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Scaffold Extruded by Two-Core Laminar Flow Device

Chanh Trung Nguyen?, Van Thuy Duong’, Chang Ho Hwang?, Kyo-in Koo'*

"Major of Biomedical Engineering, Department of Electrical, Electronic and Computer Engineering, University of Ulsan,
Ulsan, Republic of Korea

2Department of Physical and Rehabilitation Medicine, Chungnam National University Sejong Hospital, College of
Medicine, Chungnam National University, Sejong, Republic of Korea

Abstract: Rapid construction of pre-vascular structure is highly desired for engineered thick tissue. However, angiogenesis in
free-standing scaffold has been rarely reported because of limitation in growth factor (GF) supply into the scaffold. This study,
for the 1* time, investigated angiogenic sprouting in free-standing two-vasculature-embedded scaffold with three different
culture conditions and additional GFs. A two-core laminar flow device continuously extruded one vascular channel with
human umbilical vein endothelial cells (HUVECSs) and a 3 mg/ml type-1 collagen, one hollow channel, and a shell layer with
2% w/v gelatin-alginate (70:30) composite. Under the GF flowing condition, angiogenic sprouting from the HUVEC vessel
had started since day | and gradually grew toward the hollow channel on day 10. Due to the medium flowing, the HUVECs
showed elongated spindle-like morphology homogeneously. Their viability has been over 80% up to day 10. This approach
could apply to vascular investigation, and drug discovery further, not only to the engineered thick tissue.
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1. Introduction

The wvascular network densely permeates organs to
provide efficient mass transfer in body!"!. These branched
vessels transfer nutrients and oxygen and withdraw
metabolic waste from organs!?. The functioning vascular
network is essential as well when creating engineered
thick tissue. In in vivo environment, cells are generally
located within less than 200 um from blood vessels to
avoid ischemic conditions®. However, fabricated tissue
in vitro lacked the vasculature network so that cells inside
the engineered tissue often received nutrients by diffusion
over 200 um, at the worst case over I mm™.

To fabricate pre-vasculature channels, various
methods including electrospinningl®, molding!®, laser
degradation!”, co-axial extruding®!'%, acoustofluidic
extruding!'!, cell sheet stacking!'?!, and cell coculture!'*
have been proposed. These approaches have demonstrated

their achievement but still require more development
because prolonged fabrication time and complex manual
processes can damage cell viability. In addition, limited
vasculature layer number and complex fabrication
process of mesovasculatures are other challenges that
need to be tackled!*.

Therefore, not only the pre-vascularizing method
but also a method for easy angiogenesis is required for
the engineered thick tissue. Some angiogenesis process
inside a microfluidic chip has been investigated!'>!7,
However, angiogenesis in free-standing scaffolds has
been rarely reported because supplying growth factor
(GF) or implementing GF gradient inside the 3D
scaffolds is not easy. Couple of reports demonstrated
angiogenesis with a single-channel structure. Duong et al.
extruded the double-layered single-vascular scaffold with
human umbilical vein endothelial cell (HUVEC) and
human aortic smooth muscle cell (HASMC)!', In their
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investigation, the GF secreted from the HASMC layer-
induced angiogenic sprouting. Gao et al. fabricated
HUVEC single-layered single-vascular scaffold and
demonstrated angiogenic sprouting using GF mixed
collagen™. These methods were not appropriate for
vascular network of the engineered thick tissue.

In this study, we extruded two-vasculature-
embedded scaffold and demonstrated angiogenesis for the
pre-vascularized tissue. The structure of scaffold consisted
of one hollow channel for flowing GF mixed media and
one HUVEC core for a vascular channel (Figure 1). GF
gradient from the hollow channel induced angiogenic
sprouting from the HUVEC vessel inside the generated
scaffold. This angiogenesis was compared at three
different culture conditions and analyzed quantitatively.
Effect of shear stress, perfusibility, cell viability, and core
size were also evaluated.

