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Tissue-engineered vascular grafts require elastic, acellular porous scaffolds with controlled biodegradability and
properties matching those of natural arteries. Elastin would be a desirable component for such applications, but
elastin does not easily regenerate experimentally. Our approach is to develop tubular elastin scaffolds using
decellularization and removal of collagen from porcine carotid arteries (~5mm diameter) using alkaline ex-
traction. Because elastin is susceptible to rapid degeneration after implantation, scaffolds were further treated
with penta-galloyl glucose (PGG), an established polyphenolic elastin-stabilizing agent. Scaffolds were com-
pared in vitro with detergent-decellularized arteries for structure, composition, resistance to degradation, me-
chanical properties, and cytotoxicity and in vivo for cell infiltration and remodeling potential. Results showed
effective decellularization and almost complete collagen removal by alkaline extraction. PGG-treated elastin
scaffolds proved to be resistant to elastase digestion in vitro, maintained their cylindrical shapes, showed high
resistance to burst pressures, and supported growth of endothelial cells and fibroblasts. In vivo results showed
that PGG treatment reduced the rate of elastin biodegradation and controlled cell infiltration but did not
hamper new collagen and proteoglycan deposition and secretion of matrix-degrading proteases. Alkali-purified,
PGG-treated tubular arterial elastin scaffolds exhibit many desirable properties to be recommended for clinical

applications as vascular grafts.

Introduction

ARDIOVASCULAR DISEASES have created a vast demand
for vascular grafts to be used as by-pass shunts for
myocardial and limb revascularization and as fistulae for
dialysis access." Artificial blood vessels made of synthetic
materials have been successful in large-diameter replace-
ments, but they fail when used in small-diameter applica-
tions (<5-6mm) because of poor patency and early graft
occlusion.?”® In the United States, more than 1 million vas-
cular procedures are performed each year involving small-
diameter vessels.®
The current criterion standard for bypass grafts is autol-
ogous veins or arteries, but healthy autograft tissue is not
always available, and allografts are in high demand but short
supply. Limited availability of human grafts combined with
inadequate performance of small-diameter synthetic grafts
make existing alternatives suboptimal.””® The fabrication of
tissue-engineered vascular grafts appears to hold great promise
as alternative conduits.'>"" For example, Shin'oka et al. re-
ported recently on development of vascular grafts using stem
cell-seeded biodegradable scaffolds and their successful im-
plantation in pediatric patients.'*'?
Typical tissue engineering approaches employ scaffolds
and cells brought together in such a way as to restore func-

tion and facilitate regeneration of the replaced tissue. Several
methods have been reported, including a completely cellular
approach,14’15 use of decellularized tissues,'®'® and combina-
tions of cells with natural or synthetic scaffolds, ' including
promising biodegradable elastomeric polymers.'***?! With
few exceptions, tissue engineering approaches have relied on
scaffolds to provide biological and mechanical support for
cells. To achieve clinical success, vascular scaffolds should ex-
hibit adequate porosity** and controlled biodegradability,** be
fully cytocompatibile” and capable of being repopulated and
remodeled by host cells, and express lack of antigenic deter-
minants** and low thrombogenicity.>> Mechanical strength,
deformability, elasticity, and compliance are essential to with-
stand circulatory pressures immediately after implantation to
prevent early failure, as well as at later stages, during tissue
remodeling.“®*” Overall, this appears to be an “all or nothing”
scenario (unless all of these requisites is fulfilled, imperfect
scaffolds may be in no way suitable for clinical use).

Scaffolds composed of purified or reconstituted extracel-
lular matrix proteins and decellularized arteries have been
widely used in tissue engineering. Natural arteries are made
of concentric layers of elastin sheets interspersed with a
collagen fiber network and populated by smooth muscle
cells.”® Although pure elastin has found limited applica-
tions,”*" the vast majority of studies have focused on the
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fabrication of collagen scaffolds combined with various
procedures for the formation of pores followed by seeding
with cells.>’® However, collagen scaffolds display poor
mechanical properties, including lack of elasticity.”*** Pro-
cessed vascular tissues have been employed for tissue engi-
neering, mostly by removal of cells (decellularization), which
is necessary to remove potential antigenic determinants.
Studies show poor cell infiltration in decellularized aorta
upon implantation, possibly because of insufficient porosity
and the dense structure of the arteries.®® Overall, thrombosis,
poor remodeling, and inadequate mechanical properties
have hampered most approaches described."

In view of these results, our novel approach was to selec-
tively remove cells and collagen from decellularized porcine
arteries with the purpose of creating a high density of ade-
quately sized pores within elastin-rich scaffolds. Elastin fibers
are extracellular matrix proteins that endow vascular tissues
with resilience, permitting long-range deformability without
energy input.*® These properties are critical to the function of
arteries, which undergo cyclical extension and recoil and
would hypothetically be beneficial for tissue-engineered vas-
cular grafts. Elastin is a naturally cross-linked, highly hy-
drophobic protein that rarely undergoes remodeling.”” A
contributing factor to longevity of elastin is its relative resis-
tance to proteolysis by all but a limited number of proteases
such as elastase and matrix metalloproteinases (MMPs) that
are capable of degrading the mature protein. Because of its
stability and low natural turnover, once elastin is degraded,
de novo elastin formation is difficult to achieve. Unless elastin
is stabilized, degeneration and calcification may occur upon
implantation.?® It is our hypothesis that stabilization of elastin
scaffolds against the action of elastase would significantly
improve their performance as vascular grafts. For this pur-
pose, we are proposing to employ the unique properties of
phenolic tannins as elastin-stabilizing agents.

