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ABSTRACT. A persistent clinical demand exists for a suitable arterial prosthesis. In this study, a
vascular conduit mimicking the native 3-layered artery, and constructed from the extracellular matrix
proteins type I collagen and elastin, was evaluated for its performance as a blood vessel equivalent.

A tubular 3-layered graft (elastin-collagen-collagen) was prepared using highly purified type I
collagen fibrils and elastin fibers, resembling the 3-layered native blood vessel architecture. The
vascular graft was crosslinked and heparinised (37 £+ 4 ug heparin/mg graft), and evaluated as a
vascular graft using a porcine bilateral iliac artery model. An intra-animal comparison with
clinically-used heparinised ePTFE (Propaten®) was made. Analyses included biochemical
characterization, duplex scanning, (immuno)histochemistry and scanning electron microscopy.

The tubular graft was easy to handle with adequate suturability. Implantation resulted in pulsating
grafts without leakage. One week after implantation, both ePTFE and the natural acellular graft had
100% patencies on duplex scanning. Grafts were partially endothelialised (Von Willebrand-positive
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endothelium with a laminin-positive basal membrane layer). After one month, layered thrombi were
found in the natural (4/4) and ePTFE graft (1/4), resulting in occlusion which in case of the natural
graft is likely due to the porosity of the inner elastin layer. In vivo application of a molecularly-
defined tubular graft, based on nature’s matrix proteins, for vascular surgery is feasible.

KEYWORDS. animal model, bypass surgery, Collagen, elastin, scaffold, tissue engineering,

vascular conduit

INTRODUCTION

Vascular diseases, and atherosclerosis in par-
ticular, are a major cause of mortality in Western
society.! Therefore, vascular grafts from syn-
thetic polymers have been introduced, including
expanded polytetrafluoroethylene (ePTFE) and
Dacron (polyethylene terephthalate).> Applica-
tion of these polymers as small diameter grafts
proves challenging due to potential occlusion in
the long term,>* and limited tissue response e.g.
in the case of endothelialisation possibly due to
the graft’s porosity and (ultra)structural appear-
ances.’ As a result, research has turned to the
field of regenerative medicine including the
application of natural molecules.®

The main components of the native vascular
wall include the extracellular matrix proteins
elastin and type I collagen, which supply elas-
ticity and strength, respectively. Elastic fibers
are prominently present in arteries to facilitate
blood flow and propagation of pressure waves.
Elastin is primarily found in the intima and
media, whereas type I collagen is most promi-
nent in the media and adventitia.” Current
examples of clinically applied collagenous nat-
ural vascular grafts include, but are not limited
to, Omniflow®® and Artegraft.’ The latter con-
sists of a chemically processed and dialdehyde
treated bovine carotid artery.'® Omniflow®
consists of a synthetic polymer mesh
enwrapped with ovine collagen, which was
obtained after mesh implantation in sheep fol-
lowed by explantation, decellularization and
glutaraldehyde tanning.® Applications of such
natural vascular grafts are as peripheral bypass,
in vascular access/repair, and for arteriovenous
shunting in hemodialysis.'' Next to fibrillar
structures as components of grafts, glycosami-
noglycans such as heparin/heparan sulfate have

been applied. Glycosaminoglycan-based grafts,
such as hyaluronan-based tubular constructs,
have been used for grafting in rat aorta and por-
cine carotid arteries,'*"'? resulting in deposition
of circumferentially organized elastic fibers."?
The glycosaminoglycan heparin, a well-known
anti-coagulant, has been coated on synthetic
grafts which are used in clinical practice.>'*'
An example of such a heparinised ePTFE graft
is Propaten® (GoreTex), indicated for (below-
knee) peripheral surgery when autologous vein
is unavailable.'® Another component, elastin,
has been indicated as a nonthrombogenic bio-
material'”*'® and has also been used in the prep-
aration of vascular natural grafts.'®?? Bi-, tri,
and multilayered grafts,>*>® generally obtained
by electrospinning or casting/molding techni-
ques, have been proposed to mimic the native
arterial architecture, and grafts incorporating
soluble collagen, elastin, synthetic polymers
and/or growth factors, collagen-mimetics® or
elastin/collagen analogs® have been prepared.
However, in multiple reported cases, the elec-
trospun materials’ small pores and dense struc-
ture may have limited cell ingrowth and thus
tissue remodelling.***>-3!

