MSR, Elveflow, France).

Suturing retention was measured by suture on the 6-point each edge.
The SDV construct was fixed with a non-absorbable suture thread (USP
size 6-0) and a customized UTM jig and it was fastened with a tensile jig
(Supplementary Fig. 2). A 0.1 mm/s rate of elongation was used until the
specimen was completely torn. All mechanical validations were con-
ducted at RT.

2.7. Study of the cell behavior according to cell density

Two kinds of cell ratios (V1:S1, V4:S1) were prepared to investigate
the different behavior of cells according to the seeding cell density of S-
SDV. The pore size was controlled under NC36. The samples were
cultured under the same conditions for 7 and 14 days.

The cells were stained using Immunofluorescence staining to
distinguish between the HUVECs and HAoSMCs. Subsequently, the
samples were fixed using a 4% paraformaldehyde solution for 10 min,
after which they were permeabilized using 0.1% Triton X-100 for 10
min. Thereafter, the samples were treated using 1% bovine serum al-
bumin (BSA) for 30 min for blocking. Subsequently, the HUVECs were
stained using primary antibodies and anti-CD31 (Abcam, Cambridge,
USA), and the HAoSMCs were stained using anti-a-SMA (Abcam) at a
ratio of 1:100 at 4 °C overnight. Thereafter, Alexa Fluor 488 and Alexa
Fluor 594 secondary antibodies (Invitrogen, California, USA) were
diluted in 1% BSA and applied to the samples for 2 h at RT. The samples
were observed using confocal microscopy. We quantitatively analyzed
surface covering density, depending on co-culture concentration and
cell culturing period, through ImageJ.

2.8. Study of the cell behavior according to oxygen concentration

Two experimental groups were prepared to investigate the effect of
oxygen concentration gradient on the cell behavior of S-SDV. The pore
size was controlled under NC36 and V4:S1. Group 1 was the S-SDV with
an inner, and outer diameter, and height of 5, 7, and 5 mm. Group 2 was
Group 1 cut in half vertically. These experimental groups were cultured
under the same conditions for 7 days.

To distinguish between the HUVECs and HAoSMCs, the cells were
stained the same way as mentioned above. The groups were observed
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using confocal microscopy. In addition, the area of the HUVECs on each
layer was quantitatively analyzed through ImageJ.

2.9. Numerical analysis of oxygen concentration

Oxygen concentration distribution around the S-SDV construct was
analyzed by a numerical simulation software, COMSOL Multiphysics
5.3a (COMSOL Inc, Burlington, USA). To compare the oxygen concen-
tration distribution depending on the shape of the S-SDV construct, two
different shapes of the S-SDV construct were applied in the analysis: full-
tube (Group 1) and half-tube (Group 2) shapes.

To model the diffusion and consumption of oxygen by the S-SDV
construct, the Transport of Diluted Species module was used in COM-
SOL. The initial oxygen concentration of the medium and S-SDV
construct and oxygen concentration on the top boundary was set as 0.2
mol/m3. Diffusion coefficients of oxygen in the medium and the S-SDV
construct were assumed to be 2.0 and 6.0 x 10~° m?/s, respectively.
Based on research performed in similar studies [33], the oxygen con-
sumption model was applied to the S-SDV construct using
Michaelis-Menten reaction kinetics. In this model, the mass balance of
oxygen can be described by Fick’s second law with a reaction term as
follows:

0C(z,1)
ot

(32C(z,t)

=D
022

@

— R(z,1)

where C is the oxygen concentration as a function of space and time, and
D is the diffusion coefficient of oxygen. R represents the oxygen con-
sumption rate per unit volume and can be described by the following
equation:

OCRyax x C(z,1)
R(z1)= C(z,1) + Cmmg, 2)
where OCRyax and Cmmg; represent the maximum oxygen consump-
tion rate and the Michaelis-Menten reaction constant for the oxygen
consumption by the cells in the S-SDV construct, respectively. Based on a
previous study [34], the Cmmgy and OCRp,;x were assumed to have
0.005 mol/m® and (6.367 x 10~ mol/s) x (cell density), respectively,
while cell density was set as 5 million/cm®. The time-dependent oxygen
distribution was analyzed between 0 and 10,000 s with a step of 2500 s.

