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Dynamic flow priming programs
allow tuning up the cell layers
properties for engineered vascular
graft

Kazutomo Baba'*’, Andrey Mikhailov? & Yoshiyuki Sankai?3

Tissue engineered vascular grafts (TEVG) are potentially clear from ethical and epidemiological
concerns sources for reconstructive surgery for small diameter blood vessels replacement. Here, we
proposed a novel method to create three-layered TEVG on biocompatible glass fiber scaffolds starting
from flat sheet state into tubular shape and to train the resulting tissue by our developed bioreactor
system. Constructed tubular tissues were matured and trained under 3 types of individual flow
programs, and their mechanical and biological properties were analyzed. Training in the bioreactor
significantly increased the tissue burst pressure resistance (up to 18 kPa) comparing to untrained
tissue. Fluorescent imaging and histological examination of trained vascular tissue revealed that each
cell layer has its own individual response to training flow rates. Histological analysis suggested reverse
relationship between tissue thickness and shear stress, and the thickness variation profiles were
individual between all three types of cell layers. Concluding: a three-layered tissue structure similar to
physiological can be assembled by seeding different cell types in succession; the following training of
the formed tissue with increasing flow in a bioreactor is effective for promoting cell survival, improving
pressure resistance, and cell layer formation of desired properties.

Until recently, small artificial vascular prostheses, less than 6 mm in diameter, could not be used clinically due to
lack of their antithrombotic and infection resistance and high chance of early occlusion'™. When arteriosclerotic
vascular disorders including ischemic heart disease, peripheral artery disease, or similar conditions occur, in
some cases catheter treatment or stenting may not be possible, then surgical revascularization such as coronary
artery bypass grafting or lower limb bypass surgery is required. Regular treatment of choice is utilizing the
patient’s own blood vessels, such as the internal thoracic artery or the great saphenous vein®. However, often in
the patients with arterial disease, other blood vessels in their body are affected by stenosis as well, which makes
it difficult to harvest a healthy vein necessary for bypass surgery®.

Vascular graft therapy based on tissue engineering is a treatment option in such cases’. Since tissue engi-
neered vascular graft (TEVG) have good potential to replace and repair demanded areas, several approaches
to construct TEVG were suggested so far®. Self-organization methods such as cell-sheet, micro tissue aggrega-
tion, or 3D bio-printing are scaffold-free methods utilizing only the cells’!!. They have common advantage of
biocompatibility, yet each method has its own limitations. Cell sheets method allows mimicking the layered
structure of blood vessels by stacking one sheet at a time. However, the stacking of dense sheets of cells disrupts
the supply of nutrients and oxygen to the interior layer'?. Micro tissue aggregation is reliable method for tissue
formation in required size and we previously developed a method and the bioreactor for its implementation to
form tubular tissue of arbitrary diameter and length'®. However, it is challenging to control the self-assembly of
the cells, and no one has yet been able to reproduce a physiological vessel with a correct three-layered structure
by this approach. 3D bio-printing could make layer structure in principle, however, since gravity applied in the
height direction, the stacked length is actually limited whether a bio-printer handles individual cells or spheroids
as a single dispensing unit'%. Another challenge of 3D cell printing is cell viability due to extrusion pressure'.

The clinical application of TEVG requires reconstruction of vascular function based on the three-layered tis-
sue structure, as well as scalability in size and the strength to withstand blood flow pulses and surgery suturing,
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Figure 1. Silicone frame design for a glass fiber sheet set up and cell layer formation. Far right: Actual frames
with glass fiber scaffold preconditioned in culture media. A part of the image was created by the rendering
function of SOLIDWORKS 2018.

but it is still difficult and timely to satisfy all these requirements with just self-assembly approaches in current
technologies. In this study, rather than relying on self-assembly only, we proposed a method to form a vascular
layer structure close to physiological with biocompatible glass fibers. We also developed a novel bioreactor and
housing devices which allowed to form the cell layers, to mature the layer structure, and to train the assembled
vascular tissues with various perfusion flows. In addition, we examined mechanical and biological features of the
constructed tubular tissue and the relationship between the properties of the composed layers and the training
flow rate inside the bioreactor.

