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GENERAL INTRODUCTION
Tubular collagen-based bioscafFolds may be used for the regeneration of tissues/
organs with a tubular shape, such as blood vessels, and urogenital or gastrointestinal tissues like urethra, ureter, oesophagus and/or bowel. Disease or injury
can damage these organs in such a way, that partial or complete organ replacement
becomes necessary. Generally, organ replacement is performed with either (1) the
patient's own tissue, (2) donor graft material or (3) xenogenic tissue l·2. In many
cases, however, the quality and availability of autologous and allogeneic tissues
are limited due to either previous clinical use, disease or the lack of donors3. As a
result, artificial grafts are widely used in medicine, especially in the case of smalldiameter blood vessels (< 6 mm). Such vascular grafts are generally constructed
from synthetic polymers, such as (expanded) polytetrafluoroethylene or Dacron
(polyethylene terephthalate), and have been clinically applied since the 1950s 4·5.
Major advantages of synthetic polymers are unlimited availability and superior
strength. Disadvantages include the tendency to fail in small-diameter and longterm applications and disability to grow along with the body itself6·7.
Therefore, the medical paradigm is shifting towards tissue engineering and
regenerative medicine 8, with a focus on the application of natural scaffolds. Such
scaffolds may be used in combination with man-made polymer additives (from
here on referred to as hybrid scaffolds), which can induce the body replace the
scaffold and to grow a regenerated structure at the site of implantation. Recent
developments in the field of tissue engineering and regenerative medicine are
evaluated and described in the exploring report of the Royal Netherlands Academy
of Arts and Sciences9.
A number of natural components can be applied in biodegradable scaffolds l0"12.
Extracellular matrix components, such as type I collagen, elastin and
glycosaminoglycans (GAGs), can constitute an environment that supports cell
growth, differentiation and proliferation. Type I collagen and elastin can be
purified by biochemical procedures that have been developed previously 'n'". A
high degree of purity enables construction of molecularly-defined scaffolds from
scratch. Defined scaffolds can be strengthened by carbodiimide crosslinking
facilitating handability and potential supplementation with glycosaminoglycans 12.
Growth factors can be bound to these GAG(s) and tissue-specific scaffolds may be
constructed and molecularly characterised l3. In this way, the influence of specific
scaffold components and additives can be studied, thus allowing 'molecular tissue
engineering'.
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THESIS OBJECTIVE
The objective of this thesis is to construct and characterise tailor-made (hybrid)
bioscaffolds for tissue engineering of tubular organs, and to evaluate these scaffolds
in vivo. The approach uses highly purified natural materials like the extracellular
matrix components type I collagen, elastin and GAGs. The first two components
can be moulded into a tubular shape by casting and lypohilisation techniques.
GAGs can be added to the defined scaffold by chemical crosslinking, and can be
used to bind specific growth factors. The final goal of the fabrication processes
is to construct molecularly-defined scaffolds mimicking the desired structure to
regenerate.
OUTLINE OF THE THESIS
Chapter 1 gives a general introduction concerning the reasons for the conducted
studies on tubular structure regeneration.
Chapter 2 gives an in-depth literature review of acellular natural grafts applied
in small-diameter blood vessel tissue engineering discussing the path from bench
to bedside. The focus lies upon the application of type I collagen, elastin and
GAGs. Different methods of scaffold preparation are discussed ranging from
decellularisation procedures to graft fabrication from scratch. Also, the clinical
applications of natural grafts are addressed.
Chapter 3 describes a methodological view on the construction of collagen-based
tubular scaffolds, addressing various parameters including porous structure,
composition and size. It demonstrates the deployment of a wide variety of
construction parameters and their use in mimicking native tissue/organ structures.
Chapter 4 describes the construction and characterisation of a novel natural
vascular graft. Highly-purified type I collagen fibrils and elastin fibres were
obtained by biochemical procedures from pulverised bovine Achilles tendon and
equine ligamentum nuchae, respectively. Vascular grafts were made by a layering
technique on 4 mm mandrels involving a straight-forward moulding, freezing and
lyophilising process, and were biochemically and morphologically characterised.
Chapter 5 describes the in vivo application of the novel elastin-collagen vascular
graft (Chapter 4). For this study, a new animal model was developed. Pigs were
bilaterally operated and grafts, together with the control ePTFE, were implanted
into iliac arteries. Analyses included Duplex scanning and (immuno)histochemical
evaluation.
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Chapter 6 describes the development and application of a type I collagen
bioscaffold, supplemented with growth factors for tubular tissue engineering of
the urethra. A new growth factor incubation procedure was developed to optimise
the amounts of bound growth factors. These tubular scaffolds were implanted in
a 1 cm critical defect in a rabbit urethral reconstruction model. The outcome was
analysed by urethrography and (immuno)histochemical evaluation.
Chapter 7 describes the construction of three different (hybrid) grafts for the tissue
engineering of large-diameter hollow organs, such as oesophagus. A number of
parameters, including mechanical strength, (ultra)structure, handability, and cytoand biocompatibility were addressed.
Chapter 8 concludes the thesis with a summary, general conclusion and future
prospects.
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ABSTRACT
In the field of vascular tissue engineering, natural materials are often incorporated
into vascular grafts. For a tissue engineering approach, the general strategy is to
mimic the arterial architecture, thus blue-printing the native blood vessel. Various
materials and methods have been used to obtain suitable vascular grafts. This
chapter focuses on the development of acellular grafts and describes the route
from laboratory to clinic, including fabrication, in vitro and in vivo analysis, and
clinical application. Generally, xenogeneic or allogeneic grafts are prepared by
decellularisation of blood vessels. In contrast, moulding and casting techniques
have been developed to construct tubular grafts of natural materials from
scratch using matrix components such as collagen and elastin. In vitro criteria,
like cytocompatibility and biodegradability, as well as in vivo experimentation
including clinical trials are also discussed.
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INTRODUCTION
Tissue engineering is a rapidly evolving interdisciplinary scientific field that
overlaps the areas of biology, medicine, (bio)chemistry, (bio)materials, engineering
and technology. It focuses upon regenerating or improving the biological function of
organs, like skin, cartilage, bone, muscle, nerves, bladder, urethra, heart valves and
blood vessels '. The latter has a pivotal role in (cardio)vascular tissue engineering.
Atherosclerotic disease causes high mortality in Western society2. In vascular
surgery, large arteries, e.g. the aorta, can be replaced by large diameter grafts
composed of synthetic polymers, like Dacron (polyethylene terephthalate) or
expanded polytetrafluoroethylene (ePTFE). However, these polymers fail as grafts
for small diameter blood vessels (diameter < 6 mm) due to (re)occlusion3 4. Here,
the saphenous vein and mammary artery still are the golden standard replacements
in peripheral and cardiac bypass surgery, respectively1·5. Many patients, however,
lack high-quality and/or sufficient tissue for these autologous conduits, so, a need
for alternatives persists3. Alternative grafts can be made from other synthetic
polymers, natural materials or a combination of both, producing hybrid grafts.
Cells may also be added to the graft, either by static cell seeding, possibly followed
by mechanical conditioning in a bioreactor, or by the body itself.The landmark
paper of Weinberg and Bell7 was one of the first to point out the intrinsic value of
the arterial wall's native structure. It reported on a tissue-engineered blood vessel,
constructed from collagen and cultured vascular cells. Though the addition of cells
to a graft may be beneficial, it is considered highly laborious. It also can hamper
off-the-shelf availability in urgent clinical situations8.
This chapter focuses on the construction and application of acellular tubular grafts
constructed from natural materials, as these are abundantly present in the native
arterial wall. The following issues will be discussed. First, the (biochemical) structure
and composition of the native blood vessel is addressed. Next, different methods
for graft construction are discussed. In many cases, decellularisation procedures
are applied to remove cells and preserve the ECM in its original conformation.
Alternatively, vessels can be constructed originating from purified biomolecules.
Thirdly, in vitro criteria with respect to biocompatibility, biodegradability and
mechanical strength prior to in vivo experimentation will be discussed. Parameters
that need to be studied in an in vivo setting will be discussed, including patency,
cellular influx, (bio)degradability and performance. Finally, clinically applied
acellular natural grafts will be described and a future outlook will be given upon
new directions of vascular graft development.
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WHAT TO MIMIC: THE NATIVE ARTERIAL WALL
The vascular tree originates from the heart which is the centre of the circulatory
system. In a resting state, its left ventricle pumps blood into the aorta with
a frequency of 70 beats per minute. In blood vessels, the systolic and diastolic
pressures are approximately 120 and 80 mm Hg, respectively9.The resilient aortic
wall can comprise up to 50% of elastin lü, smoothening and guiding the blood flow
into the vascular system. Typically, both elastic and muscular arteries harbour a
three-layered architecture composing the intima, media and adventitia (Figure 1)".

The intima contains a confluent layer of endothelial cells (ECs) anchored to the
basement membrane by cell-matrix adhesions. The basement membrane functions
as a barrier and is mainly built up of a type IV collagen network containing
laminin and proteoglycans. It rests upon the underlying lamina elastica interna
that is connected to the media. The media mainly consists of smooth muscle cells
(SMCs), elastic fibres and type I collagen. The latter is a relatively stiff protein
and is abundantly present within the media of muscular arteries. With its muscular
architecture, this type of artery orchestrates the continuous flow of nutrients and
oxygen by luminal dilation and contraction." An outer layer of type I collagen, the
adventitia, enwraps the relatively weak concentric elastic rings in the tunica media
of elastic arteries. The media and adventitia are separated by the lamina elastica
externa. The adventitia contains amongst others blood vessels that supply blood to
the arterial wall itself and fibroblasts.
IS
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CURRENT STATUS
Synthetic grafts
In the 1950s, pioneer Arthur Voorhees Jr. reported on the evaluation of synthetic
grafts for large diameter aortic replacement12. In 1976, a graft of ePTFE was used
for the first time in peripheral bypass surgery13. Today, Dacron and ePTFE are still
extensively used in clinical practice for the replacement of atherosclerotic arteries14.
However, when considering small-diameter applications (inner diameter < 6 mm),
the application of synthetic grafts results in (re)stenosis due to thrombogenicity,
intimai hyperplasia, compliance mismatch and deficient recruitment of endothelial
lining. Other frequent complications related to synthetic graft failure include
infection, material deterioration, anastomotic aneurysm and occlusion. Because of
this, researchers continuously scope the applicability of other synthetic polymers,
e.g. polyurethane1516, such as polyether urethane urea (Tholaron®)17. Also, the
combination of existing grafts with other (bio)polymers such as polyethylene glycol18,
phospholipids1619·20 or poly(l,8-octanediol) citrate21 is investigated. Additionally,
surgical modifications to grafts are researched, such as Miller cuffs or Linton and
Taylor patches 14. Currently, nitric oxide-secreting and drug-eluting synthetic grafts
rule as the next generation of state-of-the-art technology for synthetic grafts. Early
results were encouraging in the case of drug-eluting stents, but late thrombosis
rates were higher when eluting paclitaxel (a cytostatic agent) and sirolimus (an
immunosuppressant agent) in comparison to bare metal stents22·21. Besides nitric
oxide, ECM-based biomolecules are also used to functionalise synthetic grafts.
Synthetic graft functionalisation with ECM-based biomolecules
Synthetic graft functionalisation mostly includes biomolecular natural coatings to
reduce thrombogenicity, preferably by inducing an endothelial lining. Modifications
with natural materials, such as RGD-peptides24 25, recombinant elastin-mimetic
polymer26 or heparin3·27, are also investigated to prevent thrombosis H. Commercially
available modified grafts include InterGard heparin (Intervascular) and Propaten
(Gore-Tex), where heparin is covalently bound by end-point linkage to PTFEM.
PI5, a cell-binding domain derived from collagen has also been coated to ePTFE
grafts. It resulted in enhanced endothelialisation and reduced intimai hyperplasia,
hypothesising that PI5 stimulates endothelial cell (EC) adhesion28.
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Another method to induce endothelialisation includes the seeding of synthetic grafts
with ECs142''30. EC sources may include artery, vein and endothelial progenitor cells
(EPCs) isolated from blood or bone marrow. Autologous EC seeding of ePTFE
grafts improves patency rates in infrainguinal bypass patients30. Unfortunately, the
cellular approach limits immediate graft use in emergency situations, especially
in two-stage seeding procedures which include cell culture/expansion as well as
cell harvesting (one stage seeding). Currently, two-stage seeding in non-urgent
situations and its routine handling in nontertiary hospitals is feasible2''.
The development of synthetic grafts treated with biomolecules proves that natural
materials are promising candidates to improve graft patency, to lower thrombogenic
responses and to limit smooth muscle cell proliferation and subsequent intimai
hyperplasia. Even more, the inclusion of natural materials has led the field of
vascular tissue engineering into a new era, with a fully natural and acellular graft
as its 'holy grail'.
NATURAL MATERIALS: SOURCE AND ORIGIN
General
The extracellular matrix (ECM) constitutes the surrounding environment of
cells, and supplies strength and physical support to tissues and organs, especially
within connective tissues as skin, bone, cartilage, arteries and ligaments10. The
ECM is also involved in providing cues to cells for proliferation, differentiation
and migration. This cell-embedding medium holds a great variety of excreted
natural macromolecules. In blood vessels, type I collagen and elastin are main
determinants for mechanical strength and elasticity, respectively. Additionally,
glycosaminoglycans are essential for protein binding and hydration purposes3.
In vascular tissue engineering, different macromolecules and tissues have been
used as source for tubular grafting (listed in Table 1 ). A large variety of sources
have been used including pig31"47, dog4853, cow54S5, rat,6-'i8, rabbit™, sheep60·61,
goat62, jellyfish63, or salmon64·65. Different macromolecular biomaterials66 have
been isolated for scaffolding purposes including collagen67, elastin68, fibrin6971,
silk72 and hyaluronan73·74.
Collagen
Over 25 different types of fibrillar collagen exist, of which type I collagen is most
abundantly present in organs. It is a relatively stiff protein that supplies strength
and structural integrity to tissues75. The collagen fibre contains clustered collagen
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Table 1: Overview of source, tissue and molecules used for vascular grafting.
Source

Tissue used for vascular grafting

P'B

carotid artery,3' 3'"'-!44 femoral artery,33 ureter,34
aorta from foetal pigs,40 aortic wall 3

dog

thoracic aorta,4" abdominal aorta,48 femoral iliac
artery,48 superior cava,48 inferior cava,48 femoral
iliac vein,4 external jugular vein,49 ureter,50
carotid artery,5253 external iliac artery,57
abdominal aorta52

cow

carotid artery54

rat

aorta58

rabbit

carotid artery5159

sheep

carotid artery,60 abdominal aorta,61 carotid
artery,61 jugular vein61

goat

carotid artery62

Source

Isolated macromolecules

rat tail/ 2 5 6 6 7 bovine Achilles
tendon,36,55139 porcine carotid artery,31
ascending porcine aorta,1" 45 porcine
skin,46jellyfish,63 salmon skin6465
porcine carotid artery,32 ^ ^ ascending
porcine aorta,38 '" 45 equine ligamentum
nuchae55139

type 1 collagen

elastin

human fibrinogen, thrombin and bovine
aprotonin (Tissucol®)70

fibrin

cocoons of Bombix Mori silkworm"

silk

HYAFF-11 ,M7,,M

hyaluronan

swine small intestine3536

predominantly type I collagen

fibrils. These fibrils are built of collagen molecules of approximately 300 kDa
each. The arrangement of these collagen molecules (quarter-staggered array) is
responsible for the typical striated banding pattern (67 nm) of the collagen fibril
(Figure 2A)76. The collagen molecule itself is formed by three intertwined left-
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handed α (polypeptide) chains forming a right-handed triple helical structure (1.5
x 300 nm). Intermolecular crosslinks result in the high stiffness and rigidity of
fibrillar collagen.

Analysis of highly-purified type I collagen fibrils and elastin fibres. A) SDS-PAGE analysis
of type I collagen shows the typical αϊ and «2 bands. Purity is compared to the source
bovine Achilles tendon. Fibrils were visualised with SEM and TEM. The latter depicts
the typical striated banding pattern. B) SDS-PAGE analysis of elastin. Due to the high
insolubility of the crosslinked fibres, no protein enters the gel. Purity is compared to
the source equine ligamentum nuchae. TEM indicates the absence of microfibrils. Bars
represent 10 μιη in SEM and 0.5 pm in TEM micrographs. Figure reprinted with kind
permission from Springer Science+Business Media76.