Previously, we reported on the controlled
construction of an elastin and collagen-based
conduit from scratch, containing highly-puri-
fied fibrillar type I collagen and -elastin
fibers.? This work demonstrated the compati-
bility of the constructed natural graft from a
biochemical/biophysical, mechanical and hae-
mocompatible point of view, with mechanical
properties comparable to human tissue and
not inducing platelet aggregation. Only few
fibrillar natural grafts have been constructed
containing purified insoluble elastin fibers on
the luminal side. Berglund ef al.*° made con-
struct-sleeve hybrids from arterial elastin and
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constructed a collagen support sleeve for
improved strength in order to sustain arterial
pressures of the blood flow. Hinds ef al.?!
tested grafts from purified arterial elastin and
acellular small intestinal submucosa. In their
study the natural grafts showed improved
patency in a porcine interposition model com-
pared to ePTFE. The objective of the pre-
sented study was to evaluate the feasibility of
this conduit in a porcine model of interposi-
tion grafting. Numerous animal models have
been used in the field of cardiovascular tissue
engineering.”> We have chosen the porcine
arterial system as it is highly comparable to
the human situation.** The graft was evalu-
ated wusing biochemical characterization,
duplex scanning, (immuno)histological exam-
ination and scanning electron microscopy.
Intra-animal comparison was made to Prop-
aten®, a heparin containing ePTFE graft.
Despite recent progress in this area, limited
long-term experimental (large) animal data is
available with respect to vascular grafts
composed of natural components only. In
addition, most grafts are prepared by decellu-
larisation and/or washing procedures of
native vessels, and may harbour contaminat-
ing components precluding the study of the
effect of single components. Batch-to-batch
variation in the isolation/purification of the
used natural raw materials (i.e. collagen and
elastin) may be less in comparison to a decel-
lularisation procedure because of e.g., the
high degree of standardization of washings
and pulverization of the starting material.
Besides, decellularization may leave chemical
remnants deep within the preserved native
vascular construction. Therefore, the chosen
approach, i.e., the construction of a layered
elastin-collagen graft from scratch, provides a
measure of controllability and tunability with
regards to the graft’s composition, thickness
and length.

MATERIALS AND METHODS

Unless stated otherwise, all chemicals were
purchased from Merck Chemicals (Darmstadt,
Germany).
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Vascular graft construction

Elastin fibers were purified from pulverised
equine ligamentum nuchae using extractions
with solutions of salt, organic solvents, 8%
CNBr in formic acid, 2-mercaptoethanol and
trypsin, as described previously.” Type I colla-
gen fibrils were obtained from pulverised
bovine Achilles tendon by extractions using
solutions of salt, urea, acetic acid, acetone and
demineralised water, as described previously.®

Tubular three-layered vascular conduits
(elastin-collagen-collagen) were constructed
from these natural materials as previously
described.>® Briefly, elastin fibers and type I
collagen were applied in layers onto 4 mm
poly-ether-ether-ketone mandrels by a tubular
sequential molding, freezing and freeze-drying
process. An elastin luminal layer was cast and
lyophilized first, then a single collagen layer
was cast and dried, followed by another third
collagen layer and subsequent lyophilization.
Grafts were chemically crosslinked with
1-ethyl-3-dimethyl aminopropyl carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) in
the presence of 0.25% heparin (Diosynth, Akzo
Nobel, Oss, The Netherlands). Grafts with
4 mm inner diameter were cut to length
(3.5 cm) and disinfected by 4 washings with
70% ethanol (for one hour each) followed by
washings with sterile phosphate buffered saline
(pH 7.4).Heparin-coated, 4 mm diameter
ePTFE grafts (Propaten, Gore-Tex, Flagstaff,
Arizona, USA), from here on referred to as
ePTFE, were disinfected similarly.