2. Materials and methods
2.1. Two-core laminar flow device

A two-core laminar flow device was designed and
fabricated based on our previous device (Figure 2)2%. It
has three inner glass capillaries (580 um inner diameter

[ID], G100-3, Warner Instruments LLC, U.S.A.) for inlets
and one outer glass capillary (1160 um internal diameter,
G200-3, Warner Instruments LLC, U.S.A.) for an outlet.
Two glass tubes among the three 580 um ID tubes were
tapered as approximately 200 um using a puller (PC-10,
Narishige, Japan) for the two inner core inlets. The other
580 um ID tube supplied the outmost layer material to the
1160 um ID tube without any tapering. All the four tubes
linked each other in a block of polydimethylsiloxane
(PDMS, Dow Corning Corporation, U.S.A.). The
fabricated device was sterilized at 121°C for 15 min
before biological experiments.

2.2. HUVEC culture

HUVEC was purchased from the American Type Culture
Collection (ATCC, U.S.A.) and cultured in vascular
cell basal medium (ATCC, U.S.A.) supplemented with
Endothelial Cell Growth Kit-VEGF (ATCC, U.S.A.).
Media were changed 3 times a week. They were cultured
in a humidified incubator at 37°C with 5% CO, and were
passaged before reaching approximately 80% surface
coverage. The cells within passage from 10 to 15 were
used in experiments.
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Figure 1. The schematic of the two-vasculature-embedded scaffold. (A) One core (the green one) consisted of 0.1 M calcium chloride
dihydrate (CaCl,) only for the hollow channel. Another core (the pink one) was made of HUVECs, 3 mg/mL type-1 collagen, and 0.1 M
CaCl, for the vascular channel. The shell layer consisted of gelatin and sodium alginate. (B) The cross-sectional view of the two-vasculature-

embedded scaffold right after the formation and after the maturation.
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Figure 2. The two-core laminar flow device; (A) the schematic of the two-core laminar flow device and the CaCl, bath; (B) the fabricated
device (scale bar: 5 mm); (C) the microscope image of the two-core area among two inlet glasses and the body glass (scale bar: 200 um).
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2.3. Two-vasculature-embedded scaffold
formation

Three syringe pumps (11 Elite C300918, Harvard
Apparatus, U.S.A.) were connected to the fabricated
device through Tygon tubes (Saint-Gobain, Courbevoie,
France). For one core inlet, a mixture of 3 mg/mL
collagen, 2 x 10° cells/mL HUVECs, and 0.1 M CaCl,
(Daejung Chemicals, Republic of Korea) was supplied to
culture into a blood vessel. For another core inlet, 0.1 M
CaCl, was injected to formulate a hollow channel inside
the scaffold. For the outer layer inlet, a 2% w/v mixture
of gelatin (Sigma-Aldrich, U.S.A.) and alginate (Daejung
Chemicals, Republic of Korea) (70 vs. 30 ratio) was
supplied as the body of the scaffold. The extruded scaffold
was submerged into a 0.1 M CaCl, bath through the outlet
and then cross-linked. Calcium ions of the CaCl, cross-
linked with sodium alginate into calcium alginate so that
no hydrogel in the hollow channel remained. The gelatin
scaffold was washed with phosphate-buffered saline
(PBS, Sigma-Aldrich, U.S.A.). The washed scaffold
was cultured in an incubator at 37°C with 5% CO, and
replaced with a fresh medium every 2 days.

2.4. Laboratory made connecting device

A connecting device was fabricated to link a syringe
pump to the generated scaffold (Figure 3 and Figure S1).
First, a 2.0 mm ID glass tube and a Pasteur pipette
(Hilgenberg, Germany) were cut and then bonded using
PDMS (Figure 3A). A hole was punched at a Petri dish
(SPL, Republic of Korea). The attached glass holder
was fixed at the hole punched Petri dish using PDMS
(Figure 3B). After checking no leakage, the fabricated
connecting device was sterilized with 99.9% ethanol in
24 h for biological experiments.

2.5. Three types of culture condition

The formulated two-vasculature-embedded scaffolds
were cultured in three different conditions: (i) Obstructing
media diffusion by a glass tube; (ii) soaking in a media
dish; and (iii) flowing media inside the two-vasculature-
embedded scaffold, as shown in Figure 4.