Results

Layer structure formation during sheet culture period. Cells were seeded onto sterilized glass fiber
sheets placed into silicon frames of our design (Fig. 1) allowing media access from both sides of the sheets. Lay-
ers of cells on glass fiber sheets were assembled in following succession: fibroblasts (NHDFc), red fluorescent
protein (RFP) expressing Human Aortic Smooth Muscle Cells (hASMCs), and green fluorescent protein (GFP)
expressing Human Umbilical Vein Endothelial Cells (HUVEC:). Fibroblast showed invasive growth with pen-
etration into the material (Fig. 2A); hASMCs and HUVEC formed cell layers on top of the previously seeded
cells (Fig. 2B,C).

Cell density and viability. Count of DAPI stained nuclei (Fig. 3A) of cells in NHDFc layer was compared
quantitatively with results of staining with Calcein AM and Ethidium (Fig. 3B). Five random field of view images
were taken from two independent samples. Cell layer borders in 3D tissue image were overlapping, so staining
with Calcein AM could be used for the visualization of live cells prevalence only, but not for the calculation of
cell number. Table 1 shows the number of cells averaged from 5 images, their density, and cell viability calcu-
lated from these results. Most of the cells’ nuclei were negative for Ethidium staining and the survival rate was
estimated at 95.8 +1.4%.

The changes of the mechanical strength of glass fiber during tissue formation. There was lit-
tle change in the tensile strength of the glass fiber itself before and after autoclaving with subsequent 2 weeks
long immersion in the culture media (p=0.83) as shown in Fig. 4. On the other hand, glass fiber sheets lost the
tensile strength significantly (p <0.01) after seeding and growing the fibroblasts. The tensile strength of the glass
fiber sheets decreased from 11.56+1.98 N in the dry state to 2.83+0.76 N in fibroblast-infiltrated samples. The
depth of the infiltration area after fibroblast culture (shown by the white arrows in Fig. 5) was examined, the cells
infiltrated up to 1.26-1.48 mm from the inner surface of the scaffold, which is 70-80% of the thickness of the
swollen scaffold (approximately 1.8 mm). We suggest that the invasive growth of the fibroblasts into the depth of
the glass fiber may disturb connections between the fibers and impaired its strength.

Burst pressure resistance. The results of the burst pressure measurements are shown in Fig. 6. All tis-
sues trained with the bioreactor were found to withstand the maximum test pressure specified by ANSI/AAMI
VP20:1994'° and 1SO7198:2016". The burst pressure resistance for all the trained tissues showed statistically
significant difference compared to the stationary culture (p=0.03).

Tubular structure formation and tissue removal.  Glass fiber sheets with 3 cell layers were successfully
rounded into a tube shape by the proposed method with the help of sterilized metal rod 3.5 mm in diameter and
the structure was stabilized with surgical suture. Tubular proto-tissues were placed into 4-channel bioreactor of
our design and matured by individual training flow programs. Complete cycle of training and maturation took
2 weeks. Although, some experimental procedures such as removal of the formed tissue from the system, cutting
it with scissors, washing the tissue with PBS, and pinching with tweezers were challenging to perform, we visu-
ally confirmed in most of the cases that the tubular shape could be retained without much damage (Fig. 7). After
crosscut, the tissues were placed into transparent plastic dishes, and live fluorescence imaging of the vascular
tissue was performed in the cross-sectional direction. We could observe that the shape of the tissue was close to
tubular, and the green fluorescent endothelial cells could be seen inside the red fluorescent smooth muscle cells
layer (Fig. 8A). Stronger layer of endothelial cells could be seen in samples with different training program as on
Fig. 8B, where endothelial cells spread more evenly on the hASMCs layer and the two layers had clear border.

Scientific Reports |

(2021) 11:14666 | https://doi.org/10.1038/s41598-021-94023-9 nature portfolio



www.nature.com/scientificreports/

®

l Observation direction

Ay 4

Grass fiber sheet

Figure 2. Formation of the tissue layers on a glass fiber sheet at each maturation step during sheet culture
period. (A) First layer, white: fibroblasts stained by Calcein-AM, red: dead cells stained by ethidium, (B)

Second layers, red fluorescent: RFP-SMCs. Fibroblasts on the background are non-fluorescent, (C) Third layers,
red: RFP-SMCs, teal: GFP-HUVECs with automatic white balance. Each picture was taken under inverted
fluorescent microscope after completing tissue maturation steps at weekly intervals. (C) Endothelial cell layer
(blue) is in front of the smooth muscle cell layer (red), and the cells are close to be evenly distributed on the glass
fiber.
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Figure 3. Survival of cells in the formed tissues on a GF sheet after maturation in the developed bioreactor. (A)
DAPI stained nuclei, (B) Staining with Calcein-AM and Ethidium.