SDS-PAGE

SDS-PAGE

Elastin
Elastic fibres provide elasticity to skin, lung, arteries and ligaments 77 78 . The elastic
fibre mainly consists of elastin and microfibrils. Highly-purified elastin fibres are
shown in Figure 2B. The protein elastin is a highly hydrophobic and amorphous
protein. Its precursor, tropoelastin (72 kDa), forms a highly-crosslinked network
containing (iso)desmosine under the influence of the enzyme lysyl oxidase. This
takes place upon a template of microfibrils, which are mainly composed of fibrillin.
The high degree of crosslinks together with the hydrophobic nature gives the elastic
network its ability to recoil. This distinct feature makes elastin of great importance
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in the arterial system of mammals, which have high blood pressure circulatory
systems77·79. Currently, an increasing amount of research focuses upon applying
elastic fibre for vascular tissue engineering80·81, including the induction of elastin
biosynthesis68 and the study of cell-elastin interaction82·83. Elastin polypeptides
have been applied as non-thrombogenic coatings84.
Glycosaminoglycans (GAGs)
Glycosaminoglycans are composed of repeating units of disaccharides, forming
long unbranched polysaccharides. The disaccharide units are composed of two
sugar moieties, a hexuronic acid/hexose and a hexosamine. The large diversity in
GAGs is due to modification reactions like sulphation and epimerisation, making
GAGs highly heterogeneous and highly negatively charged molecules. Heparin
has the highest negative charge density of any known natural molecule. GAGs may
be grouped as heparan sulphate/heparin, keratan sulphate, chondroitin sulphate,
dermatan sulphate and hyaluronan. With the exception of hyaluronan, GAGs are
generally bound to core proteins to form proteoglycans85.
GAGs have multiple functions in the body such as tissue hydration, binding of
growth factors and controlling signalling pathways. They are involved in a variety
of cellular behaviours including cell adhesion, migration and differentiation. GAGs
have been investigated for (anti)thrombogenic effects86 and are known to play key
roles in atherosclerosis and restenosis87. The GAG heparin is well-known for its
anticoagulant properties. Hyaluronan is thought to have a critical role in vascular
stenosis and may contribute to atherosclerosis progression88. Exogenous hyaluronan
oligosaccharides have an elastogenic effect upon vascular smooth muscle cells
(SMCs)89. For more specific information on proteoglycans in atherosclerosis and
tissue engineering, the reader is referred to an excellent review90.
GRAFT FABRICATION
The tissue engineering approach: acellular versus cellular
The application of PTFE and Dacron in surgical treatment serves the old paradigm
of using highly inert materials for implantation purposes. Nowadays, the general
idea has shifted to the research fields of tissue engineering and regenerative
medicine, where the implant is provided as a so-called scaffold. This scaffold or
graft may function as a template to steer and induce tissue-specific regeneration.
To this end, a blood vessel scaffold, with or without cells, has to sustain the blood
flow's mechanical forces instantly. Furthermore, it should gradually degrade and
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Figure3
Theoretical representation of graft remodelling and mechanical loading. A) Graph
representing the delicate mechanical balance between scaffold degradation (gray line)
and the formation of new arterial tissue (black line) plotted in time. Figure reprinted with
91
kind permission from Springer Science+Business Media . B) As a minimum threshold of
strength is needed to sustain immediate bloodflow,a supporting (collagen) sleeve (luminal
black lining) can be added into a so-called construct-sleeve hybrid. In time, when the
support sleeve degrades, strength is built up by newly formed tissue (depicted in gray).
56
Figure reprinted with permission from Elsevier .
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subsequently pass on the mechanical loading to newly formed arterial tissue, which
in the end should form a new blood vessel (see Figure 3) 9 1 .
The acellular versus cellular debate focuses upon whether or not this scaffold
should be occupied with cells, and possibly mechanically conditioned, or should
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remain acellular at the moment of implantation. In the latter case, the cellular
(re)population is consigned to the body itself. Whereas both strategies have their
own advantages and disadvantages, the acellular approach appears more suitable
with respect to direct application in case of emergencies, off-shelf-availability and
economic feasibility. This chapter focuses upon the construction and validation of
acellular vascular grafts.
Graft fabrication by decellularisation procedures
The rationale of decellularisation procedures is based upon the physical and/or
chemical removal of cells from tissues in order to obtain the ECM for scaffolding
purposes92. A major advantage of this procedure is that the overall organisation of
the ECM fibres will remain intact.
Tissues can be chemically, enzymatically or physically treated while retaining
the ECM. Applied detergents are sodium dodecyl sulphate (SDS)34·37'44·49·50·52·53·57,
Triton χ-l0031·"·44'50-,1·,<,, deoxycholate50·57 and IGEPAL33. Further tissue treatment
may include enzymatic digestion including DNase, RNase or trypsin in order to
remove (nuclear) remnants40.
Generally, arteries are used in decellularisation protocols. Ureters also have been
decellularised to function as small-diameter blood vessels34·50, because of their
length and diameter and the absence of branches (avoiding ligations). A wellknown example of decellularised tissue as a biomaterial is acellular small intestinal
submucosa (aSIS), which is commercially available. aSIS has been successfully
applied as grafts with high patency rates93·94. Vascular grafts from aSIS have been
prepared by mandrel entrapment and suturing.95 Huynh et α/.10 used aSIS for
constructing an acellular collagen vascular graft by wrapping it with 10% overlay
around a 4 mm mandrel, followed by luminal deposition of fibrillar collagen and
subsequent EDC crosslinking. Hinds et α/.35 made grafts from NaOH-extracted
elastin sleeves and enwrapped these with aSIS, where both layers were held
together with fibrin glue. However, porcine DNA has been found in commercial
aSIS (Depuy, J&J), suggesting it may contain cellular debris, which may give rise
to inflammatory responses96.
Generally, downsides of decellularisation procedures include (1) the unknown
molecular content of the obtained graft, (2) the possible toxicity of chemicals
used97 and (3) the altered biomechanical properties4459. It has been indicated
that SDS treatment may lead to chemical or structural matrix alterations that
negatively affect repopulation by cells97. Furthermore, possible application can be
hampered as grafts, decellularised with Triton and trypsin, have markedly different
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geometrical and biomechanical properties with respect to original native arteries,
such as a decreased wall thickness, increased elastic modulus and stiffness and
lower distensibility44·59. To overcome these concerns one can consider creating
defined tubular grafts from scratch.
Fabrication from scratch: molecularly-defined grafts
Fabrication from scratch is defined here as the construction of a tubular graft with
one or more purified component(s) of the ECM. For this, one needs characterised
biomaterial(s) with a known molecular content. Such a component may already
have a tubular shape. Fabrication of such grafts includes either (1) the creation
of highly-purified (elastin) sleeves from native arteries, or (2) the use of purified
materials applying tubular moulding and casting techniques. Preferably, the
defined graft is made to resemble the native arterial wall architecture. In the case
of a small-diameter blood vessel, it holds that type I collagen and elastin should be
used (Figure 1).
Type I collagen has proven to be a suitable material in vascular tissue engineering67.
For example, tubular collagen films with and without seeded ECs and SMCs have
been implanted into the inferior vena cava of Wistar rats and remained patent for
12 weeks displaying a continuous layer of endothelial cells.46 Elastin has also been
employed in vascular applications. An elastin-mimetic protein polymer has been
applied as a coating of PTFE98 and human elastin polypeptides have been used to
coat catheters84. Tubular elastin scaffolds, obtained by CNBr treatment of porcine
carotid arteries, were placed in an acute rabbit carotid bypass model and exposed
to blood flow for 30 min4\ However, for long term application and considering
the high distensibility of elastin, additional structural integrity (e.g. conferred
by collagen) is needed when applied in molecularly-defined grafts. This can be
obtained with layering techniques, thus mimicking the native layered architecture
of blood vessels. Strengthening is essential as a vascular conduit instantly has
to withstand blood pressure forces and gradually has to transfer these to newly
formed tissue (Figure 3A). Collagen layers can also be cellularised. For instance,
Berglund et al?1 purified elastin by sequential steps of CNBr treatment and
autoclaving cycles, and casted a cellularised collagen gel around it. The layering
technique has also been exploited to make construct-sleeve hybrid (CSH) grafts,
harbouring a type I collagen support sleeve for (temporary) reinforcement (Figure
3B)56. Beside sufficient mechanical strength, a vascular conduit needs to be nontoxic, biocompatible, nonthrombogenic and noncalcifying.
Molecularly-defined grafts from type 1 collagen and elastin can also be fabricated
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by moulding and casting techniques. Nagai et al.M prepared tubular grafts by
casting, moulding and crosslinking salmon collagen. The fabrication of collagenGAG scaffolds can be highly controlled99100. Type I collagen can be purified from
pulverised bovine Achilles tendon by biochemical washings99. Elastin fibres'01 or
elastin peptides'02, purified from pulverised equine ligamentum nuchae, can be
added to the collagenous scaffolds and stabilised by EDC/NHS crosslinking.103
Additionally, using EDC/NHS crosslinking, heparin can be covalently bound to
the collagen/elastin (Figure 4).
Figure 4
Crosslinking of heparin to collagen using EDC/NHS.
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Wissink et al.'04 found that EDC/NHS crosslinked collagen films support
proliferation of ECs and confirmed this by determining EC-specific markers like
tPA, PAI-1, vWF and PGI2. Buttafoco et al. made first steps in using highlypurified collagen and elastin to create flat55 and tubular105 scaffolds for blood
vessel purposes. These scaffolding materials were created by freeze-drying and
were able to sustain culture of smooth muscle cells106. To prevent graft loss, special
attention is needed for mineralisation, and so calcification studies include many.
For instance, elastin tubes functionalised with agarose-imbedded FGF-2 did not
calcify subcutaneously within adult rats while elastin tubes without FGF-2 did38.

27

Subdermal implantation of elastin-based biomaterial with aluminium chloride
merely delayed onset of calcification in BALB/c mice107.
Scaffold thickness and composition are key elements in graft survival. Walles et
α/.,61 using a subcutaneous rat model, found vascular matrices with a thickness of
0.88 mm to be repopulated with ECS and myofibroblasts, whereas thinner grafts
degenerated within 8 weeks. These authors concluded that sufficient stabilising
fibres were needed to maintain scaffold integrity during the process of full in vivo
recellularisation. O'Brien et al.I08 analysed the effect of pore size on cell adhesion
in collagen-GAG scaffolds and found a linear relationship between cell attachment
and specific surface area for pores.
Figure 5
h-voltage
Schematic set-up of the electrospinning process. Under the influence of a high-voltage
electrical field, fibres are drawn from a viscous polymer solution that is delivered by a
syringe pump to a needle. As a result, a drying fibre whips down manifesting a Taylor
cone which is deposited at the collector. The parameters for the fabrication of electrospun
tubular grafts include concentration of the polymer solution, viscosity,flow,voltage, needle
thickness, distance to the collector and the rotational speed of the collector.

^
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Tubular grafts have also been made solely from GAGs. Hyaluronan scaffolds
(HYAFF-ll™) have been moulded by dipping DMSO-dissolved esterified
hyaluronan around a mandrel71·7'1. These grafts displayed 5 month patency and
the ability to facilitate and promote the formation of circumferentially orientated
elastin fibres74.
Electrospinning is a promising method to create molecularly-defined grafts
from scratch. It has large potential in the (vascular) tissue engineering field'09, as
electrospun scaffolds can be tailor-made for tissue-specific extracellular matrix
applications"0. The electrospinning process is displayed in Figure 5. Under
influence of an electricalfield,fibrescan be drawn from a viscous polymer solution
in a highly volatile solvent. For tubular grafting, a dry fibre can be collected
upon a grounded and rotating mandrel. Fibre diameter can be controlled by a
number of parameters like solution viscosity, needle thickness, collector distance
and voltage. Though pure electrospun collagen'"" 2 or elastin fibres"2"3 can be
made, a dissolved synthetic polymer may be used in the electrospinning fluid, e.g.
PEO 72 ·" 4 , PCL" 5 , PLGA"6, polyglyconate"7, polydioxanone"8 or PGA" 7 . The
purpose of such addition is to increase time of fibre degradation, ensure viscosity
and increase fibre handability. Roland et al. '^ reported upon the fabrication of a
three-layered electrospun vascular construct from collagen and elastin. Tubular
grafts from electrospun blends of collagen and polycaprolactone have appropriate
mechanical properties for implantation120. Stitzel et υ/." 6 prepared electrospun
vascular grafts from a blend of type 1 collagen, elastin and PLGA and showed tissue
compatibility in a subdermal mice model. Tillman etal.U5 implanted collagen/PCL
electrospun grafts in a rabbit aortoiliac bypass model and found patency up to one
month. Additionally, absence of inflammatory infiltrate was noticed in contrast to
previously performed studies with porcine decellularised grafts'".
Debate exists about the application of (pure) electrospun collagen fibres, as the
fabrication process may cause such degradation that only gelatin remains12'. A
combination of electrospun man-made polymers with natural porous scaffolds
may be an alternative approach for the fabrication of vascular grafts63. Therefore,
nanotechnology has been introduced in (vascular) tissue engineering122.
Graft crosslinking and stabilisation
Crosslinking and stabilisation is performed to strengthen the graft and to
facilitate functionalisation. This can be executed with a wide variety of chemical
compounds, including glutaraldehyde56-93, polyepoxy compounds93, dye mediated
photooxidation42·93, ether 5 5 1 2 3 ' 2 4 , J23055, acyl azide and carbodiimides, like
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l-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)33·39·51·55-65. Though
glutaraldehyde treatment has FDA approval, the necessity for alternatives remains as
cytotoxicity and glutaraldehyde-induced calcification may occur41·93. One altemative
is photooxidation. Meuris et α/.43 made a comparison between glutaraldehyde and
photooxidative treated tissues and found the latter to be potentially suitable as no
calcification after implantation was found. McFetridge et al.42 performed photo
oxidative crosslinking with methylene green on decellularised tissue and showed
human umbilical vein endothelial cells (HUVECs) adherence and maintenance
over a short 3-day culture period.
Another frequently applied and low-toxic crosslinking method involves EDC,
most generally used with the catalyst N-hydroxysuccimide (NHS) (Figure 4). EDC
crosslinking can be controlled by the pH60. Also, EDC/NHS crosslinking is used in
functionalising grafts while crosslinking in the presence of a GAG. For instance,
heparin can be used in providing an anti-coagulant surface33·19·51. In the case of type
I collagen, covalently-bound heparin can act as a tromboresistant125. Furthermore,
heparinisation of grafts can be the onset to further graft functionalisation by the
addition of heparin-binding growth factors.
Graft functionalisation
Growth factors

The incorporation of growth factors in vascular grafts may be the answer to the
developing demand of smarter custom-made scaffolds with stimuli for growth
and for creation of an optimal environment126. Growth factors can induce and
modulate cellular influx after implantation. For vascular purposes, vascular
endothelial growth factor (VEGF) and fibroblast growth factor 2 (FGF-2 or bFGF)
are the most significant growth factors. VEGF-A is a 46 kDa disulphide-linked
homodimer from the vascular endothelial growth factor family and plays a key role
127
in vasculogenesis and angiogenesis , as does FGF-2 (16 kDa) from the fibroblast
growth factor family, which is present in the subendothelial matrix of native blood
vessels128.
It is known that porous collagen matrices can serve as carriers of growth
129
110
factors . The addition of VEGF and heparin increase the angiogenic potential
of collagen matrices. Release of immobilised VEGF from heparinised collagen
31
matrices strongly depends upon proteinases' . Photo-immobilisation of VEGF in
photoreactive gelatin showed enhanced surface coverage by human umbilical vein
endothelial cells (HUVECs) grown in vitro"2. The positive effect of VEGF upon

30

Acellular tubular grafts constructed from natural materials
endothelialisation may help to increase patency133.
Kurane et al.K functionalised an elastin tube by addition of agarose with FGF2. The sustained FGF-2 release enhanced cellular repopulation subdermally in
rats.38 Furthermore, a fibrin gel supplemented with VEGF and FGF stimulated
angiogenesis in an arteriovenous loop model in rats70. VEGF and FGF-2 have a
combined effect that leads to increased angiogenesis and blood vessel maturation
when loaded to acellular heparinised collagen matrices in a subcutaneous model134.
Other angiogenic agents have also been applied to acellular matrices, such as
ginsenoside Rgl which is retrieved from the plant Panax ginseng^5 and TGF-ß
which synergistically enhanced elastin matrix regeneration with hyaluronan136.
Though the positive effects of growth factor application are evident, a cautionary
note must be mentioned. Overstimulation of cells in vitro or in vivo may induce
undesired effects like intimai hyperplasia137. However, when applied strategically,
growth factors can be highly useful building blocks in the construction of tailormade 'smart' scaffolds.
Endothelialisation
In vitro endothelialisation, resulting in a confluent endothelium, can improve
patency and decrease thrombogeneic responses'33. EDC/NHS-crosslinked collagen
sustains EC growth and proliferation and may therefore be a good candidate
for in vivo application. Higher cell numbers were found on collagen with high
crosslinking densities'04. Yu et al.m pretreated EDGE-decellularised thoracic
arteries with lysine and type I collagen before endothelialisation with HUVECs.
Borschel et al.51 showed that seeding of decellularised arteries with endothelial
cells increased patency rates in comparison to equivalent but non-seeded grafts.
Acellular collagen matrices from porcine carotid arteries, also obtained by
decellularisation, were seeded with HUVECs and supported cellular expression of
vasoactive agents3'.
PERFORMANCE MONITORING
Graft analyses and in vitro screening
It is important to realise that graft analyses and in vitro screening should precede
in vivo experimentation. As described, type I collagen and elastin are the main
extracellular building blocks in the native arterial architecture and, therefore, the
main subjects of interest in this paragraph. One of first analysis of a biomaterial
shouldbe for successful cellular and nuclei removal. This can be done for instance by
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histological techniques and by DNA quantification41. Furthermore, morphometric
analysis is useful in determining structure and porosity of the graft. The porosity of
a graft is of main importance for in vitro and in vivo (re)population with cells. Pores
need to be large enough (100-150 μηι) for cells to enter and invade. The porosity
and (ultra)structure can also be checked by electron microscopy76. Denaturation
of proteins, as a side effect of heat or alkaline treatments, can be examined by
e.g. differential scanning calorimetry48. The purity of the 'building blocks' need
to be assessed (Figure 2). Biochemical washings performed upon pulverised
Achilles tendon resulted in purified insoluble type I collagen fibres with an intact
striated banding pattern (Figure 2A)99. Biochemical treatment of pulverised equine
ligamentum nuchae resulted in pure elastin fibres devoid of microfibrils (Figure
2B) n s . Immunohistochemical techniques can be used to identify the location of
a specific molecule within the graft. Addition of growth factors to molecularlydefined grafts requires their quantification in the graft.
Both decellularisation and purification protocols involve many chemical agents
that can potentially induce cytotoxic effects. Therefore, in vitro cell seeding must
be carried out to study the cell viability, adhesion and proliferation of blood vessel
cells like ECs and SMCs. ECs and SMCs can be isolated from arteries or veins and
characterised by vWF/CD31 and α-smooth muscle actin stainings, respectively.
A strong linear correlation between cell attachment and scaffold surface area of
collagen-GAG scaffolds has been reported108. Type I collagen membranes were
seeded with ECs and SMCs and sustained coculture for 21 days46. Berglund et
al. casted cellularised collagen gels around purified arterial elastin12 and collagen
support sleeves56, thus obtaining layered constructs. Lu et α/.41 cultured 3T3
mouse fibroblasts upon pure elastin and collagen scaffolds. Wissink et al.m found
secretion of the vasoactive agents PGI2, tPa and vWF by ECs seeded upon flat
collagen films. Buijtenhuijs et al.m described aSMA-positive SMCs seeded on
molecularly-defined collagen-elastin scaffolds. Similar scaffolds were tubularised
by a moulding technique, seeded with SMCs and cultured in a bioreactor for 7
days139. Rotational seeding was also used for the seeding of acellular collagen
matrices with human saphenous vein endothelial cells11.
Blood compatibility experiments including the thrombogenic and (anti)
coagulant properties of the biomaterial may also be investigated. These can be
measured by assays including platelet adhesion and activation, clotting time,
thromboelastography, thrombin generation andfibrinclotting. Bocchafoschi et al.61
found that acid-soluble type I collagen films slightly activated platelet aggregation,
but did not enhance blood coagulation. Keuren et al.*6 tested polysaccharide
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surfaces for thrombogenecity and found that covalently-bound heparin provides
thromboresistance to collagen125. Recombinant human elastin polypeptides (EP20-24-24) showed great potential as non-thrombogenic coating of synthetic
polymer catheters both in vitro and in vivo in rabbits84.
Finally, an experimental graft has to possess sufificient mechanical strength to
withstand blood pressure forces, 120 mm Hg in systole and 80 mm Hg in diastole.
Native blood vessels have burst pressures in the range of 2000 mm Hg, well above
physiological blood pressure values44120. Additional mechanical determinants
include compliance, modulus of elasticity and suture retention strength. A minimal
requirement for the suture retention strength is around 2 N 16 . Unidirectional testing
can be used for calculation of the Young's modulus, elongation at break and
ultimate tensile strength (UTS). The human saphenous vein, the golden standard
replacement graft in peripheral bypass surgery, has a burst pressure of 1680 ±
307 mm Hg64, porcine carotid arteries a burst pressure of 2000 mm Hg42, and
ePTFE grafts95 can have burst pressure values over 3500 mm Hg. Berglund et
al.56 measured peak bursting pressures for construct sleeve hybrid grafts of 100
and 650 mm Hg for noncrosslinked and glutaraldehyde-fixed grafts, respectively.
Burst pressure of aSIS vascular grafts range from 931 36 to 3517 mm Hg95. Human
coronary arteries have a Young's modulus around 0.6 MPa140. In the case of
decellularised arteries, there may be altered mechanical properties due to chemical
treatment.59 Decellularised rabbit carotid arteries displayed an increase in stiffness,
a decreased extensibility and a lower stress level in comparison to native ones59.
Arterial replacement grafts need to have similar or matching mechanical properties
as native vessels before in vivo application can take place, as mismatches may
induce undesired long-term complications, like intimai hyperplasia, aneurysm
formation or even graft failure44.
Animal models
Numerous animal models have been developed to test biomaterials for (cardio)
141
vascular tissue engineering purposes . A broad range of implantation sites are
used for acellular and natural tubular grafts, including subdermal implantation.
Subdermal implantation is initially performed to study biocompatibility, cellular
38
ingrowth and biodegradability. Kurane et α/. found in vivo cellular repopulation
in subdermally implanted tubular elastin scaffolds functionalised with FGF-2. The
latter was found to suppress calcification of elastin. Daamen et al. ' 4 2 implanted
scaffolds containing type I collagen and solubilised elastin in young SpragueDawley rats, a sensitive calcification model, and found elastic fibre formation with
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no calcification. Liu et al.40 placed decellularised aorta of foetal pigs subdermally in
rats. The foetal tissue showed practically no immunological response and minimal
calcification.
Vascular implantation sites include aorta, and coronary, carotid and femoral
arteries. Methods of graft preparation are listed in Table 2, together with some in
vivo models and applications with natural materials. Liu et al.™ placed strips of
collagen and elastin matrices within the lumen of rat aorta and found that elastin
matrices inhibited SMC proliferation and neointima formation in comparison to
collagen matrices. Complete vascular replacement may initially include acute
models, in which grafts are exposed to blood flow during a limited amount of
39
time. Liao et al. used a baboon external shunt model and studied radioactive
platelet deposition during 60 min on decellularised and heparinised porcine
carotid arteries. Hinds et α/.15 implanted composite elastin-aSIS grafts in domestic
swine and compared these to ePTFE. In this acute model, the natural graft had
significantly longer patency times than ePTFE, namely 5.23 h versus 4.15 h.
For long-term in vivo experiments, allogeneic49·62 and xenogeneic37 models have
been used. Martin et al.49 found satisfactory results in applying SDS-decellularised
vein allografts with respect to strength and cellular repopulation within canine
bilateral carotid interposition. Kim et al.17 described histopathological changes
of the graft in a xenogeneic pig-to-goat model. An acellular collagen graft from
aSIS remained patent up to 90 days and became physiologically responsive when
implanted end-to-side in carotid arteries of New Zealand rabbits16. In a similar
animal model, bilateral surgery was performed with heparinised xenografts,
indicating that heparinisation reduces in vivo thrombogenecity51. Hyaluronanbased scaffolds (HYAFF-11IM) were placed end-to-end in rat abdominal aortas73
and in porcine carotid arteries74. In the latter case, 70% of the grafts remained
patent after 5 months, which was determined by Duplex scanning. The grafts were
almost fully degraded, remodelled into mature tissue and histology displayed CD31
and vWF-positive endothelial lining and formation of organised layers of elastin
fibres (Figure 6). The ability to initiate the biosynthesis of elastin is considered to
be the missing link in vascular tissue engineering68. Elastin's structural location,
as displayed in Figure 1, is of great functional importance. Bergmeister et al.n
implanted decellularised muscular arteries from pigs into rat aorta. The grafts
displayed a transition from a muscular to an elastic phenotype.
Electrospun grafts from collagen in combination with PCL kept integrity for 1
month when implanted in a rabbit aorta-iliac bypass model" 5 . A hybrid tube of
PLLA and PGA in combination with a collagen microsponge generated confluent
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Figure 6
Histological sections of hyaluronan-based tubular scaffolds 5 months after implantation.
No signs of intimai hyperplasia were observed (A, B). Haematoxylin staining was used for
a general view (A,D) and Weigert staining was applied as specific stain for elastin (B,E).
Histology shows the formation of concentric elastic layers of elastin and inner lining by
flattened cells (D, E). Duplex scanning shows, like histology, patent grafts after 5 months
(C). Figure reprinted with permission from FASEB74. Colourfigureon p. 182

endothelial lining in situ in a canine bilateral carotid artery interposition study14'.
Nonvascular conduits, obtained from decellularised ureter, were implanted in
abdominal aorta of dogs and transformed into durable conduits144. Wilson et ai.52
used canine interposition in femoral and carotid arteries and followed patencies up
to 6 years. Subsequently, this graft was also tested in another preclinical in vivo
study, using in an allogeneic canine coronary artery bypass model53.
In the end, interpositioning and bypassing are the best animal models before future
application in clinical human trials. The use of anticoagulant drugs is feasible and
frequently performed, as this treatment can easily be adapted to a clinical setting.
Additionally, anticoagulant medication gives the body time to integrate an acellular
natural graft without the risk of thrombosis and graft occlusion.
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Table 2: List of acellular natural grafts applied in vivo. Indicated are the source, type of
treatment, method of stabilisation and in vivo model used.