Biochemical characterization

Scaffolds were biochemically characterized
for crosslinking by determining the amount of
primary amine groups using 2,4,6-trinitroben-
zene sulfonic acid (TNBS) assays.’” The
amount of heparin bound to the scaffold was
determined by hexosamine analysis.*®

Animal welfare and ethics statement

The animal experiment was approved by the
Ethics Committee of the Radboud University
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Medical Center (RUMC), the Netherlands (per-
mit number 20091 DEC 2008-021 / CDL
080171). Animal welfare and care were in
accordance to the NIH guidelines for the care
and use of laboratory animals (NIH publication
85-23 Rev. 1985), and was carried out by the
Central Animal Laboratory, RUMC. Animals
were housed together, on straw and/or hay, and
kept at a standard day and night light regime.
The animals were fed a standard diet and water
ad libitum, and were regularly observed by bio-
technicians for appetite, wound healing and
mobility. Directly after surgery, animals were
housed separately as their mobility was low
due to surgery. After one week mobility
improved and animals were housed in groups.

Surgical procedure and implantation

Six pigs (57 £ 7 kg, female, Dutch Land-
race) were housed in the laboratory at least one
day prior to bilateral iliac artery interposition.
All animals (6 in total) were tested negative for
methicillin resistant Staphylococcus aureus.
One day before surgery, animals were orally
medicated with Plavix (clopidogrel, 1.5 mg/kg,
Sanofi-Avents, Paris, France) and Ascal (carba-
salate calcium, 4 mg/kg, Meda Pharma,
Amstelveen, the Netherlands). Both Plavix
(0.75 mg/kg) and Ascal (2 mg/kg) were also
administered before surgery (day 0) and 2 d
after. From day 3 to 28, animals received Pla-
vix daily (1.5 mg/kg).

At the day of surgery, animals were sedated
intramuscularly with ketamine (10 mg/kg)
(Eurovet Animal Health BV, Bladel, The Neth-
erlands), atropine (50 pg/kg)(Pharmachemie
BV, Haarlem, The Netherlands) and midazo-
lam (1 mg/kg)(Roche, Woerden, The Nether-
lands). After intravenous administration of
propofol (2-3 mg/kg)(B. Braun Melsungen
AG, Melsungen, Germany), animals were intu-
bated, placed upon a heating pad in the supine
position, and connected to a respiration
machine (Ohmeda Modilus 2 plus, Ohmeda,
Hoevelaken, the Netherlands). Further anesthe-
sia was performed with 0.5% isoflurane (Baxter
International, Deerfield, IL, USA) and an intra-
venous bolus administration of sufentanil
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(5 pglkg)(Janssen-Cilag BV, Tilburg, The
Netherlands) and vecuronium (0.2 mg/kg)
(Norcuron, Organon, Oss, The Netherlands).
Anesthesia was maintained during surgery with
midazolam (0.6 mg/kg/h), sufentanil (10 ug/
kg/h), atropine (25 pg/kg) and vecuronium
(0.4 mg/kg/h) (i.v.). Continuous monitoring
included electrocardiography, pulse oximetry,
and measurements for CO, and temperature.
Bypass surgery was performed by experienced
vascular surgeons (AK and JvdV). The right
iliac artery was freed from surrounding tissue
(Fig. 2A); papaverine was used to prevent
spasm of the artery. After heparinisation
(10 000 U 1i.v.), the artery was clamped proxi-
mally and distally over a length of approxi-
mately 5 cm. The artery was removed over a
length of 3.5 cm for interposition of the natural
graft or ePTFE. Proximal and distal anastomo-
ses were made with running sutures (CV-7,
Gore-Tex) (Fig. 2B&C). After testing the anas-
tomoses for possible leakage (by clamp loosen-
ing), clamps were removed, the blood flow
resumed, and the graft was wrapped with hae-
mostatic material (oxidised regenerated cellu-
lose, Surgicel®, Johnson & Johnson Medical
Ltd, Gargrave, North Yorkshire, UK)
(Fig. 2D), most commonly occurring in case of
suturing ePTFE. Next, a second and separate
inguinal incision was made to expose the con-
tralateral or left iliac artery and the procedure
was repeated using ePFTE (Propaten) as the
interposition conduit (Fig. 2E). After closure,
Fraxiparine® was administered intramuscularly
(5700 IE anti Xa, GlaxoSmithKline, Zeist, The
Netherlands). The muscle layer and skin were
closed with 2.0 Vicryl sutures.