2.10. Analysis of antiplatelet adhesive behavior

An experiment was prepared to check whether the antiplatelet ad-
hesive behavior occurs when platelets in the blood pass through the S-
SDV. The used blood from 3 donors is single-donor human whole blood
that was purchased from Innovative Research, Inc. (Novi, MI, USA). The
blood was treated with sodium citrate 3.8%, an anticoagulant.

S-SDV and cell-free SDV were prepared for comparison and NC36
was used. In the S-SDV, the cell density was V4:S1. The cell-free SDV
construct was only 2% collagen without HUVECs and HAoSMCs inside.
These were connected to a perfusable pump with a silicon hose,
respectively. The prepared samples were perfused with blood for 10 min
[22], then, non-adhered platelets were washed away with PBS for 3 min.

Platelets attached to the samples were confirmed by immunofluo-
rescence staining with CD41a (Abcam) antibody. To distinguish the
HUVECs, the red fluorescent protein-expressing human umbilical vein
endothelial cells were used (RFP-HUVECs; Angio-Proteomie, Boston,
USA). The HAoSMCs were not stained. The samples were fixed using a
4% paraformaldehyde solution for 10 min, after which they were per-
meabilized using 0.1% Triton X-100 for 10 min. Thereafter, the samples
were treated using 1% BSA for 30 min for blocking. Subsequently, the
platelets were stained using primary antibodies and anti-CD41a at a
ratio of 1:100 at 4 °C overnight. Thereafter, Alexa Fluor 488 secondary
antibody was diluted in 1% BSA and applied to the samples for 2 h at RT.
The samples were observed using confocal microscopy.
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2.11. Statistical analysis

The obtained images were analyzed using ImageJ (National In-
stitutes of Health, Bethesda, USA). Data processing and statistical
analysis were performed using GraphPad Prism 9 (GraphPad Inc, San
Diego, USA). The statistical analysis data were expressed as the mean +
standard deviation. For the comparison between the two experimental
groups, a student’s t-test and one-way analysis of variance (ANOVA) was
performed.

3. Results

3.1. Fabrication of the porous, free-form, multi-layered construct using
the dragging 3D printing technique

In a normal 3D printing method, the diameter of the extruded strand
depends on the nozzle’s inner diameter (Fig. 2a). As shown in the results,
the 150 pm thick wall fabricated by the normal 3D printing is comprised
of stacked mPCL strands without pores (Figs. 2b and c). It was also
confirmed that the printed mPCL strands had uniform thicknesses
(Fig. 2d). On the other hand, the wall fabricated by the dragging 3D
printing technique enables the formation of pores; the top view image
also confirmed that dragged mPCL strands allowed strand stretching and
connection to each other’s column (Figs. 2e-h). Thus, there are distinct
morphological differences that induced pores between the normal and
the dragging 3D printing techniques (Fig. 2i).

3.2. Fabrication of the free-form porous construct using the dragging 3D
printing technique

Using the customized dragging G-code program, porous free-form
constructs were fabricated with mPCL. A porous tubular construct
with a bellow pattern was fabricated (Left) similar to a commercial
artificial SDV (Right) used clinically (Fig. 3a). In addition, it was
confirmed that small diameter tubular constructs with the bellow

<Normal 3D printing tech.>

(a)

\ diameter
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thickness

Bioactive Materials 31 (2024) 590-602

pattern could be manufactured with inner diameters of 5 and 2 mm,
respectively (Figs. 3b and c). The bellow patterned tubular constructs
created by the dragging 3D printing technique were porous and thin
(Thickness <100 pm), enabling flexibility and recovery from bending
motions (Fig. 3d). In addition, by adjusting the dragging pattern, tubular
constructs with helical, zigzag, and star shapes, as well as Y-shaped
small diameter and multi-layer constructs, can be fabricated (Figs. 3e—i).
Tubular constructs with high aspect ratios (Inner diameter of 5 mm,
height of 80 mm) could also be produced (Fig. 3j). In this study, porous
membranes with 2 and 3D shapes (Thickness ~ of 80 pm)) were also
fabricated using the dragging 3D printing technique (Fig. 3Kk).