1

Source

Treatment

1 Grafts created by decellutarisation

Implantation site

Outcome/Remarks 1

procedures

1

TntonX-100,
deoxycholate,
IGEPAL, EDTA,
RNase, DNase
Glycerine, SDS and
deoxycholate

EDC crosslinking
with and without
hepanmsation

Interposition in rat
infrarenal aorta

Transition from
muscular to elastic
arteiy

-

Interposition in rat
femoral artenes after
EC recellulansation

At 4 weeks patency
was 89% for
recellulansed grafts
vs 29% for acellular
grafts

EDTA, n-octyl-D-Dglucospyranoside,
DNase
EDTA and salt
solution (Tubular
entrapment and
luminal deposition of
fibnllated collagen)
Hypertonic solution
and SDS Kept frozen
until use

Freeze-drymg in
the presence of a
cryoprotectant
EDC crosslinking

Interposition m goat
carotid artery

All grafts remained
patent at 7 months

Imeipostion in rabbit
carotid artery

In vivo cellulansed
vessels are responsive
to vasoactive agents
at 3 months

-

Bilateral interposition
in goat carotid artery

Grafts studied up to 1
year No thrombi, but
some stenosis found

Porcine carotid
arteiy

Unspecified
hypotonic, enzymatic
and deteivent
treatment

EDC crosslinking
and hepanmsation

Eternal shunt in baboon

Reduced platelet
deposition compared
to non-hepann coated
vessels

Rat aorta

NaOH treatment
resulting m basal
lamina, internal

Luminal implantation
m rat inlrarenal aorta

Elastic lamina loweis
leukocyte adhesion
and neointtma
foimation

Bilateral interposition
in canine carotid artery

Companson to fresh
alio- and autografts

Implantanon of 1-2 cm2
fragments m sheep
jugular vein

Least calcification in
photo-oxidized
samples

Interposition m canine
carotid arteiy

EC-seeded patent for
at least 24 weeks
Non-seeded most
occluded at 1 week

bilateral bypass in
rabbit carotid arteiy

Less occlusions in
hepanmsed
xenografts

Bergmeister
el al"

Porcine femoral
artery

Borschel el
al"

Rat iliac artery

Hilbert el
al"

Goat carotid
artery

Humhel

Porcine small
intestine

Km et al"

Porcine carotid
artery

Liaoelal"

La el al"

.

adventitial collagen
at luminal side
SDS at 37-0

Martin et
al"

Canine external
jugular vein

Meur is et
al"

Porcine aorta

Tnlon, RNase and
DNase

Narita et
al'0

Canine ureter
non-seeded and
EC seeded

Tnton X100/EDTA/RNase/D
Nase

Wang et
al"

Canine carotid
artery

Hypo-and
hypertonic, Tns,
TntonX-100/EDTA,
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Method of
stabilisation

Glutaraldehydc and
photooxidative
fixation

.

EDC crosslinking
and hepanmsation
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1

Source

Treatment

1 Grafts created by decellutarisation

Method of
stabilisation

Implantation site

Outcome/Remarks 1

procedures

1

RNase, DNase
Wilson el
al"

Canine carolld
artery

Hypotonic solution.
and enzymatic
digestion

Wikon el
al"

Canine carotid
aileiy

Hypotonic solution,
TntonX-lOO.SDS
and enzymatic
digestion "

.

-

End-to-side
implantation in canine
femoral, carotid and
mfrarenal arteries in
dogs
Bypass m canine
coronary artery

No anli-lhrombotic
drugs administered
Patency studied up to
6 years
4/9 grafts were
patent

1 Grafts created from scratch

1

Flastm conduit
isolated from
porcine carolld
artery with SIS
Hyaluronan
(HAYFF-11™)

Acellular graft made
by gluing elastin tube
and SIS with fibnn
Tubular shaping by
coating of mandrel

Nagai el

Collagen from
salmon skin

Casting technique to
prepare a tube

Simionescu
et al"

Elastin and
collagen isolated
from ascending
porcine aoila
Type I collagen
from porcine
skin

Elastin grails with
maintained tubular
shape

Hinds el
al"

Lepidi el
al"

Wuelal"

Tillman el
al'"

Type 1 collagen
and PCL

Zavanet
al1'

Hyaluronan
(HAYFF-11™)

Interposition in porcine
carotid artery

Grafts performed
better than ePTFE in
6 hour study

-

Interposition m rat aona

Complete
regeneration of
vascular tube after 3
months

EDC crosslinking

Interposition m rat
abdominal aorta

Pnor to implantation,
grafts were coaled
with argatroban to
prevent early
thrombosis

Interposition m
rabbit carotid artenes

No leakage in 30 mm
study, little piatici
adhesion

_

Vacuum suction to
prepare membranes
These membranes
were enrolled and
sutured to prepare a
tube

GlutaraJdehyde
followed by freezediying

Interposmon in rat
inferior vena cava

EC/SMC seeded
graft no thrombosis
and inumai
hyperplasia at 12
weeks Acellular
graft platelet clot
present that gradually
dissolved, some
inumai hyperplasia

Tubular
Electrospinnmg in
1,1,1,3,3,3hexafluoro-2propanol
Tubular shaping by
coating of mandrel

Glutaraldehyde
crosslinking

Aortoiliac bypass in
rabbit

7/8 implants remained
patent for 1 month

-

Bilateral interposition
in porcine carotids

Biosynthesis of
organised layers of
elastic fibres after 5
months
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CLINICAL USE OF ACELLULAR NATURAL GRAFTS
Several acellular natural grafts have reached clinical application. Benefits of the
biografts include optimal availability and appropriate caliber. Artegraft, a collagen
vascular graft, has been clinically applied since the 1970s. For this, carotid
arteries of BSE-free food cattle are the source. It is primarily used as AV shunt for
haemodialysis purposes, femoropoliteal bypass and arterial replacement, bypass
or patch145. Cryolife® uses Synergraft® technology, a patented decellularisation
procedure, in processing bovine ureter as vascular conduit called SG 10014''·"'6. The
same company markets cryopreserved arteries and veins as well, by the names
CryoArtery® and CryoVein®. Chemla et al.146 ran a clinical trial and found that
SG 100 has comparable achievements as ePTFE. In the 1980s, the new bovine
collagen vascular graft Solcograft Ρ was developed, but was taken of the market
by the manufacturer due to failure in clinical trials, most probably due to aneurysm
formation54147. The negatively charged glutaraldehyde tanned (NCGT) graft from
Johnson & Johnson was demonstrated in a clinical trial to have a cumulative
patency rate of 73% by Reddy et al.™* Successful patencies of NCGT grafts are most
probably caused by the surface charge and the relatively dense structure of NCGT
grafts. This dense structure can cope with short- and long-term thrombosis'49.
Hybrid grafts, that combine man-made and natural polymers, have also been
used. Omniflow® II (Bio Nova international, Melbourne, Australia) is a vascular
composite prosthesis that is created from stabilised sheep collagen with an integral
endoskeleton of polyester mesh. The chemical stabilisation of this prosthesis
provides a superior structural stability and compliance. A multicentre randomised
study was started in January 2009 to compare patency to PTFE. Other marketed
hybrid grafts include Biografi, a glutaraldehyde-tanned human umbilical vein
wrapped with Dacron from Synovis. The human application with this graft was
first described in 1976 by Dardik et al.150 In a six year study, only 17% of grafts
151
resulted in aneurysm formation though dilatation of the graft was found .
Contegra® pulmonary valve conduit (Medtronic) has been created from a bovine
jugular vein with a trileaflet venous valve. An example of clinical application is as
an alternative during the Ross procedure, during which a diseased aortic valve is
surgically replaced. According to Hickey et al.I52, Contegra matches cryopreserved
allograft performances in tmncus arteriosus repair. This application of natural
tubular grafts, especially in paediatric surgery, demonstrates their ability to function
and remodel in specific tissue and grow along with the body itself.
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CONCLUSION & FUTURE OUTLOOK
The application of natural materials for vascular tissue engineering may counteract
persisting clinical problems like intimai hyperplasia and (re)stenosis. Currently,
the paradigm in medicine shifts from synthetic graft application to the use of
biodegradable and porous biomaterials153, in combination with biological key
effector molecules, which should trigger tissue-specific regeneration. Growth
factors like VEGF and FGF-2 are promising candidates as both play key roles in
angiogenesis, vasculogenesis and embryological development.
Using Mother Nature as a blue print, scaffolds or grafts should mimic the original
composition and architecture of the organ or tissue in question. Considering
the extracellular matrix, a multi-component approach is most eminent with
molecularly-defined building blocks in order to construct characterised tailormade scaffolds126. For this, vascular grafts may contain a molecular skeleton of
type 1 collagen and elastin, to which bioactive molecules can be added such as
glycosaminoglycans and growth factors. To develop such 'smart' scaffolds, casting
and moulding techniques or electrospinning may be applied using highly-purified
ECM components.
Microscale and high-throughput screening154 of biomaterials in vitro and in vivo
will most probably lead to the discovery of new graft compositions. In this way,
development of even 'smarter' scaffolds may bypass decellularised natural grafts,
and become tailor-made off-the-shelf vascular grafts.
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ABSTRACT
The body contains a number of organs characterised by a tubular shape. In this
study, we explored several methodologies for the construction of collagenous
tubular scaffolds and films with defined (ultra)structure, length, diameter,
orientation, and molecular composition. Standardisation of moulding, casting,
freezing and lyophilising techniques using inexpensive materials and methods,
resulted in controllable fabrication of a wide variety of tubular and tissue-specific
tubular scaffolds and films. Analysis included immunohistochemical and (ultra)
structural examination. Handling and suturability were found adequate for tissue
engineering applications.
Keywords: extracellular matrix, tissue engineering applications, biomimetic
applications, acellular biological matrices
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INTRODUCTION
A variety of organs have a three-dimensional tubular structure, including blood
vessel, ureter, urethra, bile duct, intestine, oesophagus and trachea '. For the
regeneration of such organs, biomaterials may be used. Degradable porous scaffolds
integrated with bioactive molecules may be instrumental in this respect2. A large
variety of biomaterials has been manufactured from synthetic polymers 3"6, but
many techniques used for the construction of synthetic tubing are not applicable to
biological materials due to the (harsh) conditions applied2·7, such as heat treatment.
Other techniques such as traditional salt leaching or solid free-form fabrication
may not readily be applied to biological materials with respect to the fabrication
of scaffolds with a controlled architecture. The use of biological components as
scaffolding material, however, is highly desirable, because using these components
the natural cellular environment -the extracellular matrix (ECM)- can be mimicked
more closely. Recently, state-of-the-art work was presented by Macchiarini et al.
who clinically applied decellularised collagenous human trachea, seeded with
autologous cells, for tissue engineering of airway in men 8'',.
Multiple groups have applied porous collagenous scaffolds in the engineering
of tissues 10",4. In general, the regeneration of tissues does not only depend on
cells, but also on a correct 3D architecture of the applied scaffold l5 . For instance,
the pore size may influence cellular activity 16"li!. Kroehne et al. demonstrated
the potential of using collagen matrices with oriented pore structure for muscle
cell differentiation l3. The same may be true for tubular scaffolds. We previously
showed that the three-dimensional architecture of tendon, lung and skin can be
mimicked using 'flat' type I collagen scaffolds l5. 'Flat' scaffolds may be sutured
into tubes using a variety of techniques l0, though, the preparation of pre-tubularised
collagen scaffolds may facilitate the surgical procedure l9. Therefore, in this study,
we extended our methodology by the preparation and characterisation of tubular
scaffolds.
Tubular scaffolding has been widely reported in literature for various applications
20 27
" . A number of construction methods use decellularisation of tubular organs/
tissues28, but this inevitably leads to batch-to-batch variations whereas the precise
composition and possible contaminants of the graft are generally unknown. In this
study, we introduce new methods for graft construction from scratch. One major
advantage of this bottom-up approach is the tenability of a number of parameters,
thus facilitating tailor-made construction. In addition, the use of highly-purified
components will allow studies to the effect of a single component within the
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construct. In this study, we used highly-purified type I collagen fibrils as the basic
material. Collagen is the most abundant protein in the ECM of organs, and is the
prime scaffolding material of the body, providing structural integrity and strength
29 30
· . Isolated collagen fibrils are highly biocompatible and have been amply used
for tissue engineering purposes including blood vessel 12·2λ-λ1 , bladder32, urethra33
and cartilage 34.
Generally, tubular scaffolding can be achieved by introducing moulding and
casting techniques around a mandrel 3 5 · 3 6 . Optimally, moulding and casting
techniques must allow the construction of tubular scaffolds corresponding to
the organ under study, and it should allow in vivo implantation demands. In this
respect the choice of the scaffold's diameter, length, lumen, internal 3-D structure
and added biomolecules is essential for a tailor-made approach. In this study, we
developed various tubular moulding and casting methods, and characterised the
resulting (composite) collagenous scaffolds/films. Analyses included macroscopic
examination, scanning electron microscopy, immunohistology, and handling with
respect to suturability.

MATERIALS & METHODS
Materials
Unless stated otherwise, all chemicals were purchased from Merck Chemicals
(Darmstadt, Germany).
Type I collagen fibrils
Insoluble type I collagen fibrils were purified from pulverised bovine Achilles
tendon 37. The purification consisted of biochemical washings with diluted acetic
acid, aqueous NaCl solutions, urea, acetone and demineralised water.
Elastin fibres
18
Elastin fibres were purified from pulverised equine ligamentum nuchae .
The purification consisted of several washings steps with 1 M NaCl, ethanol,
chloroform/methanol and ether, and 8% (w/v) CNBr in formic acid (under gaseous
nitrogen conditions), demineralised water, urea, 2-mercaptoethanol and a trypsin
digestion.
Collagen suspension
A 0.8% (w/v) type I collagen suspension in 0.25 M acetic acid was prepared by
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swelling at40C for 16 h. Homogenisation of the collagen suspension was achieved
with a Potter-Elvehjem device (Louwers Glass and Ceramic Technologies, Hapert,
the Netherlands) with an intervening space of 0.35 mm on ice using approximately
10 strokes. The suspension was deaerated by centrifugation at 250 g for 15 min.
Polylactide-capmlactone (PLCL)
Synthetic polymer synthesis was performed by adding 90.0 g of L-lactide
(Beuringer Ingelheim, Ingelheim, Germany) and 10.0 gram of e-caprolactone
(Sigma-Aldrich, Steinheim, Germany) inside a glove box to a dried ( 180oC) 150
ml cylindrical stainless steel reactor equipped with an argon inlet. The reactor was
sealed and brought outside the glove box to an oven set to 160oC. After 30 minutes,
0.3 ml tinoctanoate was added under Argon flow to the molten monomer. The
reactor was then rotated in the oven at 130oC for an additional 24 h. The resulting
white block of polymer was stored dry until further use. PLCL (PLLA:PCL = 9:1)
had an inherent viscosity of 1.90 dl/g in hexafluoroisopropanol at 250C, a Young's
modulus 2.5 GPa, and elongation at break -50%.
Methods
Tubular scaffolds
Tubular collagen scaffolds: The homogenised and deaerated collagen suspension
was casted in a polystyrene mould with an inner diameter of 10, 13 or 22 mm
after which a stainless steel mandrel with defined diameter was inserted (Table 1).
A spacer was placed to keep the mandrel in place and the construct was frozen at
either -20oC (freezer), -80oC (dry ice/ethanol), or -1960C (liquid nitrogen), and
subsequently lyophilised (Zirbus, Bad Grund, Germany) (Table 1) resulting into
tubular collagen scaffolds (Fig. 1). From each diameter and for every freezing
temperature, pores in the scaffolds were measured using scanning electron
micrographs.
Long tubular collagen scaffolds: Typically, the prepared basic tubular scaffolds
were up to 5 cm in length. Longer collagen scaffolds (11-12 cm) were made by
preparing scaffolds in a custom-made two-segmented mould with an inner diameter
of 14 mm (Fig. 2). One end of the mould was closed by a polystyrene cap with
a centred hole, and a stainless steel mandrel (0 6 mm) was placed through the
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cap. The mould was filled with a homogenised and deaerated 0.8% (w/v) collagen
suspension in 0.25 M acetic acid, after which the other end of the mould was
closed, thus fixing the mandrel. The complete system was frozen at -20oC for 16
h. Subsequently, caps were removed and the frozen mould was lyophilised. Next,
the two mould segments and mandrel were removed, resulting in a long tubular
scaffold.
Table 1: Characteristics of used mandrels, moulds, and freezing temperatures for the
construction of tubular collagen scaffolds and films.
Diameter (mm)

ο

ì

mandrel

mould

4
4
4
6
6
10

10
10
27
13
14
22

Freezing temperature
o

-20 C

o

-80 C

0

-196 C

S

s
s

Film*

Scaffold

air drying

freeze drying

Λ2)
s
^(3)

(*) Tubularfilmswere preparedfrom-20oC tubular scaffolds only.
(1) To obtain tubular scaffolds with inner circumferential orientation type I collagen fibrils
were twirled upon the mandrel after inducing aggregation, and beforefreezingand freeze
drying.
(2) To obtain scaffolds with inner radial orientation an inwards outfreezinggradient was
established by placing liquid nitrogen (-1960C) inside a hollow 4 mm mandrel.
(3) A two-segmented stainless steel mould was used to obtain long tubular scaffolds.
Tubular collagen scaffold with internal radial orientation: A hoi low mandrel (outer
diameter 0 4 mm, brass) was inserted in a tubular polystyrene mould (diameter 27
mm) with a centred hole. The hollow mandrel was closed at one end with a brass
plug. The 0.8% (w/v) collagen suspension was placed in the mould and the hollow
mandrel was filled with liquid nitrogen. This caused the suspension to freeze from
the lumen outwards (inwards out). After 2 h (to ensure complete freezing), the
construct was lyophilised.
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Tubular collagen scaffold with internal circumferential orientation : A homogen i sed
collagen suspension was made as described, using 12.5 mM acetic acid instead of
0.25 M to enable collagen fibril aggregation. A polystyrene mould was filled for
one quarter with 0.1 M phosphate buffer (pH 7.4). The collagen suspension was
put on top filling the tube for three quarters. Another quarter of 0.1 M phosphate
buffer (pH 7.4) was put on top of the collagen suspension to achieve slow
homogenous aggregation. Next, a stainless steel mandrel (0 4 mm) was placed
and the aggregating collagen fibrils were manually twirled around it. Then, the
mandrel with the circumferentially oriented collagen fibrils was removed from the
mould, frozen at -20oC, and lyophilised.
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Figure 2
Construction of long tubular scaffolds (-10 cm) using a two-segmented stainless steel
mould, showing a macroscopical view without (A) and with (B) a tubular scaffold around
a 6 mm stainless steel mandrel. The mould has two open ends, facilitating freeze-drying,
and can be segmented in two separate longitudinal parts to improve scaffold removal.
Electron microscopic images of scaffold's cross-section at low (C, bar represents 1 mm)
and high magnification (C, insert, bar represents 100 μιη) display a highly porous structure.
L: lumen.