Total number of cells in the field of view Number of cells/1 mm? Survival rate (%)
1226 +31 123+3 95.8+1.4

Table 1. Number of cells, density and survival rate defined by Calcein AM/Ethidium staining.
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Figure 4. Tensile strength measurement of the glass fiber sheet before and after tissue formation with the
developed tensile tester device. **p <0.01 by two-tailed t-test with an alpha level of 0.05. The error bar relates to
the standard deviation of the mean.

Figure 5. Infiltration of fibroblasts into a glass fiber. White arrows: invasive growth areas.
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Figure 6. Burst pressure resistance of the tissue trained at different flow rate. *p <0.05 by two-tailed t-test with
an alpha level of 0.05. The error bar represents the standard deviation of the mean.

Histological analysis and shear stress calculations. 21 cross-cut synthetic vascular tissue samples
were stained with HE to confirm histologically the fusion and organization of each cell layer and to calculate
each layer’s thickness (Fig. 9). The effect of the perfusion flow rate on the maturation of tissue layer structure was
analyzed. Individual trends of the cell layer’s thickness change at each flow rate compared to the base thickness of
the stationary culture are presented in Fig. 10. The thickness of all cell layers increased when the flow was applied
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Figure 7. Matured blood vessels after training in the bioreactor. The tubular shape could be retained without
much damage by some experimental procedures. (A) Extraction, (B) Washing with PBS, (C) Cutting/Slicing,
(D) Observation.

Figure 8. Cross sections of three-layer blood vessels. (A) 5 ml/min composite of 20 images with different focal
planes from the front to the back of the freshly formed tissue. (B) 1 ml/min higher magnification image with
wall exposure, white dotted line: defined separation of two layers. Both; red: RFP-SMC, green: GFP-HUVEC,
white arrow: flow direction.

compared to the stationary culture. The same situation occurred to all types of cells comprising our tissues, sug-
gesting that sustained nutrient and oxygen delivery by the bioreactor and associated mechanical training allowed
the cells to increase in number and area. On the other hand, the further increase in tissue thickness of all cell
types was abolished at higher flow rates.

The shear stress was calculated at each flow rate and its relationship to the tissue thickness was analyzed. The
results are shown in Fig. 11. The 30 samples used for calculation at each flow rate had the following range of
shear stress values: 0.03-0.41 dyne/cm? at 1 ml/min, 0.16-2.29 dyne/cm? at 2 ml/min, and 0.12-5.85 dyne/cm? at
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Figure 9. (A) Overview of a representative cross section of a 1 ml/min three-layered blood vessel stained
by HE. (B) A 5 ml/min three-layered blood vessel. (C) Enlarged view of three layers. Example of thickness
calculation of each cell layer.
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Figure 10. Trends of layer thickness change for the three types of cells at each flow rate compared with static
culture.
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Figure 11. Relationship between the total thickness of the three layers in matured tissue (i.e., infiltration depth

Shear stress [dyne/cm?]

into the scaffold) and the shear stress.

Flow rate (ml/min) Survival rate (%)
0 (stationary culture) 82.1+7.1
1 95.5+1.5
2 85.6+0.7
5 90.3+5.5

Table 2. Survival rate after bioreactor training at each flow rate defined by TUNEL staining. p>0.05 by One-
way ANOVA with an alpha level of 0.05.

5 ml/min. Tissue thickness showed a similar trend at 1 ml/min and 2 ml/min flow rates, with a decreasing trend
as shear stress increased. At 5 ml/min, tissue thickness showed a trend similar to other flow rates, although, the
tissue thickness remained minimum and at relatively constant level as shear stress increased.

TUNEL staining was used to investigate the cell survival rate upon the bioreactor culture. Compared to
stationary culture, there was statistically insignificant increase in cell viability at all flow rates where training
was applied (Table 2).