3.3. Fabrication of the multi-layered tubular porous construct using the
dragging 3D printing technique

The multi-layered tubular constructs were fabricated with 2-5 layers
via the dragging 3D printing technique (Fig. 4a). In addition, the
placement of the 2% collagen mixed with the color inks between each
layer was visually confirmed (Fig. 4b). The tensile test showed that the
load value tended to increase as the number of layers increased, and 2 to
5 layers withstood 16.1, 26.6, 46.6, and 59.7 N depending on the
number of layers, respectively (Fig. 4c). Based on the stress-strain curve,
Young’s modulus was measured at around 200 MPa but there was no
significant difference between each number of layers. The ultimate
strength was present at 6-9 MPa depending on the number of layers
(Fig. 4d).

3.4. Control of the pore size on the tubular porous construct using the
dragging 3D printing technique

To verify that the pore size could be controlled by adjusting the
dragging arc length, the morphology of the pore was investigated using
FE-SEM analysis. The results revealed that no pore was formed in using
NC44 which had a dragging arc length of 0.23 mm. However, the pores
were shown from the NC42 that had a dragging arc length of 0.25 mm

<Dragging 3D printing tech.>

(e)

Controllable
thickness

Fig. 2. Comparison of the normal and dragging 3D printing technique. Schematics and field emission scanning electron microscopy (FE-SEM) images of the (a-d)
normal and (e-h) dragging 3D printing technique. (i) An overlapping FE-SEM image about a strand of the normal and dragging 3D printing technique.
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Fig. 3. Free-form porous tubular 3D constructs by the dragging 3D printing technique. (a) A commercial artificial SDV (Right) and the mimic’s construct (Left).
Bellow shape constructs with an inner diameter of (b) 5 mm, (c¢) 2 mm and (d) capability of reversible bending motions. (e) Complex pattern constructs with helix
(Left), zigzag (Right). (f) Wrinkle shape and (g) its reversible stretching motions. Complex shape constructs with (h) a branch and (i) multi-layers, and (j) a high-
aspect ratio construct (Inner diameter = 5 mm/height = 80 mm). (k) 2D-3D thin membrane porous constructs (Thickness ~ 80 pm).
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Fig. 4. Images of the (a) multi-layered tubular porous constructs using the dragging 3D printing technique, and (b) loaded natural polymers on each layer. (c) A load

response and (d) a stress-strain curve according to the layer numbers of the multi-layered porous tubular constructs. L; layers, *p < 0.05, **p < 0.01, ***p < 0.001, n
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and the pore size gradually increased as the NC was decreased to NC30
(Fig. 5a).

For quantitative comparison, the area (A), height (h), and length ()
of the pores were measured and compared (Fig. 5b). The area of the
pores using NC42 to NC30 was 835.0 + 79.4, 2586.0 + 156.0, 3810.0 +
485.0, 6105.4 + 169.2, 8518.0 + 311.0, 11,142.0 + 378.0, and
14,142.1 + 920.3 pm2, respectively (Fig. 5c). The height of the pores
showed that NC42 to NC30 was 15.4 + 0.7, 26.4 + 1.4, 33.0 & 2.0, 40.1
+ 1.0, 49.5 + 1.4, 56.0 £ 5.0, and 59.4 + 3.8 pm, respectively (Fig. 5d).
Additionally, the length of the pore revealed NC42 to NC30 was 37.4 +
4.2,155.2 + 4.5, 176.0 + 1.0, 227.5 + 2.3, 264.4 + 2.6, 294.0 + 6.0,
and 344.4 £+ 6.8 pm, respectively (Fig. 5e).

To evaluate the mechanical strength of the tubular constructs using
different NCs, the specimens without cells were subjected to a tensile
test. According to the stress-strain curves, the ultimate strengths of
NC42, NC36, and NC30 constructs were 0.84, 0.84, and 0.79 MPa,
respectively (Fig. 5f).