To hinder media diffusion inside the formulated
scaffold, it was inserted into a glass tube and then

A Glass tube

Pasteur pipette

immersed in culture media. The glass tube has a tapered
structure with about 1000 um ID at one end and about
2000 um ID at the other end. Using a syringe pump,
the 1000 um outer diameter (OD) scaffold was sucked
and fixed into the narrow end of the tapered tube. The
scaffold was fixed in the tapered glass tube soaked in
culture media. To make conventional media diffusion
condition into the embedded cells, the generated scaffold
was just soaked in culture media. To supply culture media
through the hollow channel of the generated scaffold,
one end of the generated scaffold was sucked and fixed
at the holder of the laboratory made connecting device.
Alginate was used to fill the gap between the holder and
the fixed scaffold for a secure connection. Culture media
were provided at a flow rate of 10 uL/min from a syringe
pump to the connected scaffold and then flowed out the
not connected end of the scaffold. At the initial status of
the media supply, there have been no culture media out
of the scaffold. However, as culture media flowed out
continuously, the dumped media made a puddle around
the scaffold. The media puddle trashed out of the Petri
dish every 24 h.

2.6. Diffusion from the hollow channel

To select flow rate inside the hollow channel of the
generated scaffold, the cell-free two-vasculature-
embedded scaffold was produced, and red food dye
flowed through the cell-free scaffold from 2 uL/min to
20 uL/min. Using a bright-field microscope, the diffusion
rate and morphology of the red food dye were observed.
Based on the food dye diffusion observation, flow and
diffusion of green fluorescence dye in PBS (1:1000) were
analyzed quantitatively using a fluorescence microscope.

2.7. Perfusibility in the two vasculatures

Blue fluorescence microbeads (5.42 um £ 0.09 wm,
GmbH, Germany) in PBS (1:200) were flowed to check
the perfusibility of the HUVEC vessel. To develop
the HUVEC-collagen core into the blood vessel, the
formulated scaffold was cultured in the soaking condition
for 2 days. After 2-day maturing, Calcein AM dye (Thermo
Scientific, U.S.A.) stained alive cells to distinguish the
HUVEC vessel from the hollow channel. The green

Connector
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Figure 3. The fabrication process of the connecting device. (A) The holder fabrication process. (B) The attaching process of the hole

punched Petri dish and the holder.
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Figure 4. The three types of culture conditions. (A) The obstructing condition. (B) The soaking condition. (C) The flowing condition.

stained scaffold was linked to a syringe pump using the
laboratory made connecting device, and then, the syringe
pump flowed the blue fluorescence microbeads to the
green stained scaffold.

2.8. GF's for angiogenic sprouting

To observe angiogenic sprouting, additional GFs were
injected into the growth kit added medium, following
the previous studies!’>?!, The concentration of the
additional GFs was 50 ng/mL of vascular endothelial GF
(Preprotech, U.S.A.), 50 ng/mL of basic fibroblast GF
(Preprotech, U.S.A.), and 50 ng/mL of hepatocyte GF
(Preprotech, U.S.A.). For the first 2 days, the generated
scaffolds have been cultured in the growth kit added
media only to develop vascular structure. Since day 3, the
additional GF was provided and changed every 2 days.

2.9. Staining for viability analysis

Viability and proliferation of the HUVEC inside the
formulated scaffold were evaluated at days 1, 3, 5, 7, and
10 in all three culture conditions with and without GFs
using live/dead viability kit for mammalian cells (L3224,
Thermo Scientific, U.S.A.). Its concentration was 0.05%
of Calcein AM (4 mM) in anhydrous dimethyl sulfoxide
(DMSO) and 0.2% ethidium homodimer-1 (2 mM) in
DMSO/H,0 at 1:4 (v/v). The stained scaffold was washed
3 times in PBS and then observed under a fluorescent
microscope.

Fluorescent intensity of live cells (green channel)
and dead cells (red channel) was analyzed by Imagel]
software (Fiji, NIH Image, U.S.A.). Percentage of the cell
viability was calculated using a ratio between the green
intensity and summation of the green and red intensity.