Discussion

Small diameter conventional artificial vascular grafts have major limitations with respect to thrombosis, infection,
and biocompatibility. Development of small-diameter TEVGs using regenerative medicine and tissue engineering
approaches is an area of extensive reserch®'8-2. The supply of nutrients and oxygen has always been recognized
as an important issue in the development of three-dimensional tissue*'. Moreover, since normal blood vessels
are constantly exposed to blood flow, it is particularly important to consider the effect of mechanical stimulation
during in vitro culture?. Bioreactor-based culture systems hold the potential to provide a testing platform that
is more predictable of a whole tissue response by providing more physiologically relevant conditions compar-
ing to customarily used two- and three-dimensional cultures*>?*. Here we proposed a novel method to create
three-layered TEVG with biocompatible glass fibers as supporting scaffold and to train a tissue by the developed
bioreactor system. Constructed tubular tissues were matured and trained under 3 types of individual flow, and
we confirmed their mechanical and biological features.

In current study, we utilized glass fiber sheet as the scaffold. The glass fiber has good biocompatibility and it
could be applied safely in animals®**. In the previous work, the CNTs-interfaced phosphate glass fiber scaffolds
provided support with good viability for PC12 cells. Authors suggested possible role of ionic extracts from the
glass fibers in stimulating cell metabolism?’. Other group has reported that bioactive glass fiber scaffolds were
suitable substrates for the growth and differentiation of osteoblasts®®. Our selected glass fiber sheets satisfied all of
the following specifications required for constructing three layered blood vessel; (1) biocompatibility—to avoid
foreign body reactions and rejection, (2) negligible cytotoxicity—to ensure proper cell survival, (3) surface allow-
ing cell adhesion—to facilitate mechanical support, (4) porosity for nutrients and oxygen supply, (5) flexibility
permitting sheet-to-tube folding, and (6) sufficient material strength to withstand the experimental manipulation.
The glass fiber sheets we used consist of a porous material with a particle retention capacity of 2.7 um, which
allow seeding the cell layers with suspension of the individual cells. Material has sufficient permeability for the
culture medium, and it has the flexibility to be formed into a tube shape (Fig. 7).

Similar attempt combining cell sheet engineering and electrospinning technology was performed, and bio-
reactor preconditioned SMC sheet-combined vascular scaffold maintained high cell viability (95.9 £2.7%), phe-
notypes and improved cellular infiltration, as well as desired mechanical properties’. We confirmed that the
cells were uniformly attached and spread along the fibrous direction (Fig. 2). The survival rate of the cells was at
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level of 95.8%. From these results, we suggested that porous glass fiber sheet is useful as a biocompatible mate-
rial for tissue preparation. Certainly, it lacks biodegradability, so future developments should be aimed for use
of biodegradable glasses?***** which were not available for us in a form of fiber filters at the time of our study.

Besides glasses, other materials were used for cellular support in TEVG. TEVG with biodegradable polyg-
lycolic acid (PGA) fibers implanted subcutaneously into nude mice showed typical blood vessel structure and
completely degraded scaffold in 6-8 weeks after’!. However, subcutaneously formed tissues are not exposed to
hydrodynamic environment, and since endothelial cells have been added to the implant afterwards it is difficult
to isolate the effects of scaffold lysis from mechanism of cell infiltration and formation of the layered structures.
Our system allows complete multilayered tissue maturation prior to implantation, tracking the changes in cell
behavior following changes in physiological conditions. Bilayered small diameter vascular scaffold fabrication
approach was developed by combining thermally induced phase separation and electrospinning technology, and
the prepared scaffold scored in the tensile tests*’. Although, the structure of the cell layer after implantation was
not similar in physiology to the blood vessel. Developed silicon frame allowed us to seed the cells over glass fiber
scaffold without losing majority of the cells and to stack the layers in succession. Uniform cell distribution and
sequential layered structure meet the physiological structure requirements. Another work employed crosslinked
electrospun gelatin scaffolds of specific fiber layer orientation, and high suture retention strength was achieved
in the range of 1.8-1.94 N for wet acellular scaffolds, same or better than that for fresh saphenous vein®. The
tensile strength measurements of our scaffold showed that there was little change in strength between dry and
soaked material, however tensile strength was dramatically reduced after cell culture possibly due to the fibroblast
invasion to maximum 70-80% depth into the scaffold. Nevertheless, our vascular tissue with glass fiber scaffold
has a tensile strength of 2.83 N, which is sufficient to withstand the use of sutures. In fact, no heavy damage was
observed during the operation of rounding and tying tissues with sutures within the proposed method. The burst
pressure test results suggest that training with the bioreactor improves pressure resistance at least to the range
of blood pressure stipulated by 1SO7198:2016".