3.5. Fabrication of the spontaneous cellular assembly small diameter
vessel via pore and endothelial cells’ behavior

The purpose of this study was to determine how the pores formed by
dragging 3D printing technique affect HUVECs behavior. To test this,
SDV constructs with NC40, NC36, and NC32 were prepared. The pore
size was observed by FE-SEM. Pores were measured for the length,
height, and area in the inner and outer layers (Supplementary Fig. 4a).
The size differences between NC40 and NC36 were 1.6-1.9 times in
length and 1.6-2.1 times in height. The area was 2000 pm? for NC40 and
6000 pm? for NC36, and the area of NC36 was three times larger than
NC40. The NC36 was 0.5-0.6 times in length and 0.9-1.0 times in height
smaller than NC32. The area of NC36 was 1.65 times smaller than NC32
(Supplementary Fig. 4b).

The HUVECs-only bioink was injected into the SDV construct by 3D
bioprinting. After 1 and 14 days of culture, the pores and the sur-
roundings of the inner layer at the lumen surface side were observed
using a confocal microscope (Fig. 6a). HUVECs could be identified on
the inner layer even on day 1. After 14 days, it could be observed clearly.

Endothelium was most formed in NC36, followed by NC32 and
NC40. Actually, the spontaneous cellular assembly of HUVECs shows
different results for each pore size. By analysis of the confocal images on
day 14, it was confirmed that the HUVECs covering the surface were
formed by approximately 33.850 + 6.67% in NC40, 81.62 + 4.41% in
NC36, and 54.55 + 8.36% in NC32 (Fig. 6b). In NC40, it could be
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observed that the HUVECs migrated through the pores and grew on the
surface but were not yet covered the surface of inner layer. In NC32, it
could be observed that the HUVECs migrated but not yet covered the
pore of the inner layer. However, in NC36, not only the filled surface but
also the pores were covered by the HUVECs (Fig. 6¢).

3.6. Mechanical validation of the spontaneous cellular assembly small
diameter vessel

We next wanted to determine whether the S-SDV construct created
by the dragging technique had enough mechanical rigidity to be an
implantable small diameter blood vessel graft. Therefore, mechanical
testing including leakage, burst pressure, and suture retention was
performed. The leakage test found that the FITC-microspheres flowed
well into the SDV construct without any rupture or leakage (Fig. 7a,
Supplementary Video 1). For the quantitative validation, we compare
the fluorescence intensity between the PBS bath and S-SDV. The result of
fluorescence intensity was 6.88 + 0.7 in the PBS bath and 184.66 + 7.2
in the S-SDV (Fig. 7b). This result suggests that S-SDV has sustainable
flow ability without any leakage. Burst pressure analysis revealed that
the SDV construct containing 2% collagen bioink withstood over 400
mmHg, whereas without bioink did not withstand the internal pressure
atall (Fig. 7c). The suture retention result showed that the SDV construct
could withstand a maximum of 8.77 N tension force (Fig. 7d).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.07.021

3.7. Effect of the cell density for inducting the spontaneous cellular
assembly small diameter vessel

To mimic a native blood vessel architecture [35], collagen ink with
HUVECs and HA0oSMCs, cells that comprise blood vessels, was injected
in NC36. To efficiently observe the behavior of the co-cultured cells and
increase the rate of layer formation, the experiment was performed by
controlling the number of cells. HUVECs and HAoSMCs were mixed in
collagen at V1:S1 and V4:S1. The cells were co-cultured and observed by
a confocal microscope on days 7 and 14. Immunofluorescence staining
was used to distinguish between HUVECs and HAoSMCs as green and
red, respectively. When the cell density ratio of HUVECs and HAoSMCs
was V1:S1, it was confirmed that HAoSMCs actively migrated regardless
of the inner and outer layers over time (Fig. 8a). HUVECs were barely
observable in the inner and outer layers. Quantitative results are pre-
sented showing that HUVECs covered inner surface 16.7 + 1.2% and

(b)

Stress (o, MPa)

T
0.04
Strain (£)

NC42 40 38 36 34 32 30

Fig. 5. (a) Field emission scanning electron microscopy (FE-SEM) images of the pore morphology by the number of columns (NC). (b-e) Quantitative comparison of
the area (A), height (h), and length (). (f) A stress-strain curve according to the NC. Red; NC42, Green; NC36, Blue; NC30, ***p < 0.001, n > 3.
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Fig. 6. (a) Confocal images of the inner layer on NC40, NC36 and NC32 with HUVECs-only bioink culturing for 1 day and 14 days. Green; CD31, Blue; DAPI. (b) An
analysis graph about the HUVECs surface density and (c) field emission scanning electron microscopy images of the (a) at day 14. *p < 0.05, **p < 0.01, ***p <

0.001, n = 3.