Cellviability = Green intensity

— ———x100 (1)
Green intensity + red intensity

2.10. Immunofluorescent staining

To observe migration, morphology, and angiogenesis of
the embedded HUVEC, F-actin, CD31, and nuclei were
stained using rhodamine-phalloidin, anti-CD31, and
DAPI, respectively. First, the formulated scaffold was
fixed with 4% paraformaldehyde (P6148, Sigma-Aldrich,
U.S.A.) for 40 min at room temperature (RT). The fixed

scaffold was immersed in alginate lyase (Sigma-Aldrich,
U.S.A.) solution to remove alginate at 37°C. The alginate
removed HUVEC core was immersed in a collagen matrix
and incubated at 37°C for gelation. Subsequently, the
HUVEC core in collagen was permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich, U.S.A.) for 5 min at RT.
Primary antibody of anti-CD31 (MAS5-13188, Invitrogen,
U.S.A.) was incubated at 4°C overnight. Then, secondary
antibodies (Alexa Fluor 488, Invitrogen, U.S.A.) and
Phalloidin (Alexa Fluor 488, Invitrogen, U.S.A.) were
applied for 2 h at RT. Besides, nuclei of the HUVEC core
were stained with DAPI (D1396, Invitrogen, U.S.A.)
for 5 min. After every chemical treating step, the treated
sample was washed 3 times with PBS for 5 min. The
stained samples were observed using an IX53 inverted
fluorescent microscope (Olympus, Japan) and a FV1000
laser scanning confocal microscope (Olympus, Japan).

2.11. Statistical analysis

The result was represented with a mean value + one
standard error from three independent repetitions. To
evaluate the statistical significance level, one-way
ANOVA and Tukey’s post hoc test were utilized. Its
significance is remarked as * for P < 0.05, ** for
P < 0.01, and *** for P < 0.001.

3. Results

3.1. Fabrication of the two-vasculature-embedded
scaffold

The two-vasculature-embedded scaffolds without cells
were controllably and continuously generated using our
two-core-embedded device. After complete gelation,
the fabricated scaffolds were uniform and stable with
a length of meters (Figure 5A). Various flow rates of
the gelatin-alginate fluid, the collagen-CaCl, fluid, and
the CaCl, fluid were explored to select diameters of the
shell and two vasculatures for further experiments. In
Figure 5C, the graph presented scaffolds’ diameter
with respect to the shell flow rate at a fixed core flow
rate of 0.1 mL/min. As the shell flow rate increased from
1.5 mL/min to 3 mL/min, the shell diameter increased
from 948 pum to 1095 wm. Besides, the diameter of the
collagen core decreased from 376 um to 262 um, and that
of the CaCl, core also decreased from 331 wm to 203 um.
In addition to the shell flow rate change, the core flow rate
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Figure 5. The fabricated two-vasculature-embedded scaffold; (A) the generated scaffold in the Petri dish after the formation (scale bar:
10 mm); (B) The bright-field microscope images of the scaffold with the HUVEC core and the hollow channel after the formation (scale
bar: 200 pm); (C) The diameter of the shell and the two channels with the flow rate of the cores as 0.1 mL/min and various flow rates of
the shell; (D) the diameter of the shell and the cores with the flow rate of the shell as 2 ml/min and various flow rates of the cores; (E) the
fluorescent image of the stained HUVEC:s inside the fabricated scaffold after 1-day culture (scale bar: 100 wm). (F) The confocal image of
the HUVECs after 2-day culture (scale bar: 200 um) and the cross-sectional view of the lumen structure in the HUVECS (scale bar: 30 um).

shift was also investigated. The shell diameter decreased
from 1067 um to 951 um in an increment of the core
flow rate from 0.05 mL/min to 0.2 mL/min when the shell
flow rate was constant with 2 mL/min (Figure 5D). The
diameter of the collagen core and CaCl, core increased
from 191 um to 409 um and from 165 um to 281 wm,
respectively. Therefore, the shell flow rate with alginate-
gelatin mixture as 2 mL/min and the two-core flow

rate with collagen, HUVEC, and CaCl, as 0.1 mL/min
were designated to fabricate two-vasculature-embedded
scaffolds for experiment with cells.

