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Abstract

Autologous vein grafts remain the gold standard in small diameter bypass grafting for the
surgical management of peripheral arterial and coronary artery disease. Yet outcomes
remain compromised by low patency rates. Tissue-engineering strategies have been
explored as alternatives, however, a clinically available tissue engineered vascular graft
(TEVG) remains an elusive reality. In the present study we report a novel fabrication
method for the generation of TEVGs. A microfluidic strategy is employed for the rapid and
continuous formation of ultrathin, highly aligned and compacted collagen sheets with
tunable properties. In turn, these collagen sheets were used to fabricate TEVGs yielding
tubular structures comprised of circumferential human aortic smooth muscle cell layers
alternating with layers of compact, aligned and genipin-crosslinked collagen fibrils. The
resulting TEVGs recapitulated aspects of both the microstructure and mechanical
properties of native arteries. The maximum burst pressure and suture retention strength
averages achieved were 2,645 + 346 mm Hg and 153.5 + 37.4 gF, respectively.
Importantly, the present TEVG approach does not make use of synthetic polymers or
prolonged bioreactor incubation times, hence being a more cost-effective and scalable

solution.
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Glossary of abbreviations

CABG = coronary artery bypass grafting
C-terminus = carboxyl-terminus

E = elastic (or Young’s) modulus

ECM = extracellular matrix

FFB = flow focusing buffer

FPB = fibrillogenesis promoting buffer
FWHM = full-width-half-maximum

g = gram

gF = gram-Force

Gly = glycine

HAoSMC = human aortic smooth muscle cell
H&E = hematoxylin and eosin

ID = inner diameter

kDa = kiloDalton

1m = micrometer

mg = milligram

mL = milliliter

mm = millimeter

mm Hg = millimeters of mercury

MW = molecular weight



NA = numerical aperture

nm = nanometer

N-terminus = amino-terminus

OD = outer diameter

PAD = peripheral arterial disease

PBS = phosphate-buffered saline

PEG = polyethylene glycol

PTFE = polytetrafluoroethylene

SMC = smooth muscle cell

SRS = suture retention strength

TEM = transmission electron microscopy
TEVG = tissue-engineered vascular graft

UTS = ultimate tensile strength



Introduction

Collagen biosynthesis

Cells and extracellular matrix (ECM) are the two main components of tissues in the
body. The ECM is an interconnected series of macromolecules, which includes proteins
and carbohydrates. Collagen and elastin are the first and second most abundant ECM
macromolecules respectively, with the former constituting up to 30% of the total dry mass
in mammals?. From a functional perspective, elastin provides tissue elasticity and
resilience, whereas collagen contributes to structural support and local biological
interactions®.

Among the twenty-eight genetically distinct collagen types identified to date, focus
will be placed on the most common type, fibril-forming collagens (types I, II, III, V, and
XD)*°. Despite contributions by other cell types, fibroblasts account for the majority of
collagen production®. Collagen propeptide synthesis through mRNA translation occurs in
the rough endoplasmic reticulum and the resulting molecules are post-translationally
modified through glycosylation and hydroxylation’. Hydroxylase enzymes along with
cofactors (ferrous ions, oxygen, and ascorbate) hydroxylate proline and lysine, which
occupy positions X and Y in collagen’s repeating sequence (Gly-X-Y),’. These post-
translational modifications are critical for intramolecular hydrogen and disulfide bond
creation and the consequent self-assembly into triple helices of three collagen a-chains
(procollagen) that occurs in the Golgi apparatus®. Procollagen is secreted from the Golgi
apparatus and extracellularly cleaved at the C- and N-terminals yielding the insoluble

tropocollagen’.



Following exocytosis into the extracellular space and proteolytic processing, many
staggered tropocollagens self-assemble into fibrils through the entropy-driven process of
fibrillogenesis °. In turn, these collagen fibrils combine through non-covalent bonds and
covalent lysine-hydroxylysine cross-linkages catalyzed by copper-containing lysyl oxidase’.
The resulting collagen fibrils have diameters ranging from 10 to 300 nm and a banding
pattern with a characteristic length scale of 54—67 nm, known as D-periodicity'>'""%. In the
wide array of tissues containing collagen as a basic structural element (cornea, tendon,
vascular wall), higher order collagen fibril organization into fibers is tissue-dependent and

closely linked to tissue function®.

Fabrication of collagen biomaterials

Naturally derived biomaterials, like collagen and elastin, pose a unique opportunity
having exhibited limited evidence of immunogenic reactions and local/systemic toxicity,
as well as not requiring extensive modification to promote cell adhesion, proliferation, and
migration'>'. This fact in combination with collagen’s extensive structural and functional
significance in living tissues, has rendered collagen a widely used biomaterial in the fields
of drug delivery and tissue engineering. Indeed, collagen and in some cases elastin as well,
have been used for the tissue engineering of vascular grafts, cardiac tissue, cartilage,
tendons, ligaments, skin and liver constructs™.

The source of collagen molecules has been primarily two-fold: animal-derived and
recombinant. Porcine skin, bovine tendon, rat tail and other animal sources have been

116

used for the extraction of collagen, particularly type I'°. The aforementioned process of



collagen biosynthesis in mammals results in collagen fibril formation, however mature
fibrils have chemical cross-links that limit their aqueous solubility. Hence, tissues of
younger mammals are the preferred collagen source'”'®. Limitations of animal-derived
collagen include ethical concerns with the harvesting process, batch-to-batch variability
and the requirement for good manufacturing practices to address contamination risks'®. In
response, recombinant human collagen has been expressed in yeast, Escherichia coli,
mammalian cells and other platforms'. However, applications of recombinant human
collagen have remained limited due to two main drawbacks. Firstly, recapitulation of post-
translational modifications has been a challenge', although the addition of prolyl-4-
hydroxylase coding domains to recombinant sequences has addressed at least proline

20,21,22

hydroxylation . Secondly, the high production cost of this research method has
outweighed benefits, such as control over amino acid sequence and chain length®.
Fabrication methods of collagen biomaterials have included casting, bioprinting
and fiber spinning. In biomaterial manufacturing, casting involves pouring viscous
polymer solutions into molds®* and in the case of collagen has been used to fabricate planar
and tubular scaffolds*?**’, Collagen scaffolds have also been generated through inkjet (via
both pH-*** and temperature-triggered® gelation) and laser-assisted®>** bioprinting. Yet,
most bioprinting efforts have also included non-naturally derived molecules to facilitate
cell growth and mechanical integrity'®. Consequently, deposited cells need to reconstitute
tissue through synthesis of structural proteins (like collagen and elastin) either following

implantation or while the construct is maintained in a bioreactor'. This process takes

months and has limited these fabrication methods". A significant limitation of both casting



and bioprinting has also been the inability to control fibrillar alignment and compaction.
This has resulted in collagen constructs with mechanical properties insufficient to
withstand physiologically relevant loading forces*.

Comparatively, fiber spinning has afforded researchers some control over fibrillar
alignment and compaction. Among fiber spinning approaches, both wet spinning®** and

35,30,37.38,394041 have been used to generate collagen (as well as elastin) fibers

electrospinning
either in isolation or in combination with other biomaterials. In addition to this method,
induction of some level of collagen fibrillar alignment and compaction has also been

achieved via strain*®, spatial confinement®* fluid flow-induced shear stress**4,

48,49 50,51,52

electric or magnetic fields and microfluidic channel systems**>*, Still the
aforementioned methods, including fiber spinning, have their limitations. There is still
limited control over collagen fibrillar alignment or compaction, and this control is
delivered only in one-dimensional or substrate-attached two-dimensional structures. Also,
many of these methods are not scalable to the extent necessary for the purposes of tissue
engineering. In the present study we report the adaptation of a microfluidic system for the
continuous formation of three-dimensional collagen structures with precise control over
both collagen alignment and compaction. Collaborators on the present project, Dr.
Giinther’s group of the University of Toronto, first developed this system for the continuous

formation of planar biomaterial hydrogels (including collagen) without the need for

substrate support>.