In our study, formation of the three-layered structure on the glass fiber seeded with differentiated primary
human cells of three types was confirmed, and the assembled layer order was maintained during all incubation
period in the tube shape. As an alternative to primary cells, differentiated iPS cells can provide an attractive cell
source for constructing TEVGs using the sheet engineering technique®. Recent article reported generation of
hiPSC-derived TEVGs with mechanical strength comparable to native vessels used in arterial bypass grafts by uti-
lizing biodegradable scaffolds, incremental pulsatile stretching, and optimized culture conditions®. On the other
hand, the technology to assemble the sheets of endothelial cells and fibroblasts derived from iPS cells with SMCs
has not yet been realized, it seems to be still difficult to form a multilayered vascular structure using a pipe-like
scaffold (including molds). The sheet-to-tube folding using glass fiber scaffold with multiple cell types gave the
advantage of creating a three-layered structure in intended order and maintaining it after formation of the tube.

Regarding cell organization in the scaffold, each layer thickness tended to decrease as the flow rate reached
maximum specific for the cell types and the shear stress increased. Some publications investigated the detach-
ment of endothelial cells due to shear stress®®*, although our range of applied shear stress was relatively low, and
direct comparison is challenging. Several works have reported that endothelial cells and smooth muscle cells
decrease their proliferation depending on shear stress in the laminar flow**-*, and the response of the cell layers
to shear stress at 5 ml/min flow rate in our culture is consistent with these reports. The tendency was observed
for smooth muscle cells, but not as drastic as for endothelial cells. In our case, the response of smooth muscle
cells to shear stress seems lower than endothelial cells.

The histological analysis revealed that the cells infiltrating the glass fiber were mostly fibroblasts, which
means that some fibroblasts were located far from the inner surface of the vessel wall where the shear stress
acted. This suggests that some factors other than shear stress could contribute to their thickness change. Previ-
ously, systematic computer simulations study of different types of scaffolds in the dynamic bioreactor showed
predicted oxygen concentration profiles at the center of the pore in a fibrous scaffold, and predicted cell front
propagation distance from the seeded surface of the scaffold*'. Simulations showed that cells fill the pores of the
porous scaffold over a period of days, and the oxygen concentration decreases on a log-like scale as the distance
from the seeded surface increases*!.

We initially utilized dermal fibroblasts in our study. Vascular fibroblasts differed from the dermal morpho-
logically at two-dimensional culture, they also showed slower grow rate and limited replicative potential. On
top of that, dermal fibroblasts are more available for syngeneic tissue engineering, since sacrificing the small
area of skin is less invasive, that sacrificing the same biomass of the vascular tissue from the patient. Neverthe-
less, after cultivation in bioreactor the tri-layered tissue with vascular fibroblasts showed similar histological
structure and mechanical properties. Since the dermal fibroblasts in our study had superior properties at cell
culture level, we believe the use of dermal fibroblasts for synthetic tissue construction is justified at this point.
Our comparison of the flow rate and histological structure of the tissue points to invasion of fibroblast cell into
glass fiber scaffold in area of slower flow and, perhaps, lower mass rate exchange between circulated media and
forming tissue. Is it an influence of lower oxygen tension, nutrients concentration or waste products insufficient
removal? Interplay between cell oxygen tension and physiological responses (migration in particular) is not
known in details and some data are controversial. For example, cultured 1929 fibroblasts under hypoxic con-
ditions (1% O,) demonstrated enhanced cell spreading, decrease of single cell migration, and a decline of cell
motility*2. 24 h hypoxia exposure govern fibrotic responses in cardiac fibroblasts: their proliferation, secretion
of inflammatory and pro-fibrotic cytokines in culture supernatants; myofibroblast differentiation®’. Indirectly
attributed to migration is finding that low oxygen tension coupled with macromolecular crowding significantly
accelerate extracellular matrix deposition and the development of scaffold-free tissue-like modules. Interestingly,
fibroblasts exhibited the highest metabolic activity at slightly hypoxic conditions—2% oxygen tension and more
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extracellular matrix proteins—collagens type I, V, and VI and fibronectin were deposited at 2% oxygen tension,
as opposed to 0.5% and 20%*.