Duplex scanning

Duplex scannings (IU22, Philips, Eind-
hoven, the Netherlands) were performed
directly after surgery (day 0) and at day 7 and
28. Animals were sedated by intramuscular
administration of ketamine (10 mg/kg), atro-
pine (50 pg/kg) and midazolam (1 mg/kg), and
placed upon a heating pad in the supine posi-
tion. Graft patencies were determined by mea-
suring peak systolic velocities (PSVs)
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proximally, within and distally to the graft and
in both anastomoses. When flow velocities
could not be measured accurately as was the
case when severe turbulence occurred, the
diameter ratio of graft and artery were used to
determine the percentage of narrowing.

Tissue explantation and processing

Seven or 28 d after conduit implantation, ani-
mals were sedated with ketamine (10 mg/kg),
atropine (50 pg/kg) and midazolam (1 mg/kg),
and placed in the supine position. Heparinization
(10 000 U) preceded sacrifice by an overdose of
barbiturate to prevent post mortem blood coagula-
tion. Both grafts were excised with adherent prox-
imal and distal arteries. Then, grafts were cut
open longitudinally and divided into samples for
later analyses. One longitudinal piece was divided
in 2, fixed in 4% paraformaldehyde for 16 h and
embedded in paraffin. The other longitudinal
piece was divided; anastomoses were snap frozen
with liquid nitrogen cooled isopentane, and cen-
tral pieces were fixed with 2% glutaraldehyde
(16 h, 4°C) for scanning electron microscopy.

(Immuno)Histological examination

Paraffin sections were cut (5 um) and hae-
matoxylin and eosin staining (H&E) was used
to evaluate general histology. Elastin von Gie-
son staining (EVG) was used to visualize colla-
gen (pink) and elastin (black). Elastin Masson
Trichrome staining was applied to visualize
collagen (green), elastin (black) and cells (red).
Presence of calcified deposits was analyzed by
alizarin red staining.®

Immunohistochemistry was performed for
smooth muscle actin (SMA), factor VIII, lami-
nin and von Willebrand factor (VWF). In brief,
paraffin sections were deparaffinised in xylene
and hydrated in a degrading series of ethanol.
Antibody retrieval was performed by treatment
with 10 mM Tris/I mM EDTA pH 9.0 for
40 min (95°C)(SMA), or 0.1% pronase in PBS
pH 7.4 at 37°C for 10 min (factor VII) or
30 min (laminin). For VWF staining no pre-
treatment was performed. After blocking endog-
enous peroxidase activity with 0.3% H,0,,
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sections were incubated for 16 h at 4°C with
polyclonal rabbit anti-human VWEF (1:100,
DAKO, Glostrup, Denmark), monoclonal mouse
anti-human «-smooth muscle actin (1:400,
Sigma-Aldrich, Steinheim, Germany), poly-
clonal rabbit anti-human factor VIII (1:1200,
Sanquin, Amsterdam, the Netherlands) or poly-
clonal rabbit anti-mouse laminin (1:50, Sigma).
After PBS washings, sections were incubated
for 1 h with horse anti-mouse biotinylated
secondary antibody (1: 400, Vectastain Elite
ABC-kit, Vectorlabs, Burlingame, CA, USA) or
donkey anti-rabbit biotinylated secondary anti-
body (1:200, Jackson ImmunoResearch Inc..,
West Grove, PA, USA). After PBS washings,
sections were developed with 3,3’-diaminoben-
zidine (DAB) as a chromogen. In the case of
factor VIII, sections were developed using
power DAB (Immunologic, Duiven, the Nether-
lands). Sections were dehydrated in an increas-
ing series of ethanol and mounted with entellan.
(Immuno)histochemical sections were analyzed
using a Zeiss Axioscop (Oberkochen, Germany).