Properties of native blood vessels

The vascular wall is comprised of three concentric layers or tunicae. A non-
thrombogenic monolayer of endothelial cells forms the innermost layer, the tunica
intima®®. The tunica adventitia, the outermost layer, is composed of fibroblasts and a
collagenous extracellular matrix*®. Between these two layers lies the tunica media, which
is separated from the tunica intima by an internal elastic lamina and whose primary
cellular composition is concentrically organized smooth muscle cells (SMCs)*®. Vascular
SMCs exist in a phenotypic continuum, which shifts according to prevailing conditions™.
Under physiologic conditions, they possess a quiescent contractile phenotype, regulating
blood flow through dilation and constriction of blood vessels®®*’. Under pathological
conditions, such as vascular injury, vascular SMCs convert to a synthetic and non-
contractile phenotype characterized by proliferation and increased matrix production®**’,

Both collagen and elastin are key functional and structural components of the
vascular wall. Elastin is concentrated in the tunica media, either as elastin fibers in
muscular arteries®® or elastin fibers arranged in concentric rings of elastic lamellae in
elastic arteries®. Elastic lamellae allow elastic arteries, such as the aorta and its largest
branches (brachiocephalic, common carotid, subclavian and iliac arteries), to maintain
sufficient blood pressure throughout both cardiac systole and diastole®. More broadly,
elastin contributes to blood vessels’ elastic properties and along with collagen, prevents
pulsatile blood flow from irreversibly deforming the vascular wall**®. Collagen,

IS6

particularly types I and III*°, is distributed throughout the three layers and functions to

prevent vascular wall rupture by providing tensile stiffness®>®. The tissue-specific higher
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order organization of collagen fibrils in the vascular wall involves 30 — 100 nm® collagen
fibrils arranged in 1.8 to 10 pm diameter fibers®*®®. These collagen fibers are in turn
circumferentially aligned at angles of 18.8° — 58.9° for human aorta® and 2° — 83° for
saphenous vein®. This structural arrangement of collagen fibrils contributes to the
mechanical properties required by blood vessels to tolerate physiologic blood pressures®>®.

Among these mechanical properties, burst pressure, suture retention strength (SRS)
and compliance are often used to characterize both native and tissue engineered blood
vessels®”. Burst pressure has typically been defined as the pressure at which a blood vessel
ruptures after continuous inflation at a steady rate®. Suture retention strength is
calculated by measuring the force required to remove a suture placed at the end of a vessel
sample and is expressed in units of gram-Force (gF)®’. Compliance is calculated from the
percent change in internal radius over a range of pressures and expressed in units of
%,/100 mm Hg®. In humans, burst pressure values for popliteal arteries range from 2,200
to 4,225 mm Hg®® and for saphenous veins from 1,600 to 2,500 mm Hg®®7%", Suture

F70,72

retention strength has been reported for internal thoracic arteries at 88 — 200 g and

F®707! " Coronary arteries possess a high arterial

for umbilical veins at 180 — 250 g
compliance at 8.0 — 17.0 %,/100 mm Hg’>”* compared to popliteal (4.7 — 8.5 %,/100 mm

Hg”®) and internal thoracic arteries (6.5 — 12.0 %,/100 mm Hg®*"?).
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Tissue engineered vascular grafts
A wide array of research efforts have been made to tissue engineer vascular grafts
that to some extent recapitulate the aforementioned native structural and functional

properties of blood vessels®”7%77,

The traditional “cells-plus-scaffold” tissue engineering
concept was first applied to blood vessels by Weinberg and Bell in 1986%. A casted collagen
hydrogel cultured with SMCs and endothelial cells afforded burst pressures between 100
and 200 mm Hg, necessitating the addition of a Dacron mesh to reach maximum pressures
in the range of 300 to 400 mm Hg*. Since then, efforts for the generation of TEVGs have
included both scaffold and scaffold-free tissue engineering approaches.

Sheet-based tissue engineering, first pioneered by L’Heureux and Auger in 19987,
has been the main scaffold-free approach to TEVGs. The main principle underlying this
approach is that SMCs and fibroblasts form cohesive and detachable cell sheets with
prolonged culturing (approximately 30 days) in ascorbic acid-containing media’®. These
sheets were wrapped about a tubular support to form circumferential layers composed
entirely of secreted matrix proteins and either SMCs or fibroblasts, resembling the native
tunica media and adventitia respectively’®. The resulting TEVGs exhibited promising in
vitro mechanical properties including burst pressure of 3,000 — 4,000 mm Hg and SRS of
140 — 180 gF, but a compliance of approximately 1.5% for a pressure change from 80 to
120 mm Hg’®. Importanly, these TEVGs exhibited some promising clinical results when

7980 The use of human

implanted as arteriovenous fistulas in high-risk patients
mesenchymal stem cells in sheet-based tissue engineering®' has shown the versatility of

this approach, however challenges remain. The long culture times (about 28 weeks’®) have
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kept costs high and limited any potential clinical applications to non-urgent indications®’.
The aforementioned TEVG implantation in humans as arteriovenous fistulas has shown
evidence of graft failure and a need for re-intervention even among a small, yet high-risk,
cohort of ten patients”. Although sheet-based tissue engineering remains a key scaffold-
free approach, novel scaffold-free methods have also emerged, for example with the use
of periodic high hydrostatic pressure® and bioprinting®.

Scaffold tissue engineering approaches have utilized synthetic, biomaterial-based
or decellularized tissue scaffolds (or a combination of the above). As the name suggests,
decellularized tissue scaffolds involve decellularizing a tissue, while maintaining its native
extracellular matrix that provides a structural base for seeding with cell types of
preference®. Although some have originated from humans (such as umbilical arteries®),

the vast majority of decellularized tissues have come from animals, such as canine carotid

85,86 89,90,91

arteries®®, jugular veins’' and ureters®”, rat abdominal aortas®®, porcine aortas ,

293 small intestine segments® and ureters®, as well as bovine ureters®.

carotid arteries
Resulting TEVGs have demonstrated promising in vitro mechanical properties, as for
example decellularized porcine carotid artery-derived grafts possessing burst pressures of
1,000 - 2,000 mm Hg, SRS of 300 gF, but a compliance of 5.8% for a pressure change
from 0 to 200 mm Hg™. Yet clinical data from the case of decellularized bovine ureters
have been concerning due to aneurysmal formation®’, poor long-term patency (14% at one

year) as hemodialysis shunts®, as well as inflammation and infection likely due to residual

xenoantigen®.
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Biodegradable synthetic polymer scaffolds have been extensively studied, including

100,101 102,103,104,105,106

polycaprolactone , polyglycolic aci , polylactic acid'”, polyurethane'®,
and related copolymers or composites'®. These synthetic scaffolds are bioresorbable and
are typically pre-seeded with cells, conditioned in a bioreactor and implanted in animal
models®. Post-implantation, some in situ regeneration of the vascular wall by migration
of adjacent cells or homing of circulating progenitors can be expected®. Since their first
publication in 1999!%2) the Niklason group has been a pioneer of this tissue engineering
approach having generated, among others, a polyglycolic acid scaffold-based TEVG with
burst pressures of 1,000 — 2,000 mm Hg and SRS of 40 — 50 gF!%. Using this tissue
engineering approach, some measure of clinical success has been observed!?”'" as for
example in pediatric populations where TEVGs were implanted as extracardiac

cavopulmonary conduits'"*

. However, in a clinical study by the Niklason group in a larger
cohort of adult patients, synthetic scaffold-based TEVGs exhibited primary patency at 12
months of 28%, due to graft thrombosis'"?.