19.6 + 1.87% for 7 days, 14 days, representatively. Also, outer surface
covered 1.07 + 0.38% and 9.12 + 0.74% for 7 days, 7 days represen-
tatively (Fig. 8d).

In the case of V4:S1, different results were shown depending on each
layer (Fig. 8b). The result of HUVEC' active movement was mostly
observed on the inner layer. Notably, after 14 days, HUVECs sponta-
neously migrated through the pores to the inner layer, forming a
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spontaneously assembled dense layer. HAoSMCs were observed in both
inner and outer layers but were predominantly present in the outer layer
(Fig. 8c). Quantitatively, inner surface was covered 75.95 + 1.2%,
contritely outer was surfaced 1.01 + 0.3% for 7 days. For 14 days,
almost inner surface was covered as 97.68 + 0.4% through HUVEC’s
migration and outer surface covered 26.68 + 5.6% (Fig. 8d).
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Fig. 7. Mechanical validation results; (a) Real-time images and (b) the fluorescent intensity analysis of leakage test by the fluorescent flow in the S-SDV. Green; FITC-

microsphere. *
tension analysis of the SDV construct. n = 3.

*p < 0.0001. (c) Burst pressure graph of the S-SDV. Orange: SDV construct (w/o cell-laden bioink), Blue: S-SDV (w/cell-laden bioink) (d) A suture
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Fig. 8. Confocal images of spontaneous cellular assembly small diameter vessel (S-SDV) with human umbilical vein endothelial cells (HUVECs) and human aortic
smooth muscle cell (HAoSMCs) encapsulated bioink culturing on 7, 14 days. The HUVECs:HAoSMCs density ratio is (a) V1:S1 and (b) V4:S1. (c) Magnified confocal
images of the V4:S1 on 14 days. The left image shows the inner layer, and the right image shows the outer layer of the S-SDV. Green; HUVECs, Red; HA0SMCs. (d)
Quantitative analysis of the surface density through HUVEC’s cells, ***p < 0.001, n > 3.

3.8. Effect of oxygen concentration for inducing the spontaneous cellular
assembly small diameter vessel

In NC36 and V4:S1 conditions, HUVECs mainly migrated to the inner
layer. To investigate the cause, Group 1 and Group 2 and treated with
different oxygen concentration gradients and the movement of HUVECs
and HAoSMCs was observed. HUVECs were stained in green and
HA0SMCs were stained in red by immunofluorescence staining. The
difference in oxygen concentration gradients of Group 1 and Group 2
was confirmed through simulation (Figs. 9a, b and Supplementary
Videos 2, 3). In Group 1, oxygen was rapidly depleted in the tube-shaped
inner layer, but in Group 2, the open inner layer had almost the same
oxygen concentration as the outer layer. Based on this, an actual
experiment was conducted (Fig. 9¢c). We observed that HAoSMCs from
Groups 1 and 2 migrated into the inner and outer layers regardless of the
oxygen concentration gradient. In contrast, HUVECs were observed
more frequently in the inner layer of Group 1, which had the relatively
lowest oxygen concentration gradient. By analyzing the confocal results,
the area where the migrated HUVECs were distributed in each layer was
calculated (Fig. 9d). The inner layer of Group 1 was 2.15 and the outer
was 0.11. Group 2 was 0.66 in the inner and 0.74 in the outer layer. It
was confirmed that Group 1 was 2.15, which was 3.26 times higher than
Group’s 0.66. Even within Group 1, the rate of movement to the inner
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layer was 19.55 times higher than that of the outer layer. Within Group
2, the rates of the area of the outer and inner layers were almost similar
at 0.89.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.07.021

3.9. Anti-platelet adhesion

A crucial component of an artificial SDV graft is a well-formed
endothelium to prevent the adhesion of platelets. To examine platelet
adhesion in the S-SDV, whole blood flowed into the S-SDV, and adhesion
of the platelets on the inner layer was observed (Fig. 10a). A cell-free
SDV, an SDV construct filled only with collagen without cells, was
also prepared for comparison. RFP-HUVECs were used, platelets were
stained green, and HAoSMCs were not stained.