Figure 5B shows the formulated two-vasculature-
embedded scaffold under the bright-field microscope.
Two separated cores with a transparent hollow channel
and a HUVEC filled channel were observed. Aggregation
of individual cells at day O (Figure 5B) has gradually
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stretched, migrated, and connected to produce ECs’
networks after 1 day of culture (Figure SE). Confocal
images of the HUVEC core exhibited a hollow center
in cross-section view (Figure S5F). HUVEC has the
propensity to form luminal structures in the three-
dimensional matrix?, which can be perfused!'#2223,

3.2. Perfusability

To optimize flow rate through the hollow channel, the red
dye has flowed through the hollow channel of the cell-
free two-vasculature-embedded scaffold, as shown in
Figure 6. The flow rates over 10 uL/min have diffused
into all parts of the scaffold in 10 min. However, 2 uL/
min and 5 uL/min required 15 min for the entire diffusion.
Even though it diffused at all parts of the scaffold, its
color gradient differed according to the flow rate. As the
flow rate increased, its red color became deep in less time.
However, in our previous study?**, the flow rate over 20
uL/min has made the linking part from the connecting
device to the scaffold loosen in a short time. Therefore,
10 uL/min was selected for the secure connection in this
investigation.

Fluorescence fluid was also pumped into the hollow
channel with the flow rate of 10 uL/min until 60 min to
understand diffusion in our scaffold. Figure 7 presented
the temporal sequence of the fluorescence microscope
images. Based on the temporal images, fluorescence
intensity was analyzed. The most gray value at 1 time point
showed an increasing tendency as time went (Figure 7B).
The integrated density exhibited a similar tendency with
the most gray value (Figure 7C). Considering these
two graphs, 15 min was a meaningful time to diffuse

5 minutes 10 minutes

15 minutes

significantly up to about 100 um apart from the edge of
the channel.

Perfusibility of the HUVEC vessel was evaluated
with blue fluorescence microbead, as shown in Figure 8
and Supplementary Video. The blue fluorescence
microbead flowed continuously in the HUVEC vessel.
It showed that the embedded HUVECs have well
developed into the vascular structure. Even though the
syringe pump drove the blue microbead identically to
both channels at the flow rate of 10 uL/min, the hollow
channel flowed much more microbeads than the HUVEC
vessel (Figure 8B). It was presumed that the HUVEC
vessel had much more bumpy structures than the hollow
channel for the microbead to pass through.

3.3. Cell morphology according to the culture
condition

Different F-actin expression of the embedded HUVECs
was observed according to the culture condition, as
shown in Figure 9. The cells in the obstructing condition
exhibited arbitrary size and cobblestone-like morphology
with random orientation (Figure 9A). The soaking
condition showed spindle-like morphology doped in the
cobblestone-like morphology with random orientation
(Figure 9B). Particularly, the cells in the flowing
condition presented uniform spindle-like morphology
with the arrangement in the flow direction (Figure 9C).
These results indicated that cell elongation and alignment
of the flowing condition are similar in vivo?®. For further
quantitative analysis, three morphometric parameters of
the embedded HUVECs, namely, perimeter, elongation
ratio, and orientation deviation (Figure 9D-F), were

20 minutes 25 minutes

30 minutes

20 pL/min

Figure 6. The time-lapse images of the perfused channel from 5 min to 30 min at various flow rates (scale bar: 1 mm).
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Figure 7. The perfusion assay; (A) the time-lapse fluorescence images of the channel from 0 min to 60 min at 10 uL/min of fluorescence
fluid (scale bar: 200 um). (B) The fluorescent intensity profile in the channel was graphed according to the distance. (C) The integrated

density was analyzed with respect to the time.

Merged

Figure 8. The fluorescence images of the two-vasculature-
embedded scaffold during pumping; (A) the fluorescence images
of the live-/dead-stained HUVEC channel. (B) The hollow channel
with the blue fluorescent microbeads. (C) The fluorescence images
of the two vasculatures (green: Live cell, blue: Microbeads, scale
bar: 200 um).

investigated. The orientation deviation was calculated
from the standard deviation of cell orientation, the
direction of the longer part in the embedded HUVEC
morphology. The cells in the flowing condition exhibited
the longest perimeter, the highest elongation ratio, and
the lowest orientation deviation. It means that the cells in

60

the flowing condition were mostly elongated and aligned
among three culture conditions.