On the other hand, some of the observed effects might be attributed to effective exchange between media
and trained tissue in area with higher flow rate. It was demonstrated that high glucose conditions (25 mM
D-glucose, or about 4500 mg/L in fresh media we used) inhibited cell migration when compared to low glucose
concentration*’. Comparing behavior of several types of the cells at different oxygen and glucose concentrations
authors have found that survival of fibroblasts was higher at slightly hypoxic conditions (5%) comparing to both
severe hypoxia (0.1%) or normoxia (21% of oxygen in gas mix)*.

From these results, some insights and limitations for future development can be suggested. A three-layered
tissue structure can be created by seeding the cells in sequence using a sheet-like porous glass fiber scaffold giving
the advantage that the physiological structure TEVG can be formed as intended. In addition, it has mechanical
properties that allow it to be easily rounded and maintain its shape. Our newly developed bioreactor was capable
of simultaneous comparative experiments with individual flow rate settings, and training of tissue formation
with increased flow by the bioreactor was effective in promoting cell survival, and improved burst pressure
resistance of the tissue. Tested, nearly equal ratio between the cell types corresponds closer to the structure of
veins; to assemble an artery several folds increase in smooth muscle cell layer thickness expected to be necessary
to achieve the burst resistance level capable of withstanding the elevated blood pressure scenario. At that time,
selecting individually and providing the proper flow rate is important factor for the cell layer formation close to
physiological. The interrelationship between the cell layer (especially fibroblast), shear stress, and mass exchange
when culturing three-layered TEVGs are revealed at initial level so far and requires further study.

Methods

Cells. We used 3 types of cells normally comprising blood vessels: Fibroblasts (NHDFc, C-12302, and HA0AF,
C-12380 PromoCell, Heidelberg, Germany), Smooth muscle cells (hASMCs, cAP-0026RFP, Angio-Proteomie,
Boston, USA), and Endothelial cells (HUVECs, cAP-0001GFP, Angio-Proteomie, Boston, USA). Frozen stock of
each types of the cells was thawed and scaled up in appropriate media: D-MEM (High Glucose with Phenol Red
and Sodium Pyruvate, StemSure, Wako) supplemented with 10% of fetal calf serum for smooth muscle cells and
fibroblasts and Endothelial media (Endothelial Cell Growth Medium, PromoCell) for endothelial cells in 75 cm?
flasks (Primaria, Corning, NC, USA). Before co-culture cells were adapted for 1:1 mix of the above media for
72 h. For layer formation cells were detached from the surface with Trypsin/EDTA solution (Wako, Japan), and
washed with its cultured media filtered through 1.2 ym membrane filter.

Scaffold. We used glass fiber filters (WHATMAN GRADE GF/D, GE Healthcare) for cell support and for-
mation of the tubular shapes after. The filter had an average predicted pore size of 2.7 um, a fiber diameter of
3 pm, a basis weight of 121 g/m?, a typical thickness of 675 um which can swell up to 2-3 times by water absorp-
tion, and factory specified wet burst of 0.3 psi (=2068 Pa). Filters were cut into pieces (16.5x 20 mm), sterilized
by autoclaving and soaked with cell culture media 24-h prior the cell seeding.

The silicon frame design for cell seeding on glass fiber scaffold.  The cells in suspension have simi-
lar density to their culture media, so forming the cell layer on flat sheet in bigger Petri dish led to escape of size-
able part of seeded cells from intended surface. Therefore, a PDMS silicon frame was developed to accommodate
the glass fiber sheet (Fig. 1). The size of the glass fiber sheet was set 16.5x 20 mm which can form a tubular shape
with 4 mm inner diameter, 6 mm outer diameter, and 20 mm length when it is bent into the tube. When the mold
was submerged inside the dish, the culture medium could permeate from both top and bottom.

Biocompatibility. Since we used glass fiber supporting scaffold, which was not specifically designed for cell
attachment, ensuring its biocompatibility was necessary prior to further experiments. Evaluation of the biocom-
patibility was done by seeding NHDFc on sterilized filters and measuring cell viability after 7 days growth with
LIVE/DEAD Viability/Cytotoxicity Kit (MOLECULAR PROBES/Thermo-Fischer). Since projections of cell
bodies on 3D scaffold are heavily overlapped, we used DAPI staining to count the total cell number and staining
with Ethidium homodimer to assess the number of dead cells with damaged membrane (necrotic and late apop-
totic cells). For each measurement we used 5 separate field of view, calculation was done with Image]J software®’.