Collagen alone? or in combination with elastin'**!**!*>!¢ has been widely used for
the generation of biomaterial-based TEVG scaffolds. Other efforts have involved the use of
fibrin or combinations of these biomaterials with synthetic polymers''’. The fabrication
methods of collagen biomaterials and their limitations have been covered above, but
among them electrospinning®,'"* and casting?”-*” have been primarily employed in the field
of TEVG. Our laboratory, the Chaikof group, has made particular progress with this tissue

engineering approach. More specifically, a biomaterial composite of crosslinked, oriented

collagen microfibers reinforcing a recombinant elastin matrix yielded TEVGs with an
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approximate burst pressure of 1,500 mm Hg, SRS of 170 gF and compliance of 5.1%,/100
mm Hg>*.

Challenges to the clinical implementation of all aforementioned tissue engineering
approaches have remained, including the possibility of scalable production, requirements

for prolonged incubation times’®, graft aneurysmal dilation and thrombosis 7%

, post-
implantation neointimal hyperplasia® and poor long-term patency rates’®''?. A mismatch
of biomechanical properties between endogenous vessels and grafts could explain some of
these phenomena, such as a compliance mismatch leading to neointimal hyperplasia®.
Hence, despite this impressive progress made over the past 30 years, a clinically available
TEVG remains an elusive reality. We hypothesize that this is due to the sustained inability
to truly recapitulate the native microstructure of the blood vessel wall components, such

as collagen fibrillar alignment and compaction. Hence, here we report the use of the

aforementioned microfluidic system®>-derived collagen sheets for the generation of TEVGs.

Clinical significance

Over 71 million people in the United States alone are affected by cardiovascular
disease, accounting for over 7 million annual inpatient visits, over 450,000 bypass
surgeries and costs exceeding 500 billion dollars annually''®. Cardiovascular disease also
encompasses peripheral arterial disease (PAD), a state of reduced blood flow to lower
extremities due to the progressive narrowing of arteries most commonly caused by
atherosclerosis'”®. PAD-related morbidity can range from no symptoms, to lower extremity

120

pain, to limb ischemia necessitating amputation*". Although prevalence estimates have
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fluctuated depending on the diagnostic method employed, PAD affects up to 14% of the
general population and up to 20% of individuals over the age of 75'*"'?*>, PAD though does
not usually appear in isolation, having been consistently associated with coronary heart
disease and stroke, as well as increased all-cause and cardiovascular mortality'**'*.
Medical therapy, vascular bypass grafting and angioplasty with or without stenting are
included in the therapeutic armamentarium for cardiovascular disease, including PAD%’.
Synthetic polymer prosthetics, like Dacron and polytetrafluoroethylene, have
exhibited long-term patency in their now established use for the replacement of large
diameter vessels (>6 mm), such as the aorta®”. However, within the cardiac, peripheral
and cerebral vasculature most blood vessels have diameters of less than 6 mm®. As
described above, small diameter synthetic polymer-based vascular grafts have exhibited

112 neointimal hyperplasia and thrombosis®**. Hence, autologous vein

poor patency rates’
grafts remain the gold standard in small diameter bypass grafting, comparatively
exhibiting the best patency rates for cardiac and peripheral bypass grafting'*.

However, autologous vein grafts also have important limitations. Firstly, bypass
grafting is more prevalent in patients over the age of 65 years, who are also less likely to
have sufficient vein for autologous grafting®. Such autograft suitability is also currently
difficult to define with certainty in advance of bypass operations®. Secondly, despite their
comparative superiority, autologous veins’ patency rates are still affected by stenosis and
occlusion. For example, a multicenter, prospective study of 1,404 patients with severe PAD

demonstrated primary patency of 60% at 1 year for vein grafts used in infrainguinal

revascularization'*. Vein graft stenosis or occlusion in lower extremities can rise up to

16



50% within 3 to 5 years'**'*!*_ In the related field of coronary artery bypass grafting
(CABG), a prospective study of 3,014 patients undergoing first-time CABG with saphenous
vein, experienced >75% stenosis or occlusion, in 40-50% of autologous vein grafts'*’. The
subsequent potential need for reintervention compounds the operative morbidity in an
already high-risk'**'* surgical population.

Consequently, there is a clinical need for small diameter (<6 mm) vascular grafts
to improve upon the failure of synthetic polymer TEVGs and the circumscribed success of
autologous vein grafts. This has been a pivotal clinical driving force for the field of TEVGs,

as well as for the present study.
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Materials and Methods

Isolation and purification of collagen

Acid-soluble, monomeric rat-tail tendon collagen (MRTC) was obtained from
Sprague-Dawley rat tails following Silver and Trelstad'*®. After thawing frozen rat tails
(Pel-Freez Biologicals, Rogers, AK) at room temperature, tendons were extracted using a
wire stripper, placed in HCI (10 mM, pH2; 150 mL per rat tail) and stirred for 4 h at room
temperature. The dissolved collagen was separated by centrifugation at 30,000 g and 4°C
for 30 minutes followed by sequential filtration through 20 pm, 0.45 pm, and 0.2 pm
membranes. Collagen was in turn precipitated with the addition of NaCl in HCI (pH2) to
an 0.7 M net salt concentration, followed by 1 h stirring and 1 h centrifugation at 30,000
g and 4°C. The precipitated collagen was re-dissolved in HCl (10 mM) overnight and the
resulting solution dialyzed against phosphate buffer (20 mM) for at least 4 h at room
temperature. Additional dialysis was performed against phosphate buffer (20 mM) at 4°C
for at least 8 h, and against HCI (10 mM) at 4°C overnight. The final MRTC solution was
frozen and lyophilized. The lyophilized type I monomeric collagen was dissolved in
deionized water (pH 2) at a 5 mg/mL concentration. Blue food dye (Club House, Canada)
was added for the purposes of visualization. The solution was stirred continuously at 4°C

for 24 h yielding an acidic collagen solution.

Preparation of buffer solutions
The Flow Focusing Buffer (FFB) comprised a neutralization buffer prepared in

deionized water to induce rapid gelation of the collagen solution. It contained
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polyethylene glycol (PEG, 10 wt%, MW 35 kDa, Sigma Aldrich), TES (6.86 mg/mL, Sigma
Aldrich), monobasic sodium phosphate (4.14 mg/mlL, Sigma Aldrich), dibasic sodium
phosphate (12.1 mg/mlL, Sigma Aldrich), and sodium chloride (7.89 mg/mlL, Sigma
Aldrich). The pH of the solution was adjusted to 8'*°. The Fibrillogenesis Promoting Buffer
(FPB) comprised a phosphate buffer prepared in deionized water to induce fibrillogenesis.
It contained Tris (10 mM, Sigma Aldrich), dibasic sodium phosphate (4.26 mg/mL, Sigma

Aldrich) and sodium chloride (7.89 mg/mL, Sigma Aldrich)'*°.