Penta-galloyl glucose (PGG) is a derivative of tannic acid,
a naturally derived polyphenol present in a wide variety of
plants. Polyphenols have a hydrophobic internal core and
numerous external hydroxyl groups. By virtue of this struc-
ture, they react with proteins, specifically binding to hy-
drophobic regions but also establishing numerous hydrogen
bonds, showing particularly high affinity for proline-rich
proteins such as collagen and elastin.’**’ In addition, they
are efficient antibacterial agents and reduce inflammation
and antigenicity.”! We have shown that phenolic tannins
bind strongly and specifically to aortic elastin and, in do-
ing so, render elastin highly resistant to degeneration by
elastases.*” Treatment of aortic tissue with phenolic tannins
reduced elastin-associated calcification when tested in a sub-
dermal implantation animal model.*® Local delivery of PGG
to rat abdominal aorta prevented aneurysm formation in the
absence of changes in serum liver enzyme activities or liver
histology, clearly showing that PGG was not toxic at local or
systemic levels.®® Moreover, extractables obtained from
PGG-fixed tissues exhibited low in vitro cytotoxicity toward
fibroblasts and smooth muscle cells** and thus can possibly
be used safely in tissue engineering applications.

Here, we describe development of a tissue-engineered
construct that benefits from the natural architecture of the
artery and is composed of a PGG-stabilized network of po-
rous vascular elastin. We show that these scaffolds exhibit
excellent biological and mechanical properties and are clearly
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superior to decellularized arteries in terms of cell infiltration
and remodeling potential.

Materials and Methods
Materials

High-purity 1,2,3,4,6-penta-O-galloyl-beta-D-glucose (PGG)
was a generous gift from N.V. Ajinomoto OmniChem S.A.
(Wetteren, Belgium; www.omnichem.be). Pure DNA, ribonu-
clease, glutaraldehyde (50% stock), and collagenase type VII
from Clostridium histolyticum were all purchased from Sigma-
Aldrich Corporation (St. Louis, MO). Deoxyribonuclease I was
from Worthington Biochemical Corporation (Lakewood, NJ),
and bicinchoninic acid (BCA) protein kits from Pierce Biotech
(Rockford, IL). Electrophoresis apparatus, chemicals, and mo-
lecular weight standards were from Bio-Rad (Hercules, CA),
and elastase was from Elastin Products Company (Owensville,
MO). All other chemicals were of highest purity available and
typically obtained from Sigma Aldrich.

Scaffold preparation. Fresh porcine carotid arteries (60—
80 mm long, 5-6mm in diameter) obtained from Animal
Technologies, Inc. (Tyler, TX) were processed for elastin
scaffold preparation using two methods. The first involved
incubation of arteries in 0.1 M of sodium hydroxide (NaOH)
solution at 37°C for 24h and then extensive rinsing with
deionized water until pH dropped to neutral. This treatment
removes all cells and most of the collagen, leaving vascular
elastin intact (referred to as “elastin scaffolds”). The second
method employed 24h of hypotonic shock; extraction with
0.25% sodium-deoxycholate, 0.15% Triton X-100, 0.1% ethy-
lenediaminetetraacetic acid, and 0.02% sodium azide in 50 mM
Tris-hydrochloric acid (HCI) buffer (pH 7.8) with mild agita-
tion for 6 days at 22°C; and changes of the solution after 3
days. After rinsing with double-distilled water and 70%
ethanol to remove detergents, tissues were treated with a
deoxyribonuclease/ribonuclease mixture (360 mU/mL for
each enzyme) at 37°C. This treatment removes all cells but
leaves vascular collagen and elastin fibers intact (referred to
as “detergent-decellularized artery”).

Scaffold characterization. For histological evaluation,
paraffin-embedded samples were stained with hematoxylin
and eosin (H&E), Gomori’s one-step trichrome, and Verhoeff
van Gieson (VVG) stain (n=4 slides per group per stain).
Digital pictures were taken of H&E-stained samples (n=2
slides per group) at 400x magnification, and pore sizes be-
tween intact elastin fibers were measured using AxioVision
Release 4.6.3 digital imaging software (Carl Zeiss Micro Ima-
ging, Inc., Thornwood, NY).

To validate decellularization, total genomic DNA was ex-
tracted and purified (n =3 per group) using a Fibrous Tissue
DNeasy Kit (Qiagen, Valencia, CA) following the manufac-
turers’ instructions. DNA samples were subjected to agarose
and ethidium bromide gel electrophoresis alongside pure
DNA standards (10-100ug/mL) followed by densitometry
using Gel-Pro Analysis Software (MediaCybernetics, Silver
Spring, MD). DNA levels were calculated from the standard
curve and normalized to initial tissue wet weight.