Tubular films
Tubular collagen films: Films were produced originating from scaffolds. It was not
possible to make tubular film from collagen suspensions directly, since collagen
suspensions were not viscous enough to remain fully attached to the mandrel.
Tubular collagen scaffolds prepared at -20oC were wetted in demineralised water
around poly-ether-ether-ketone (PEEK) mandrels (diameter 4, 6 and 10 mm).
For this, tubular scaffolds were fixed at the PEEK mandrel's ends with suturing
thread (3-0 vicryl, Ethicon, Johnson & Johnson, New Brunswick, NJ, USA) and
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deaerated in demineralised water under vacuum for 5 min in a desiccator. The fixed
and wetted tubular scaffolds were dried standing around their mandrels at 210C for
16 h. PEEK was used for its high inertness so films could be removed from the
mandrel after drying (see Results & Discussion section).
Composite tubular scaffolds/films
Tubular collagen scaffold with abluminal polymer film: For improving tubular
collagen scaffold's strength, an abluminal synthetic polymer film was applied.
PLCL was homogeneously dissolved in chloroform to a final concentration of 20%
(w/v). Tubular collagen scaffolds (0 4 mm, -20oC) with mandrel (0 4 mm) were
dipped into the polymer solution for 3 s and the scaffold was left standing at 210C
to dry on the stainless steel mandrel. Burst pressure and ultimate tensile strength
(UTS) were measured as described previously39. Briefly, 1.5-2 cm tubular scaffolds
(with abluminal film, n=6) were placed around a hollow mandrel. After clamping
at both ends, -0.01% (w/v) bromephenol blue in water (Biorad, Veenendaal, The
Netherlands) was pumped into the scaffold's lumen. Burst pressures were measured
in mm Hg by a pressure transducer connected to a computer. For ultimate tensile
strength measurements, tubular scaffolds were cut open longitudinally and fixed
between polystyrene clamps. Specimen strips (n=6) were pulled until rupture,
reflecting the UTS.
Tubular collagen film with elastin fibres and luminal type IV collagen: A type I
collagen fibril/elastin fibre 1.6% (w/v) suspension (collagemelastin = 1:1) in
0.25 M acetic acid was prepared similarly to a basic collagen suspension. The
suspension was casted in a tubular polystyrene mould with mandrel (PEEK, 0 4
mm), frozen (-20oC) and freeze-dried. A film was made from the scaffold by air
drying the wetted scaffold at 2Γ€ (as described in M&M section 'tubular collagen
film'), followed by removal from the mandrel (pieces of up to 1 cm). A 0.1 % (w/v)
type IV collagen (Fluka, Buchs, Switzerland) suspension in 0.25 M acetic acid was
luminally coated; the tubular collagen/elastin film was pinned on a 25 G needle
and vertically fixed on styrofoam. The lumen of the tubular film was filled with the
type IV collagen suspension, which was collected at the bottom. This procedure
was repeated at least 4 times, followed by air drying at 210C.
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Scaffold characterisation
Scanning electron microscopy (SEM): SEM was used to analyse the morphology
and structure of the tubular scaffolds/films. Samples were fixed on a stub with
double-sided carbon tape, and sputtered with an ultrathin gold layer in a Polaron
E5100 Coating System. Examination was done in a JEOL SEM 6310 apparatus
(JEOL Ltd, Tokyo, Japan) at an accelerating voltage of 15 kV.
Suturability: Basic tubular collagen scaffolds (4 mm, -20oC) were crosslinked and
tested for suturability. Tubular collagen scaffolds were crosslinked by means of
l-ethyl-3-dimethyl aminopropyl carbodiimide (EDC, Fluka, Buchs, Switzerland)
and ,V-hydroxysuccinimide (NHS, Fluka). Briefly, scaffolds with mandrels were
pre-incubated in 50 mM morpholinoethane sulphonic acid (MES, USB Corporation,
Cleveland (OH), USA) (pH 5.0) containing 40% (v/v) ethanol (0.4 mg collagen/
ml) for 5 min under vacuum. Next, wetted scaffolds were crosslinked in 33 mM
EDC and 6 mM NHS in 50 mM MES buffer (pH 5.0) containing 40% (v/v) ethanol
for 4 h. The mandrels were removed after 2 h of crosslinking. Scaffolds were
washed with 0.1 M Na 2 HP0 4 , 1 and 2 M of NaCl, and demineralised water ".
Scaffolds were then sutured (end-to-end) by four point sutures to a porcine femoral
artery and between the urethra and the bladder of a rabbit. General suturability, or
'surgeon-friendliness', was evaluated by an experienced surgeon and by evaluation
of leakage at the site of sutures/anastomosis using flushing of the tubular scaffolds
with buffered saline. Suture retention was measured using the same mechanical
set-up for testing ultimate tensile strengths 39. Square knotted 5-0 Vicryl sutures
(Ethicon) were placed ~2 mm at one end of crosslinked collagen tubular scaffolds
(~2 cm in length, n=6) leaving 5 cm extra suture thread. The other (free) end of
the tubular scaffold was clamped and the suture thread was fixed. The thread was
pulled (2.9 mm/min) until rupture through the scaffold.
Immunohistochemistry: Immunofluorescence microscopy was used to study the
presence and location of the different components in the composite collagen film
40
(containing type 1 collagen, elastin fibres and type IV collagen) as described . In
brief, samples were snap frozen in liquid nitrogen-cooled isopentane. Rehydrated
cryosections (5 μηι) were blocked with 1% (w/v) bovine serum albumin (BSA,
USB, Cleveland, Ohio) in phosphate-buffered saline (PBS) (pH 7.4) and
incubated with polyclonal rabbit anti-bovine type I collagen (1:100, Chemicon,
Massachusetts, USA), polyclonal goat anti-human type IV collagen (1:50,
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Southern Biotechnologies, Birmingham, AL, USA) and monoclonal mouse antibovine elastin IgG (1:1000, Sigma). Bound primary antibodies were visualised
with appropriate secondary Alexa488 fluorochrome conjugated antibodies (1:200,
Molecular Probes, Eugene, Oregon USA). Omission of the first antibody was
taken as a control. Sections were fixed in 100% ethanol, air dried, and embedded
in mowiol.
RESULTS & DISCUSSION
Tubular scaffolds
Tubular collagen scaffolds
A standardised method was used to obtain tubular type I collagen scaffolds with
inexpensive materials and methods, including polystyrene tubes, stainless steel
mandrels, freezing and lyophilising. Tubular scaffolds were made with inner
diameters ranging from 4 to 10 mm (Fig. 1), by selecting specified mandrels
and moulds (Table 1). Scaffolds were generally about 5 cm in length. The pore
sizes could be influenced by the freezing temperature (Fig. 3). A low freezing
temperature resulted into smaller pores than a higher one; freezing at -20oC gave
pore sizes of about 150 μπι, in contrast to approximately 10 μιη pores in the case
of-1960C freezing. In the latter procedure, however, macroscopical cracks in the
scaffolds were observed due to the rapid freezing. Freezing at -80oC by means
of dry ice and ethanol gave a heterogeneously-dispersed lamellar structure with
lamellae about 60 μιτι apart.
Long tubular collagen scaffolds
A two-segmented mould was made in order to obtain longer tubular scaffolds.
The length of the mould was limited because the frozen collagen suspension could
only be freeze dried from the top in the tubes used. Use of the designed twosegmented stainless steel mould resulted in tubular collagen scaffolds of 11 -12 cm
in length. SEM analyses displayed a highly porous ultrastructure similar to basic
tubular scaffolding (Fig. 2C & 3A). Longer segments of scaffolds may be needed
in tissue engineering of ureter and blood vessel. In the latter case, longer scaffolds
can especially be useful in bypasses by end-to-side vascular grafting. If desired,
longer scaffolds may be dried into tubular films.
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Figure 3
Scanning electron microscopy micrographs of cross-sections of tubular collagen scaffolds
(4 mm), frozen at different temperatures viz. -20oC (freezer) (A), -80oC (by using dry ice
and ethanol) (Β) and -1960C (liquid nitrogen) (C), and a 4 mm tubular collagenfilm(D).
Freezing at -20oC resulted in round pores (A), at -80oC in lamellar structures with collagen
struts in between lamellae (white arrowheads, insert B), and at -1960C in small pores (C).
The tubular collagen film (D) had a wall thickness of about 35 μιη. Bar represents 100 μιτι
(A-C), 10 μηι (inserts) or 1 mm (D). L: lumen.

Tubular collagen scaffold with internal radial orientation
Radial orientation was achieved through the creation of a temperature gradient
across the mould's radius by placing liquid nitrogen into a hollow mandrel that was
surrounded by collagen suspension. Radial orientation consisted of parallel collagen
lamellae with spaces ranging from 80-100 μηι interconnected by struts (Fig. 4B,
insert). Radial orientation may be useful to achieve deeper cell penetration into
scaffolds, as cells may migrate along the radial orientation deep into the scaffold24.
Furthermore, radial orientation mimics the architecture of the ECM of a number
of organs including some skeletal muscle (e.g of the diaphragm) and secretory
organs. It may also be useful for tissue engineering of peripheral nerve 24 .
(A
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Tubular collagen scaffold with internal circumferential orientation
Circumferential orientation of the collagen was achieved by twirling aggregated
type 1 collagen fibrils on a mandrel, followed by freezing and freeze-drying. SEM
showed that circumferential sheets of aggregated collagen were approximately 50100 μπι apart (Fig. 4A). A circumferential orientation is generally found in layers
of smooth muscles in the wall of tubular organs, e.g. the vascular tunica media. In
such organs smooth muscle cells are positioned within circumferentially aligned
ECM molecules 41 . The procedure allows smooth muscle cells to be incorporated
into the tubular scaffolds by twirling the cells in between the collagen fibrils.
Figure 4
Scanning electron microscopy micrographs of tubular collagen scaffolds, displaying
circumferential orientation (A, bar 100 μηι) and radial orientation (B, bar 1 mm, bar insert
100 μπι). L: lumen.

Suturability
The suturability of crosslinked basic tubular collagen scaffolds was assessed as
'surgeon-friendly', as evaluated by interposing tubular scaffolds into a porcine
femoral artery and between a rabbit urethra and bladder (Fig. 5). Four point sutures
were used for placement to the femoral artery. After suturing, the scaffold was
flushed with saline, resulting in some perfusion through the scaffold's wall, but
none at the anastomotic side of the artery. In case of interposing tubular scaffolds
between rabbit urethra and bladder, also four point sutures were used. None of the
sutures were pulled through the scaffold's wall. Suture retention of wet tubular
collagen scaffolds was quantified as 0.1 ± 0.02 N. Thus, suturability was considered
satisfactory with regard to in vivo implantation studies. The concentration used of
the crosslinker EDC was 33 mM which is relatively high, though. This concentration
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was found optimal with respect to the immobilisation of glycosaminoglycans, the
increase of the denaturation temperature and the decreases the free amino group
content of collagen scaffolds42.
Figure 5
Demonstration of suturability by ex vivo placement of a collagen tubular scaffold {-20oC,
inner diameter 4 mm) end-to-end to a porcine femoral artery (A), and the ex vi vo interposing
of a tubular collagen scaffold (-20oC, inner diameter 3 mm) between the bladder and urethra
of a rabbit (B). White arrowheads indicate end-to-end anastomoses.

bladder
urethra ' scaffold
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Tubular collagen films
Tubular type I collagen films were made by air drying wetted tubular scaffolds
around mandrels. Film thicknesses were -30,40 and 70 μπι for the inner diameters
of 4, 6 and 10 mm, respectively (with matching moulds shown in Table 1) (Fig.
1 & 3-D for 4 mm mandrels). Dried scaffolds on stainless steel mandrels were
difficult to remove. In the case of PEEK mandrels, films could be easily removed
due to the high inertness of PEEK. However, tubular films exceeding about 1 cm
in length were difficult to remove. Larger film may be removed entirely from the
mandrel if thicker films are prepared by an increased type I collagen concentration
in the casting suspension.
Composite tubular scaffolds/films
Tubular collagen scaffold with polymer film
A porous PLCL film was abluminally applied to 4 mm tubular scaffolds and was
firmly attached to the collagen scaffold. The addition of an outer synthetic porous
polymer film created hybrid scaffolds and prevented the collapse of the scaffold.
Basic tubular scaffolds, regardless of diameter, tend to collapse when wetted and
placed on a flat surface, but the PLCL coating prohibited this (Fig. 6A). The burst
pressure of tubular collagen scaffolds with abluminal polymer film was 102 ± 35
mm Hg, whereas tubular collagen scaffolds without polymer had no significant
pressure build up 3 9 . UTS was 343 ± 76 kPa versus 93 ± 21 kPa for tubular collagen
scaffolds with and without abluminal polymer film, respectively. The thickness of
the outer polymeric film was ~50 μιη. The film contained pores of about 5-10 μιη
in diameter (Fig. 6B), possibly caused by air bubbles escaping from the collagen
scaffold during preparation. Such pores may facilitate nutrient exchange and
cellular influx and/or adhesion.
Tubular collagen film with elastin fibres and type IV collagen
A tubular collagen film was constructed harbouring elastin fibres and a luminally
deposited type IV collagen layer. This was performed to illustrate the potential
of tailor-made scaffolds in mimicking both composition and architecture of the
extracellular matrix. Elastin fibres were added to the collagen suspension. Elastin
fibres were found in clusters throughout the type I collagen film (Fig. 7). The
resulting film had a thickness of-100 μιη. Type IV collagen was luminally coated,
and had a thickness of approximately 4 μιη.
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Figure 6
Reinforcement of tubular scaffolds by synthetic polymer films. Prewetted collagenous
tubular scaffolds without a polymeric film tend to collapse, but remain open after
supplementation with a polymeric film (A). Scanning electron microscopy images clearly
indicate the polymer film at the outside of the porous scaffold (B, white arrow, bar represents
100 μπι), which had a porous structure (B, insert, bar represents 10 μπι).

Immunohistochemical images of cross-sectioned tubular film with type I collagen fibrils and
elastin fibres, with a luminal type IV collagen layer. Staining for: A: type I collagen, B: elastin
fibres, and C: type IV collagen as basement membrane equivalent. Bar represents 200 μηι. L:
lumen. Dotted line indicates the abluminal side of the collagen film in C. Colourfigureon p. 183

The tubular scaffolds and films with different diameters prepared in this study are
applicable for tissue engineering of various tubular organs in the human body.
Tubular scaffolds are the materials of choice when replacing tubular structures
in the body. Small diameter tubes are necessary for replacement of e.g. urethra
and blood vessel (~6 mm

4I

and <6 mm
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in humans, respectively), whereas

larger diameter tubes are required to repair defects in for instance the trachea and
oesophagus (inner diameters of 1.2 cm 4 ' and 1.5-2 cm **, respectively). Small-

ex
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diameter blood vessels, for instance, are defined as having diameters equal or
less than 6 mm. The human ureter has an average diameter of 3 mm or less, but
may range from 1 -6 mm 45. The human urethra has a diameter of 6 mm (male or
female)41, but is not equal in diameter along its entire length, and may vary from
6-8 mm46·47. In a rabbit model, 3-4 mm tubular scaffolds are more appropriate for
urethra. Nuininga et al. " sutured flat collagen scaffolds into a tubular shape for
urethra tissue engineering. The use of tubular scaffolds from scratch can prevent
unnecessary seams in the scaffold. Tissue engineering of large-diameter organs
would require larger scaffolds with diameters over 10 mm, namely up to 2.5 cm for
oesophagus (or higher48) and trachea (1.4-2.7 cm 49) in humans. Longer scaffolds
were also constructed, which may especially be useful for tissue engineering of
organs, like the ureter, which is generally 25-30 cm in length, or oesophagus which
is 25 cm long48.
It was also possible to create tubular scaffolding with different pore sizes ranging
from 10 to 150 pm. Differences in 3D organisation of a biomaterial, like pore size
and porosity, have been shown to influence cellular behaviour15. Lower porosities
may limit cellular ingrowth, especially when the pore size is smaller than the cell's
diameter. Cells would not be able to reach the centre of the scaffold limiting nutrient
diffusion and waste product removal. Too large pores would provide a too small
specific surface area, limiting cell attachmentl8. O'Brien et al. 5Ü showed a linear
and strong correlation between scaffold specific surface area, cell attachment (3T3
cells) and viability for pore sizes of 96-150 pm, which are comparable to basic
-20oC tubular scaffolds in this study.
Mechanical properties of scaffolds are important criteria in scaffold analysis. For
some applications in regenerative medicine, collagen tubes may have insufficient
strength. Therefore, several alterations to the collagen tube were investigated
in this manuscript, such as the abluminal application of a polymer PLCL film.
PLCL has been proposed as a biomaterial in tissue engineering applications,
e.g. blood vessels 5I"53. The degradation time of the polymer may be up to a few
years, depending on the size and implantation site. The degradation products are
expected to be non-toxic and to be incorporated in the natural metabolism. In
theory, the concentration of degradation products in the body may be low due
to the slow degradation process, thus limiting major pH changes in comparison
to fast degrading materials such as PGA. However, {in vivo) follow-up studies
regarding the biocompatibility and biodegradability of the polymer are required.
Burst pressure of tubular scaffolds with an abluminal polymer film were up to 100
mm Hg, and ultimate tensile strength was -3.5 times higher compared to basic
tubular collagen scaffolds. Such strengths would be sufficient for regenerative
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medicine applications in for instance ureter or urethra.
The drying of wetted -20oC tubular scaffolds around their mandrels resulted in
tubular collagen films. Composite tubular films could be prepared comprised of an
outer layer of type I collagen and elastin, and a luminal layer of type IV collagen.
Type IV collagen is a typical basement membrane component on which endothelial
and epithelial cells may proliferate and differentiate. The method described holds
promise to prepare tubular constructs with tissue specific basement membranes,
capable of directing cellular proliferation and differentiation. The basement
membrane equivalent may be further optimised by the introduction of other
basement membrane components such as heparan sulfates by crosslinking e.g. by
EDC/NHS 42 · 54 . The tubular structures harbouring a specific basement membrane
analogue may then be evaluated e.g. as blood vessel intima equivalents or as
oesophagus constructs.
CONCLUSION
Anumber of methodologies, based on casting, moulding, freezing and lyophilisation
is described to construct tubular collagenous scaffolds and films. The technology
allows for large flexibility and tunability with respect to dimensions (diameter,
size, wall thickness, length), inner structure (e.g. pore size, inner morphology),
and composition (blends with other components, specific inner/outer layers). The
technology enables the construction of tailor made tubular scaffolds and films
based on biomolecules and may serve regenerative medicine applications.
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ABSTRACT
There is a consistent need for a suitable natural biomaterial to function as an
arterial prosthesis in achieving arterial regeneration. Natural grafts are generally
obtained by decellularisation of native blood vessels, but batch-to-batch variations
may occur and the nature/content of remaining contaminant is generally unknown.
In this study we fabricated a molecularly defined natural arterial graft from
scratch resembling the native three-layered architecture, and emanating from
the fibrillar extracellular matrix components collagen and elastin. Using casting,
moulding, freezing and lyophilisation techniques, a triple-layered construct was
prepared consisting of an inner layer of elastin fibres, a middle (porous) film layer
of collagen fibrils, and an outer scaffold layer of collagen fibrils. The construct
was carbodiimide cross-linked, and heparinised. Characterisation included
biochemical/biophysical analyses, scanning electron microscopy, micro-computed
tomography, (immuno)histology and haemocompatibility. Burst pressures were up
to 400 mm Hg and largely conferred by the intermediate porous collagen film layer.
The highly-purified type I collagen fibrils and elastin fibres used did not evoke
platelet aggregation in vitro. Suturability of the graft in end-to-side anastomosis
was successful and considered adequate for in vivo application.
Keywords: type I collagen, elastin, heparin, acellular, vascular graft, molecular
tissue engineering
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INTRODUCTION
Coronary artery and peripheral vascular disease cause high mortality in Western
societies '. The conventional treatment is surgery to restore blood flow using
autologous or synthetic grafts. The autologous vein is the golden standard for lower
limb bypass surgery, but 30% of patients lack sufficient material:. In these patients,
synthetic small-diameter grafts are used, e.g. extended polytetrafluoroethylene
(ePTFE) or polyester (Dacron), but this may result in occlusion due to thrombosis
often manifesting itself within five years3. One of the approaches used to overcome
these problems is the cellularisation of the conduits A. However, the processes of
cell harvesting and cell culture are time consuming and costly, and this presents
a drawback in the cell-based tissue engineering approach and rules out an offthe-shelf availability. Therefore, research is focusing on improvement of current
conduits by addition of bioactive molecules, and on construction of new ones, e.g.
those based on natural materials \ An example of the first is the coating of ePTFE
with heparin to reduce platelet deposition and neointimal hyperplasia ''. Also,
coating of polymers with recombinant human elastin peptides may significantly
increase graft patency and decrease fibrin deposition and embolism7. Furthermore,
elastin-mimetic peptides coated to ePTFE showed excellent haemocompatible
properties as an arteriovenous shunt8. Accordingly, grafts completely composed
of natural materials are now under investigation 9"".
Natural grafts are generally obtained by decellularisation of native blood vessels
l2 14
" . However, batch-to-batch variations may occur as the exact composition of
extracellular matrix (ECM) components present within these grafts is unknown. In
addition, unidentified remnant components (such as growth factors) may be present
in unknown amounts. This problem may be overcome by controlled preparation
of grafts using purified ECM molecules. For example, Berglund et al. constructed
a blood vessel equivalent based on a type I collagen gel deposited around purified
arterial elastin l5.
Type I collagen and elastin are the main ECM molecules present in the arterial wall
and they supply the artery with strength and elasticity, respectively l6. In the typical
arterial three-layered architecture, elastin is found in intimai and medial sites and
type I collagen within the media and adventitia. Blueprinting Mother Nature, we
designed a molecularly-defined natural graft composed of type I collagen fibrils and
elastin fibres (Figure 1 ). These proteins can be obtained in large quantities applying
suitable purification procedures 17·18. Mono-layered collagen-elastin constructs
have been prepared '9"23 and their cytocompatibility for blood vessel-specific cells.