Aligned collagen sheet formation and crosslinking

The microfluidic devices were fabricated using multilayer soft lithography as
previously described>® and were supplied by the collaborating Giinther group of the
University of Toronto. The extrusion reservoir was filled with FFB until the center of the
mandrel cross-sectional area was reached (Figures 1 and 2). Then rat tail type I collagen
dissolved in deionized water (pH 2) at a 5 mg/mL concentration, and FFB were co-
extruded through the three-layered microfluidic device (Figure 1b, c) at a flow rate of 400
pL/min and 4,000 pL/min, respectively. Injection of these solutions into the microfluidic
device was achieved using disposable plastic syringes, Tygon PVC clear tubing (ID 1/16”,
OD 1/8”, McMaster Carr, CA, USA), and two infusion pumps (model PHD 2000, Harvard
Apparatus, Holliston, MA, USA). With the top half of the constriction bracket (noted as 1
in Figure 2) removed, the collagen sheet emerging at the device outlet was manually
guided using tweezers past the bottom half of the constriction bracket and placed over the

computer-controlled mandrel (Figures 1 and 2). Following manual placement of the top
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half of the constriction bracket and initiation of mandrel rotation, tweezers were again
used to prevent the extruding sheet from wrapping around the mandrel. Upon achieving
the desired sheet length, the rotating mandrel was stopped, and the resulting, continuous
collagen sheet incubated in the FFB-filled reservoir for 30 minutes. To obtain a 70 cm long
sheet approximately 1 mL of acidic solution was required.

The resulting continuous collagen sheet was manually cut with scissors into 23 cm
long segments. Each 23 cm long segment was manually spread over custom-made 23 cm
long glass slides using tweezers, washed 3x with deionized water and air-dried for at least
15-30 min. Two and three collagen sheets were spread sequentially on top of each other
(stacking) to yield bilamellar and trilamellar structures, respectively. In turn, the collagen
sheets (single, bilamellar or trilamellar) were transferred to FPB for a 48 h incubation at
37°C. Where specified, single and multilamellar sheets were crosslinked to improve sheet
biostability. Briefly, sheets were incubated at 37°C for 1 h in genipin (Wako Chemicals,
Richmond, VA) at a concentration of 6 mg/mL and then washed with deionized water 3x.
Genipin was first dissolved in 50% ethanol buffer 10-times concentrated (or 60 mg/mL)
and then diluted to a final concentration of 6 mg/mL with the addition of phosphate-
buffered saline (PBS, Sigma Aldrich). For the purposes of the acid solubility test (Figure
5a), collagen sheets serving as a positive control were instead crosslinked with
glutaraldehyde (1% v/v in PBS) at 37°C for 24 h. For the purposes of the acid solubility
test (Figure 5a) Genipin or glutaraldehyde crosslinked, or untreated collagen sheet

samples were dried on glass slides, and then weighed, W;. Samples were then incubated
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for 24 h in an acidic solution (pH 2) at 37°C, and then weighed post-incubation, W;.

(Wi-wy)

X 1.
wy)

Percentage extractables were calculated by: Extractable (%) =
Sheet thickness and width measurement

For the purposes of sheet thickness measurements, collagen sheets were incubated
for 1 h at room temperature in Picro-Sirius Red Solution (ab246832, Abcam, Cambridge,
MA), using enough volume to completely cover each collagen sheet. The collagen sheet
samples were then washed with acetic acid 2x and with PBS 1x in that order. Samples
were then spread on coverslips (No 1, thickness = 0.13 mm, width and length = 22 mm,
Fisherfinest Premium superslip), rehydrated prior to imaging and imaged using a Zeiss
710 confocal laser scanning microscope with a 40x or 63x oil immersion objective (NA =
1.30, depth field = 0.25 pm, and field of view = 250 pm x 250 pm) in the FITC channel
(excitation: 490 nm, emission: 520 nm). Z-stack image slices with a step size of 0.1 pm
were obtained. Image analysis was performed with a custom ImageJ macro, which set a
threshold for “meaningful” signal at 50% the maximum intensity at every z-point across
the stack. Thickness at every z-point across the stack was calculated by the macro by
subtracting the threshold value from the maximum intensity. The ImageJ macro then
calculated sheet thickness by averaging the thickness at every z-point across the stack
(Figures 3b and 5e). For the purposes of sheet width measurements, collagen sheets were
incubated for 1 h at room temperature in fluorescein isothiocyanate-dextran solution and
washed with deionized water 3x. Sheet width was determined by obtaining x-y tiles with

10% overlap, using ImageJ to measure the sheet width (Figure 3c).
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Transmission electron microscopy

Dry collagen sheet samples were washed 3x in cacodylate buffer (0.1 M) at pH 7.4,
and fixed in glutaraldehyde (2.5%) and paraformaldehyde (2%) in cacodylate buffer (0.1
M) at pH 7.4 for 90 min. Samples were washed 3x in cacodylate buffer (0.1 M) at pH 7.4
once again, as well as 3x with deionized water. Samples were fixed with osmium
tetraoxide (1%) in cacodylate buffer (0.1 M) at pH 7.4 for 1 h. En bloc staining was
accomplished using uranyl acetate (2%) in deionized water for 1 h. In turn, samples were
washed in deionized water, dehydrated with the use of a series of ethanol solution
concentrations (25-100%), and then embedded in Quetol/Spurr resin at 30% overnight,
67% for 8 h, 100% overnight, and polymerized in an oven at 60°C for 48 h. Post-staining
was accomplished with uranyl acetate (5%) for 15 min , followed by Reynolds lead citrate
for 15 min. Throughout this process and to ensure a well-defined sheet orientation (no
folds or wrinkles, flat), the sheet was placed between two rectangular, centrally slotted
PEEK pieces. A scalpel was used to cut out the resin-embedded sheet within the central
slot, which was cut with a microtome (model Leica Ultracut RMC MT-6000
ultramicrotome) into 60 — 80 nm thin sections and imaged with a transmission electron
microscope (model FEI Tecnai 20, Nanoscale Biomedical Imaging Facility, SickKids
Hospital, Toronto, Canada, 120 kV).

Image analysis yielded measurements for fibril diameter, fibril density and angular
alignment. Fibril diameters at different V* values were obtained using Nikon’s NIS
Elements Advanced Research (AR) Software (Version 4.13, Nikon instruments Inc.,

Melville, NY, USA). Each data point represents an average value of five images and at least
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15 fibrils per image. Collagen fibril density was calculated by dividing the sum of collagen
fibril area in a TEM image by the total image area. Angular alignment was obtained by
first converting the TEM images to binary images, applying a Fast Fourier Transform
algorithm to an oval profile and conducting a ‘radial sum’ analysis over 180 points in
ImageJ. The data was shifted 90° to obtain a central frequency peak for plotting the
percentage of aligned fibrils as frequency (%) as a function of the angle of alignment. Full
Width at Half Maximum (FWHM) was calculated from the difference between angles of

alignment at which the frequency of alignment was half.