Chemotaxis assays were conducted using a Boyden cham-
ber (NeuroProbe, Gaithersburg, MD) and a polycarbonate
filter with 8-um diameter pores, as per the manufacturer’s
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instructions. Soluble elastin peptides were prepared by treat-
ment of elastin scaffolds with ultrapure elastase (10 U/mL in
50mM Tris buffer, 1mM calcium chloride, 0.02% sodium
azide) for 24 h. The supernatant was filtered through (Microcon
YM-3 centrifugal devices, Millipore, Billerica, MA) and pep-
tides smaller than 3 kDa were collected in the flow-through for
chemotaxis assays. Rat aortic fibroblasts and, separately, rat
aortic smooth muscle cells (1x10°/well, prepared in house
using collagenase/explant techniques) suspended in Dulbec-
co’s modified Eagle medium (DMEM) and 0.1% bovine serum
albumin were used in these tests; undiluted fetal bovine serum
(FBS; 100%) was used as a positive control, and DMEM and
0.1% bovine serum albumin as the negative control. Cells mi-
grated for 4h at 37°C and 5% carbon dioxide (CO,). After in-
cubation, the nonmigrated cells were removed using a wiper
blade (NeuroProbe, Gaithersburg, MD) and the filter fixed and
stained using a DiffQuick kit (Dade Behring Inc, Newark, DE),
dried, and screened for migrated cells using an inverted mi-
croscope. Results were reported as negative (0—2 cells per 10x
field), slightly positive (2-10cells per 10x field), or positive
(>10cells per 10x field).

Scaffold stabilization and in vitro testing. Elastin scaffolds
were treated for 24h at room temperature with 0%, 0.075%,
0.15%, 0.3%, and 0.6% PGG in 50 mM dibasic sodium phos-
phate buffer in saline with 20% isopropanol, pH 5.5. Samples
(n=6per group) were lyophilized; weighed; treated with
10U/mL of elastase in 50 mM Tris buffer, 1 mM of calcium
chloride, and 0.02% sodium azide at 37°C for 48 h; and then
rinsed exhaustively and lyophilized to record dry weight
after elastase. The difference in dry weight was used to cal-
culate percentage mass loss. Resistance to elastase was also
compared with that of detergent-decellularized arteries.

To test for cytotoxicity, 1-cm?® samples cut from 0.3% PGG-
treated scaffolds (n=23per stain) were rinsed in phosphate
buffered saline for 72 h, incubated overnight in 50% FBS in cul-
ture medium, and seeded with 30x 103/ cm? porcine endothelial
cells and separately with fibroblasts. After 7 days of cell culture
and one medium change, cell-seeded scaffolds were stained with
DiffQuick kit (Dade Behring Inc., Newark, DE), 4’,6-diamidino-
2-phenylindole, and Live/Dead (Promega, Inc.) stains.

Burst pressures were determined using a peristaltic pump
and a piezoelectric pressure transducer (Endevco, San Juan, CA)
connected to a personal computer through a universal serial
bus-interfaced data-acquisition module (Omega Engineering
Inc., Bridgeport, NJ). Tubular scaffolds (1 =6 per group) were
measured using digital calipers and mounted using plastic ties
onto polyethylene connectors, and physiologic saline pressure
build-up was created by gradually increasing the speed of the
peristaltic pump. Voltage signal outputs were recorded using
LabView (National Instruments Corporation, Austin, TX) and
transformed into mmHg. Burst pressures were recorded for
elastin scaffolds and compared with those of fresh carotid ar-
teries and detergent-decellularized arteries.

For compliance testing, a similar setup was used as for
burst pressure in which tubular scaffolds were subjected to
80 and 120 mmHg using a column of hydrostatic pressure,
with pressures measured using the transducer and external
diameters measured using digital photography in six places
along the mid-portion of the graft (n =6 samples per group).
Compliance was calculated as the difference in diameter in-
crease at the two pressures and expressed as a percentage.
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For tensile testing, samples were cut into 5-x50-mm
dumbbell shapes in the longitudinal direction of the blood
vessel, and thickness was measured using digital calipers
and analyzed at a constant uniaxial velocity of 0.1 mm/s
until failure using a 10-Newton load cell on a Synergie 100
testing apparatus (MTS Systems Corporation, Eden Prairie,
MN). Stress was calculated by dividing the load by tissue
cross-sectional area and results expressed as stress—strain
curves. Elastic modulus (slope at specific strain =4 data
points) was calculated at 20%, 40%, and 60% and at rupture
for all samples and results compared using analysis of var-
iance (ANOVA) statistical analyses.

In vivo evaluation

Three sample groups were prepared as follows: control
untreated elastin scaffold, PGG-treated elastin scaffold (0.3%
PGG), and detergent-decellularized arteries. Samples were
cut into 5-x20-mm shapes and rinsed in sterile saline before
implantation. Male adult Sprague-Dawley rats (weighing
~250 g, Harlan Laboratories, Indianapolis, IN) were sedated
with acepromazine (0.5mg/kg, Ayerst Laboratories, Rouse
Point, NJ) and maintained on 2% isoflurane during surgery.
A small transverse incision was made on the backs of the
rats, and two subdermal pouches (one superior and one in-
ferior to the incision) were created. Samples were implanted
into the subdermal pouches (1 =6 implants per group per
time point) and incisions closed with surgical staples. After
surgery, the rats were allowed to recover and permitted free
access to water and food. The Animal Research Committee
at Clemson University approved the animal protocol, and
National Institutes of Health guidelines for the care and use
of laboratory animals (publication #86-23 Rev. 1996) were
observed throughout the experiment.

Rats were humanely euthanized using CO, asphyxiation
at 4 and 8 weeks after surgery and samples retrieved for
analysis. A small section of each explant with its associated
capsule was fixed for histological evaluation. The remainder
of the explants were cleaned free of capsule using micro-
dissection, rinsed in saline, and then divided for analysis.

For DNA analysis, explants (11 = 3 per group) were weighed,
and total genomic DNA was extracted and purified using the
Qiagen kit described above. Content of pure DNA was mea-
sured using ultraviole spectrophotometry at 260nm with
background correction at 320 nm. DNA levels were calculated
from a standard curve and expressed as ng/mg wet weight.