Scanning electron microscopy (SEM)

SEM was used to analyze the morphology
and (ultra)structure of the grafts. Glutaralde-
hyde-fixed samples were post-fixed with
osmium tetroxide (1 h), washed for 3 times
with 0.1 M phosphate buffer (pH 7.4), and sub-
sequently taken through a series of 30%, 50%,
70% and 100% ethanol washings. Next, sam-
ples were critically point dried and fixed on a
stub with double-sided carbon tape and sput-
tered with an ultrathin gold layer (using
Polaron E5100 SEM Coating System, East Sus-
sex, UK). Examination was performed in a
JEOL SEM 6310 (Tokyo, Japan) at an acceler-
ating voltage of 15 kV.

RESULTS

Vascular graft construction

Macroscopic and scanning electron micro-
scopic images of the grafts are shown in Fig. 1.
Wall thicknesses of the natural triple-layered
and of the ePTFE grafts were approximately 1.5
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FIGURE 1. Macroscopic view and scanning electron micrographs of the triple-layered natural graft
and the control graft Propaten (ePTFE). (A) macroscopic view. (B-C) cross-sections, (D-E) luminal
surface morphology. The natural graft displays a 3 layered architecture with an inner elastin layer
(B-1), an intermediate porous/lamellar type | collagen film for strength (B-2) and a porous outer
type | collagen layer (B-3). In the PTFE graft the wall (C-1) and the supporting ring (C-2) are seen.
Scanning electron microscopy reveals differences in wall thicknesses and porosity between both
grafts. Luminal lining of the natural graft consists of elastin fibers (D), whereas the ePTFE graft dis-
plays lamellae with perpendicular struts (E). Bars represent 100 um (B-C) and 10 um (D-E).
L: lumen.
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and 0.25 mm, respectively (Fig. 1A-C). The
natural graft harboured a 3-layered architecture
with an inner layer of elastin (Fig. 1B-1), an
intermediate layer of porous/lamellar type I col-
lagen film (Fig. 1B-2) and an outer layer of a
porous type I collagen scaffold (Fig. 1B-3).*?
ePTFE grafts contained supporting rings
(0.4 mm in thickness) Figure 1-C. The luminal
lining of the natural graft consisted of elastin
fibers (diameter ~5 um, Fig. 1D). ePTFE grafts
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contained fibrils and nodes with lamellae on the
luminal side (Fig. 1E).

Biochemical characterization

Natural grafts were crosslinked resulting in a
56% decrease in primary amine groups. The
amount of covalently-bound heparin to the nat-
ural graft was 37 & 4 pug/mg graft (n=3, mean
+ s.d.).

FIGURE 2. Overview of the surgical procedure. (A) The iliac artery freed from adherent tissue. (B)
Suturing of the natural graft proximally with running sutures. (C) Anastomised graft with running
sutures. (D) Interpositioned graft after clamp removal, and Surgicel® placement. Please note
resumed blood flow in supplemental movie. (E) Interpositioned ePTFE (Propaten) used as control

graft. p: proximal, d: distal.
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FIGURE 3. Representative duplex scannings from day 0, week 1 and week 4 of the natural and
ePTFE graft (left and right column, respectively). Both grafts were open 1 week after surgery (A-
D). The natural grafts (4/4) and one ePTFE (1/4) were occluded 4 weeks after surgery (E-F, white
arrow, occluded natural graft and open ePTFE). In some cases, the view at day 0 was blocked due
to placement of Surgicel , recognized by black shading (B, white arrow). Measurements were per-
formed proximally (A, B), within the graft (C, D) and distally (E, F). Quantitative values are listed in