Collagen sheet mechanical testing

The tensile properties of rehydrated collagen sheets were measured using a
Dynamic Mechanical Thermal Analyzer V (DMTA V, Rheometric Scientific, Piscataway,
NJ), with a 15 N load cell in the inverted orientation to facilitate hydrated measurements
as previously described®. Briefly, collagen sheets (10 mm x 20 mm) were immersed in a
PBS bath at 37°C for 15 min and preconditioned by 15 cycles up to 66% of the average
maximum failure strain. Testing involved straining at 4 mm/min until fracture of the
collagen sheet and mechanical properties (ultimate tensile strength, elastic modulus, and
strain to failure) were calculated from the stress-strain curve, using the already determined

sheet dimensions (length, width, thickness).
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Cell culture

Human aortic smooth muscle cells (HAoSMCs) were purchased from Lonza
(Walkersville, MD), and cultured at 37°C and 5% CO,. They were cultured in medium
consisting of high-glucose Dulbecco’s modified Eagle’s medium (DMEM) with serum
(20%), insulin (0.13 U/mL), epidermal growth factor (EGF, 0.5 ng/mL), basic fibroblast
growth factor (bFGF, 10 ng/mL), penicillin G (10,000 U/mL), copper sulfate (3 ng/mL),
L-proline (50 ng/mL), L-alanine (40 ng/mL), and glycine (50 ng/mL). HAoSMCs prior to

passage 9 were utilized for all experiments.

TEVG fabrication and histology

The process of fabricating the TEVGs is summarized in Figure 6a. Briefly, aligned
collagen sheets (L = 23 cm, W = 1.5 cm) were extruded, spread over glass slides, stacked
in the case of bilamellar and trilamellar constructs, incubated in FPB for 48 h and genipin
(6 mg/mL) crosslinked as described above under “Aligned collagen sheet formation and
crosslinking”. Importantly, only collagen sheets extruded at V* = 10 were used for TEVG
fabrication. HAoSMCs were cultured as above, seeded at a density of 40,000 cells/cm? and
allowed to incubate in their culture medium for 72 hours. The resulting cell-seeded
collagen sheets were rolled around removable mandrels (® = 1.5 mm) using a custom-
built setup comprised of a conveyor belt and rolling domain (Figure 6b). Conveyor belt
and mandrel velocities were fixed constant at 0.25 mm/s and 0.24 mm/s, respectively.
The velocity differential was established to ensure tension in the sheet for successful

rolling, while avoiding sheet rupture. After rolling, the resulting tubular constructs were
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incubated (with the rolling mandrel) for an additional 7 days in full media supplemented
with 50 pg/mL ascorbic acid, which was replaced 3x during that week. Following mandrel
removal, the TEVG were ready for mechanical testing.

For the purposes of histological analysis, freshly-fabricated TEVGs and freshly-
harvested Wistar rat abdominal aorta samples were fixed using 10% buffered formalin,
paraffin-embedded and section at 5 pm thickness. Histological evaluations of the cross-
sections were achieved with hematoxylin and eosin (H&E) staining (Abcam, Cambridge,

MA).

TEVG mechanical testing

Burst pressure, suture retention strength and compliance measurements were made
using experimental setups akin to ones previously described by our group®*'*'. Burst
pressure and compliance measurements were obtained with the use of a custom-made
setup and at a constant inflation rate of 2 mL/min and temperature of 37°C. The TEVGs
were cannulated to this experimental setup consisting of a syringe pump (model PHD
2000, Harvard Apparatus, Holliston, MA, USA), a pressure transducer (WIKA,
Lawrenceville, GA) and a 3CCD camera (Dage-MTI, Michigan City, IN) with a 10x macro
video zoom lens (Edmund Optics, Barrington, NJ) recording video at 30 frames per
second. The TEVGs were preconditioned via 15 cycles of pressurization from 0 to 150 mm
Hg. Compliance measurements were made by pressurizing the sample from 0 to 250 mm
Hg and was calculated as the percent change in outer diameter (D/D,) per 100 mm Hg: C

= 1/b x 100, where b is the slope of a line fit to the pressure vs. D/D, curve between 80
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and 120 mm Hg. Burst pressure measurements were made by pressurizing the samples
until leakage from the TEVGs was detected. Suture retention strength measurements were
made at 37°C using a Dynamic Mechanical Thermal Analyzer V (DMTA V, Rheometric
Scientific, Piscataway, NJ). A loop of 6-0 Prolene suture (BV-1 needle, Ethicon Inc.,
Somerville, NJ) 2 mm from the edge of the TEVG, and pulled in the longitudinal direction
using the DMTA at a constant rate of 4 mm/min. It should be noted that a single TEVG
was sutured to the transected abdominal aorta of an already deceased Wistar rat, which

had been used for a different experimental purpose (Figure 8c).

Statistics

Mean and standard deviation were calculated for all measurements with a
minimum of at least n = 5 for each condition. ANOVA was used for multiple comparisons,
Tukey post hoc analysis for parametric data, and Kruskal-Wallis for non-parametric data.
Values of p < 0.05 were considered statistically significant and p values were marked with:

* for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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Results

Collagen sheet fabrication and characterization

Here, we report the adaptation of a microfluidic strategy> for the rapid and
continuous formation of ultrathin and handleable collagen sheets (see Figures 1, 2 and
Methods — Aligned collagen sheet formation and crosslinking). Rat tail type I collagen
dissolved in deionized water (pH 2) at a 5 mg/mL concentration is injected (Figures 1a
and 2a) into the middle of three layers of a microfluidic device (Figures 1b, ¢ and 2a) at a
flow rate, Qc, of 400 uL/min. The microfluidic device distributes the collagen solution
uniformly in the lateral direction. A flow focusing buffer (FFB, pH 8) is concurrently
injected (Figures 1a and 2a) into the top and bottom layers of the microfluidic device
(Figures 1b, c and 2a) at a flow rate, Qg, of 4,000 pL/min. The collagen layer exiting the
microfluidic device is hydrodynamically focused'** between the top and bottom emerging
layers of FFB, which also provide fluid flow-induced shear stress. As the collagen solution
approaches its isoelectric point (pH 7.4)"**, hydrophobic interactions overcome the now
reduced electrostatic repulsion between the positively charged collagen molecules. This
results in pH-triggered fibrillogenesis, by favoring collagen fibril nucleation and the
subsequent self-assembly of collagen molecules into fibrils. Fibrillar compaction is
promoted by polyethylene glycol (PEG), the key component of FFB. PEG, a molecular
crowding agent, creates a hypertonic environment causing the expulsion of water from the
collagen layer and resulting in fibrillar compaction. The emerging collagen sheet is
geometrically confined through a rectangular shaped space by the top and bottom

components of constriction (labeled as [1] in Figure 2). Lastly, the emerging collagen sheet
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is strained by a rotating mandrel, inducing fibrillar alignment along the extrusion
direction, x (Figure 1a and 2b). Following collagen sheet washing with deionized water
and air drying, the process of fibril growth is completed with a 48 h incubation in a buffer
system to promote fibrillogenesis (FPB) at 37°C**'%,

The combined effects of hydrodynamic focusing, fluid flow-induced shear stress,
pH-induced fibrillogenesis, macromolecular crowding, geometric confinement, strain and
evaporative drying produce ultrathin and handleable collagen sheets (Figure 2b). The
properties of the obtained sheets were quantified as a function of the dimensionless
velocity, V* = (Vp — V1)/Vr, where V; is the mandrel velocity and V; = (Qz + Qo)/(W,Hc)
is the total bulk velocity of the solutions passing through flow constriction. The value of
Vr remained unchanged in this study, by keeping constant the FFB (Qz = 4,000 pL/min)
and collagen (Q¢ = 400 pL/min) flow rates, width of the microfluidic device exit section
(W, = 35 mm) and height of constriction (H; = 1 mm) (Figure 1). Consequently, V* in
our studies varied only with changing mandrel speeds, V» = 2.3 — 23 mm/s, and hence
was as an indirect measure of the amount of strain exerted on the extruded collagen sheet
pictured in Figures 2b and 3a.