For histology, samples were placed in formalin and par-
affin sections (5 um) were stained with H&E, Gomori’s one-
step trichrome, and VVG (1 =6 slides per group per stain).
Two independent investigators measured cell infiltration
depth on H&E- and trichrome-stained slides (1 = 3 slides per
group per time point) using AxioVision Release 4.6.3 digital
imaging software (Carl Zeiss Microlmaging, Inc.). Results
were expressed as % =+ standard error of the mean (SEM) of
total scaffold thickness. Cell density in areas infiltrated by
cells (outside one-third of each section) was measured on
H&E-stained sections by digitally overlaying a 50-x50-um
grid and counting cell nuclei within the grid (1 =10 mea-
surements per group). Results were expressed as cell density
(mean number of cells/250 um? area + SEM).

For immunohistochemical identification of infiltrating cell
types, sections were exposed to 0.1% proteinase K solution
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(25U/500mL, Qiagen DNeasy Tissue Kit) in Tris buffered
saline (TBS), pH 7.5 at 22°C for 30s. Endogenous peroxidases
were blocked with 0.3% hydrogen peroxide in 0.3% normal
sera (Vectastain Elite ABC kit for rabbit immunoglobulin
(Ig)G, Vector Laboratories, Burlingame, CA). Sections were
immunostained using mouse anti-rat monoclonal antibodies
to alpha-smooth muscle cell actin (1:200, Sigma), macrophages
(1:200, Chemicon, Temecula, CA), vimentin (1:200 dilution,
Sigma), CD8 (1:200, Sigma), and active prolyl-4-hydroxylase
(1:200 dilution, Chemicon) at 22°C for 1 h. To minimize cross-
reactivity, rat-absorbed biotinylated anti-mouse IgG was used
in place of the biotinylated secondary antibody provided
with the staining kit. Negative staining controls were per-
formed with the omission of the primary antibody. A diami-
nobenzidine tetrahydrochloride peroxidase substrate kit was
used to visualize the specific staining (Vector Laboratories),
and sections were lightly counter-stained with hematoxylin.
Positively stained cells (dark brown) were counted on each
section and expressed as percentage of total reactive cells. As
positive immunohistochemistry controls, we also stained par-
affin sections from rat spleen (macrophage and lymphocyte
control) and rat skin (alpha-smooth muscle cell actin, fibroblast
and prolyl-4-hydroxylase controls) in parallel with the explant
sections.

To visualize phenolic groups, PGG-fixed scaffolds were
stained en bloc with ferric chloride, embedded in Tissue Tek
OCT compound (Sakura Finetek, USA Inc., Torrance, CA)
and 6-pum-thick sections counterstained with light green.
PGG appears brown with this staining.*> Non-implanted
PGG-treated scaffolds were also stained for comparison.

For detection of MMPs in explanted scaffolds, proteins were
extracted in 50 mM Tris, 1% Triton X-100, 0.1% sodium dodecyl
sulfate, 1% sodium deoxycholate, and 150 mM sodium chlo-
ride with protease inhibitor mixture, pH 7.4 buffer, and protein
content was determined using BCA assay as described before*
and subjected to gelatin zymography using 4 ug of protein per
lane alongside molecular weight standards. For comparison,
extracts prepared from fresh carotid artery, unimplanted elas-
tin scaffolds and PGG-treated un-implanted elastin scaffolds
were analyzed in parallel with explanted samples. MMP-2 and
MMP-9 were identified according to their relative molecular
weights (68-72kDa and 90-92kDa, respectively). Intensity of
MMP bands (white bands on dark background) was evaluated
according to densitometry using Gel-Pro Analysis Software
(Media Cybernetics, Silver Spring, MD) and expressed as rel-
ative density units normalized to protein content.

For calcification analysis, explanted samples (n=4per
group per time point) were rinsed in saline, lyophilized to
obtain dry weight, and individually hydrolyzed in 6 N HCl,
dried under nitrogen, and reconstituted in 1.0mL of 0.01N
HCIL. Calcium content was then measured using atomic ab-
sorption spectrophotometry as described before.*>*

For quantification of proteoglycans, samples were treated
with papain overnight, and glycosaminoglycans (GAGs) re-
leased into solution were assayed with 1,9-dimethylmethy-
lene blue reagent using a 0- to 1.25-ug chondroitin sulfate
standard curve, as described by Hoemann et al®®

Statistics

Results are represented as means + SEMs. Statistical anal-
ysis was performed using one way Analysis of Variances
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(ANOVA), and results were considered significantly different
at p <0.05.

Results
Characterization of elastin scaffolds

We used a novel alkali extraction method for preparing
elastin scaffolds from porcine carotid arteries. Histological
analysis confirmed complete decellularization, almost com-
plete collagen removal, and presence of spindle-shaped pores
averaging 15 to 30 pm wide and 20 to 70 pm long interspaced
between intact elastin fibers (Fig. 1). Decellularization was also
confirmed according to DNA extraction and agarose gel elec-
trophoresis (Fig. 2A), which showed a more than 96% reduc-
tion in DNA content. Decellularization was not complete with
the detergent extraction method, which required extensive
and repetitive exposure to nucleases for effective cell removal
(Fig. 2). The alkali extraction method was also shown to result
in tubular elastin scaffolds that maintained the three-dimen-
sional cylindrical architecture of the artery, easily supporting
its own weight (Fig. 2B). Furthermore, tubular scaffolds were
easy to handle and suture to native arteries (ongoing animal
implants, data not shown). Smooth muscle cells and fibroblasts
exhibited strong positive chemotaxis toward peptides obtained
from elastase-treated scaffolds (Fig. 2C-F), suggesting that
scaffold degradation would encourage cell migration and re-
population of implanted scaffolds.