Tensile strength measurements. We developed a holder for comparative measurement of dry and wet
glass fiber sheets before and after tissue formation (Fig. 12A). Tensile strength of glass fiber was measured using
the holder of our own design, Load/Displacement Measurement Unit (FSA-1KE-20N, IMADA, Japan), and
digital force gauge (ZTA-20N, IMADA, Japan) shown in Fig. 12B, in order to verify whether the strength of
glass fiber was changed by infiltration of the culture medium. The filter (n=4) was wrapped around the axel in
terminal holders and pulling force applied with a steady rate of 50 mm/min until the break point according to
the Sect. 8.3.1 in ANSI/AAMI VP20:1994'6. We measured 3 sets of filters: factory dry, sterilized and kept wet,
and filters with cells.

Three-layered structure formation of tissue engineered blood vessels. To mimic physiological
structure of blood vessel we propose a method in which the culture process is divided into stages as illustrated
in Fig. 13. First, the fibroblast (NHDFc or HA0AF) layer, which is the outer layer of vessels, was seeded on top
of the pretreated glass fiber. We used about 107 cells for each layer. One week after the media was changed and
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Figure 12. Tensile strength measurement tester device. (A) The developed tensile holder. (B) Overall
appearance of the device assembled with the Load/Displacement Measurement Unit and digital force gauge. A
part of the image was created by the rendering function of SOLIDWORKS 2018.
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Figure 13. Construction method of three-layer blood vessel using glass fiber as a scaffold. (1) Fibroblast
seeding. (2) Smooth muscle cell seeding on top of fibroblast layer. (3) Endothelial cells seeding onto two-layer
smooth muscle cells/fibroblast structure. (4) Layer structure conditioning and tissue maturation. (5) Wrapping
the flat sheet around the metal rod to form tubular shape. (6) Holding the tube shape with surgical suture. (7)
Rod removal/central channel formation. (8) Formed three-layer blood vessel before tissue maturation and
training.

the next layer was formed with hASMCs, and after another week the same operation repeated with HUVECs.
For maturation of three-layered tissue, we used additional 7 days with two media changes during that period.

Bioreactor and training system. Our bioreactor system consists of a control unit, an autoclavable perfu-
sion pump unit (WPM2-P3EA-CP, Welco), a gas exchange unit, 4-channels vascular training unit, and shared
media reservoir (Fig. 14). Every component except the control unit was sterilized by autoclaving. The size of
entire system is 30 cm length, 20 cm width, and 17 cm height, and whole device was installed inside a CO, incu-
bator during entire culture period.

The control unit consists of a main circuit board which regulate the flow rate and reads sensor values, stepper
motors, motor drivers (L6470, STMicroelectronics), temperature and humidity sensor, polycarbonate housing,
and a rubber sealing frame. This unit adjust a flow rate of the perfusion pump unit between 0 and 48 ml/min. Four
stepper motors have daisy-chained each other and allow to support individual flow control or batch synchronous
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Figure 14. The overview of the 4-channel bioreactor for maturation of proto-tissues into the trained vascular
tissue by individual training flow programs. Scale bar=>5 cm. A part of the image was created by the rendering
function of SOLIDWORKS 2018.

Assist stage

Stainless pipe
Silicon belt ¢

Figure 15. An auxiliary device for aseptic and reproducible tissue wrapping on glass fiber. A part of the image
was created by the rendering function of SOLIDWORKS 2018.

control. Since each circulation pathway of the media is mechanically independent, it allows to perform and
analyze the cultivations under individual flow conditions. The flow rate and its procedure of changing up to the
target value can be set by the user via an external serial communication port.

The gas exchange unit consists of four silicon tubes (3 mm inner diameter) of about 2 m long wrapped around
the supporting stand and they were connected between the shared reservoir and each training unit. The media
passing through this unit delivers oxygen to cells due to reasonable gas permeability of silicon as well as stabilize
carbon dioxide level necessary for maintenance of pH buffer capacity of the culture media.