Table 1.
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Surgical procedure and implantation

Iliac arteries were exposed and interposed
with either the natural graft or ePTFE (Fig. 2).
The natural graft was easy to handle by the vas-
cular surgeons and its suturability was ade-
quate. After incision, tissue was cauterised to
expose the iliac arteries. In all cases, surgery
resulted in transient post-operative formation
of pockets containing lymphatic fluid

EDV 45.1 cm/s
. MDV 327cmis

TAPV 68.2 cm/s

(Iymphoceles) which is a common phenome-
non. Lymphatic fluid was not observed after 4
weeks, which is clinically more than accept-
able. In one animal, a diameter mismatch was
encountered, the diameter of the native iliac
arteries being larger than 4 mm, but this animal
was still operated on. Clamping times of iliac
arteries were 33 £ 8 min and 23 £ 4 min for
implantation of the natural and ePTFE graft,
respectively. After implantation, the natural
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graft pulsated according to the blood flow,
and no leakage was observed (See movie
‘pulsating_naturalgraft.wmv’). In one case
(animal 6), the natural graft occluded immedi-
ately after surgery, without an obvious cause.
This graft was replaced by a new natural graft
without any complications. Surgicel® was topi-
cally applied to prevent excessive suture hole
bleeding, especially in the case of ePTFE. The
natural and ePTFE graft were comparable in
handling during surgical procedures.

Duplex scanning

Table 1 represents duplex scanning meas-
urements, whereas Figure 3 represents duplex
scanning images. Occasionally, velocity meas-
urements at day O were hindered by the pres-
ence of Surgicel®. All grafts were patent at
week 1. Tortuosity of native arteries (6/12
cases, both natural and ePTFE grafts) did not
lead to turbulent flow. Turbulence was seen at
sites of anastomoses. The PSV ratio, and in the
case of severe turbulence the ratio in lumen
diameter of graft and artery, was used to deter-
mine the degree of narrowing. After 4 weeks,
4/4 natural grafts were occluded vs. 1/4 ePTFE
graft. In the case of occlusion, undulating flow
resulted into preocclusive signals. Retrograde
flow was then seen in distal arteries, implicat-
ing formation of collaterals due to blood pres-
sure differences. In animal 4, an infection
caused a tandem aneurysm at 4 weeks in the
natural graft.

Tissue explantation

Both natural and ePTFE graft were excised
with surrounding tissue. Lumens from both
grafts were free for passage at one week
(Fig. 4).

(Immuno)histological examination

Figure 5 and 6 display histological images 1
and 4 weeks after surgery, respectively,
whereas Figure 7 shows immunohistology.
Anastomotic sites between artery and graft
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were clearly observed (Fig. 5, dotted lines), as
well as places of suturing (Fig. 5). The elastic
layer of the natural graft closely linked to and
interacted with the artery’s natural elastin,
forming a continuum with the elastin of the
native artery. The outer collagenous porous
layer facilitated ingrowth from the surrounding
connective tissue (Fig. 5C). The natural graft’s
elastin layering (black/blue) was clearly seen in
Elastin von Gieson (EvG) and Elastin Masson
Trichrome (EMT) staining (Fig. 5). Elastin
Masson Trichrome staining showed collagen
lamellae of the natural graft in green.

Fibrin was found in between the elastin
fibers (yellow in EvG, red in EMT) and in sur-
rounding tissue for both the natural and syn-
thetic graft (Fig. 6). At 4 weeks, elastin fibers
in the luminal layer were dislodged, and a fibrin
layer was found in between the elastin and
intermediate type I collagen film layer (Fig. 6).
Layered thrombi were found in all natural
grafts and in one ePTFE graft. Organized
thrombi contained macrophages. Layered
thrombi were recognized by the typical lines of
Zahn. For the natural graft, more calcification
(alizarin red staining) was found within the
elastin layer at 4 weeks (Fig. 6C) than at 1
week. Figure 7 displays immunohistochemical
results of tissue collected at 1 week. Tissue
with SMA-positive blood vessels had invaded
the outer scaffold layer of the natural graft
(Fig. 7A). In surrounding native tissue, larger
blood and lymphatic vessels were found. A
laminin-positive layer (basement membrane)
with new endothelium was observed at the
anastomotic sites. Cells on elastin fibers and
ePTFE stained positive for factor VIII and
VWF (Fig. 7E-H). In the natural and ePTFE
graft, staining for factor VIII was observed
within the graft’s wall. In the natural graft, fac-
tor VIII-positive areas of plasma were
observed.