Aspects of both the macro- and microstructure of the extruded collagen sheets were
investigated in this study. With regards to the macrostructure of the collagen sheets,
increasing V* from 0.1 to 10 resulted in decreasing sheet thickness, §, from 5.2 + 0.9 pm
to 1.9 + 0.3 pm (Figure 3b). Similarly, increasing V* resulted in sheet width decreasing
from the width of the microfluidic device exit section, W, = 35 mm, to 12.0 +£ 0.2 mm at

V* = 10. Data on the microstructure of the collagen sheets is included in Figure 4. TEM
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was used to investigate collagen fibril structure, compaction and alignment. Figure 4a
includes TEM images of collagen sheet samples in the (y-z) and (x-z) planes for V* = 0.6,
4.5, and 10. Average fibril diameter remained unchanged at 35.1 + 0.1 nm for V* = 0.6,
4.5, and 10 (Figure 4b). Visual examination of the TEM images (Figure 4a) reveals an
evident increase in both fibrillar compaction and alignment with increasing V*.
Quantitative analysis of the TEM images agrees with this qualitative assessment. More
specifically, fibril packing density increases from 141 + 46 to 470 + 61 fibrils/pum? for V*
= 0.6 and 10, respectively (Figure 4c). Fast Fourier Transform of TEM images in the (x-2)
plane illustrated an increase in fibrillar alignment in the direction of the mandrel-exerted
strain (x-direction) with increasing V*.

The biostability of the aligned and compacted collagen sheets was called into
question with the incidental observation of their complete dissolution within a week of
incubation in PBS at 37°C (data not shown). This posed a significant challenge to the use
of these collagen sheets for the subsequent generation of a TEVG. Hence, to quantify and
address this phenomenon, an acid solubility test (see Methods — Aligned collagen sheet
formation and crosslinking) was carried out. Collagen sheets (V* = 10) treated with the
cytocompatible crosslinking agent, genipin'>*'**> had a lower extractable percentage than
untreated sheets (5.5 + 2.0% vs 98.7 + 0.6%) and similar to that of the commonly used
crosslinking agent, glutaraldehyde (5.6 = 1.9%) (Figure 5a). Thus, genipin crosslinking
was a viable solution to enhancing the in vitro biostability of the collagen sheets.

Having established the biostability of genipin-crosslinked collagen sheets, their

mechanical properties, including the elastic modulus (E), ultimate tensile strength (UTS)
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and strain-to-failure, were characterized. For increasing V* values of 0.6, 4.5 and 10, the
elastic modulus and UTS increased, while strain-to-failure decreased (Figure 5b-d). More
specifically, the elastic modulus was 6.5 + 0.6, 20.1 + 2.6 and 38.3 + 3.7 MPa for V* =
0.6, 4.5 and 10, respectively. The UTS was 1.3 +£ 0.5, 2.7 0.5 and 5.2 + 0.6 MPa for V* =
0.6, 4.5 and 10, respectively. Lastly, the strain-to-failure was 20.7 + 2.6, 13.5 + 2.3 and
12.4 + 3.5 MPa for V* = 0.6, 4.5 and 10, respectively. The thickness of genipin crosslinked
collagen sheets (V* = 10) was calculated at 1.7 + 0.2 pm (Figure 5e) and was not
statistically different from that of non-crosslinked sheets (1.9 + 0.3 um, Figure 3b). Two
and three collagen sheets were sequentially stacked on top of each other to generate
bilamellar and trilamellar structures respectively. The significance of these multilamellar
structures becomes evident in the next section describing TEVG fabrication. Regardless,
bilamellar and trilamellar collagen sheets (V* = 10) had thicknesses of 3.3 + 0.3 pm and
4.8 £ 0.4 pum, respectively (Figure 5e). These values were lower than would be expected

by the theoretical sequential addition of single layers (1.7 £ 0.2 pm, Figure 5e).

TEVG fabrication and characterization

A flowchart of the 13-day long experimental process employed to generate the
TEVGs is summarized in Figure 6a and detailed in the Methods section. In brief, days 1 to
3 consist of collagen sheet extrusion, incubation in FPB for 48 h and genipin crosslinking.
Having previously established that higher mandrel velocities (i.e. higher V* values) yielded
collagen sheets with increased compaction (Figure 4c), alignment (Figure 4d) and tensile

strength (Figure 5b, c), only V* = 10 collagen sheets were used for TEVG fabrication. Days
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3 to 6 consist of collagen sheet seeding with HAoSMCs, incubation in full media for 72
hours and rolling with the use of a custom-made setup comprised of a conveyor belt and
rolling mandrel (Figure 6b). Lastly, days 6 to 13 consist of a 7-day incubation of the TEVGs
in full medium supplemented with ascorbic acid. The structural and mechanical properties
of these constructs was in turn investigated.

Hematoxylin and eosin staining of cross-sections of the TEVG and rat abdominal
aorta (Figure 7a-d) allow for qualitative comparisons between their corresponding
microstructures. Aside from the tunica adventitia present in the rat aorta alone (Figure
7a), the TEVG recapitulates the native arterial wall microstructure. As seen in Figures 7b
and d, the end result of the TEVG fabrication process is a tubular structure composed of
circumferential HAoSMC layers (with intact cellular viability, data not shown) alternating
with layers of compact, aligned and crosslinked collagen fibrils. The TEVG depicted (Figure
7b, d) was generated with the use of trilamellar collagen sheets. The wall thickness of
TEVGs was 61.5 +£4,130.5+ 9.1 and 232.7 + 31.7 um for single, bilamellar and trilamellar
constructs, respectively (Figure 7e). In comparison, the rat abdominal aorta wall thickness
ranged from 173 + 21 pm in 120 g rats to 375 + 91 pum in 300 g rats.

The burst pressure and suture retention strength of TEVGs increased with the
increasing number of collagen sheets stacked in each collagen layer (Figure 8a, b). Single
and bilamellar TEVGs had burst pressure and SRS averages of 226.5 + 124.7 mm Hg, 3.7
+1.3 gF and 1,483.3 £ 262.8 mm Hg, 66.5 + 21.2 gF, respectively. Trilamellar constructs
yielded the maximum burst pressure of 2,645 + 346 mm Hg and SRS of 153.5 + 37.4 gF.

However, the TEVGs exhibited poor compliance with values less than 1%/mm Hg (data
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not shown), regardless of lamellar composition. A single and successful attempt was made
to suture a trilamellar-based TEVG to the transected abdominal aorta of an already

deceased rat and is depicted in Figure 8c.
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Discussion

Collagen sheet fabrication and characterization

In this study, we reported the use of a microfluidic strategy® for rapid and
continuous formation of ultrathin, handleable, aligned and compacted collagen sheets.
This novel fabrication process allowed for the alteration of collagen sheet properties in a
controlled fashion by varying the strain exerted by the rotating mandrel (meaning V, and
hence V*). The tunable properties of fabricated collagen sheets included, thickness (Figure
3b), width (Figure 3c), fibril compaction (Figure 4c) and alignment (Figure 4d), and tensile
strength (Figure 5b-d). This fabrication strategy affords significant control over and
achieves better levels of fibrillar compaction and alignment compared to the traditional
collagen biomaterial fabrication methods of casting, bioprinting and fiber spinning"°.