3.4. Cell viability

Figures 10 and 11 showed the viability of the
embedded HUVECs in the generated two-vasculature-
embedded scaffold up to day 10. Until day 3, the cells
were developed with uniform distribution in all three
conditions (Figure 10A and B). Since day 5, the cells in
the obstructing condition were shrunk comparing with
the other conditions. These tendencies look similar in
both cases of the GF and the non-GF.

Quantitative viability analysis explained more
about the effect of the culture condition and the
additional GFs. The cells in the obstructing condition
have survived much less than the other conditions at
any time point (Figure 11A and B). They looked dying.
In the non-additional GFs case, the cells in the flowing
condition (80.9%) exhibited slightly more viability than
the cells in the soaking condition (76.9%) at day 10. In
the additional GFs case, those in the flowing condition
(78.4%) presented moderately less viability than those in
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Figure 9. The morphology characterization in the HUVEC channel on day 2; the stained HUVECs in (A) the obstructing condition, (B) the
soaking condition, and (C) the flowing condition (scale bar: 50 um). The quantification of (D) the perimeter, (E) the elongation ratio, and ()

the orientation deviation of the stained HUVECs.

A Non GFs Day 1 Day 3
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Flowing
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Figure 10. The fluorescence images of the live-/dead-stained HUVECSs at the obstructing condition, the soaking condition, and the flowing
condition (A) without the additional GFs and (B) with the additional GFs (scale bar: 200 um).

the soaking condition (79.3%). However, they were not
statistically different from each other.

The results indicated that the glass capillary
of the obstructing condition restricted the medium
diffusion into the embedded HUVECs. Right after

generating the two-vasculature-embedded scaffold,
the soaking condition caused only the formulated
scaffold immediately submerge into media without
any handling for connection, which was different
from the other two conditions. It could make the
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Figure 11. The cell viability of the two-vasculature-embedded scaffold according to the culture conditions (A) without the additional GFs

and (B) with the additional GFs.

highest viability at day 0 and early days among all
three culture conditions. The additional GFs did not
significantly influence the cell viability in all three
culture conditions.

3.5. Angiogenic sprouting

Figure 12 exhibited the angiogenic sprouting of the
embedded HUVECs in the generated two-vasculature-
embedded scaffold up to day 10 with F-actin
(Figure 12A-C) and CD31 (Figure 12D-F) markers.
The F-actin and CD31 are well-known biomarkers to
check cytoskeleton and angiogenesis, respectively.
The cells in the obstructing condition angiogenically
sprouted from day 3 to day 7 (Figure 12A and D).
Those sprouting looked no significant directionality. On
day 10, all the sprouts disappeared, and no new sprouts
were recognized. The cells in the soaking condition
presented the angiogenic sprouting from day 3 to day
10 (Figure 12B and E). Considerate directionality was
not observed as well. The cells in the flowing condition
angiogenically sprouted during all the time points from
day 1 to day 10 (Figure 12C and F). In particular,
significant directionality of all the new sprouts to the
hollow channel was observed, which diffused the high GF
media into the HUVEC vessel. Furthermore, connections
among adjacent sprouts were found on day 7 and day 10.

Sprouting number and length were quantitatively
analyzed, as shown in Figure 12D and E. The flowing
media inside presented an increasing tendency in both the
number and the length. Except for the sprouting number
at day 7, the cells in the flowing condition showed the
highest number, the longest length among all the three
conditions. On day 7, the sprouting number of the
obstructing condition was slightly higher than that of the
flowing condition. On day 7, the obstructing condition
exhibited the highest number and the longest length
among all the time points in the same culture condition.
The sprouting number of the soaking condition showed

the highest number at day 7 among all the time points in
the same culture condition. In the case of the length, it
presented a gradual increasing tendency.