Scaffold stabilization

To optimize elastin stabilization, tubular vascular elastin
scaffolds were treated with different PGG concentrations and
subjected to elastase digestion (Fig. 3A). Untreated elastin
scaffolds degraded almost completely in elastase, indicating
that the scaffold was inherently biodegradable. As PGG con-
centration increased, there was a significant decrease in mass
loss, reaching a plateau at approximately 0.3% PGG. Thus,
we chose treatment of elastin scaffolds with 0.3% PGG. In a
second experiment, resistance to elastase of the PGG-treated
scaffolds was compared with those of detergent-extracted ar-
teries (Fig. 3B, C). Results showed that detergent-decellularized
arteries were as degradable as alkali-extracted arteries and that
PGG interacts with elastin fibers within the scaffold and ren-
ders them resistant to enzymatic degradation.

Direct-contact cytotoxicity tests showed that alkali-purified
elastin scaffolds were cell friendly and that PGG treatment did
not render the scaffold cytotoxic (Fig. 3D). Endothelial cells
and fibroblasts attached and spread onto the surface of scaf-
folds without visible signs of cell death.

In vitro analysis (Fig. 4A) showed burst pressures of fresh
carotid arteries at approximately 2000 mmHg, values that were
not significantly different from those of detergent-decellularized
arteries (p > 0.05). Vascular elastin scaffolds obtained using al-
kaline extraction exhibited mean burst pressures values of
630 mmHg (p < 0.05 compared with fresh artery). After PGG
treatment, burst pressure values increased to more than
800 mmHg, but these values were not statistically different from
those for untreated elastin scaffolds (p>0.05). Most elastin
scaffolds exhibited similar burst patterns, with circumferential
ruptures predominating over longitudinal tears (Fig. 4B).

Vascular elastin scaffolds showed distensibility similar to
that of fresh arteries at low strains and lower ultimate stress at
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FIG. 1. Characteristics of
acellular porcine elastin scaf-
folds derived from carotid
arteries. (A) H&E staining of
native arteries showing over-
all histology. (B) Higher
magnification showing
smooth muscle cells (SMCs)
and elastin fibers (ELs). (C)
Trichrome stain of native ar-
teries showing overall aspect
and (D) at higher magnifica-
tion showing SMCs, Els, and
collagen fibers (COLL, blue).
(E) Elastin scaffolds showing

porous structure by H&E
stain, which at higher mag-
nification, (F) reveals com-
plete absence of cells and
some collagen remnants
within the inter-fibrillar
pores. (G-H) Trichrome
staining of the elastin scaf-
folds shows typical elastin
fibers (dark red) with some
weak collagen staining (blue),
and absence of cells. Color
images available online at

www.liebertonline.com/ten.

higher strains (Fig. 4C). PGG fixation changed the shape of the
curve and showed stiffening of the scaffolds at low strains
while maintaining similar slopes at higher strain levels. For
example, at 20% strain, the elastic moduli were 0.11+
0.01 MPa for control, 0.2040.02MPa for 0.15% PGG, and
0.49 £ 0.03 MPa for 0.3% PGG (all values statistically different,
p <0.05). All samples failed by rupture at approximately
1.54+0.7MPa (p > 0.05), indicating that neither decellulariza-
tion nor PGG fixation influenced overall tissue tensile strength.

Extensibility testing at 80 and 120 mmHg showed 7.5+
2% compliance for fresh arteries and 20+£4% for elastin
scaffolds. However, after PGG treatment, the compliance
decreased to almost physiologic levels of 9.5+1% (not
statistically different from fresh arteries, p > 0.05).

Taken together, the data show that PGG reduced disten-
sibility and stiffened vascular elastin scaffolds, indicating
that PGG interacts with elastin fibers within the aortic tissue
without affecting cytotoxicity.
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FIG. 2. Properties of elastin
scaffolds: (A) Agarose/
ethidium bromide gel elec-
trophoresis of whole genomic
DNA extracted from fresh
carotid arteries (lane 1), de-
tergent-extracted arteries after
first (2) and second extraction
(3), alkali-extracted carotid
arteries (4) showing complete
lack of DNA and a genomic
DNA standard (5). (B) Mac-
roscopic aspects of fresh ar-
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Biocompatibility testing

Control untreated elastin scaffolds, PGG-treated elastin
scaffolds, and detergent-decellularized arteries were analyzed
at 4 and 8 weeks post-implantation. Histological analysis of
4-week explants showed that all scaffolds were generally cell
friendly, with host cells migrating inward from both sides
(adventitia and intima) and repopulating the scaffolds grad-
ually (Fig. 5A). An exception was the detergent-decellularized
arteries group, which showed limited cell infiltration at both

time points. Areas of cell infiltration coincided with significant
degeneration of the elastic fibers (VVG stain, Fig. 5B), which
were apparently replaced by new collagenous fibers, as evi-
denced by trichrome stain (Fig. 5A). By 8 weeks, extensive
inward cell repopulation and remodeling had taken place in
control untreated elastin scaffolds, as seen by almost complete
cell infiltration and complete disappearance of the elastin fi-
bers, suggesting that elastin is indeed a biodegradable scaffold
(Fig. 5C, D). In PGG-treated elastin scaffolds, repopulation and
elastin degradation had advanced inwards by approximately
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Control

