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Each year, hundreds of thousands of patients undergo coronary artery bypass surgery in the United States.” Approximately one third of these
patients do not have suitable autologous donor vessels due to disease progression or previous harvest. The aim of vascular tissue engineering
is to develop a suitable alternative source for these bypass grafts. In addition, engineered vascular tissue may prove valuable as living vascular
models to study cardiovascular diseases. Several promising approaches to engineering blood vessels have been explored, with many recent
studies focusing on development and analysis of cell-based methods.?® Herein, we present a method to rapidly self-assemble cells into 3D
tissue rings that can be used in vitro to model vascular tissues.

To do this, suspensions of smooth muscle cells are seeded into round-bottomed annular agarose wells. The non-adhesive properties of the
agarose allow the cells to settle, aggregate and contract around a post at the center of the well to form a cohesive tissue ring.s'7 These rings can
be cultured for several days prior to harvesting for mechanical, physiological, biochemical, or histological analysis. We have shown that these
cell-derived tissue rings yield at 100-500 kPa ultimate tensile strength8 which exceeds the value reported for other tissue engineered vascular
constructs cultured for similar durations (<30 kPa).g'w Our results demonstrate that robust cell-derived vascular tissue ring generation can be
achieved within a short time period, and offers the opportunity for direct and quantitative assessment of the contributions of cells and cell-derived
matrix (CDM) to vascular tissue structure and function.

Video Link

The video component of this article can be found at https://www.jove.com/video/3366/

Protocol

1. Cell seeding mold fabrication

Begin by milling a 1/2" thick piece of polycarbonate to create 15, round-bottomed, annular wells with a center post diameter of 2 mm. The milled
channels are 6 mm deep and 3.75 mm wide. Clean and dry the polycarbonate mold to remove any plastic debris from the milling process.

Mix polydimethylsiloxane (PDMS) at a 10:1 ratio (w/w) of base to curing agent, degas to remove all air bubbles, and pour onto the polycarbonate
mold. Degas again to remove any remaining bubbles, and cure in the oven at 60°C for 4 hours.

Once cured, carefully remove the PDMS template by slowly peeling it away from the polycarbonate, wash with soap and water, and autoclave.
Also autoclave a solution of two percent agarose (w/v) dissolved in Dulbecco's modified Eagle medium (DMEM).

Place the PDMS template on a level surface and fill with molten agarose by first pipetting agarose into each of the center post molds, and then
pipetting into the space around it. Allow the agarose to solidify (approximately 15 minutes), then invert the mold to release the agarose from the
PDMS. Cut excess agarose from around each of the wells, and place the agarose wells into 12-well plates.

2. Cell culture and ring seeding

Add cell culture media (DMEM with 10% FBS and 1% penicillin-streptomycin) around the outside of the agarose mold, without covering the top of
the molds. Place the plates in the incubator and allow them to equilibrate for approximately 15 minutes while you prepare the cells.

At 90% confluence, trypsinize rat aortic smooth muscle cells (rSMCs) and resuspend at a concentration of 5x10° cells/ml. Pipette 100 pL of cell
suspension into each of the annular agarose wells, using a circular motion to apply cells to each well.
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Make sure incubator shelves are level, then place the plates in the incubator and allow them to sit undisturbed for 24 hours. Exchange medium
every two days thereafter by aspirating the media from around the well, and re-filling each well until the agarose well is completely submerged.

3. Tissue ring harvesting and thickness measurements

At the conclusion of culture, remove the ring from the agarose mold by sliding it over the top of the center post.

Place the ring in a small Petri dish with phosphate buffered saline (PBS), center the sample, and acquire an image using a digital imaging
system.

Use an image analysis program for edge detection and measure the thickness of the ring in 4 positions (top, bottom, left and right) around its
circumference. Calculate the mean thickness value (t) for each individual ring, and use this value to calculate the cross-sectional area (21'r(t/2)2).