This was likely achieved by combining different, published approaches for
controlling fibrillar formation, compaction and alignment. Approaches and principles
included in the present fabrication method were straining** provided by the rotating

3
(43,44

mandrel, geometric confinemen provided by the constriction device, macromolecular

136,137

crowding provided by the PEG component of FFB and lastly fluid flow-induced shear
stress®**  hydrodynamic focusing'®* and pH neutralization provided by the FFB flow
above and below the collagen layer (Figures 1 and 2). Individually, these approaches have
exhibited only limited control over collagen fibrillar alignment and compaction and only
in one-dimensional or substrate-attached two-dimensional structures. Their combined

effect in the present fabrication process allowed for the generation of highly aligned and

compacted (Figures 4c, d), multidimensional collagen structures in a tunable and scalable
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manner suitable for the engineering of collagen-based tissues, such as tendons, corneas,
skin and blood vessels. For the purposes of vascular graft engineering specifically, the
resulting collagen fibril diameters of 35.1 £ 0.1 nm were independent of V* (Figure 4b)
and fell within the 30 — 100 nm range observed in collagen fibrils of native vascular walls®".

One limitation of this fabrication process was the limited in vitro biostability of the
collagen sheets determined by the incidental observation of their complete dissolution
within a week of incubation in PBS at 37°C (data not shown). This was due to the absence
of interfibrillar covalent bonds or crosslinks, endogenously created by enzymes like lysyl
oxidase’. This limitation was overcome with the use of the crosslinking agent genipin,
acting on lysine, hydroxylysine and arginine residues of collagen'**!3°, Genipin-crosslinked
collagen sheets exhibited greater biostability, as suggested by a percentage extractable
values in an acid solubility test on par with that of glutaraldehyde-treated sheets (Figure
5a). A main advantage of genipin over traditional crosslinking agents, such as
formaldehyde and glutaraldehyde, is its cytocompatible nature'*. Consequently, the
resulting crosslinked and hence biostable collagen sheets were suitable for the purposes of

tissue engineering.

TEVG fabrication and characterization

The 13-day long TEVG fabrication process summarized in Figure 6a yielded tubular
structures composed of circumferential HAoSMC layers alternating with layers of compact,
aligned and crosslinked collagen fibrils (Figure 7b, d). Importantly, H&E staining of cross-

sections of the TEVG revealed a qualitatively strong resemblance to the native arterial wall
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microstructure when compared to rat abdominal aorta (Figure 7a-d). However, the tunica
intima and adventitia present in endogenous blood vessels* (Figure 7a) was absent from
our TEVG, since it was an attempt to recapitulate the microstructure of the tunica media
alone. Yet, the obtained TEVG recapitulated native arterial wall microstructure more
closely than previously reported tissue engineering approaches®®*'?’, At the same time,
the wall thickness of trilamellar TEVGs, 232.7 £ 31.7 pm (Figure 7e), was within the wall
thickness range of samples of rat abdominal aorta (173 £ 21 pm to 375 = 91 pm for 120
and 300 g rats, respectively). Moving forward this will be important for implanting our
TEVG into an animal model and investigating its in vivo performance.

The maximum burst pressure and SRS averages were both reached by trilamellar
TEVGs measuring 2,645 + 346 mm Hg and 153.5 + 37.4 gF, respectively (Figure 8a, b). As
a reminder, bi- and trilamellar TEVGs were obtained by spreading two and three collagen
sheets sequentially on top of each other (stacking) prior to crosslinking and cell-seeding
(see Methods - Aligned collagen sheet formation and crosslinking). Collagen is abundant in

native vascular walls®® and contributes to their tensile stiffness®®°

and their resulting
ability to tolerate physiologic changes in blood pressure and flow®>®. Consequently, it is
to be expected that adding more collagen to the TEVG wall, in the form of sequentially
stacked collagen sheets, results in superior mechanical properties (Figure 8a, b).
Importantly, the single yet successful attempt to suture a trilamellar TEVG to a transected
rat abdominal aorta (Figure 8c) illustrated that the aforementioned SRS range translates

to an ability to suture the graft to native tissue. This fact will facilitate any subsequent in

vivo investigations of these TEVGs.
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The trilamellar TEVG burst pressure average is on par with the burst pressure
ranges of both native human veins and arteries, namely 1,600 — 2,500 and 2,200 - 4,225

68,69,70,71

mm Hg for saphenous veins and popliteal arteries®®®, respectively. The TEVG SRS

average is also on par with the SRS ranges of both native human veins and arteries, namely
88 — 200 and 180 - 250 gF for internal thoracic arteries’®”? and umbilical veins®7’%”",
respectively. These mechanical congruencies offer some support for our original
hypothesis that recapitulating the native vessel wall microstructure will also afford TEVGs
with comparable mechanical properties.

The trilamellar TEVG burst pressure and SRS averages were also comparable or
superior to some of the best examples of TEVGs previously published. For example, the
L’Heureux group using the scaffold-free sheet-based tissue engineering approach reported
TEVGs with burst pressure and SRS ranges of 3,000 — 4,000 mm Hg and 140 — 180 gF,
respectively’’. Among scaffold-based approaches, decellularized porcine carotid artery-
derived grafts yielded burst pressure ranges of 1,000 — 2,000 mm Hg and a SRS of 300
gF®*. With the use of a polyglycolic acid scaffold-based TEVG, the Niklason group reported
burst pressure and SRS ranges of 1,000 — 2,000 mm Hg and 40 — 50 gF, respectively'®.
Compared to these examples, the present TEVG was able to achieve comparable

106

mechanical properties without the use of synthetic or composite biomaterials™ and

709310 that can reach up to 28 weeks’”®. In

without prolonged bioreactor incubation times
contrast, our shorter, 13-day long fabrication process provides a more cost-effective and

scalable solution.
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However, our tissue engineering approach also has some important limitations.
Firstly, a number of the fabrication steps were manual, rendering parts of the process
susceptible to error depending on the experimenter’s manual dexterity. Among these steps,
spreading of collagen sheets on glass slides and removal of the rolling mandrels (Figure
6a) could introduce defects to the constructs limiting the yield and scalability of the
fabrication process. Secondly, the resulting TEVGs exhibited poor compliance (<1%/mm
Hg) regardless of lamellar composition (data not shown). The reason for the resulting poor
compliance is likely two-fold. Collagen fibrils in human aorta and saphenous vein are
circumferentially aligned at angles of 18.8° — 58.9° and 2° — 83°%, respectively. The
absence of angles between alternating collagen layers in our TEVG could party explain its
low compliance. Concurrently and possibly more importantly, collagen alone was used to
fabricate the biopolymer-based scaffold, which lacked elastin. Elastin significantly
contributes to the elastic properties of blood vessels allowing for their elastic deformation
in response to pulsatile blood flow**®. Regardless of the approach, improving the TEVGs’
compliance will be crucial moving forward, since in vivo neointimal hyperplasia and
ensuing graft stenosis have been attributed to a compliance mismatch between vascular

grafts and native blood vessels®.

Future work
There is still a significant amount of investigation that has to be performed prior to
the present TEVG approach being suitable for in vivo studies in animal models and humans.

Among others, the introduction of an internal layer of endothelial cells and improving the
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graft’s in vitro compliance will be key aspects of future work. With regards to graft
endothelialization, the innermost lining of native vascular walls, the tunica intima, is
composed of a non-thrombogenic monolayer of endothelial cells*®. Endothelial cells inhibit
platelet activation and prevent thrombus formation by secreting molecules like nitric
oxide®®. An inner layer of endothelial cells has been included in some’®®*'%% but not other
TEVG fabrication methods®*'®. Regardless, endothelialization of our TEVG will be
important to reduce its thrombogenicity post-implantation in future animal models.