FIG. 3. Stabilization of elastin scaffolds. (A) Resistance to elastase of penta-galloyl glucose (PGG)-treated elastin scaffolds; a
concentration study. Percentage mass loss after elastase treatment is shown for untreated scaffolds and those treated with
increasing PGG concentrations. All values were statistically different (analysis of variance, p <0.05). (B) Comparison of
resistance to elastase for the three main scaffold groups before implantation, untreated elastin scaffolds (control), 0.3% PGG-
stabilized scaffolds (PGG), and detergent-decellularized arteries (detergent). (C) Macroscopic aspect of elastase-treated
samples of control untreated elastin scaffolds (left) and PGG-treated elastin scaffolds (right). (D) Cytotoxicity of scaffolds was
tested by seeding endothelial cells (ECs) and fibroblasts (Fbs) separately on 0.3% PGG-treated scaffolds (PGG) and untreated
scaffolds (control). Cells growing on the surfaces were stained with DiffQuick to show nuclei and cytoplasm, with 4’,6-
diamidino-2-phenylindole for nuclear DNA stain (blue fluorescence) and with live/dead stain (live cells stain green and dead
cells red). All bars are 20 um. Color images available online at www liebertonline.com/ten.

one-third from each side at 8 weeks, leaving an intact inner
“core” of elastin fibers that was not repopulated or remode-
led by host cells. The outer areas exhibited well-organized,
newly laid down collagen fibers, as shown by trichrome stain.
VVG stain confirmed these observations, showing less in vivo
degeneration of elastin fibers in the PGG-treated samples
(Fig. 5D). These data indicate that alkali-mediated decellular-
ization of arteries is more conducive to cell repopulation than

detergent-based methods and that PGG treatment of vascular
elastin has the potential to limit or control scaffold degradation,
repopulation, and remodeling.

These results were confirmed by measurements of DNA
content (Fig. 6A), which correlated with progressively more cell
numbers in all groups, fewer cells in detergent-decellularized
tissues, and intermediate cell numbers in PGG-treated elastin
scaffolds (all values were different at 8 weeks, p < 0.05). Cell
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FIG. 4. Mechanical properties of elastin scaffolds. (A) Burst
pressures for fresh carotid arteries, untreated elastin scaf-
folds (control), 0.3% PGG-stabilized scaffolds (PGG) and
detergent-decellularized arteries (detergent). (B) Represen-
tative macroscopic pictures showing two patterns observed
during burst pressure analysis, radial tears (left) and longi-
tudinal tears (right) of elastin scaffolds. (C) Representative
stress—strain curves for fresh carotid arteries, untreated elastin
scaffolds (control), and 0.15% and 0.3% PGG-stabilized elastin
scaffolds.

infiltration depth, calculated as the sum of adventitial and in-
timal depths and expressed as percentage of cell-infiltrated
distance of total thickness, is shown in Figure 6B. In all samples,
infiltration through the adventitia was almost twice as exten-
sive as through the intima (data not shown). Data obtained at 4
weeks of implantation showed similar levels in all implant
groups (>30% infiltration depth), except in the detergent-
decellularized arteries, which was significantly lower (21 & 2%,
p < 0.05). After 8 weeks of implantation, the control untreated
elastin scaffold was almost fully infiltrated with cells (93 +
2%), whereas PGG-treated elastin showed significantly less
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infiltration (724+2%, p <0.05). After 8 weeks, the detergent-
decellularized arteries showed infiltration values similar to
those of the 4-week implants (21 +2%), indicative of limited
potential for cell infiltration in these samples. Cell density
measured in the infiltrated areas showed a similar trend as
infiltration depth, namely high density in control untreated
elastin scaffolds and intermediate cell density in PGG-treated
elastin scaffolds (Fig. 6C).

To evaluate potential for remodeling, we analyzed MMP
activities in explants and compared them with activities in
fresh carotid aorta and unimplanted control elastin scaffolds
(Fig. 6D). Elastin scaffolds exhibited lower MMP levels than
fresh tissue, indicating that decellularization may remove
most protease activities. Practically no MMP activity could be
detected in PGG-treated scaffolds, indicating that PGG has the
potential to inhibit MMPs. After 4 weeks of implantation,
MMP levels were more than 10 times greater than unim-
planted scaffold levels (Fig. 6D). Conversely, MMP levels
were approximately 50% lower in PGG-treated scaffolds at 4
weeks. Similar MMP levels were obtained after 8 weeks of
implantation, indicating that PGG treatment has the potential
to control MMP activity after scaffold implantation. GAG
content analysis showed that neither NaOH nor detergent-
decellularized arteries had lost any detectable GAGs after
cell-removal treatments (Fig. 6E, p >0.2). After 4 and 8 week
of implantation, GAG levels had increased significantly in
treated and untreated elastin scaffolds, suggesting that infil-
trating cells had deposited newly synthesized proteoglycans.

Immunohistochemical studies showed that infiltrating
cells were positive for vimentin, alpha-smooth muscle cell
actin, and macrophage antibodies and negative for cytotoxic
lymphocyte antibodies (Fig. 7A). A similar pattern was seen
at 8 weeks, suggesting that activated fibroblast infiltration
could be chronic in these implants and could lead to re-
modeling and regeneration in vascular tissues. As further
proof of remodeling, a large number of infiltrating cells were
also positive for prolyl-4-hydroxylase, an enzyme actively
involved in synthesis of new collagen fibers (Fig. 7B). Semi-
quantitative analysis of explants obtained at 4 weeks re-
vealed larger numbers of macrophages in untreated scaffolds
than in PGG-treated scaffolds, whereas at 8 weeks, both
scaffolds showed similar cell-type distribution (Fig. 7C).