In the case of the S-SDV, the platelets were barely invisible. In
contrast, in the cell-free SDV, it was confirmed that a large number of
platelets were observed (Fig. 10b). By quantifying the number of
attached platelets, it was confirmed that the platelets count in cell-free
SDV was significantly higher (Fig. 10c). The adhered platelets were
observed in each condition. However, the morphology of the platelets
showed a much tighter attachment and a more activated form in the cell-
free SDV compared to the S-SDV (Supplementary Fig. 3) [36].
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Fig. 10. (a) A schematic of the blood flow and platelet adhesion. (b) Confocal images about the anti-platelet adhesion of the spontaneous cellular assembly small
diameter vessel (S-SDV) with human umbilical vein endothelial cells (HUVECs), human aortic smooth muscle cell (HAoSMCs) and cell-free SDV. Red; RFP-HUVECs,
Green; platelets, Blue; DAPI. (c¢) Quantitative analysis of the platelet adhesion area. ***p < 0.001, n = 3.
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4. Discussion

In 3D constructs for tissue engineering, pores are one of the essential
factors to be considered because they play an important role in cell meta-
bolism [2,37-40]. However, other studies were able to manufacture pores
only by using additional equipment or sacrificial materials [41]. By
developing a dragging 3D printing technology in previous research, it was
easy, and effectively possible to fabricate a tubular construct with pores
without additional processing [31]. In addition, it was observed that cell
growth in the tubular construct with pores was more effective than in the
absence of pores [31]. Here, we developed advanced dragging 3D printing
technology that could control the pore size of the tubular construct by
adjusting the design parameters. The results revealed that pores with a
length of approximately 344 pm were produced when a 150 pm nozzle was
used with NC30 (Dragging arc length of 400 pm). In contrast, no pore was
formed at NC28 (Dragging arc length of 430 pm), which could be attributed
to the fact that the column was not connected to each other column. The
smallest pore with a length of approximately 37.4 pm was formed using
NC42 (Dragging arc length of 250 pm). In addition, constructs made with
NC44 (Dragging arc length of 230 pm) had no pores formed. Consequently,
the largest pore was obtained when the dragging length was approximately
2.6 times larger (NC30) than the inner diameter of the nozzle, and the
smallest pore was obtained when the dragging length was approximately
1.6 times larger (NC42) than the inner diameter of the nozzle. In this re-
gard, the pore size could be different depending on the printing materials.
As the dragging technique uses the material’s stretch property, it is judged
that the viscosity of the material affects the pore formation. In this study, an
artificial SDV was proposed that was fabricated by this advanced dragging
3D printing technique. The most important two things in the artificial SDV
are to have mechanical properties that can be implanted clinically and to
mimic the structure and characteristics of natural blood vessels’ endothe-
lium [42]. Many efforts have been made to meet these challenges, but ours
is the first study to successfully create a strong and porous S-SDV that can
also easily mimic the endothelium.

First of all, in this technology, the material used as the artificial SDV
has sufficient mechanical properties. In other studies, natural polymers
were used a lot because endothelium was not easily constructed when
artificial SDV was made only with synthetic polymers. However, most of
the implants developed with natural polymers had weak mechanical
properties compared to native blood vessels [43]. Here, by using a
synthetic polymer as a frame, the mechanical properties were able to
better model the characteristics of blood vessels. mPCL was used as a
synthetic polymer for S-SDV. It is a non-toxic, biocompatible polymer
that does not release harmful substances to living cells. It has been
approved by the FDA and synthesized in a GMP facility, so it is adaptable
for clinical application. Our results in filling the inside of the multi-layer
with bioinks using natural polymer suggests the possibility of fabricating
multi-functional SDV constructs using additional biomolecules that are
beneficial to cells in the future. Our findings ensure reliable mechanical
properties, enabling easy application in implantation. Given that the
ultimate strength of the internal mammary artery is 4.3 MPa, the S-SDV
has sufficient mechanical properties (Ultimate strength 6-9 MPa) to
withstand physiological stress [44]. The S-SDV has less burst pressure
value than native small diameter blood vessel tissue. However, given
normal bloodstream pressure is 80-120 mmHg, the S-SDV withstanding
an internal pressure over 400 mmHg suggests that it can be sufficiently
implantable level [45]. The leakage and suture retention test results
show that even though S-SDV has pores, it can replace the function of
transporting blood without any leakage.