4-channels vascular training unit consist of silicon tube housings (8 mm diameter), several luer connectors,
and the supporting stand. The culture medium transported from the pump passes mainly through the inner side
of the tubular tissue installed in the silicone housing. Media flows allow to mature proto-tissues and to give the
shear stress for the training of cell-to-cell adhesion and extra cellular matrix adaptation. A slight gap between
the outside of the tubular tissue and the housing provided flow of the culture medium, supplying oxygen and
nutrients to the cells through the glass fiber scaffold material.

Tubular shape formation by developed auxiliary device.  After confirming by life fluorescent micros-
copy of the flipped over filter that the smooth muscle cells and the endothelial cells layers have been formed, we
returned filters in upright position and placed them in fresh media. Forming of continuously round shape for
glass fiber filter with attached cell layers is challenging. Therefore, we developed an auxiliary device for ensuring
safety and reproducibility of the glass fiber wrapping (Fig. 15). In this device, a sheet is placed on the stage first,
then a metal pipe (3.5 mm diameter) is placed on the sheet and fixed to both tube ends, and the tubular shape
could be initialized and maintained by wrapping the glass fiber sheet with two silicon belts. At this state, the
glass fiber sheet around the tube is tied and fixed at three of more points with surgical sutures. With this assistive
device, the operation could be completed in 5-10 min per one tissue to avoid the tissue drying.

The tissues then were placed into sterilized silicone tube housing and connected into the bioreactor system
we have developed. Culture medium circulated through the housing for two weeks with changing of 50% of
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Figure 16. Training flow programs.

the media to the fresh one every 120 h. As a result, tissues were subjected to shear stress and tension from the
fluid in the similar way as blood vessels in the body, which was expected to promote cell-to-cell adhesion and a
reinforcing mechanical stress response.

Maturation and training of the tissue in the developed bioreactor. Four equal glass fiber sheets
with 3 cell layers were prepared for each experiment. They were placed inside the silicon tube housings in the
system, sealed with connectors, and the individual flow supplied from the individually programmed pumps to
reach 1.0, 2.0, and 5.0 ml/min during 72 h, and then the maturation and training was continued at the steady
flow rate for 2 more weeks (Fig. 16).

Live imaging. The distribution of cells in the inner part of the trained tubular tissues was assessed by help
of fluorescent proteins expressed in smooth muscle cells (red) and endothelial cells (green). Tubular tissues with
surrounding glass fiber scaffold were crosscut, washed with warm PBS and placed in Petri dishes under the layer
of PBS on inverted fluorescence microscope (Nikon eclipses Ti). Several images were acquired with different
depth of focus and restored by Adobe Photoshop into single combined image.

Pressurized burst strength measurements. Burst pressure tests against water pressure were conducted
according to ANSI/ISO'®Y. During the test, the vascular tissue was sandwiched between O-rings (cell layers
facing up) from above and below, and the hydrostatic pressure was gradually increased to a maximum of 18 kPa
(=135 mmHg) while measuring pressure with a sensor (GC31-364, NAGANO KEIKI CO., LTD., Japan) deliv-
ering corresponding DC current to the analog-to-digital converter (ATmega328P, Microchip Technology Inc.,
USA), and the burst pressure was registered by camera when the water droplets started to appear. Measurements
were performed at six different locations of the unfolded samples for each cultivation flow rates. The areas with
severely damaged or inconsistent cell layers were excluded from the final calculations.

Histological evaluation. The tissues removed from bioreactor housing were washed with warm PBS, and
fixed in 4% paraformaldehyde in phosphate buffer for 20 min at 37 °C. The fixed tissues were sent to external
processing (New Histo Science Laboratory Co. Ltd., Tokyo, Japan) for sectioning and staining. HE and TUNEL
stained slides were photographed (BZ-9000 BioRevo microscope, Keyence Corp., Japan) and thickness of differ-
ent cell layers estimated in quadruplicates for each image.

HE images of tissue samples trained at flow rates of 0, 1, and 5 ml/min (n =3 for each flow rate) were used to
examine the shear stress at 10 selected points in the vessel. Shear stress is expressed as

T = 4MQ/nr3,

where p is the viscosity, Q is the flow rate and r is the vessel radius (the distance from the center of lumen and a
tissue border). Then, individual cell layers and their total tissue thickness at the same point was also calculated.

Statistical analysis. The method of Student’s t test was used to determine the significance of difference
in each parameter between any 2 selected groups. The method of One-way ANOVA for multiple comparisons
was used to determine the significance of difference in multiple groups. A difference was considered statistically
significant at p <0.05.
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