Scanning electron microscopy

Luminal deposition of (fibrin) matrix and
blood-derived cells was observed. Elastin fibers
were still recognizable. The ePTFE grafts
showed a similar result.
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FIGURE 4. Macroscopic view of explants one week after surgery. Both natural and ePTFE graft
were excised with surrounding tissue. Lumens were free for passage (white arrowheads). Anasto-
moses are indicated by dotted lines. Bar represents 1 cm.
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DISCUSSION

This feasibility study demonstrates the surgi-
cal application of a multi-layered heparinised
elastin-collagen vascular graft, constructed
from elastin fibers and type I collagen fibrils,
using a porcine model of interposition grafting.
This vascular graft mimics the natural blood
vessel in architecture and molecular composi-
tion by its 3-layered composition of elastin and
type I collagen (elastin-collagen-collagen). The
vascular graft was chosen to be porous in
nature, because this may increase patency and
tissue take, as has been demonstrated for
ePTFE grafts.” Observed heparin levels in the
constructed triple-layered natural graft corre-
spond to approximately 50 nmol/cm?, whereas
this value is 15-25 pmol/cm?® in commercial
ePTFE grafts.*® Qualitatively, more heparin is
bound to collagen (fibrils) than to elastin (fibers
) as the latter has fewer amine groups available
for crosslinking.

Currently, synthetic polymers are widely
applied as small-diameter grafts but may result
in (re)stenosis in the long term>* and limited
integration with host tissue.’ Heparinised
ePTFE is currently the preferred alternative in
peripheral surgery when autologous vein is
unavailable. The performance of the layered
elastin-collagen graft was therefore compared
to that of heparinised ePTFE (Propaten®).

The feasibility of the use of layered elastin-
collagen grafts was demonstrated by their one

week patency, however, longer-term patency
was less than ePTFE. During surgery, the iliac
arteries were easy to access and clamping/dis-
clamping of arteries was well within time lim-
its. Surgicel® was topically applied to prevent
excessive suture hole bleeding, especially in
the case of ePTFE; this may be prevented by
using smaller sutures. The natural grafts had
thicker walls in comparison to ePTFE. During
suturing, this may have resulted in entangling
the wall into the blood stream with anastomotic
narrowing as a result. In some animals, grafts
were undersized in comparison to the exposed
artery. This should be avoided, e.g. by duplex
scanning before surgery, since it has been
shown -at least in the case of ePTFE- that diam-
eter match between artery and ePTFE results in
improved neoendothelialisation.*'

At surgery, duplex scannings revealed some
tortuosity in native arteries for both the natural
and ePTFE graft (6/12). This did not relate to
the turbulent flows observed. It may merely
result in a higher flow at the outer curvature of
an artery (thus a lower flow at the inner curva-
ture). Relative narrowing at the anastomotic
sites was the main cause of observed turbu-
lence. The resulting high flow and twirling may
cause vacuum, and thus sedimentation.