79

e.g. smooth muscle cells and endothelial cells was demonstrated20·2325. To match
the arterial architecture and mechanical properties more closely, we prepared in
this study a triple-layered tubular construct using highly purified collagen fibrils
and elastin fibres. In addition, we covalently attached heparin to the construct
by EDC/NHS crosslinking 26, to increase thromboresistancy 27. The construct
was evaluated with respect to biochemical and mechanical parameters, blood
compatibility, location of the components ((immuno)histology), (ultra)structure
(scanning electron microscopy and micro-computed tomography) and handling/
suturability.
Figure 1
Schematic representation of the design of an acellular vascular graft constructed from
natural materials mimicking the native blood vessel. It contains a luminal layer of elastin
fibres, a supportive middle layer of type I collagen porousfilm,and an outer layer of porous
type I collagen scaffold to support cellular influx. Heparin may be covalently coupled using
EDC/NHS crosslinking to prevent blood coagulation. Colourfigureon p. 183
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MATERIALS & METHODS
Materials
Unless stated otherwise, all chemicals were purchased from Merck Chemicals
(p.a., Darmstadt, Germany).
Purification of type I collagen fibrils and elastin fibres
Type I collagen fibrils: Insoluble type I collagen fibrils were highly purified from
bovine Achilles tendon 18. Purification consisted of several washing steps of 24
h at 40C while shaking (75 rpm, TR-250, Infors HT, Bottmingen, Switzerland),
with 0.1 M and 1 M NaCl solutions, 4 M urea, 0.5 M acetic acid, acetone and
ultrapure water (Biocel AIO grade MilliQ system, Millipore, Billerica, MA). After
purification, type I collagen fibrils were lyophilised and stored under vacuum at
-20oC.
Elastin fibres: Elastin fibres were purified from equine ligamentum nuchae l7. The
purification consisted of several washings steps while stirring with 1 M NaCl,
the organic solvents ethanol, chloroform/methanol (Labscan, Dublin, Ireland)
(2:1), acetone and ether; and 8% CNBr in formic acid (under gaseous nitrogen
conditions), demineralised water, 4 M urea, 1 M 2-mercaptoethanol and a trypsin
digestion (10,000 U/g, 4 h, 370C). After purification, elastin fibres were stored
under wet conditions at -20oC.
Methods
Construction of triple-layered vascular grafts
Homogenisation of collagen and elastin suspensions in 0.25 M acetic acid was
performed at 40C (on ice) with a Potter-Elvehjem device (Louwers Glass and
Ceramic Technologies, Hapert, the Netherlands) with an intervening space of
0.35 mm. Generally about 10 strokes were performed to achieve homogenisation.
Collagen suspensions were deaerated by means of centrifugation at 250 g during 15
min at 40C. Tubular grafts were prepared according to the schematic representation
in Figure 2. In total, over 40 triple-layered grafts were fabricated in a controlled
manner.
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Figure 2
Schematic representation and macroscopical photographs of the preparation of tubular
grafts, with (A) the sequential layering process for the construction of triple-layered
vascular grafts, (B) a macroscopical side view of such a vascular graft, and (C) crosssections of tubular grafts at various stages of the moulding process. The numbering from
1 to 3 in C corresponds to sequential layering in A, with (1) the elastin layer, (2A) elastincollagen layer, (2B) elastin-collagen layer dried into a film, and (3) the final elastincollagen-collagen graft. The gray-scaled fields in A correspond to the grayscale of the
layers in Figure 1. Colourfigureon p. 183
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Elastin grafts: Monolayered elastin grafts were
prepared by the homogenisation and moulding
of a 3.2% elastin/type I collagen suspension
(98:2, collagen was added for gluing purposes,
see Results section) in 0.25 M acetic acid, after
which the suspension was left for at least 5
min to achieve deaeration. The homogenised
and deaerated suspension (3 ml) was placed in
polystyrene moulds with an inner diameter of 10
mm and with mandrels (0 4 mm) of poly-etherether-ketone (PEEK). After spacer placement
(for mandrel fixation), the moulds were frozen
in liquid nitrogen and lyophilised (Zirbus, Bad
Grund, Germany).
Addition of porous collagen film layer to elastin
grafts: A porous collagen film layer was added
to increase the mechanical strength of the graft
in order to withstand (physiological) pressures.
Therefore, after lyophilisation, elastin grafts
were wetted by dipping in demineralised water
and semi-dried standing around the mandrels
for 20-30 min at room temperature. Entrapped
air bubbles were removed with a 25 G needle.
Then, the mandrels with semi-dried elastin grafts
were submerged in moulds with homogenised
and deaerated 0.8% type I collagen suspension in
0.25 M acetic acid (2-2.5 ml), frozen for 4 h at
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-20oC with a fixed mandrel and lyophilised. The obtained elastin-collagen grafts
were wetted in demineralised water and fully dried standing around mandrels into
tubular films in an oven (Stuart Scientific, Staffordshire, United Kingdom) for 16
h at 250C.
Addition of porous collagen layer: After drying, mandrels with the fully dried
elastin-collagen films were submerged in moulds with homogenised 0.8% collagen
suspension in 0.25 M acetic acid (3 ml). After mandrel fixation, the moulds were
incubated for 4 h at 4 0 C to facilitate adhesion of the collagen layer. Then, moulds
were frozen for 16 h at -20°C and lyophilised.
EDC/NHS crosslinking and attachment of heparin: After lyophilisation, triplelayered grafts were crosslinked by means of l-ethyl-3-dimethyl aminopropyl
carbodiimide (EDC) and TV-hydroxysuccinimide (NHS) 28 . Grafts were preincubated for 5 min in 50 mM MES (pH 5.0) containing 40% ethanol (10 ml
/ cm graft) under vacuum for deaeration. Then, crosslinking was performed by
4 h incubation at room temperature in 33 mM EDC and 6 mM NHS in 50 mM
MES containing 40% ethanol with or without 0.25% heparin (Diosynth, Oss, The
Netherlands) (10 ml / cm graft). After crosslinking, grafts were washed twice for
1 h in 0.1 M Na 2 HP0 4 , twice for 1 h in 1 M NaCl, four times for 0.5 h and once
overnight in 2 M NaCl, and six times in demineralised water. Grafts thus prepared
were used in this study.
Characterisation of triple-layered vascular grafts
Scanning electron microscopy (SEM): SEM was used to analyse the (ultra)structure
of the tubular grafts. Segments of the graft were freeze-dried, mounted on stubs
and sputtered with an ultrathin layer of gold in a Polaron E5100 SEM coating
system, and analysed with a JEOL JSM-6310 scanning electron microscope at an
accelerating voltage of 15 kV.
High resolution computed tomography (micro-CT): Scaffolds were contrasted for
29
imaging using a fixation method including osmium tetroxide and uranyl acetate .
Imaging was carried out in a Nanotom® nanofocus computed tomography system
(Phoenix X-ray - General Electric, Wunstorf, Germany) with the following
scanning settings, magnification 10.00, voxelsize 10.00 μιτι, FOD 19.99 mm. The
X-ray source was set to 55 kV voltage and 200 μιη current. The timing was 250 ms
and no X-ray filter was used.
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(Immuno)histology: Graft samples were fixed with 4% paraformaldehyde for 16 h,
embedded in paraffin, and sectioned (5 μπι). Elastin von Gieson staining (EvG)
was used for a general view on graft structure, visualising collagen (pink) and
elastin (black) 30 . Antibodies were used to study the presence of type I collagen,
elastin and heparin. Briefly, sections were deparafifinised, rehydrated, blocked with
0.3 % Η,Ο, (to inhibit endogenous peroxidase activity) and 1% (w/v) bovine serum
albumin (BSA, USB, Cleveland, Ohio) in PBS, and incubated with polyclonal
rabbit-anti-bovine type 1 collagen IgG (1:100, Chemicon, Temecula, CA, USA),
monoclonal mouse-anti-bovine elastin IgG (1:1000, Sigma) and anti-heparin
antibody HS4C3 31 (periplasmic fraction 1:5). The latter was incubated with mouse
3I
P5D4 ( 1:10) as secondary antibody. After PBS washings, sections were incubated
with appropriate biotinylated secondary/tertiary antibodies. Sections were washed
and developed with diaminobenzidine-nickel as a chromogen, dehydrated and
embedded in entellan.
Biochemical characterisation: Grafts were biochemically characterised
for crosslinking by determining the amount of primary amine groups using
2,4,6-trinitrobenzene sulfonic acid (TNBS) analyses20. The amount of heparin
bound to the scaffold was determined by hexosamine analyses using p-dimethylaminobenzaldehyde32.
Mechanical testing
Burst pressure: Grafts were mechanically tested with a home-build device11 under
wet conditions. Briefly, a hollow mandrel (inner 0 3 mm, outer 0 4 mm) was
connected to a pressure transducer, computer and a syringe pump. The hollow
mandrel was placed within 1.5 to 2 cm grafts inside a water bath. The graft was
fixed using elastic bonding that was kept in place by clamping. The graft's free
end was closed by clamping. To observe possible leakages, a syringe filled with
a solution of-0.01% (w/v) brome phenol blue in water (Biorad, Veenendaal, the
Netherlands) was pumped into the luminal space. Burst pressures were measured
in mm Hg.
Unidirectional testing: Wet grafts were cut longitudinally in quarters, placed into
polystyrene clamps and unidirectionally tested at an elongation speed of 2.9 mm/
min with a home-build device33. Using stress-strain curves, ultimate tensile strength
(UTS) and Young's modulus (Ε-modulus) were determined in MPa reflecting the
strength at rupture and the inclination of the graph, respectively.
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Suturability: Suturability was tested by an experienced vascular surgeon. For this,
a human lower limb vein segment was obtained according to the guidelines of the
Medical Ethical Committee of the Radboud University Nijmegen Medical Centre.
The graft was attached to the vein in an end-to-side anastomosis with running
sutures (CV-7, Gore-Tex, Flagstaff, Arizona, USA). Subsequently, a syringe was
filled with 0.9% NaCl and placed in the graft. While flushing the graft, the vein
was clamped at both ends, thus testing the anastomosis for leakage. Burst pressure
was measured by clamping one end of the autologous vein around the hollow
mandrel of the home-build device, as described under 'Mechanical testing'.
Blood compatibility: Blood compatibility was evaluated by platelet aggregation
tests. For this, 3.2% elastin/type I collagen (98:2) and 0.8% type I collagen
suspensions were dried into films (267 μΐ/cm2). Films were EDC/NHS crosslinked
with and without heparin (0.67 ml/cm2). Punches were made (4 mm, biopsy
punch, Miltex Ine, York, PA, USA) and placed at the bottom of siliconised glass
tubing. Whole blood was obtained from a healthy volunteer, collected with sodium
citrated vacuum tubes (9:1), and centrifuged (200 g) to obtain platelet rich plasma
(PRP, -350,000,000 platelets/ml). PRP (400 μΐ) and a siliconised stirrer were put
on top of punched films. Aggregation was determined spectrophotometrically
during 15 min by measuring the loss of turbidity as a result of platelet aggregation
(Aggregometer, Kordia, Leiden, the Netherlands). Platelet poor plasma was used
as a reference and ADP (2 pg/ml) as positive control.
RESULTS
Construction of triple-layered vascular grafts
A moulding sequence was developed in constructing triple-layered vascular grafts,
schematically and macroscopically shown in Figure 2. In general, a tubular film
was made by wetting a freeze-dried scaffold and (semi)drying it along the PEEK
mandrel. Demineralised water was chosen for this, as acetic acid made the scaffold
swell too much. PEEK mandrels were used because their high inertness facilitated
graft removal. The obtained length of the triple-layered graft was 4-5 cm; since
we used moulds that were closed at one end, the length of multilayered grafts was
limited by the lypohilisation process.
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Layer 1. elastin fibre layer
After homogenisation of the 3.2% elastin/type 1 collagen suspension (98:2),
centrifugation, generally used for deaeration, was omitted because the suspension
was not very stable. Instead, the suspension was allowed to stand for a minimum
of 5 min., thus reducing the amount of air bubbles. For the same reason, a fast
freezing regime using liquid nitrogen was carried out. As stated previously22, we
were not able to construct a stable scaffold/film made of elastin only, not even
after crosslinking. Therefore, a small amount of type I collagen was needed in the
elastin layer to act as a glue between the elastin fibres (elastin: collagen = 98:2)
(Fig2C-l).
Layer 2, collagen fibril (porous) film
For suspensions containing collagen only, centrifugation could be performed
for deaeration without loss of homogeneity. Adhesion of the type I collagen as
the second layer (future porous film) was facilitated when the elastin layer (first
layer) was semi-dried (drying for 20-30 min). The double-layered elastin-collagen
construct was obtained by lypohilisation and subsequently dried into a fully dry
film (drying for 16 h) (Fig 2C-2A/B). The film became porous during the addition
of the third layer (see below).
Layer 3. collagen fibril scaffold
Optimal adhesion of the third porous collagen layer was obtained by submersion
of the dry film (with mandrel) in the collagen suspension for 4 h at 40C before
freezing and subsequent lypohilisation. After submersion, the mandrel was not
moved or touched optimising interaction and attachment of the suspension. During
this process the elastin-collagen film layer swelled due to the wetting in acetic
acid, resulting in a porous/lamellar structure.
The complete procedure resulted in a triple-layered graft consisting of an inner
elastin layer, a porous collagen film and a porous collagen scaffold. In a next step,
the graft was crosslinked using EDC/NHS with or without heparin.
Characterisation of triple-layered vascular grafts
Scanning electron microscopy (SEM)
Analysis indicated a highly porous structure of the final three-layered graft (Fig.
3). The three layers showed pores up to 300 μηι (Fig. 3, 4). The middle collagen
porous film contained lamellae at a distance of approximately 100 μπι. The dried
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elastin-collagen film had a thickness of 80 μιη (Fig. 3B), but expanded after
incubation in the acetic acid collagen suspension into a porous film (Fig. 3C). In
total, the thickness of the vascular graft wall was about 1.5-2 mm (Fig. 2D) which
shrank a bit after crosslinking (Fig. 2E).
Figure 3
Scanning electron micrographs of (A) elastin, (B) elastin-collagen, (C) elastin-collagencollagen grafts, and (D) elastin-collagen-collagen-heparin grafts. Double-sided arrows
indicate the individual layers. (E) Luminal side of elastin-collagen-collagen-heparin grafts
showing elastin fibres with struts of type I collagen (white arrows, insert). Bars represent
100 μηι and 1 μπι (insert E). L: lumen.
wÊB^Ê

S7

Micro-CT
Computed tomography confirmed findings on SEM in cross-sectional and grazing
(tangential) views (Fig. 4). The elastin layer was visualised as a relatively dense
and opaque inner layer with respect to the second and third (collagen) layers. The
second layer was more compact and thus more opaque than the third layer, as it
was dried into a film with approximately 30 pm thick lamellae. The third layer
remained a highly porous scaffold.
Figure 4
High-resolution micro-computed tomographical images, with (A) a grazing (tangential)
view and (B) a cross-sectional view of the three-layered graft. Elastin layering is more
opaque than the collagen porousfilmand scaffold layers. L: lumen.
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(Immuno)histochemistry
The specific presence and location of the graft's components type I collagen,
elastin and heparin was established with conventional elastin von Gieson staining,
depicting collagen in pink and elastin in blue/black, and immunohistochemical
stainings (Fig. 5). Dispersed type I collagen staining was found in the elastin layer,
as collagen was added to act as a glue (2%) (Fig. 5C). The lamellar structure of the
intermediate porous film of collagen was confirmed (Fig. 5A). This layer contained
thick collagen lamellae essential for the graft to withstand pressure built-up (see
below). No elastin was present in the collagen layers. Heparin staining was found
in all three layers, as expected.
Biochemical characterisation
EDC/NHS crosslinking was successful as the content of free amine groups
decreased about 30% and 40% after crosslinking without and with heparin,
respectively (Table 1). Hexosamine analyses showed that about 5% of the dry
weight of heparinised grafts consisted of heparin.
S8
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Figure 5
(Iminuno)histology of triple-layered vascular graft, with (A) Elastin von Gieson staining
depicting collagen (pink) and elastin (blue/black), and (B-D) immunostaining for elastin
(B), collagen (C) and heparin (D). Please note the type I collagen lamellae in the graft's
middle layer. Bar represents 200 μηι.

elastin von Gieson

elastin

type I collagen

heparin

Mechanical

characterisation

Crosslinking increased the burst pressure over 5 fold (Table 1 ), whether the graft
was supplemented with heparin or not. Standard arterial blood pressures in the
human body, in a resting state, are 120 and 80 mm Hg for systole and diastole,
respectively. Therefore, the graft's burst pressures after crosslinking were 3 to 5-fold
above physiological blood pressures. The ultimate tensile strength and Young's
modulus increased approximately 3-4 fold after EDC/NHS crosslinking. The
Young's modulus measured after crosslinking was comparable to that of porcine
coronary artery (-1 M Pa) 1 4 , rabbit aorta (-1.25 MPa) 3 5 , and human saphenous or
femoral vein (-1.50 MPa) 3 6 .
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Table 1
Biochemical and mechanical characteristics of triple-layered grafts. A 5 fold increase in
burst pressure was obtained by EDC/NHS crosslinking. s.e.m.: standard error of the mean;
n.a.: not analysed; -: not detectable.

noncrosslinked
amine group content
(nmole/mg graft)
n=3
heparin content
^g/mg graft)
n=3
burst pressure
(mm Hg)
n=3
ultimate tensile strength
(MPa)
n=4
Young's modulus
(MPa)
n=4

crosslinked

crosslinked + heparin

mean ± s.e.m

mean ± s.e.m

mean * s.e.m

121±9

85 ± 4

73 ± 1

n.a.

-

49 ± 5

75 ±10

397 ± 38

390 ± 14

0.24 ±0.10

0.80 ± 0.05

0.78 ± 0.06

0.29 ± 0.07

1.12±0.10

1.29±0.13

Suturability
After fixation with needles, a human vein was incised longitudinally. The graft was
cut with an incline to match the end-to-side anastomosis (Fig. 6A). During end-toside suturing, the graft had sufficient suture retention to prevent the running sutures
from cutting through the graft (Fig. 6B). No anastomotic leakage was found and
burst pressure over 400 mmHg was measured.
Blood compatibility
Crosslinked elastin/type I collagen and type I collagen films did not alter turbidity
of platelet rich plasma (PRP) (15 min measurements), indicating that platelet
aggregation did not occur. Both heparinised and non-heparinised films did not
result in a change of turbidity and thus platelet aggregation, and were comparable
to the negative control (PRP only), (Fig. 7A, heparinised collagen film). After ADP
addition (positive control), turbidity of PRP decreased as platelet aggregates were
formed (Fig. 78).
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Figure 6
Suturability of the triple-layered graft to a human vein, with (A) longitudinal incision in
vein and (B) and the final end-to-side anastomosis in which dotted white lines indicate the
vein and graft. Mechanical testing of this anastomised graft indicated a burst pressure up
to 400 mm Hg.