4. Mechanical testing of rings

Set up the tensile testing machine (Instron EPS 1000) in the horizontal position. Attach a 1N +1mN load cell and custom thin wire grips (created
by bending stainless steel wire).

Mount the ring sample on the two thin wire grips. Extend the grips until a 5 mN tare load is applied to the sample. Enter the cross-sectional area
(calculated from thickness measurements) and record the gauge length.

Pre-cycle the rings 8 times between the tare load and 50 kPa stress at a rate of 10 mm/min. After the eighth pre-cycle, pull to failure at 10 mm/
min. Failure is noted as a decrease in force by 40% from one measurement to the next. For each ring sample, measure the ultimate tensile
stress (UTS) and failure strain and calculate the maximum tangent modulus (MTM) from the acquired data.

5. Tissue ring assembly to fabricate tissue tubes

Custom tube holders are machined from round 5 cm polycarbonate disks with rectangular cutouts (2 cm x 3 cm). Drill threaded holes through
these disks to allow two holders to be screwed together. Autoclave the custom tube holders, and then transfer to the biosafety cabinet and place
in an empty Petri dish.

Use surgical scissors to cut the ends of 1.9 mm diameter silicone tubes at an angle to create beveled edges, and then autoclave the silicone
tubes. While the tubes are being autoclaved, fill a Petri dish with media.

Remove the rings from the agarose wells and place them in the Petri dish with media. Place autoclaved silicone tubes in the same Petri dish to
wet them before use.

Use forceps to place a beveled end of a silicone tube into the center of a ring and gently slide the ring onto the silicone tubing. Repeat with the
desired number of rings. Slide the rings into contact with one another by gently pushing them successively in both directions along the tube. This
method can be used for rings harvested after only one day in culture.

Once rings are mounted, align silicone tubes within the polycarbonate holders and screw the two parts of the holder together. Place the holder in
a 100 mm Petri dish and add 55 mL media. Exchange media every 3 days for the duration of culture.

To remove the tissue tubes, release the silicone tubes from the polycarbonate holder and use forceps to slide the tissue tubes off the silicone
tube and into a Petri dish filled with PBS.

6. Representative Results:

When the protocol is performed correctly, cells aggregate to form tissue rings with an inner diameter equal to the diameter of the corresponding
mold post within 24 hours. The ring edges are usually smooth in appearance and (if cultured on a level surface), are uniform in thickness around
the entire circumference. The tissue rings are easy to handle and can be removed from their wells for subsequent mechanical and histological
analysis (see in Gwyther et al., 201 18). Tissue ring morphology, matrix composition, and mechanical properties vary depending on the number
and type of cells seeded.

Representative results from tissue rings made from varying cell types, seeding conditions, and culture length are shown in Table 1. Two mm

ID rings created from 5x10° rSMCs exhibited a higher UTS than rings created from our previously published 2 mm rings (made from 6.6x10°
rSMCs).8 Similar to rat cells, human smooth muscle cells (hSMC) readily aggregated to form tissue rings, which contained a large amount of
collagen after only 14 days in culture (data not shown). Human mesenchymal stem cells (hMSC) also aggregated and formed cohesive rings, but
lacked mechanical strength and broke during the initial precycling phases of uniaxial tensile testing.

n Cell number Thickness (mm) [Length of culture |UTS (kPa) MTM (kPa) Failure strain
(days) (mm/mm)
rSMC rings 6 660,000 0.94%0.12 14 97+30 497191 0.50+0.08
rSMC rings 4 500,000 0.53+0.02 7 11348 189115 0.88+0.05
hSMC rings 3 750,000 0.51+0.05 14 160+30 270+20 0.92+0.08
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[nMsCrings |3 750,000 |0.40£0.07 14 N/A N/A N/A

Table 1. Table showing the culture parameters and mechanical properties of 2 mm rings generated from different cell types, seeding
concentrations, and culture durations.
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Figure 1. (A) Schematic of the tissue ring generation process. (B) Custom polycarbonate mold with milled annular wells. Central post diameters
are 2 mm. (C) PDMS template after it was peeled away from the polycarbonate mold. (D) Aggregated tissue ring cultured in an agarose mold
with a 2 mm post. (E) Two mm diameter tissue ring in PBS. Scale bars =6 mm (B, C) and 2 mm (D, E).
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Figure 2. Representative plot of stress-strain curve produced from uniaxial tensile testing.