Phenol staining of PGG-treated elastin scaffolds showed
discrete binding of PGG to every elastic fiber, mainly deco-
rating the surface of the fibers (Fig. 7C). This binding pattern
was well preserved after 4 and 8 weeks of implantation,
suggesting that PGG-elastin bonds are stable for at least 8
weeks in vivo.

Quantification of calcium in explants (Table 1) revealed
that untreated elastin scaffolds accumulated significant
amounts of calcium (>100 ug/mg dry), whereas PGG-treated
elastin did not deposit any detectable calcium salts at 4
weeks (1.4ug/mg dry) and little at 8 weeks (4.4 ug/mg dry),
suggesting that calcification may not be a major concern in
PGG-stabilized elastin scaffolds implanted as vascular grafts.
Finally, detergent-decellularized arteries did not accumulate
any significant calcium in our system.

Discussion

Decellularization is an essential step in scaffold preparation
for tissue engineering because it serves to remove antigenic
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Trichrome

FIG. 5. Histological analysis of subdermally implanted scaffolds. Representative micrographs showing 4-week explants (A
and B) and 8 week explants (C and D) stained with trichrome stain (A and C) where elastin stains dark red, collagen blue and
cells pink, and Verhoeff van Gieson stain (B and D), where elastin stains black and non-elastin components pink. Samples are
shown at lower magnification (micrographs on left of each panel) and higher magnification (on right). Color images available
online at www liebertonline.com/ten.
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cellular components. Several approaches have been re-
ported in the literature for decellularization, most of which
use detergents and enzymes. We showed previously that
detergent-decellularized arteries have a limited potential
for repopulation with cells in vitro*® and in vivo.*” We hy-

pothesized that the presence of the dense collagen—elastin
network of fibers is responsible for the lack of experimental cell
repopulation. To test that hypothesis, we treated decellular-
ized arteries with collagenase and improved cell infiltration
but also significantly changed mechanical properties of the
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scaffolds.”’ Because elastin regenerates slowly in tissue-
engineered constructs, our goal was to obtain porous, cell- and
collagen-free vascular elastin scaffolds from porcine carotid
arteries and use them as building blocks for small-diameter
vascular grafts. We screened several methods for elastin puri-
fication and eventually chose to use the NaOH extraction
method, which was compared with a traditional detergent-
based method.

Alkaline-extracted carotid arteries showed complete lack
of cells according to histology and DNA analysis and almost
complete collagen removal while maintaining elastin and
proteoglycans intact. Most but not all intrinsic MMP activity
was removed using decellularization. The tubular porous
scaffolds maintained a cylindrical architecture, were capable
of supporting their own weight, and were easy to handle and
suture. The scaffolds were almost completely degraded by
elastase in vitro, and their degradation products stimulated
cell migration in a chemotaxis assay. Mechanical properties
of the vascular elastin scaffolds, including tensile strength
and distensibility, were similar to those of fresh arteries, but
scaffolds exhibited lower burst pressure values and higher
compliance, possibly because of loss of tissue collagen. Upon
subdermal implantation, elastin scaffolds were readily infil-

PGG 8w Deterg. 4w Deterg. 8w

trated by activated fibroblasts and macrophages through the
adventitia and intima layers but did not seem to have elicited
significant immune reactions. Cell infiltration was continu-
ous, and at 8 weeks, host cells infiltrating the scaffolds at
high density populated almost 100% of scaffold thickness.
Concomitant with cell infiltration, MMP levels rose, and
there was gradual elastin degradation and deposition of
collagen and proteoglycans.

Biological scaffolds, including those made of collagen and
elastin, are prone to host enzymatic degradation. To gain
control over in vivo degradation rates, we stabilized our elastin
scaffolds with PGG, a polyphenol derived from plants. Our
previous studies have demonstrated that polyphenols bind to
elastin and in doing so renders it resistant to degradation.*> By
virtue of their elastin-binding properties, polyphenols also re-
duce calcification of glutaraldehyde-fixed bioprosthetic heart
valves®® and limit vascular degeneration associated with an-
eurysm formation and progression.*’ In our current studies, we
hypothesized that, by delaying host tissue remodeling pro-
cesses, we would help maintain vascular graft mechanical
strength and patency for a longer period of time and allow for
gradual remodeling to occur. PGG stabilized elastin scaffolds
in a concentration-dependent manner, reduced distensibility,
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FIG. 7. (A) Immunohisto-
chemical staining of cells in-
filtrating untreated elastin
scaffolds (control) and 0.3%
PGG stabilized elastin scaf-
folds (PGG) after 4 weeks and
8 weeks implantation. Sec-
tions were stained with anti-
bodies to rat alpha-smooth
muscle cell actin (SMActin),
macrophages (M-phages),
vimentin, cytotoxic lympho-
cytes (CD8), and prolyl-4-
hydroxylase (Pro-OHase).
Arrows point to one of many
positive cells (dark brown).
CD8 figure lacks arrows be-
cause no positive cells could
be identified. Intima layer is
toward the lower-right cor-
ner, and scale bars are 20 um
in all sections. (B) Phenol
staining showing elastin-
bound PGG (dark brown) in
PGG-fixed elastin scaffolds
before implantation (left) and
at 4 and 8 weeks after sub-
dermal implantation. (C)
Semi-quantitative analysis of
cell type distribution within
implants based on immuno-
histochemical staining of un-
treated elastin scaffolds
(control) and 0.3% PGG-
stabilized elastin scaffolds
(PGG) after 4 weeks (4w) and
8 weeks (8w) of implantation.
Numbers are expressed as
percentage of total reactive
cells. Color images available
online at www .liebertonline
.com/ten.
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TaBLE 1. CaLciuMm LEVELS IN EXPLANTED
ELASTIN SCAFFOLDS

Calcium content

(ug/mg dry

weight + standard

error of the mean)
Sample 4 weeks 8 weeks
Control 103.27 +£12.17% 117.66 +12.01°
Penta-galloyl 1.39+£0.22 4.47 +3.49

glucose-treated

Detergent 0.5940.16" 0.77 +0.05"

“Statistical significance between time points within each fixation
group (p <0.05).