Haemocompatibility of heparinised collagen films, with (A) graphs of heparinised
crosslinked collagen films (COL-XH, measured in three different channels) compared to
control measurement (no film), and (B) graph of ADP as positive control. Collagen films
and elastin films with or without heparin gave comparable results. Y-axis; turbidity (%);
x-axis: time (min). Colourfigureon p.184
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DISCUSSION
In this study we constructed a triple-layered acellular graft using highly-purified
type I collagen fibrils and elastin fibres. The mechanical properties of the native
artery are mainly provided by type I collagen and elastin, two main ECM
components. Elastin is present in the luminal lining as the lamina elastica interna
and in concentric layers within the media. Collagen is primarily present in the media
and adventitia, supplying structural integrity to the artery. In this study, we used
the native architecture as a blueprint for the construction of natural vascular grafts.
We developed a moulding, casting and lyophilisation technique to create different
layers. To prevent protein degradation, no heat treatments were used. Using this
technique a wide variety of constructs can be prepared with a predefined layering
and composition, and the constructs can be targeted for replacement of specific
types of blood vessels. In addition, the contribution of each individual component
can be evaluated by making constructs with and without the specific component.
This may be an advantage in comparison with decellularised constructs, which
generally are not well characterised with respect to their content. Additionally,
complete decellularisation can often not be guaranteed 17 · 18 . Therefore, grafting
from scratch allows a more rational approach to the development of novel
biological constructs for blood vessels. Recently, a trilayered construct was
constructed by electrospinning using different combinations of polycaprolactone,
soluble elastin and soluble collagen 19. Layered grafts have also been made using
decellularised small intestine submucosa (aSIS), in combination with arterial
elastin and cellularised collagen gels. Burst pressures of these natural grafts ranged
between 650 and 1400 mm Hg l0·15·40, well above physiological blood pressures, but
lower than those of native blood vessels and the clinical standard ePTFE (-2000
mm Hg). In our construct, the burst pressure was approximately 400 mm Hg and
depended on the presence of the intermediate porous type I collagen film, as a
construct without this layer had no significant pressure built-up (data not shown).
A too large rigidity, like of ePTFE, may induce intimai hyperplasia leading to
stenosis and subsequent occlusion. The initial burst pressure of a biomaterial may
increase to that of a native vessel after cell influx and tissue remodelling, thus using
the body itself as a bioreactor and conditioning the graft up to native properties.
In this respect a new paradigm is evolving with respect to new biocompatibility
demands and the application of softer and more compilable biomaterials, such as
those based on natural materials 4I.
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Different fixation techniques may be used in strengthening natural grafts, including
glutaraldehyde and carbodiimides. Buttafoco et α1.2η investigated multiple
crosslinking methods including EDC/NHS only, EDC/NHS with J230 (a diamine)
and butanediol diglycidylether followed by EDC/NHS, in water or 40% v/v
ethanol/water. EDC/NHS gave the best results with respect to graft strength and
cellular influx in vitro and the addition of ethanol preserved the porous structure of
the grafts l 8 · 2 0 . As such, the third layer in the triple-layered graft kept its porosity,
and future cell influx may be facilitated.
Heparin was added to the graft during EDC/NHS crosslinking. Covalently bound
heparin to the collagen/elastin graft measured 5%. The EDC/NHS crosslinked
films of purified collagen fibrils and elastin fibres showed no induction of platelet
aggregation as films with or without heparin. Keuren et al. tested EDC/NHS
heparinised type I collagen sheets and demonstrated their thromboresistancy 42 .
Furthermore, the introduction of heparin to the grafts may facilitate hydration
and allow the addition of (heparin-binding) growth factors such as VEGF and
FGF's thus inducing specific biological processes 43 . For instance, the addition of
VEGF and FGF-2 to grafts promoted smooth muscle cell influx and elastic fibre
production in vitro44 and angiogenesis and blood vessel maturation in vivo 43.
The collagen fibril- and elastin fibre-based construct prepared in this study is likely
to be biocompatible, as biomaterials constructed from these fibrils and/or fibres
have been studied extensively in numerous animal models with respect to the
body's response, e.g. after subcutaneous implantation 26 · 43 · 45 , in foetal abdominal
wall repair 46, in full thickness cartilage defect repair 47, and in urogenital
applications48·49. In addition, smooth muscle cells can be seeded on highly porous
and molecularly-defined collagen/elastin scaffolds, and cultured under pulsatile
flow in a bioreactor resulting in homogenous cell distribution and increased strain
stiffness after 14 days 23. In addition, Wissink et al. 25 seeded human umbilical
vein endothelial cells on EDC/NHS-crosslinked collagen films and found normal
morphology and secretion of vasoactive agents at varying crosslink density.
In conclusion, a triple-layered natural vascular graft containing type 1 collagen fibrils
and elastin fibres, and resembling the native arterial architecture, was constructed
using a straight-forward moulding, casting and freeze drying technique. Next to its
application as a vascular graft, the modular use of highly purified components may
allow fundamental studies to the biological effect of single components in vascular
tissue engineering.
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ABSTRACT
A persistent clinical demand exists for a suitable arterial prosthesis. The threelayered native artery contains the extracellular matrix proteins type I collagen and
elastin as structural elements, potential candidates for incorporation in a blood
vessel equivalent. In this study, a tubular graft was used, prepared from scratch using
highly purified type I collagen fibrils and elastin fibres, and resembling the threelayered native blood vessel architecture. The vascular graft was crosslinked and
heparinised (37 ± 4 μg/mg graft), and evaluated as a vascular graft using a porcine
bilateral iliac artery model. A comparison with heparinised ePTFE (Propaten*)
was made, analyses including biochemical characterisation, duplex scanning,
(immuno)histochemistry and scanning electron microscopy. 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 endothelialised (Von Willebrand-positive endothelium with a basal laminin
positive layer). After one month, layered thrombi were found in the natural (4/4)
and ePTFE graft (1/4), resulting in occlusion and likely due to the porosity of the
graft's inner elastin layer. Application of natural and molecularly-defined tubular
grafts for vascular surgery is feasible, but adaptation of the graft is necessary to
ensure long term patency.
Keywords:
Collagen, elastin, scaffold, vascular grafts, animal model, arterial tissue engineering

100

Vascular replacement by the triple-layered collagen/elastin vascular graft
INTRODUCTION
Vascular diseases, and atherosclerosis in particular, are a major cause of mortality
in Western society '. In patients, who require peripheral or bypass surgery,
autologous vessels are often unsuitable or not available. Therefore, alternative
vascular grafts from synthetic polymers have been introduced, including expanded
polytetrafluoroethylene (ePTFE) and Dacron (polyethylene terephthalate) 2.
Application of these polymers as small diameter grafts proved challenging due to
possible occlusion in the long term ^ , As a result, research has turned to the field
of regenerative medicine and the application of natural molecules 5.
The main components of the native vascular wall include the extracellular
matrix proteins elastin and type I collagen, which supply elasticity and strength,
respectively. Elastic fibres are prominently present in elastic 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 prominent in the media and
adventitia 6 . Next to fibrillar components, glycosaminoglycans such as heparin/
heparin sulphate have important functions in arteries. Glycosaminoglycan-based
grafts, e.g. hyaluronan-based tubular grafts, have been used for grafting in rat aorta
and porcine carotid arteries7 8, resulting in deposition of circumferentially organised
elastic fibres *. The glycosaminoglycan heparin, a well-known anti-coagulant, has
been coated on synthetic grafts that are used in clinical practice 3·''·10. An example
of such a heparinised ePTFE graft is Propaten* (GoreTex), indicated for (belowknee) peripheral surgery when autologous vein is unavailable ". Elastin-mimetic
peptides have also been coated on ePTFE providing a non-thrombogenic lining l2 .
Few grafts have been constructed that contain purified elastin fibres on the luminal
side. Berglund et al. ι·1 made construct-sleeve hybrids from arterial elastin and
constructed a collagen support sleeve for improved strength in order to sustain
arterial pressures of the blood flow. Hinds et al. I4 tested grafts from purified
arterial elastin and acellular small intestinal submucosa. In their set-up -an acute
porcine interposition graft study- significantly higher patency rates were found for
the natural graft versus ePTFE, namely 5.23 h and 4.15 h, respectively. Limited
experimental animal data is available with respect to vascular grafts based on
natural components. The grafts used are generally decellularised versions of native
vessels, harbouring a myriad of unknown molecules. This may hamper studies to
the effect of single graft components. Previously, we reported on the construction
and characterisation of a vascular graft prepared from scratch containing highlypurified fibrillar type 1 collagen and elastin fibres based on the native arterial

101

architecture '5. Grafts were chemically crosslinked (carbodiimide) in the presence
of heparin, and contained a type I collagen porous film providing resistance to
arterial pressures.
In the present study, we evaluated this molecularly-defined vascular graft using a
bilateral interpositioning study in porcine iliac arteries. Numerous animal models
have been used in the field of cardiovascular tissue engineering l6. We have chosen
the porcine arterial system as it is highly comparable to the human situation. The
performance of the elastin-collagen vascular graft was compared to Propaten*.
Analysis included biochemical characterisation, duplex scanning, (immuno)
histological examination and scanning electron microscopy.

MATERIALS & METHODS
Vascular graft construction
Elastin fibres and type I collagen fibrils were isolated as described l7'18. Briefly,
elastin fibres were purified from pulverised equine ligamentum nuchae using
extractions with solutions of salt, organic solvents, 8% CNBr in formic acid,
2-mercaptoethanol and trypsin. Type I collagen fibrils were obtained from
pulverised bovine Achilles tendon by extractions using solutions of salt, urea,
acetic acid, acetone and demineralised water.
Vascular grafts were constructed as described previously l5. Briefly, elastin fibres
and type I collagen were applied in layers onto 4 mm poly-ether-ether-ketone
mandrels by a sequential moulding, freezing and freeze-drying process. Grafts were
chemically crosslinked with l-ethyl-3-dimethyl aminopropyl carbodiimide (EDC)
and yV-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 four washings with 70% ethanol 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. A
macroscopic comparison between the natural and ePTFE graft is shown in Figure
1-A.
Biochemical characterisation
Scaffolds were biochemically characterised for crosslinking by determining
the amount of primary amine groups using 2,4,6-trinitrobenzene sulfonic acid
(TNBS) assays l9. The amount of heparin bound to the scaffold was determined by
hexosamine analysis 20.
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Figure 1
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Macroscopic view and scanning electron micrographs of the triple-layered natural
irai gr
graft
and the control graft Propaten (ePTFE). A: macroscopic view. B-C: cross-sections (bars
represent 100 pm), D-Ε: luminal surface morphology (bars represent 10 μιη). The natural
graft displays a three layered architecture with an inner elastin layer (B-1 ), an intermediate
porous type I collagen film for strength (B-2) and an outer type I collagen scaffold (B-3).
The PTFE graft shows the wall (C-l) and the supporting ring (C-2). Scanning electron
microscopy reveals differences in wall thicknesses and porosity between both grafts.
Luminal lining of the natural graft consists of elastin fibres (D), whereas the ePTFE graft
displays lamellae with perpendicular struts (E). Bars represent 100 pm (B-C) and 10 pm
(D-Ε). Colourfigureon p. 184
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Animal welfare and care
The animal experiment was approved by the Ethics Committee of the Radboud
University Nijmegen Medical Centre (RUNMC), the Netherlands. 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, RUNMC. The animals were fed a standard diet and water ad
libitum, and were regularly observed by biotechnicians for appetite, wound healing
and mobility.
Figure!
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, resumed bloodflow,and
Surgicel® placement. E: Interpositioned ePTFE (Propaten) used as control graft,
p: proximal, d: distal. Colourfigureon p. 185
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Surgical procedure and implantation
Six pigs (57 ± 7 kg, $, Dutch Landrace) were housed in the laboratory at least
one day prior to bilateral iliac artery interposition. All animals 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 (carbasalate 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 two days after. From day 3 to 28, animals
received Plavix daily (1.5 mg/kg).
At the day of surgery, animals were sedated intramuscularly with ketamine (10
mg/kg)( Euro vet Animal Health BV, Bladel, The Netherlands), atropine (50 μg/kg)
(Pharmachemie BV, Haarlem, The Netherlands) and midazolam (1 mg/kg)(Roche,
Woerden, The Netherlands). After intravenous administration of propofol (2-3
mg/kg)(B. Braun Melsungen AG, Melsungen, Germany), animals were intubated,
placed upon a heating pad in the supine position, and hooked up to a respiration
machine (Ohmeda Modilus 2 plus, Ohmeda, Hoevelaken, the Netherlands).
Further anaesthesia was performed with 0.5% isoflurane (Baxter International,
Deerfield, IL, USA) and an intravenous bolus administration of sufentanil (5
μ£^)(.ΐ3η55εη-€ί^ BV, Tilburg, The Netherlands) and vecuronium (0.2 mg/
kg)(Norcuron, Organon, Oss, The Netherlands). Anaesthesia was maintained
during surgery with midazolam (0.6 mg/kg/h), sufentanil (10 μg/kg/h), atropine
(25 μg/kg) and vecuronium (0.4 mg/kg/h) (i.v.). Continuous monitoring included
electrocardiography, pulse oximetry, and measurements for C0 2 and temperature.
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 i.v.), the artery
was clamped proximally and distally over a length of approximately 5 cm. The
artery was removed over a length of 3.5 cm for interposition of the natural graft
or ePTFE. Proximal and distal anastomoses were made with running sutures (CV7, Gore-Tex) (Fig. 2B&C). After testing the anastomoses for possible leakage
(by clamp loosening), clamps were removed, the blood flow resumed, and the
graft was wrapped with haemostatic material (oxidised regenerated cellulose,
Surgicel*, Johnson & Johnson Medical Ltd, Gargrave, North Yorkshire, UK) to
prevent bleeding (Fig. 2D). Next, an additional incision was made bilaterally and
the procedure was repeated to interpose the control graft Propaten in the left iliac
artery (Fig. 2E). After closure, Fraxiparine* was administered intramuscularly
(5,700 IE anti Xa, GlaxoSmithKline, Zeist, The Netherlands). The muscle layer
and skin were closed with 2.0 Vicryl sutures.
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Duplex scanning
Duplex scannings (HJ22, Philips, Eindhoven, the Netherlands) were performed
directly after surgery (day 0) and at day 7 and 28. Animals were sedated
intramuscularly with ketamine (10 mg/kg), atropine (50 μg/kg) and midazolam (I
mg/kg), and placed upon a heating pad in the supine position. Graft patencies were
determined and peak systolic velocities (PSVs) were measured proximal, within
and distal to the graft and in both anastomoses. When flow velocities could not be
measured accurately in the case of severe turbulence, the diameter ratio of graft
and artery were used in determining narrowing percentages.
Tissue explantation and processing
Animals were sedated with ketamine (10 mg/kg), atropine (50 μg/kg) and
midazolam (1 mg/kg), and placed in the supine position. Heparinisation (10 000
U) preceded sacrifice by an overdose of barbiturate. Both grafts were excised with
adherent proximal and distal arteries. Then, grafts were cut open longitudinally
and divided into samples for later analysis. One longitudinal piece was divided in
two, fixed in 4% paraformaldehyde for 16 h and embedded in paraffin. The other
longitudinal piece was divided; anastomoses were snap frozen withliquid nitrogen
cooled isopentane, and central pieces were fixed with 2% glutaraldehyde (16 h,
40C) for scanning electron microscopy purposes.
Histology
Paraffin sections were cut (5 μπι) and haematoxylin and eosin staining (H&E) was
used to evaluate general histology. Elastin von Gieson staining (EVG) was used
to visualise collagen (pink) and elastin (black). Elastin Masson Trichrome staining
was applied to visualise collagen (green), elastin (black) and cells (red). Presence
of calcified deposits was analysed by alizarin red staining 2I .
Immunohistochemistry
Immunohistochemistry was performed for smooth muscle actin (SMA), factor
VIII, laminin 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/1 mM EDTA pH 9.0 for 40
min (95ÜC)(SMA), or 0.1 % pronase in PBS pH 7.4 at 370C for 10 min (factor VIII)
or 30 min (laminin). For VWF staining no pre-treatment was performed. After
blocking endogenous peroxidase activity with 0.3% H 2 0 2 , sections were incubated
for 16 h at 40C with polyclonal rabbit anti-human VWF (1:100, DAKO, Glostrup,
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Denmark), monoclonal mouse anti-human α-smooth muscle actin (1:400, SigmaAldrich, Steinheim, Germany), polyclonal rabbit anti-human factor VIII (1:1200,
Sanquin, Amsterdam, the Netherlands) or polyclonal 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
antibody (1:200, Jackson ImmunoResearch Inc., West Grove, PA, USA). After
PBS washings, sections were developed with 3,3'-diaminobenzidine (DAB) as
a chromogen. In the case of factor VIII, sections were developed using power
DAB (Immunologic, Duiven, the Netherlands). Sections were dehydrated in an
increasing series of ethanol and mounted with entellan.
Scanning electron microscopy (SEM)
SEM was used to analyse the morphology and (ultra)structure of the grafts.
Glutaraldehyde-fixed samples were post-fixed with osmium tetroxide (1 h),
washed for 3 times with 0.1 M phosphate buffer (pH 7.4), and subsequently taken
through a series of 30%, 50%, 70% and 100% ethanol washings. Next, samples
were critically point dried and fixed on a stub with double-sided carbon tape and
sputtered with an ultrathin gold layer. Examination was performed in a JEOL SEM
6310 at an accelerating voltage of 15 kV.
RESULTS
Vascular grafts
Macroscopic and scanning electron microscopical images are shown in Figure 1.
Wall thicknesses of the natural triple-layered and ePTFE grafts were approximately
1.5 and 0.25 mm, respectively (Fig. 1A-C). The natural graft harboured a threelayered architecture with an inner layer of elastin (B-1), an intermediate layer of
porous type I collagen film (B-2) and an outer layer of a porous type I collagen
scaffold (B-3)15. ePTFE grafts contained supporting rings (0.4 mm thick). The
luminal lining of the natural graft consisted of elastin fibres (diameter ~5 μπι, Fig.
ID). ePTFE grafts contained fibrils and nodes with lamellae on the luminal side
(Fig. IE).
Crosslinking and heparin content
Natural grafts were crosslinked resulting in a 56% decrease in primary amine groups.
The amount of covalently-bound heparin to the natural graft was 37 ± 4 μg/mg graft
(n=3, mean ± s.e.m.).
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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 vascular surgeons and its
suturability was satisfactory. After incision, tissue was cauterised in exposing
iliac arteries. In all cases, surgery resulted in transient post-operative formation
of pockets containing lymphatic fluid (lymphoceles). Their disappearance after
4 weeks was more than acceptable. Some degree of tortuosity was observed in
approximately half of the exposed arteries. In one animal, a diameter mismatch
was found, since the diameter of the native iliac arteries was larger than 4 mm.
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 graft
pulsated according to the blood flow rhythm, and no leakage was observed. In one
case (animal 6), the natural graft occluded immediately after surgery. No cause
could be given for this occlusion; but, it is not uncommon in clinical practice. This
graft was replaced by a new natural graft without any complications. The natural
and ePTFE graft were comparable in handling during surgical procedures.
Table 1
Duplex scanning measurements of blood velocities in natural graft and ePTFE interposed
in iliac arteries. The constructed natural graft was placed in the right iliac artery and the
control graft Propaten (ePTFE) in the left one. Peak systolic velocities (PSV) were measured
(cm/s) in the native proximal and distal artery. Additionally, velocity was measured in both
anastomoses and within the graft itself. In some cases, velocity measurements performed
directly after surgery (day 0) were hindered by the placement of Surgicel®. Normal PSV
amounts to 100 cm/s (n.d.: not determined).
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Vascular replacement by the triple-layered collagen/elastin vascular graft
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 (AD). The natural grafts (4/4) and one ePTFE ( 11A) 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®, recognised by black shading (B, white arrow).
Measurements were performed proximally (A, B), within the graft (C, D) and distally (E,
F). Quantitative values are listed in Table 1. Colourfigureon p. 185

Duplex scanning
Table 1 and Figure 3 represent duplex scanning measurements. Occasionally,
velocity measurements at day 0 were hindered by the presence of Surgicel®. All
grafts were patent at week 1. This was confirmed by macroscopical analysis of
explanted grafts (Fig. 4). Tortuosity of native arteries did not lead to turbulent flow.
Turbulence was seen at sites of anastomoses. PSV ratio was used to determine the
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degree of narrowing. After 4 weeks, 4/4 natural grafts were occluded versus 1/4
ePTFE graft. In the case of occlusion, undulating flow resulted to preocclusive
signals. Retrograde flow was then seen in distal arteries, implicating collateral
formation due to pressure differences. In animal 4, infection caused a tandem
aneurysm at 4 weeks in the natural graft.
Figure 4
Macroscopic view of expiants one week after surgery. Both natural and ePTFE graft
were excised with surrounding tissue. Lumens were free for passage (white arrowheads).
Anastomoses are indicated by dotted lines. Colourfigureon p. 186
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General histology
Figure 5 and 6 display histological images 1 week after surgery, whereas Figure 7
shows histology 4 weeks after surgery. Anastomotic sites between artery and graft
were clearly observed (Fig. 5, dotted lines), as well as places of suturing (Fig. 5).
The elastic layer formed a continuum with the elastin of the native artery (Fig 5C).
Histology confirmed graft patency at one week with open lumens. 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
between the elastin fibres (yellow in EvG, red in EMT) and in surrounding tissue
for both the natural and synthetic graft. At 4 weeks, elastin fibres in the luminal
layer were dislodged, and a fibrin layer was found in between the elastin and
intermediate type I collagen film layer (Fig. 7). Layered thrombi were found in all
natural grafts and in one ePTFE graft. Organised thrombi contained macrophages.
Layered thrombi were recognised by the typical lines of Zahn. For the natural
graft, more calcification (alizarin red staining) was found within the elastin layer
at 4 weeks than at 1 week.
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Histological images from distal anastomoses 1 week after surgery. A-B: H&E staining.
C-D: Elastin von Gieson staining (collagen: pink, elastin: blue/black). Ε-F: Elastin Masson
Trichrome staining (collagen: green, elastin: black, red: fibrin, cells). Distinct anastomotic
sites are seen and patent grafts were found. 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 I collagen film are seen in pink (A,
C) and green (E), and indicated by asterisks (*). Dotted lines indicate anastomoses. Bar
represents 200 μηι. Colourfigureon p. 186
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Figure 6
Immunohistochemical images of expiants 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-Ε), and dotted lines indicate boundary between collagen scaffold and surrounding tissue
(A), and anastomosis (B, distal). Bars present 200 μηι (Α-F) and 50 μτη (G, H, and insert
of E). Colourfigureon p. 187
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Vascular replacement by the triple-layered collagen/elastin vascular graft
Figure 6 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. 6A). In surrounding native tissue, larger blood and lymphatic
vessels were found. Endothelial proliferation (bridging) from native arteries was
seen for the natural and ePTFE graft, and a laminin-positive layer (basement
membrane) with a new endothelium was observed. Endothelial cells on elastin
fibres and ePTFE stained positive for factor VIII and VWF (Fig. 6E-H). In the
natural and ePTFE graft, staining for factor VIII was observed within the graft's
wall. In the natural graft, factor Vlll-positive depots of plasma were observed.
Figure 7
Histological images 4 weeks after surgery. Natural grafts show occlusion with layered
thrombi characterised by lines of Zahn (A, C). One ePTFE graft was found to be occluded
(B). Calcification was seen in the natural graft located in the elastin layer (C, D, alizarin red
staining). Bar represents 200 um.