Generally, vascular surgeons hesitate to clin-
ically apply constructed natural grafts because
of the risk of early graft degradation resulting
in aneurysm formation.?® In this study, no
aneurysm formation was observed at any time
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FIGURE 5. Histological images from distal anastomoses 1 week after surgery. Distinct anastomotic
sites and patent grafts are visible. The natural graft’s elastin layer is shown in black/blue (C, E).
Please note continuity between elastin layering of the natural graft and elastin of the native vessel
(E). Lamellae of the type | collagen film are seen in pink (A, C) and green (E), and indicated by
asterisks (*). (A-B) H&E staining. (C-D) Elastin von Gieson staining (collagen: pink, elastin: blue/
black). (E-F) Elastin Masson Trichrome staining (collagen: green, elastin: black, red: fibrin, cells).
Dotted lines indicate anastomoses. Bar represents 200 um.
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point, except for one graft, due to infection. vessels were found in tissue invading the outer
Histology showed patent grafts at 1 week of type I collagen scaffold layer. These vessels
implantation. Endothelialisation started from were either VWEF-positive or -negative,
native arteries into the natural graft and ePTFE, identifying arteries and lymphatic vessels,
but was not yet confluent. SMA-—positive respectively. For the natural graft, more
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FIGURE 6. Histological images 4 weeks after surgery. Natural grafts show occlusion with layered
thrombi characterized by lines of Zahn (A, C). One ePTFE graft was found to be occluded (B). Cal-
cification was seen in the natural graft located in the elastin layer (C, D, alizarin red staining). Bar

represents 200 pm.
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calcification (alizarin red staining) was found
within the elastin layer at 4 weeks in compari-
son to 1 week.

The occlusion for natural grafts and ePTFE
graft histologically displayed layered thrombi
and their characteristic lines of Zahn. This may
be caused by the relatively large surface area
available for platelet aggregation and by the
relative narrowing caused by anastomotic
suturing. In addition, increased blood shear
stresses through the porous elastin layer may
have contributed in subsequent occlusion as
well. Either way, a decrease in luminal surface
area may improve patency rates for the natural
graft, e.g., by changing the porosity or by creat-
ing a smoother luminal layer. The intermediate
type I collagen porous film did provide addi-
tional strength to the natural graft. Fibrin was
found in surrounding tissue, which may

indicate leakage of blood plasma through the
porous collagen film. Fibrin deposition may be
a good template for the observed (myo)fibro-
blasts as it has been widely investigated for
scaffolding in vascular tissue engineering.**

Future research may elaborate on the results
in this study and may include the (in vitro)
preparation and testing of a range of grafts with
different pore sizes, thinner walls and/or incor-
poration of a synthetic polymer mesh or sup-
port film.?**> Improvements to reduce the wall
thickness may include performing controlled
compression of the graft’s porous wall during
construction.

In compliance with the ARRIVE guide-
lines** and golden standard publication check-
list,** we reported the animal experiment as
detailed as possible, including description of
the surgical procedure, medication, nutrition
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FIGURE 7. Immunohistochemical images of explants 1 week after surgery (patent lumens). Staining for
smooth muscle actin (A, B), laminin (C, D), factor VIII (E, F) and VWF (G, H). Surrounding tissue has
invaded the outer collagen layer of the natural graft (A). Endothelial cells on a laminin-positive layer
(C, D). Endothelial cells positive for VWF and factor VIII (E-H). VWF-rich depots in the collagen porous
film (insert E). Arrows indicate positive staining (C-E), and dotted lines indicate boundary between colla-
gen scaffold and surrounding tissue (A), and anastomosis (B, distal). Bars present 200 x©m (A-F) and 50
um (G, H, and insert of E).
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and outcome measurements (i.e. duplex scan-
ning and histology). This may contribute to the
implementation of the Three Rs in animal stud-
ies and facilitate future systematic reviews on
animal trials.**

CONCLUSION

The surgical application of molecularly-
defined heparinised vascular grafts, made from
scratch using type I collagen fibrils and elastin
fibers, and resembling the native arterial archi-
tecture, is feasible. Patency was achieved for at
least one week and results match those of the
clinically applied ePTFE grafts (1 week). At 4
weeks, however, occlusion was observed. Wall
adaptation of the graft may result in long-term
patencies. From a fundamental point of view,
the use of grafts made from molecularly-
defined building blocks may facilitate research
to the effect of single graft components.
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