The flowing condition showed the most active
angiogenesis. It was assumed that the GF diffusion
from the near hollow channel stimulated HUVECs
more than the GF diffusion from the outside media.
The glass capillary of the obstructing condition looked
restricting the GF diffusion into the embedded HUVECs.
It was demonstrated that below 65% cell viability in the
obstructing condition could affect no angiogenesis at
day 10.

4. Discussion

The formulated scaffolds consisted of two separated
channels and the outer shell. One channel was filled with
the mixture of HUVECs and type I collagen. The other
channel was the hollow channel. The outer shell material
was the composite of gelatin and alginate. The laboratory
made connecting device linked the generated scaffold
to a syringe pump for 10 days without any leakage.
The flowed media diffused from the hollow channel
to the embedded HUVECs. Due to the diffused media,
aggregation of the individual HUVECs developed into
the vascular structure. The angiogenic sprouting was
induced from the HUVEC vessels to the hollow channel
by the gradient of the additional GFs.

Scaffold material could be divided into natural,
synthetic, hybrid, and decellularized extracellular
matrix. Each group has its own advantages and
disadvantages. Gelatin, a natural polymer, has been used
in tissue engineering due to its high biocompatibility
and biodegradability. However, the poor mechanical
properties of gelatin restrict its application. Fortunately,
alginate is generally used to improve its mechanical
characteristics. Taking into consideration the previous
investigations??!, the composite of gelatin-alginate
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Figure 12. The angiogenic sprouting in all three culture conditions. The immunofluorescence images with F-actin signal of (A) the
obstructing condition, (B) the soaking condition, and (C) the flowing condition (green: F-actin, blue: Nuclei, scale bar: 100 um). The
immunofluorescence images with CD31 signal of (D) the obstructing condition, (E) the soaking condition, and (F) the flowing condition
(green: CD31, blue: Nuclei, scale bar: 100 um). (G) The sprouting number was graphed. (H) The average length of the sprout was analyzed.

with weight ratio of 70:30 was chosen to enhance
biocompatibility and mechanical properties.

In this study, the outer shell thickness and the
distance between the two cores were approximately 280
— 290 um and 140 — 150 um, respectively. Rouwkema
et al. demonstrated that cells show similar biological
behavior at a distance <200 um due to the supply of
adequate culture medium by diffusion®®®. The maximum
distance between capillaries is approximately 200 wm,
usually <150 wmB'32l Therefore, our structure could
be a potential model to investigate perfusion efficiency

from one channel to another in a thick three-dimensional
structure.

The hollow channel diameter could be adjustable in
therangeofapproximately 200—400 um(Figure4CandD).
This diameter corresponds to diameters of artery and
vein®]. The demonstrated angiogenic sprouting could be
assumed as capillary network between artery and vein.
Considering the previous investigations in Table 1, this
study investigated relatively small diameter area.

The developed HUVEC vessel showed to flow
microbeads (Figure 8 and Supplementary Video). Lots
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Table 1. The diameter and thickness of the fabricated scaffolds.

Cell sources Inner diameter Outer diameter Wall thickness References
(mm) (mm) (mm)
Mesenchymal stem cells 4.0 5.5 0.75 [34]
Human smooth muscle cells 4.15 1.55 [35]
Fibroblast cells 0.55 0.61 0.1 [24]
Rat dermal fibroblasts 1.32 [36]
Human umbilical vein endothelial cells 2.5+0.5 8.7+0.5 [37]
Endothelial progenitor cells 4.75 0.4 [38]
Endothelial colony-forming cells 5 0.4 [39]
Human osteosarcoma cell line MG63 2.38 6 [40]
Human coronary artery endothelial cells 5 [41]
— Human aortic smooth muscle cells —
Human aortic adventitial fibroblasts
Endothelial cells — Smooth muscle cells 4 0.135 [42]
Pulmonary artery endothelial cells — 3 0.62 [43]
Smooth muscle cells
Endothelial cells 3 0.65-1 [44]
Human umbilical vein endothelial cells 3 0.65—0.68 [45]
Human dermal neonatal fibroblasts — 0.4855 0.67 [46]
Human umbilical vein endothelial cells
Human glioma cell line U118 — Human 0.47 0.867 [47]