The poor compliance of the present TEVGs will also have to be addressed in future
experiments either through the introduction of angles between alternating collagen layers
or of elastin or both. The custom-made rolling setup (Figure 6b) for the transformation of
planar, cell-seeded collagen sheets into tubular constructs can be altered to achieve the
former. More specifically, a stepper motor can be introduced for the rolling mandrel to
translate perpendicularly to the collagen sheet and the rolling direction. Such a setup is
currently under investigation in our lab for the creation of an angle between alternating
collagen layers. The incorporation of elastin into the fabrication process will be more
challenging. Approaches could include the adaptation of the existing microfluidic setup
for the generation of elastin sheets and their subsequent incorporation into the TEVG.
Alternatively, established fabrication processes like fiber spinning could be investigated
for the introduction of elastin into the construct.

Lastly, future experiments will inevitably have to include testing in an animal
model. Despite promising in vitro mechanical properties, previous TEVG attempts have

faced challenges post-implantation in humans and animal models including graft
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797 post-implantation neointimal hyperplasia®* and

aneurysmal dilation and thrombosis
poor long-term patency rates®®''?, It is yet to be determined whether our TEVG approach

will overcome these challenges faced by other researchers.
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Conclusion

In this study we reported the use of a microfluidic strategy for rapid and continuous
formation of ultrathin, handleable and highly aligned and compacted collagen sheets with
tunable properties including thickness, width, compaction, alignment and tensile strength.
These constructs were in turn used to fabricate TEVGs yielding tubular structures
composed of circumferential HAoSMC layers alternating with layers of compact, aligned
and crosslinked collagen fibrils. The resulting TEVG recapitulated both the microstructure
and some of the mechanical properties (burst pressure, suture retention) of native arteries.
Importantly, the present TEVG approach achieved in vitro mechanical properties
comparable to previous attempts without the use of synthetic or composite biomaterials
and without prolonged bioreactor incubation times, hence being a more cost-effective and
scalable solution. Challenges however remain, given the TEVGs’ poor compliance and the
need for an inner layer of endothelial cells. Future efforts should concentrate on these

limitations in preparation for the graft’s eventual implantation into animal models.
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Tables and Figures

Collagen Solution, Q,

Buffer, Q,

Aligned Collagen Sheet —_—

Figure 1. First rendering of experimental setup. A schematic illustration of the microfluidic device used
to generate aligned collagen sheets (designed by collaborators). Flow focusing buffer (FFB) solution (pH 8,
green color) and collagen solution (pH 2, red color) are delivered to the three layers of the microfluidic
device as depicted, with fibril formation induced by the pH differential. The collagen sheet generated at the
device exit is hydrodynamically focused between the top and bottom buffer solutions and guided through
geometric constriction. The emerging collagen sheet undergoes fibrillogenesis. The strain on the sheet
induced by passing over a rotating mandrel (diameter D = 12.7 mm, velocity V,) promotes fibrillar

alignment. Continued incubation in the buffer solution post-straining, washing and drying result in 230 mm-
long collagen sheets. (a) An enlarged view of the microfluidic system used to generate aligned collagen
sheets (L, = 2 mm, L.=7.6mm, L, =55 mm, H, = 1 mm). (b) Schematic illustration of three-layered
microfluidic device with hierarchical microchannel networks used for sheet formation (W, = 35 mm). (c)

Design of the FFB (left; top and bottom layers) and collagen (right; middle layer) solution microfluidic device
layers. The device is cut along the dashed line to expose the microfluidic channels. Scale bar (a, b) 10 mm
(c) 17.5 mm.
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Figure 2. Second rendering of experimental setup. (a) Rendered image of experimental setup used
for the generation of aligned collagen sheets (designed by collaborators). The FFB (pH 8, green color)
and collagen solutions (pH 2, red color) are depicted entering the microfluidic device. Here (1) and (2)
represent respectively the top and bottom pieces of the constrictor which provides geometric constriction
for the emerging collagen sheet. The rotating mandrel straining the emerging collagen sheet is also
depicted. Post-straining, the extruded collagen sheet is incubated in the FFB bath, before washing and
drying. (b) Photograph of aligned collagen sheet emerging from constriction bracket submerged in the
FFB bath and eventually passing over the rotating mandrel. Scale bars (a) 35 mm, (b) 20 mm.
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Figure 3. Macrostructure of aligned collagen sheets. (a) Photograph of a collagen sheet (V* =
4.5) supported on both ends. (b) Sheet thickness, 8, after extrusion and post-processing for different

values of V* = EZ’WT"Q:CC) — i. Smallest thickness, 1.9 pm + 0.3 pm, for highly aligned sheets (V* = 10).
B
(c) Straining during extrusion by the rotating mandrel reduced sheet width with increasing V*.

Smallest value of 12 mm at V* = 10. Scale bar (a) 10 mm.
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Figure 4. Microstructure of aligned collagen sheets. Data contributed by collaborators. (a)
Transmission electron microscope (TEM) images at V* = 0.6, 4.5, and 10 for assessment of collagen
fibrillar alignment and compaction. As V* increases from 0.6 to 4.5 to 10, (b) mean fibril diameter

remains constant at 35 nm, (c) fibril density (number of fibrils/ umz) increases, (d) fibrillar alignment
increases as suggested by angular fibrillar alignment with full width at half maximum (FWHM)
decreasing from 156.4 nm to 23.1 nm. Scale bar (a) 500 nm.
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Figure 5. Structural and mechanical properties of crosslinked, aligned collagen sheets.
(a) The percent extractable was evaluated for untreated and genipin (6 mg/mL) treated
collagen sheets and compared to glutaraldehyde (1%) treated sheets serving as a positive
control. Genipin crosslinking increased the biostability of the aligned collagen sheets. Increasing
V* in crosslinked sheets resulted in (b) an increased elastic modulus, (¢) and ultimate tensile
strength (UTS) along with (d) a decrease in strain-to-failure. (e) Thickness is compared for
single, bilamellar and trilamellar stacked crosslinked sheets. A non-linear increase is observed
when stacking aligned collagen sheets.
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Figure 6. TEVG generation protocol. (a) A flowchart of the experimental steps from aligned
collagen sheet extrusion to the generation of a TEVG. (b) Cell-seeded, crosslinked collagen sheets
(L = 23 cm, W = 1.5 cm) were fabricated into tubular constructs by rolling around removable
mandrels (O = 1.5 mm) using a custom-built setup consisting of a conveyor belt and rolling
domain. A rendered image (designed by collaborators) of the custom-built setup is depicted.
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Figure 7. Structural characterization of TEVGs. Hematoxylin and eosin stained cross-sections
of (a, ¢) abdominal aorta of a 300 g rat and (b, d) engineered, trilamellar TEVGs showing the
TEVGs recapitulating the native arterial wall microstructure. (e) Crosslinked collagen sheet
stacking yielded TEVGs with wall thickness ranging from 61.5 + 4 to 232.7 + 31.7 pm for single
and trilamellar constructs, respectively. Scale bars (a, b) 500 um and (c, d) 200 pm.
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Figure 8. Mechanical characterization of TEVGs. Crosslinked collagen sheet stacking yielded TEVGs
with (a) increasing burst pressure averages with a maximum of 2,645 + 346 mm Hg and (b) increasing
suture retention strength averages with a maximum of 153.5 + 37.4 gF in trilamellar constructs. (¢) End-
to-end anastomosis of trilamellar-based TEVG in infrarenal rat aorta to illustrate the ability to suture the
construct to endogenous vessels.
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