Natural graft

ePTFE
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Scanning electron microscopy
Luminally, deposition of (fibrin) matrix and blood-derived cells was observed
(Fig. 8). Elastin fibres were still recognisable. The ePTFE grafts showed a similar
result (Fig. 8B).

natural graft

ePTFE

DISCUSSION
This study demonstrates the feasibility of de novo formation of a natural vascular
conduit from elastin and collagen and its implantation as an interposition arterial
graft. Technical handling and early patency of this conduit was acceptable although
longer term patency was less than ePTFE.
Type I collagen, elastin and glycosaminoglycans are dominant natural molecules
in blood vessels. Decellularised vessels, containing these molecules, have been
used as vascular grafts with some success, but may be limited by the uncertainty of
their composition, which may hamper research to the effect of separate (molecular)
graft components. Synthetic polymers are widely applied as small-diameter grafts
but may result in (re)stenosis in the long term. Therefore, we developed a graft
constructed from scratch using highly-purified type I collagen fibrils and elastin
fibres, to evaluate its feasibility as a vascular graft. Its performance was compared
to that of heparinised ePTFE (Propaten*). ePTFE grafts have been given a porous
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structure to increase patency and tissue take 22. This approach was also applied
during the construction of our natural graft (Fig. 1 ). Heparinised ePTFE is currently
suggested to be a good alternative in peripheral surgery when autologous vein is
unavailable. Heparin levels of these grafts range from 15-25 pmol/cm2 23. Heparin
levels of the constructed triple-layered natural graft resulted in -50 nmol/cm2.
Qualitatively, more heparin is bound to collagen (fibrils) than to elastin (fibres) as
the latter has a lower amount of amine groups available for crosslinking purposes
in comparison to collagen.
Hinds et al. used a construct prepared from arterial elastin, enwrapped with
decellularised small intestine submucosa (aSIS) and fibrin glue, which remained
patent up to 5.23 h in an interpositioning study14. Huynh et al. implanted tubularised
aSIS and found physiologically responsive vessels three months after interposition
into rabbit carotid arteries24. In a rat study, hyaluronan-based (HYAFF-1P) grafts
were prepared and implanted as a feasibility study7. Similar grafts were interposed
in porcine carotid arteries and six months patencies were found, and histology
showed circumferentially organised elastic fibres s. In this feasibility study, we
bilaterally interposed the natural triple-layered and ePTFE graft in porcine iliac
arteries. The arteries were easy to reach and clamping/disclamping was well
within time limits. Surgicel* was topically applied to prevent excessive suture
hole bleeding, especially in the case of ePTFE. Technically, the natural grafts had
thicker walls compared to Propaten. During suturing, this may have resulted in
lacing-up the wall into the blood stream with anastomotic narrowing as a result.
In some animals, the graft was undersized in comparison to the exposed artery.
This should be avoided since it has been shown for ePTFE, that diameter match
between artery and ePTFE results in improved neoendothelialisation 25. Duplex
scanning before surgery to establish the vascular diameter may prevent mismatch.
Duplex scannings revealed some tortuosity in native arteries for both the natural
and ePTFE graft (6/12). This does 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 curvature). When turbulence was seen, this was caused by
relative narrowing of anastomoses. The resulting high flow and twirling may cause
vacuum, and thus sedimentation. Generally, vascular surgeons hesitate to clinically
apply constructed natural grafts to prevent risks of aneurysmatic degradation 26.
In this study, no aneurysm formation was observed at any time point except for
one graft due to infection. Theoretically, this suggests that graft degradation and
remodelling may be possible without (aneurysmatic) complications, though longer
patencies are needed to research significant degradation/remodelling.
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In general, endothelial regeneration can be divided into six stages, i.e. platelet
aggregation, fibrin network, bridging, progression/transmural migration, intimai
closure and endothelial thromboresistance 27. Histology showed patent grafts
after 1 week of implantation. Endothelialisation started from native arteries in the
natural graft and ePTFE, but was not yet confluent. SMA-positive vessels were
found in tissue invading the outer type I collagen scaffold layer. These vessels
were both VWF-positive and -negative, identifying arteries and lymphatic vessels,
respectively. Occlusion after 4 weeks was found for natural grafts and one ePTFE
graft, with layered thrombi and their characteristic lines of Zahn. This may be
due to the relatively large surface area available for platelet aggregation and the
relative narrowing caused by anastomotic suturing. In addition, increased blood
shear stresses through the porous elastin layer, may have resulted in uncoiling
of VWF. Either way, a change in luminal appearance may improve patency rates
for the natural graft. Use of a smooth layer of elastin peptides coated onto the
collagenous layer may be a good option. Electrospun elastin peptides together with
collagen 28 and a synthetic polymer may improve structural performances.
The intermediate type 1 collagen porous film provides extra strength to the natural
graft. Fibrin was found in surrounding tissue, which may indicate possible leakage
of blood plasma through the collagen porous film. Fibrin deposition may be a
good template for (myo)fibroblast growth as it has been widely investigated for
scaffolding in vascular tissue engineering 29.
CONCLUSION
The surgical application of molecularly-defined vascular grafts, made from scratch
using type I collagen fibrils and elastin fibres, and resembling the native arterial
architecture (elastin-collagen-collagen) is feasible. Patency was achieved for at
least one week and results match those of the clinically applied ePTFE grafts
(1 week). After 4 weeks, however, occlusion occurred. Luminal 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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ABSTRACT
Tubular type I collagen biomatrices with and without growth factors (GF) were
constructed and evaluated in a rabbit model for critical urethra defects. Porous
tubular biomatrices with an inner diameter of 3 mm were prepared using highly
purified collagen fibrils, and cross-linked with or without heparin. Heparinised
biomatrices were supplemented with the heparin-binding growth factors VEGF,
FGF-2 and HB-EGF. Biomatrices with and without GF were used to replace a
critical 1 cm urethra segment in rabbits (n=32). All animals showed normal urination
without urinary retention. General histology and immunohistology of graft areas (2,
4, 12 and 24 weeks after implantation) indicated that all biomatrices were replaced
by urethra-like structures with normal appearing cytokeratin-positive urothelium
surrounded by vascularised tissue. The GF containing biomatrices showed an
increase in extracellular matrix deposition, neovascularisation, urothelium, glands,
granulocytes and fibroblasts, compared to biomatrices without GF. Growth factors
substantially improved molecular features of healing but failed to be superior in
functional outcome. Retrograde urethrography indicated a normal urethral calibre
in case of biomatrices without GF, but a relative narrowing of the urethra 2 weeks
post-surgery and diverticula after 4 weeks in case of biomatrices with GF.
In conclusion, tubular acellular type I collagen biomatrices were successful in
repairing urethral lesions in artificial urethral defects, and inclusion of GF has a
profound effect on regenerative processes.
Keywords: acellular biological matrices, growth factors, genitourinary, animal
model.
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INTRODUCTION
Repair of severe hypospadias is often associated with multiple clinical interventional
procedures and grafting. Current grafting techniques include the use of donor
tissues, such as preputial skin or buccal mucosa. In most instances, the initial results
are satisfactory. But long-term follow-up studies show unsatisfactory results and
complications, as fistula formations, recurrent strictures and necrosis can occur
in up to 54% of patients1·2. Additionally, the amount of donor tissue or tissue that
is suitable for grafting can be limiting. These issues may be relieved by tissue
engineering strategies for urethral reconstruction. However, the development of an
optimal biomaterial for urethral reconstruction remains a significant challenge and
suitable constructs are currently not available in clinical practice. Biocompatible
and biodegradable biomatrices have already been successfully applied for urethral
repair, mostly as an onlay35. In studies with tubular biomatrices, cellular seeding
of the scaffold was an absolute requirement to achieve successful repair of the
defect69. These findings appear to suggest that the use of acellular matrices for
urethral reconstruction is limited. Previously, we tubularised SIS (COOK) and
molecularly-defined biomatrices by suturing, and compared the regenerative
capacity in a rabbit urethra-defect model. We reported equating results between
these two scaffolds without noticeable complications4. Construction of pretubularised type I collagen biomatrices and their supplementation with growth
factors may facilitate the surgical procedure and improve cellular ingrowth,
respectively. For urethral regeneration, multiple growth factors are involved as
different cell populations are needed to restore the reconstructed site. Epidermal
growth factor is known to play a key role in urothelial regeneration10, whereas
fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF)
are involved in angiogenesis and blood vessel maturation". Since all three growth
factors bind to heparin, we developed a tubular collagenous biomatrix containing
heparin, and supplemented this with heparin-binding epidermal growth factor
(HB-EGF), VEGF and FGF-2. Biomatrices with and without heparin and growth
factors were used to replace rabbit urethra and were evaluated using retrograde
urethrography and (immuno)histochemical examination.
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MATERIALS & METHODS
Unless stated otherwise, all chemicals were purchased from Merck (Darmstadt,
Germany).

Overview of the construction, implantation, and explantation of tubular type I collagen
matrices. Scheme of the tubular moulding process (A), a cross-sectional scanning electron
microscopical image of part of a crosshnked tubular matrix (B, bar represents 100 μηι),
surgical replacement by a tubular matrix (arrow) of a 1 cm urethral defect (C), and expiant
at 24 weeks (D). L=lumen. Colourfigureon p. 188

B

f r « « l i i > j (-20«C) and
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Preparation of tubular collagen biomatrices
For the construction of tubular biomatrices, insoluble type 1 collagen fibrils were
purified from pulverised bovine Achilles tendon as described before12. A 0.67 wt%
type I collagen suspension in 0.25 M acetic acid was prepared and incubated for
16 h at 40C. Then the suspension was homogenised, deaerated by centrifugation at
250 g for 15 min and poured into polystyrene tubular moulds (all at 40C). Stainless
steel mandrels (0 3 mm) and spacers were placed. The moulds were frozen at -20oC
for 4 h followed by lyophilisation (Figure 1 A). The tubular collagen biomatrices
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were crosslinked with l-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC,
Fluka, Buchs, Switzerland) and /V-hydroxysuccinimide (NHS, Fluka)13·14. In brief,
tubular biomatrices were incubated at a content of 0.4 mg collagen / ml in 50 mM
2-morpholinoethane sulphonic acid (MES, USB Corporation, Cleveland (OH),
USA) containing 40% (v/v) ethanol, 33 mM EDC and 6 mM NHS (pH 5.0), with
or without 0.25% (w/v) heparin (Diosynth, Oss, The Netherlands) for 4 h while
shaking at 2 r C . Biomatrices were washed with 0.1 M Na 2 HP0 4 , IM and 2M
NaCl, and demineralised water. Biomatrices were disinfected by 70% (v/v) ethanol
washings and subsequently stored at -20oC. Before implantation, scaffolds were
washed extensively with sterile phosphate-buffered saline (PBS, pH 7.4) under
sterile conditions.
For correct growth factor supplementation, simultaneous incubation (3.5 μg / ml per
growth factor), proportional incubation (5.5 μg (FGF-2) / ml, 3.5 μg (VEGF) / ml,
1.5 μg (HB-EGF) / ml) and pre-incubation of FGF-2 were investigated. In the
latter case, disinfected heparinised biomatrices (4 mg matrix/ml) were incubated
in sterile PBS containing 3.5 μg / ml human recombinant fibroblast growth
factor-2 (rhFGF-2, R&D, Minneapolis, MN, USA) for 1 h at 210C. Next, human
recombinant vascular endothelial growth factor (rhVEGF, R&D) and human
recombinant heparin-binding epidermal-like growth factor (rhHB-EGF, R&D)
were added (final concentration 3.5 μg/ ml PBS per growth factor) and incubated
for 16 h at 210C. Subsequently, supplemented biomatrices were washed three times
(each 15 min) with sterile PBS and used immediately.
Biochemical characterisation of tubular collagen matrices
The degree of collagen crosslinking was determined by a trinitrobenzosulfonic
acid (TNBS) assay1215. The amount of bound heparin to the biomatrices was
measured by hexosamine analysis12. Determining the bound growth factors was
11 6
performed by Western blot analysis ·' . In short, biomatrix samples were run on
SDS Polyacrylamide gels, together with a series of known amounts of VEGF, FGF2, and HB-EGF. Subsequently, gels were blotted, blocked using 1% bovine serum
albumin (BSA, PAA, Pasching, Austria) and incubated with either rabbit-antibovine FGF-2 (1: 8000, Sigma-Aldrich, Steinheim, Germany), goat-anti-human
HB-EGF (1:1000, R&D) or goat-anti-rabbit VEGF (1:400, R&D) containing
1% BSA. After washing, blots were incubated with the appropriate secondary
antibodies conjugated to horseradish peroxidase and washed. Peroxidase activity
was detected by chemiluminescence using ECL™ Western Blotting Detection
Reagents (GE Healthcare, Buckinghamshire, United Kingdom) followed by
detection and digital quantification (Adobe Photoshop CS3).
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Scanning electron microscopy (SEM)
SEM was used to analyse the morphology of the biomatrices. Samples were fixed
on a stub with double-sided carbon tape. Next, samples were sputtered with an
ultrathin gold layer and examined in a JEOL SEM 6310 at an accelerating voltage
of 15kV.
Animals
The animal experiment was approved by the Animal Ethics Committee of the
Radboud University Nijmegen Medical Centre, Nijmegen, the Netherlands. A total
of 32 male New Zealand white rabbits (2.5-3.5 kg) were housed individually in
a temperature controlled cage with 50-55% humidity and a 12 h light-dark cycle
with free access to standard laboratory chow and tap water. After a minimum
of 2 weeks quarantine period, the rabbits fasted overnight prior to surgery. No
antibiotic prophylaxis was given. Animals received fentanyl, fluanison (0.5 ml/ kg
intramuscularly) before induction of anaesthesia.
Surgical procedure for urethra replacement
The surgical procedures have been described in detail elsewhere4. In short, rabbits
were placed on the operating table in the supine position and general anaesthesia
was achieved with 2% isofluorane by endotracheal intubation with spontaneous
ventilation. Blood pressure, heart rate, and haemoglobin oxygen saturation were
monitored continuously throughout the period of anaesthesia. After shaving and
washing of the ventral penis, the urogenital region was disinfected with povidoneiodine scrub. Next, a transurethral 8 Fr catheter was placed in situ. Urethrography
was performed pre-operatively. Under a 2.5 optical magnification, a complete
resection of a urethra segment of 1 cm in length was made approximately 1.5 cm
below the distal urethral meatus with the penis in stretch. A tubular biomatrix of 1
cm (0 3 mm) was placed and secured with 8 notched sutures (7x0 vicryl*, Ethicon,
USA). Two non-resolvable sutures (6x0 prolene®, Ethicon, USA) were placed at
the external ends of the tubular biomatrix for future reference. The subcutis and
skin were closed in 2 layers with 7x0 vicryl* suture. The transurethral catheter was
removed directly after surgery.
Explantation schedule
All rabbits were euthanised with an overdose of pentobarbital. Then, urethrography
and collection of the urethra was performed. The total penis was removed, fixed in
4% (v/v) formalin in PBS for 24 hours and embedded in paraffin. The rabbits were
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divided in two groups: a tubular collagen biomatrix group (COLX) and a group
that received heparinised tubular biomatrices supplemented with VEGF, FGF-2
and HB-EGF (COLX-Hep-GF). Four rabbits were sacrificed in each group at 2,4,
12 and 24 weeks after implantation (n=32).
(Iminuno)histological examination
Macroscopic inspection and evaluation of the urethra was performed. For
histological examination, two samples of every group were cut into four equal
transversal pieces. The other two samples were processed longitudinally. Then,
sections were cut (4 μιτι) and stained with haematoxylin and eosin (H&E).
Sections were scored independently by two panels of two investigators (JN+PG
& MK+WD) for cellular infiltration, neovascularisation, new ECM formation,
urothelium, and biomatrix remnants. In case of dissimilar scores, slides were re
evaluated until agreement was reached.
Immunohistochemistry was performed for CD31, pancytokeratin, desmin and
smooth muscle actin (SMA). In brief, paraffin sections were deparaffinised in
xylene and hydrated in a degrading series of ethanol. After blocking of endogenous
peroxidase activity, sections were incubated with monoclonal mouse antihuman CD31 ( 1:20, DAKO, Glotrup, Denmark), monoclonal mouse anti-human
cytokeratin (1:800, LabVision, Fremont, CA, USA), monoclonal mouse antihuman desmin (1:200, Biogenex, San Ramon, CA, USA) or monoclonal mouse
anti-human smooth muscle actin (1:15000, Sigma). After PBS washings, sections
were incubated with the appropriate peroxidase-conjugated secondary antibodies.
After PBS washings, sections were developed with power DAB (Immunologic,
Duiven, The Netherlands) as a chromogen, dehydrated and slides were mounted
with permount.
RESULTS
Biomatrix characterisation
Table 1 reviews the biochemical characteristics of the biomatrices. The biomatrices
were highly porous (Figure IB, pores ranging 100-150 μιτι) and successfully
crosslinked as evidenced by a decrease of amine group content of 38% and 56% for
the crosslinked and heparinised biomatrices, respectively. Heparinised biomatrices
contained 18 wt% of heparin. Estimates from Western blot analyses revealed a
total amount of 0.4 μg bound growth factors per mg scaffold (VEGF 30%, FGF-2
27%, HB-EGF 42%).
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The method used to bind growth factors involved incubation of FGF-2 after which
VEGF and HB-EGF were added. This method was found to be the most optimal
method resulting in binding approximately equal amounts of each growth factor,
as HB-EGF was highly competitive in binding heparin, especially with respect
to FGF-2. Other incubation methods, namely simultaneous or proportional
incubation, were not adequate. The growth factor incubation concentrations were
selected based upon previous work".
Table 1
Biochemical characteristics of biomatnces. Given are the amount of amine groups
(indicative for crosslinking), the amount of heparin and the amount of various growth
factors.
Tubular ScalTolds

Crosslmked Amine group coment Heparin
content VEGF
content FGF-2
content HB-EGF content
using
(nmol/rng biomatrix) ^g/mg biomatrix) (ng/mg biomatrix) (ng/mg biomalnx) (ng/mg biomatrix)
FDtTNIIS
n=3
n=3
n=4
n=4
n=4
(mean ± s d.)

COL

no

306 ± 16

COLX

yes

189± 10

COLX-Hep-GF

yes

135 ± 4

(mean ± s d )

(mean ± s d )

(mean ± s d )

"

0·

178±15

(mean ± s d )

116 ±63

104±6

162 ±27

COL: non-crosslinked collagen biomatrices; COLX crosslinked collagen biomatrices;
COLX-Hep-GF: heparinised collagen biomatrices supplemented with growth factors, s.d.:
standard deviation. -: not determined; *: set to 0.
Clinical observations
All animals recovered satisfactory from the initial surgery (Figure 1C) and survived
without any sign of difficulty in urinating or urinary retention. No strictures or
urethrocutaneous fistula were observed in the group without growth factors
(COLX) (Figure ID). The retrograde urethrogram of the group without growth
factors showed normal calibre of the urethra at all time points (Figure 2A,C,E,F).
Only 2 rabbits developed small diverticula at 12 weeks. In the group with heparin
and growth factors supplemented tubular biomatrices (COLX-Hep-GF) (Figure
2B,D,F,H), all four rabbits showed relative narrowing of the urethra at 2 weeks
(Figure 2B). In 11 out of 12 rabbits receiving COLX-Hep-GF tubular biomatrices
(4, 12 and 24 weeks post-repair groups), a diverticula of the urethra was observed.
One rabbit in this group showed an urethrocutaneous fistula at 24 weeks (Figure
2D). Macroscopic inspection confirmed these findings on urethrography.
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Figure 2
Retrograde urethrograms. The urethrograms of the COLX group showed normal calibre of
the urethra at 2,4,12 and 24 weeks after implantation (A, C. E, G). In the COLX-Hep-GF
group (B, D, F, H), rabbits had relative narrowing of the urethra at 2 weeks, and diverticula
after 4 weeks. Arrows indicate the position of the biomatrix.