glioma stem cells GSC23

of microbeads on most surface area of the hollow channel
and some microbeads in the HUVEC vessel have not
flowed or flowed relatively slowly. These not moving or
slow-moving microbeads were supposed to attach to the
channel surface like the flow-enhanced cell adhesion*-,
The hollow channel was made continuously and uniformly
by the microfluidic laminar flow device. However, the
HUVEC vessel was formulated by HUVEC’s natural
tendency so that its structure would be much more
complex and variable.
TheHUVECsintheflowingcondition have elongated
much more in their shapes and aligned much more with
each other (Figure 9) than into two other conditions. ECs
recognize minor variations in the direction, magnitude,
and shear stress and respond by directing vasculature
remodeling®®'2, ECs are continuously contacted in vivo
to shear stress from blood flow to maintain vascular
homeostasis**¥. Mechanical stimulation is an integral
component oftissue development, in which it can distinctly
influence cell behavior by inducing morphological
and transcriptional changes®*®, ECs tend to respond
to fluid shear stress to minimize resistance, modifying
the ECs phenotypel®’*®. ECs align and elongate due to
the mechanically affected distribution of cytoskeleton
proteins when shear stress occurs with the perfusion
processt®*#!. Besides, ECs become more elongated with
long-term culture related to the stable cell-cell junction
and higher motility capacity!® . Interestingly, the lumen
structure could be more expanded than the initial status

based on the perfused process through the HUVECs core
with hydrodynamic forces from the medium flow.

The cell viability decreased from day 1 to day
10 in two non-flowing conditions. As their viability
decreased, their morphology was contracted and variably
distributed. It was known that cell apoptosis is related to
cell shrinkage as well as cell migration!®-%l, The healthy
HUVEC:S could migrate, and this could affect the scaffold
shrinkage. Sailon et al. demonstrated that a well-designed
media supply tool could culture up to 6 mm thick
scaffold®”). Considering the long-term viability of our
flowing media inside, the methodology of our laboratory
made connecting device could be a good option for three-
dimensional thick scaffold culture.

The cells in the flowing condition showed the
most active angiogenesis during all the time points
(Figure 12). All the sprouting of the flowing condition
were toward the hollow channel, which flowed the
additional GFs media (Figure 12C). It was supposed
that the concentration gradient from the hollow channel
(Figure 7) affected the sprouting directionality of the
flowing condition. None of the sprouting reached the
hollow channel (Figure 12A-C). Two reasons are
suspected for this not reaching phenomenon. First, the
outer shell material (mixture of gelatin and alginate)
between the two vasculatures inside the formulated
scaffold could hinder sprouting. Because animal cells
do not produce endogenous alginases to enzymatically
degrade alginate scaffolds(®®, the sprouting from the
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HUVEC vessel could not invade into the outer shell. The
second reason might be the additional GF stimulating
time. The flowing and soaking conditions exhibited the
sprouting length’s increasing tendency up to day 10, the
last observation day. Considering this inclination, longer
additional GF stimulating time could grow the sprouting
up to the hollow channel.

All the sprouting of the obstructing condition
have disappeared at day 10, different from the other
two culture conditions. Melly et al. also mentioned that
the new vessels are unstable and depend on continued
GFs stimulation until 4 weeks!®!. If the expression
is lost before this time, sprouting will regress and
disappear®. Shin et al. noticed that direct tip cell
connections principally regulated the life cycle of stalk
cells, Stalk cells became disorganized, regressed,
and finally disappeared with the disconnection between
stalk cells and tip cells, independent of the GF gradient
typel”. Considering these reports, the low diffusion
in the obstructing condition might cause the sprouting
disappearance at day 10.

5. Conclusion

The two-vasculature-embedded scaffold was formulated
using our two-core-embedded device. One channel
developed into the HUVEC vessel, and the other channel
was utilized to flowing culture media. This culture
flowing through the near hollow channel enhanced
HUVECs’ behavior, especially angiogenic sprouting.
Our scaffold and device have the potential to apply for
vascular investigation, three-dimensional bioprinting,
and drug discovery.
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