PStatistical significance between groups at each time point
(p <0.05).

and stiffened vascular elastin scaffolds but did not influence
overall tensile strength or burst pressure and reduced compli-
ance levels to physiologic levels, indicating that PGG-treated
elastin scaffolds may have adequate properties to be used as
vascular arterial grafts. Host cells infiltrated the PGG-treated
elastin scaffolds at a much lower rate than untreated scaffolds,
indicating that elastin stabilization possibly reduces cell infil-
tration. PGG-treated elastin fibers were found to degrade
similarly to untreated fibers, albeit at a lower rate, and were
replaced by new collagen fibers and higher levels of GAGs.
Overall remodeling was correlated with MMP activities and
presence of active prolyl-4-hydroxylase, enzymes involved in
collagen degradation and synthesis, respectively.

Even after 8 weeks, the middle one-third of the PGG-
treated implants still exhibited intact elastin fibers, whereas
the outer two-thirds (corresponding to the intima and ad-
ventitia) were more collagenous in nature. This novel hybrid
laminar structure may possess interesting mechanical prop-
erties that require further investigation. PGG-treated scaf-
folds did not appear to be cytotoxic in vitro and in vivo,
because most host infiltrating cells interacted freely with
PGG-treated elastin fibers. Apparently cell types did not
differ between PGG-treated scaffolds and untreated scaffolds
and were typically represented by activated fibroblasts and
macrophages. PGG binding to elastin appeared to be stable
over the 8-week study, as revealed by phenol stain, indicat-
ing that the bonds are stable under physiologic conditions,
confirming some of our earlier in vivo observations.*’

The third group of scaffolds investigated in this study were
the detergent-decellularized arteries prepared using hypo-
tonic shock, detergents, and nucleases that removed most
cells but left vascular collagen and elastin fibers intact. These
scaffolds showed similar susceptibility to elastase (when
compared with the alkaline-extracted arteries), indicating that
the decellularization procedure did not induce significant
alterations in protein structure. Burst pressure of detergent-
decellularized tissues was similar to those of fresh native
arteries, suggesting that decellularization did not influence
mechanical properties. Upon subdermal implantation, fibro-
blasts and macrophages infiltrated detergent-decellularized
arteries, accounting for not more than 20% of total thickness
(~10% from each side of the implant) at 4 weeks, without
eliciting any detectable immune reactions. Cell infiltration did
not progress with time of implantation, and cell numbers,
density, and infiltration depths remained constant at 8 weeks,
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clearly showing that the density of the collagen—elastin net-
work of fibers does not encourage cell infiltration and re-
population. Moreover, VVG and trichrome staining and GAG
analysis did not reveal significant matrix remodeling in the
implanted samples, which could be explained by the lower
levels of cell infiltration in this model.

Limitations of this study include the need for more-detailed
analysis of PGG-elastin interactions and their stability in vivo,
the role of protease-inhibiting activities in tissue remodeling,
and the role and source of host-infiltrating cells (derived from
adjacent tissues or systemic sources) and long-term bioreactor
studies and implantation of our scaffolds as vascular grafts.
Subdermal implantation has been extensively used for testing
cardiovascular biomaterials as it anticipates bioreactor and
intra-vascular graft implantation experiments.**>> The sub-
dermal milieu is adequate for evaluation of basic implant
properties such as host cell infiltration, degeneration and re-
modeling, toxicity and biocompatibility, inflammation, and
calcification.’>*® Moreover, FDA and ISO standards clearly
mandate subdermal implantation as a required test for cardio-
vascular devices, before implantation in large animals.>*°
Ongoing studies in our group are testing the patency and use-
fulness of these tubular scaffolds as interposition vascular grafts
in a circulatory model in large animals. These tubular scaffolds
could be used in the future as by-pass shunts for myocardial
and limb revascularization and as fistulae for dialysis access.

Conclusions

Alkali-purified, tubular elastin scaffolds exhibit many desir-
able biological and mechanical properties to be recommended
for clinical applications as tissue-engineered vascular grafts.
The scaffolds benefit from the natural architecture of the artery,
are fully acellular nad very manageable, and exhibit high re-
sistance to burst pressures and adequate compliance but also
are readily degradable in vivo. Although elastin degradation
products are chemotactic to vascular cells, hasty degradation of
scaffolds may not be desired for vascular graft applications.
Treatment with PGG reduces the rate of elastin biodegradation
in vitro and thus may allow for control of in vivo biodegradation.
Despite elastin stabilization, PGG-treated elastin encourages
inward cell infiltration, elastin degradation, and matrix re-
modeling and inhibits calcification in vivo. These scaffolds are
clearly superior to detergent-decellularized arteries in terms of
cell infiltration and remodeling potential. Interactions between
PGG and elastin are strong, and thus the beneficial effects of
PGG could be maintained in the long term.
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