Natural blood vessels have an endothelium, which plays an impor-
tant role in keeping blood streaming, enduring blood pressure, and
preventing clots [46]. In general, static seeding of endothelial cells into
tubular constructs is a traditional and accessible method for endothelial
formation. This method has low seeding efficiency, and it is very difficult
to form a uniform layer of cells [47,48]. To this, additional seeding,
fabrication, and culture techniques are required, which reduce the
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productivity and functionality of the construct. Therefore, the remod-
eling of the endothelium is currently the biggest bottleneck in
manufacturing commercial artificial SDV constructs.

However, in this study, the endothelium was automatically formed in
the innermost layer of the S-SDV without an additional induction step.
The pores allow the passage of cells out of the construct to form the
endothelium. HUVECs migrated from the collagen and exited the pore,
attaching to the inner layer and the lumen surface, and spontaneous
cellular assembly without external intervention.

It has different outcomes in endothelial formation depending on the
pore size. First of all, in the case of NC32, the pores are relatively large,
so the cells cannot cover the pores even for 14 days. HUVECs cover the
pores and the surface in the case of NC40, but because the pores are
relatively small, it limits the range of cell migration and growth, leaving
uncovered areas on the surface. In contrast, in the case of NC36, it was
observed that most of the surface and pores were covered. Not only
found the most suitable pore size but also revealed that controlling the
pore size is essential for facilitating spontaneous cellular assembly and
promoting efficient and consistent endothelium formation for S-SDV.

Furthermore, this behavior was also controlled by the difference in
oxygen concentration inside and outside the S-SDV. In general, HUVECs’
behavior is significantly affected by surrounding oxygen concentration
[49-51]. When cells grow and consume oxygen in a tubular construct, a
decrease in oxygen concentration can occur more quickly in the inner
layer, which is in contact with the small amount of culture media in a
confined space compared to the outer layer. This naturally induced
environment creates different oxygen concentration gradients between
the inner and outer layers, which could promote the HUVEC’s migration
toward the inner layer. The simulation result of the oxygen concentra-
tion gradient via two different types of models (Full-tube and half-tube)
strongly supports its possibility (Fig. 9 and Supplementary videos 2, 3).
Therefore, these results suggest that we have developed a flexible,
convenient, and reliable method for the fabrication of endothelium.

The spontaneously assembled endothelium is located in the inner
layer of the S-SDV and directly interacts with the blood. The endothe-
lium reduces the risk of graft failure due to occlusion and helps regen-
erate blood vessels through the production of ECM proteins [45]. The
endothelium has the property of preventing platelet adhesion, aggre-
gation, and thrombus formation [52]. When human blood flowed on
S-SDV, it was confirmed that platelet adhesion hardly occurred, while
the construct without endothelium could not prevent platelet adhesion.

5. Conclusion

The dragging technique enables the multi-layered tubular construct
with a controllable pore size without any supporting material or device.
By controlling the pore size, we confirmed that HUVECs could be layer
formation passing through the pore construct on the artificial S-SDV.
The oxygen concentration gradient test confirmed that the migration
direction of HUVECs co-cultured with HAoSMCs was due to the low
oxygen concentration. It was verified that the HUVECs layer formed by
the pores and this autonomous movement prevented platelet adhesion.
Also, The S-SDV allows blood flow without any leakage and has suffi-
cient flexibility, burst pressure, and suturing tension for transplantation.
Consequentially, we can fabricate the S-SDVs to contain HUVECs and
HAo0oSMCs with similar physiological cell layers of native blood vessel
tissue.

3D multi-layered tubular structure by making the dragging tech-
nique can also be extensible applied to various type of tubular construct
organs such as the esophagus, trachea, and intestine [53,54]. To in-
crease the efficiency, functionality, and applicability of S-SDV, suitable
natural polymers or growth factors can also be added through the
multilayer design [55,56]. We propose the next step is to optimize the
application in vivo, as the S-SDV is a promising approach for future
clinical trials.
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