Recently, there has been an increased interest in cell-based or "scaffold-less" tissue engineering methods to address some of the limitations of
scaffold-based tissue engineering approaches. Given that cell-derived tissues are created from cells and the matrix they produce, they inherently
contain much higher cell densities, contain no exogenous materials, and can be made entirely from human cells and proteins. Vascular grafts
made from human cells can attain substantial mechanical strength in the absence of exogenous scaffolds (e.g., burst pressures 3400 mmHg
compared to 1600 mmHg for human saphenous veins)12. Although cell-based vascular tissues exhibit improved cell density and mechanical
strength, most current fabrication methods (such as "sheet-based (-3ngineering"3'4’12 or "bioprinting"5'13) require extensive culture periods (> 3
months) or specialized equipment for 3D tissue construction. The cell-derived tissue ring method described here enables rapid cellular self-
assembly to form robust 3D tissue constructs within a short period of time and without the use of specialized equipment.

This protocol details the procedure we developed to create 2 mm inner diameter rat smooth muscle cell-derived tissue rings. In the present
example, tissue rings were cultured for 7 days (then cultured for an additional 7 days for ring fusion and tube formation). However, 2 mm rat (and
human) smooth muscle cell rings can be removed from the wells and are cohesive enough for handling (e.g., transfer onto silicone tubes) as
early as one day after cell seeding. In addition, robust tissue rings with varying inner diameters (2, 4, and 6 mm) can be created with this method
by simply changing the post diameter of the original polycarbonate mold.® We also recently modified the polycarbonate mold design to enable
five 2 mm seeding wells to be cast in a single multi-well agarose chamber, which uses less PDMS and agarose, and fits in one well of a 6-well
plate (data not shown). Changes in the post diameter, the width of the seeding well, the radius of curvature of the rounded bottom, the number of
seeding wells, or the depth of the seeding wells can all be modified simply by changing the specifications in the CAD file for CNC machining of
the polycarbonate mold. Finally, a single polycarbonate mold can be used to fabricate an unlimited number of PDMS templates, and each PDMS
template can be cleaned, autoclaved and reused dozens of times.

In addition to changing the size of the tissue rings, we have made rings from many different cell types, including: primary rat SMCs (Cell
Applications, R354-05), primary human coronary artery SMCs (Lonza, CC-2583), primary human dermal fibroblasts'! (generous gift of Dr.
George Pins, WPI Dept. of Biomedical Engineering), rat lung fibroblasts (RFL-6, ATCC CCL-192), and mesenchymal stem cells (Lonza,
PT-2501). Each of these cell types aggregates and contracts around the center posts to form tissue rings; although the cellular organization,
ECM composition, and mechanical properties of the constructs vary for each cell type. The seeding parameters for each cell type must be
empirically determined based on the size of the cells and their ability to aggregate. Therefore, while this system of creating cell-derived tissue
rings is extremely versatile, the protocol may need slight adjustments for optimal tissue formation with different cell types.

Tissue ring geometry facilitates easy loading and assessment of tissue material properties by uniaxial tensile testing, as described. There is
also substantial precedent for using blood vessel ring segments to measure vascular contraction and physiological function. Preliminary studies
indicate that cell-derived tissue rings can be mounted on a wire myograph device for measurement of pharmacological responsiveness and
contractile force generation (data not shown). Altogether, the ability to rapidly fabricate self-assembled cell rings for histological, mechanical,
physiological, and biochemical analysis suggests a powerful new tool that may be useful for modeling vascular tissue structure and function in
health and disease.
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