COLX
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Histological examination
The microscopical evaluation of urethra regeneration was semi-quantified and is
summarised in Table 2. Representative images are shown in Figure 3 and 4.
Table 2
Table summarising cellular features, listing urothelium-related topics separately. Scoring
was done by two independent couples. Events were scored ranging from sporadic (sp) to
abundant (++). -: not present.
weeks of implantation
4 weeks 12 weeks 24 weeks
+
±
sp
±
++
sp
i
sp
sp
±
++
++
++
+
++
++
+
++
++

COLX
granulocytes
lymfocytes
giant cells
macrophages
neovascularisation
biomatrix remnants
ECM production
fibroblast-like cells

2 weeks
++
sp
sp
±
±
++
±
±

urothelium
number of glands
glandular hyperplasia
budding
COLX-Hep-GF
granulocytes
lymfocytes
giant cells
macrophages
neovascularisation
biomatrix remnants
ECM production
fibroblast-like cells

±

±

2 weeks
++
sp
±
±
±
++
+
+

4 weeks
++
+
++
+
+/++
++
+/++
+/++

±

+/++
++
+
+

urothelium
number of glands
glandular hyperplasia
budding

++
++
++
+/++
±
+
±
+
12 weeks 24 weeks
+
+
±
++
+
++
++

sp/±
±
sp
++
±
++
++

++
++
+
++

++
+
+
+

Figure 3
Histology of explanted biomatrices (H&E staining). The left column displays results of the
COLX group, the right of the COLX-Hep-GF group. The HE staining at the bottom shows
the native situation, with urothelium (black arrowhead) and the underlying smooth muscle
(red arrowhead). At week 2 after implantation, granulocytes had infiltrated the biomatrix
(white arrowhead) (A, B). After four weeks, more newly formed extracellular matrix
(ECM) (white arrow) was present in the COLX-Hep-GF biomatrix in comparison to the
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COLX biomatrix. Remnants of the biomatrix (red arrow) were found in the neourethra in
both groups (C, D). An increase of glands and an increase in fusion (black arrow) of these
glands were observed in the COLX-Hep-GF in comparison to the normal COLX biomatrix
at 12 weeks (E, F). Both types of biomatrices were replaced by urethra-like structures at 24
weeks. The neourethra was only distinguishable from normal urethra by the fact that there
were no muscle cells visible in the replacement tissue (G, H). Black arrowheads show the
border between native tissue and new regenerated tissue. Bars represent 1 mm and 200 μηι
g

p. ο
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Figure 4
Immunohistochemical analysis of blood vessels, urothelium, glands and muscle cells in
biomatrices. Neovascularisation (CD31 staining, blue arrowheads) in the biomatnx two
weeks after implantation (A, B). Newly formed urothelium 4 weeks after implantation
(cytokeratin staining, black arrowheads), indicating a more organised urothelial layer in the
COLX-Hep-GF biomatrix in comparison to the COLX biomatrix (C, D). This new urothelium
also resulted in an increase and fusion of glands (black arrows) in the COLX-Hep-GF group
in comparison to the normal COLX biomatrix (E, F, H). Both types of biomatrices were
replaced by urethra-like structures and only distinguishable from normal urethra by the
lack of smooth muscle cells in the newly formed tissue compared to original tissue (desmin
staining, red arrowhead) (G). Bars represent 1 mm and 200 μιη within the insert. L: lumen;
red arrow: biomatrix remnants; white arrow: newly formed ECM. Colourfigureon p. 189
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2 weeL· evaluation
Granulocytes infiltrated the biomatnx, regardless of the biomatnx modification
procedure with growth factors (Fig 3A,B) More giant cells were observed in
the COLX-Hep-GF biomatnx Neovasculansation (CD31) was observed at the
rim of the biomatnx (Figure 4A, B) The COLX-Hep-GF biomatnx revealed
purple-pink coloured matrix structures on H&E stainings, indicative for the
presence of immobilised heparin Despite precautions to completely remove the
native urothelium, some remnants with smooth muscle cells underneath could be
localised at the dorsal site of the urethra in almost all rabbits This was confirmed
by staining for desmin Tissue regeneration was observed in the biomatnx as
well as below the biomatnx In this manner, the tubular construct also facilitated
urethral reconstruction by functioning as an onlay
4 weeks evaluation
The amount of granulocytes decreased in the COLX biomatnx but not in the
COLX-Hep-GF biomatnx (Figure 3C, D) More fibroblast-hke cells and newly
formed extracellular matrix (ECM) were present in the COLX-Hep-GF biomatnx
compared to COLX As in the latter, still empty porous biomatnx structures could
be found The number of giant cells, present at the periphery of the biomatnx,
was higher in COLX-Hep-GF compared to COLX Also, neovasculansation was
increased in the COLX-Hep-GF group, based upon more CD31-positive vessels
Newly formed and organised urothelium was cytokeratin-positive and found to be
increased in the COLX-Hep-GF biomatnx, though only sporadically present in the
COLX biomatnx (Figure 4C, D)
12 weeks evaluation
The cellular infiltration of granulocytes was reduced in all biomatnces (Figure
3E, F) More lymphocytes and macrophages were present in the COLX-Hep-GF
biomatnx in comparison to the COLX biomatnx In both types of biomatnces, the
level of interstitial ECM production and fibroblasts was increased in comparison
to the situation 4 weeks after implantation In the COLX group, the scaffold was
completely replaced by urethra-like tissue In contrast, biomatnx remnants were
still observed in the COLX-Hep-GF biomatnx In both biomatnces, urothelium
and capillaries became more evident Neovasculansation (CD31 staining) was
comparable between both groups A profound increase of glands, which were also
positive for cytokeratin, and fusion of these was present in the COLX-HEP-GF in
comparison to the COLX biomatnx (Figure 4E, F)
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24 weeks evaluation
The inflammatory response was additionally decreased. Both types of biomatrices
were replaced by urethra-like structures; a normal transitional layer of epithelium
surrounded by vascularised tissue (Figure 3G, H). COLX-Hep-GF biomatrices
were almost fully degraded. A decrease in the number of glands was seen in both
groups in comparison with 12 weeks after implantation (Table 2). Fusion of these,
or budding, was increased in COLX and decreased in COLX-Hep-GF. No muscle
cells were visible in the new tissue of both groups. A clear transition could be made
between old and new tissue, as the latter was recognisable by underlying desminpositive muscle (Figure 4G, H). Both old and new tissues had cytokeratin-positive
epithelium that was comparable to one another.
DISCUSSION
Literature data suggests that cell seeding is critical to regenerate urethral tissue
and avoid stricture formation when collagen grafts are used for urogenital
reconstructions69. Cell seeding necessitates tissue harvesting for the cellular
components, causing an increase in morbidity, and -more importantly- comes with
a complex, labour intense and time consuming procedure. It would be advantageous
to develop an acellular biomatrix with a high capacity to regenerate urethral tissues.
A tubular biomatrix may be a suitable alternative for patients in need for a total
urethral reconstruction such as patients with severe hypospadias or long urethral
strictures. In a previous study4, we investigated an onlay urethral procedure in a
rabbit model with an unmodified, acellular collagen-based biomatrix and compared
it with a Small Intestinal Submucosa (SIS), and observed comparable regeneration
of the urethra. Encouraged by the results of this study, we decided to develop
novel, molecularly-defined tubular biomatrices (containing pores of about 100-150
μιτι) substituted with three growth factors (VEGF, FGF-2 and HB-EGF), through
coupling with covalently attached heparin. These growth factors are known to have
a stimulatory effect on various cellular processes including cell influx, angiogenesis
and proliferation/differentiation, thus improving the regenerative capacity of the
construct. It is known from literature that epidermal growth factor plays a key
role in urothelial regeneration10, whereas fibroblast growth factor-2 (FGF-2) and
vascular endothelial growth factor (VEGF) are involved in angiogenesis and blood
vessel maturation". In an in vitro pilot study, best proliferation of urothelial cells
(Scaber) was seen by the sole use of EGF (unpublished results).
We evaluated the regenerative capacity of these biomatrices without and with
growth factors (COLX and COLX-Hep-GF) in a rabbit model, by replacing 1
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cm urethra, a critical size defect17, and compared the outcome 2, 4, 12 and 24
weeks after implantation. Successful regeneration without urethral occlusion
was achieved with the tubular COLX biomatrix. Retrograde urethrogram
analysis indicated normal calibre of the urethra at all time points underscoring its
effectiveness. Histology of the COLX biomatrix indicated a mild cellular response,
with the formation of normal urothelium and capillaries within 24 weeks. For the
COLX-Hep-GF biomatrix, a profound effect on tissue regeneration was observed,
including an increase in ECM, urothelium, capillaries, glands and the number of
granulocytes, lymphocytes and macrophages. Sievert et al. already showed the
importance of the time dependent changes in growth factor expression during
regeneration. Through the addition of GF to the biomatrix we mimic a depot of
growth factors in a slow release system leading to faster urethra regeneration18.
Additionally, genetically engineered urethral grafts expressing human VEGF,
significantly induced neovascularisation in the urethral wall19. VEGF attracts
endothelial cells and the combination with FGF-2 has proven to further enhance
an early and well-developed vasculature". Nevertheless, although we assumed
that the addition of GF would facilitate and quicken urethra regeneration,
urethrogram analysis of the COLX-Hep-GF group indicated a relative narrowing
of the replaced urethral segment at 2 weeks and dilatation (diverticula) at 12 and
24 weeks. The histological analyses suggest that dilatation is caused by an increase
in urothelium ingrowth in comparison to the unmodified biomatrix. The fact that
FGF-2 and HB-EGF promote epithelial migration and reepithelialisation in wound
healing20·21, may explain the urothelium migration and proliferation into the wall
of the biomatrix. This may be prevented by binding HB-EGF only to the luminal
side of the biomatrix wall. Epithelial glands that were formed inside the construct
seemed to fuse into lacunae. This may explain the decrease in the absolute number
of glands after 24 weeks. In a human setting, periurethral glands are of eminent
importance; f.i. glands of Littré are needed for a normal secretion of the seminal
substance. Additionally, these glands are known to form, at times, small diverticula
known as lacunae of Morgagni2223. These results implicate that the tubular collagen
COLX biomatrix is capable of and succeeds in the regeneration of functional
urethra-like tissue. The tubular COLX biomatrix had better functional outcome
in comparison to tubular COLX-hep-GF biomatrix. Growth Factors substantially
improved "molecular" features of healing but failed to be superior in functional
outcome (narrowed urethras, urethras with diverticula, and one fistula). This study
showed the negative effect of this over-treatment with growth factors and proofed
that acellular biomatrices do not have to be inferior to some of biomatrices with
growth factors.
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In binding growth factors, the biomatrices were first bound with the
glycosaminoglycan heparin. After 12 weeks, COLX-Hep-GF biomatrix remnants
were still present, while the plain collagen biomatrix was fully degraded. This may
be explained by the fact that the incorporated heparin is highly negatively charged,
due to the presence of sulphate and carboxylic groups, which may protect collagen
from proteolysis, and has an inhibitory effect on the macrophage adhesion, thus
delaying matrix degradation24.
Even though every precaution was taken to completely remove the native
urothelium during surgery, this was extraordinary difficult without causing
excessive bleeding from the corpus cavernosa. As a result, some native urothelium
was left at the dorsal site of the urethra. These urothelial remnants tend to induce
tissue regeneration at the outside of the tubular construct, probably creating a new
lumen through which urine was voided. As a result, the tubular construct most
likely functioned as an onlay sometimes, thus implicating that at least small parts
of the biomatrix could be lost due to voiding during (bio)matrix remodelling. The
use of running sutures at the anastomoses or a temporary transurethral catheter
may solve this problem.
Several investigators studied onlay urethroplasty in a rabbit model3 5. Singlelayer SIS appears to be inferior to spontaneous urethral regeneration, possibly
because SIS impedes smooth muscle cell regeneration, although results have been
variable3,7. The conflicting results might be the consequence of dissimilarities in
different SIS batches25.
Similar to SIS, our constructs did not support smooth muscle cell ingrowth (SMA).
This is in contrast with results obtained with a decellularised tubularised construct
created from SIS where complete regeneration of all urethral layers was reported
as early as 12 weeks after urethra repair1. However, the clinical importance and
relevance of muscular cell ingrowth in a urethra is not clear. Urethroplasty with
SIS resulted in fibrotic tissue covered by urethral mucosa without muscle cells
at the site of SIS implantation26. Animal studies have indicated that the urethra
is capable of complete regeneration over a 15 mm defect area when only the
ventral wall of the urethra is excised7. However, a circumferential defect as used
here does not heal spontaneously and this would imply that severe scarring may
occur. Previous studies have shown that with an acellular tubularised construct the
maximum defect distance that can be supported by normal tissue regeneration is
0.5 cm, albeit that the longest time period studied was only 4 weeks17.
Collectively, in the current study, the repair of a 1 cm defect with the collagenbased tubular biomatrices resulted in excellent regeneration of the urethra without
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urethral occlusion. In the future, long-term outcome and growth of the tissue in
young animals to adulthood has to be studied before all clinical questions can be
answered. The inclusion of a support, e.g. a polymer, may help to prevent voiding
of urine alongside instead of through the construct.
CONCLUSION
Tubular molecularly-defined collagen biomatrices are successful in repairing
urethral lesions of 1 cm in a rabbit model. The results with these developed
biomatrices are promising, but further studies aimed at fine-tuning the effect of
bound growth factors must be performed, particularly to prevent (initial) excessive
cell proliferation and to induce ingrowth of smooth muscle. Additionally, a
composite construct may facilitate future use of longer tubular segments in urethral
reconstruction.
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ABSTRACT
A clinical demand exists for alternatives for repairing the gastroenterological tract,
including oesophagus and bowel. A biocompatible, off-the-shelf tubular construct,
which can be easily vascularised, could set the stage for tissue engineering of the GI
track. In this study, we developed and characterised three different types of largediameter tubular, acellular scaffolds and evaluated cell/tissue compatibility in vitro
and in vivo including vascularisation by omentum wrapping. Three different types
of porous tubular scaffolds (0 ~1.5 cm) were prepared using highly-purified type I
collagen fibrils with and without poly(e-caprolactone) knittings, applying freezinglyophilisation and crosslinking techniques. Scaffolds were analysed biochemically
and mechanically, and studied in vitro by seeding primary smooth muscle and
epithelial cells. Scaffolds were implanted in sheep using the technique of omentum
wrapping, and evaluated after 6 weeks for biocompatibility, vascularisation and
oxygen supply using (immuno)histochemistry. A single-layered porous collagen
scaffold, a dual-layered (porous + compressed) collagen scaffold, and a hybrid
scaffold (collagen + polymer knitting incorporated into the collagen) were
successfully constructed. The latter had an ultimate tensile strength comparable
to porcine oesophagus. In vitro and in vivo evaluation indicated that all scaffolds
were cyto- and biocompatible. After 6 weeks in vivo, cellular influx, ingrowth
of blood vessels and normoxic condition (H1F-I alpha staining) were observed.
Biocompatible collagen-based, large-diameter tubular scaffolds can be constructed
and vascularised in vivo. Such scaffolds may be well suited for tissue engineering
of the gastroenterological tract.
Keywords: Biomaterials, collagen, oesophagus, intestine, bowel, animal model,
vascularisation.
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INTRODUCTION
Surgical removal of the small intestine due to e.g. necrotising enterocilitis in
children or Crohn's disease and cancer in adults may cause short bowel syndrome,
characterised by malabsorption '. Current treatment of SBS involves parenteral
nutrition which may result in severe complications including septicaemia and
cholestatic liver disease, and leads to significant morbidity and mortality rates ' : .
Bowel transplantation would be a better option -1"5, but is highly limited due to
the high rejections rate in case of gastroenterological transplants, the low number
of donors, and chronic use of immunosuppressive drugs b. The availability of
biocompatible tubular constructs, mimicking the small intestine's structure and
sustaining regeneration of bowel tissue would be a major advantage, and would set
the scene for tissue engineering/regenerative medicine of the gastrointestinal tract.
This is also the case for treatment of esophageal cancers, in which a segment of the
esophagus is removed. Every year, over 300,000 new cases of oesophageal cancer
are identified and about 10,000 (approximately 1 in 4,000 live births) cases are
diagnosed with congenital or acquired oesophageal disease 7'8'9. Since the bowel
and oesophagus have diameters ranging between 2 and 6 cm in humans, there is
need for large-diameter biocompatible tubular biomaterials for tissue engineering
of these hollow organs.
For tissue regeneration, multiple (clinical) demands exist in case of biomaterials,
including material characteristics (mechanical strength, suturability, nonimmunogenicity),regenerativepotential, and the potential for graft functionalisation.
It is highly desirable to work with molecularly-defined tubular scaffolds, to permit
reproducible production of scaffolds. A number of materials have been used as
biomaterial in gastroenterology, including natural and synthetic polymers ι υ · " . Hori
et al. investigated application of acellular collagen sponges for the construction of
l2
l1
a tissue-engineered stomach wall and the small intestine . In the latter case, 5
cm length grafts were used in a jejunum resection model in beagle dogs; after 4
months, scaffold resorption and luminally regenerated intestine were found. The
14
Vacanti laboratory applied type I collagen coating to polyglycolic acid meshes,
and seeded these with epithelial organoid units. Implantation in omenta of rats
resulted in functional cyst-like structures (3 weeks), which were subsequently
anastomised end-to-end to the small bowel. Surgical meshes have also been
investigated as a template for the regeneration of the oesophagus l5 . Brahny et
al. I6 developed an acellular scaffold for oesophageal repair by cell extraction of
oesophageal tissue with improved stability by crosslinking with genipin l7 . Hori et
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al. ' 8 found improved vascularisation when using a collagen gel containing FGF-2
for oesophageal tissue engineering in a canine model.
In many cases, large-diameter scaffolding still depends on either autologous or
cadaveric (donor) tissue. Off-the-shelf large-diameter scaffolds are preferable, but
good vascularisation is essential to supply sufficient oxygen and nutrients to the
regenerating tissue ".
A promising procedure to vascularise acellular scaffolds is in vivo omentum
wrapping l9 . After a predetermined time to permit vessel ingrowth and/or graft
remodelling in the Omental bioreactor', implantation of the vascularised scaffolds
at the correct side e.g. intestine or oesophagus can take place.
In this study, we constructed three different types of tubular collagen-based largediameter grafts, characterised them biochemically, biophysically and (immuno)
histochemically, and evaluated them in vitro and in vivo. All three grafts were
vascularised by omentum wrapping in a sheep model.
MATERIALS & METHODS
Materials
Type 1 collagen fibrils
Highly-purified type I collagen fibrils were obtained as described 20. Briefly,
bovine Achilles tendons were pulverised (0.5 mm) in a universal cutting mill
(Pulverisettel9, Fritsch GmbH, Idar-Oberstein, Germany) under liquid nitrogencooled conditions. The purification process included washings with aqueous
solutions of NaCl and urea, diluted acetic acid, acetone and demineralised water.
After purification, type I collagen fibrils were frozen, lyophilised and stored under
vacuum at -20oC.
Polymer synthesis
Polycaprolactone (PCL), a biodegradable polyester, was synthesised by ringopening polymerisation of ε-caprolactone monomer (1 kg of monomer was
purified by distilling twice over CaH2 using 3 ml of a 0.61 g/ml solution of
Sn(Oct)2 in toluene as polymerisation catalyst). The monomer and catalyst were
mixed thoroughly and the mixture was kept at 110oC for 2 days for polymerisation.
Polymer thread and knitting
PCL was spun into a monofilament using lab scale melt spinning. For this, PCL
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was first dried overnight at 40oC under vacuum, and placed into a thermostated
mould (80oC) which was fitted with a spinneret of 1.1 mm. Prior to melt spinning,
the polymer was compressed under nitrogen atmosphere to remove voids and air.
Subsequently, the mould temperature was raised to 180oC and the melt spinning
was carried out by extruding the PCL through the spinneret into a monofilament
directly into an ice bath (at 20C). The monofilament was collected on a bobbin and
the filament was drawn 6 times at 40oC to introduce orientation, crystallinity and
mechanical strength as preparation for knitting. The polymer knitting was prepared
from the filament using knitting machinery (Lawson Hemphill, Swansea, MA,
USA) with a 29 Gauge needle.
Scaffold construction
Three different tubular scaffolds were prepared, two with collagen only, and one
with additional caprolactone polymer (Figure 1 ).
1)
Single-layered type I collagen scaffold: Type I collagen was swollen in
0.25 M acetic acid at a concentration of 0.67% (w/v) for 16 h at 40C. The obtained
suspension was homogenised using a Potter-Elvehjem homogeniser (Louwers
glass and Ceramic technologies, Hapert, the Netherlands) with an intervening
space of 0.35 mm (all at 40C) using -10 strokes. The suspension was deaerated by
centrifugation at 160 g for 30 min at 40C, and subsequent incubated under vacuum
in a desiccator for 30 min at 2 r C . Next, type I collagen suspension was placed
in a polystyrene mould (0 28 mm, Falcon, BD, Bioscience, San Jose, USA), and
a stainless steel mandrel (0 15 mm) was positioned in the centre of the mould.
Casted moulds were frozen for 4 h at -20oC (in a custom-made aluminium block),
and subsequently lyophilised (500II sublimator, Zirbus, Bad Grund, Germany).
Tubular collagen scaffolds thus obtained were crosslinked by means of N-ethyl3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide
(NHS)21. Briefly, tubular scaffolds were pre-incubated for 30 min at 2 TC in 50 mM
2-morpholinoethane sulphonic acid (MES, pH 5.0) (USB, Ohio, USA) containing
40% (v/v) ethanol. Next, scaffolds were placed for 4 h at 210C in 33 mM EDC
(Fluka Chemica, AG Buchs, Switzerland) and 6 mM NHS (Fluka Chemica) in
MES buffer containing 40% (v/v) ethanol. Scaffolds were washed with 0.1 M
NajHPO,,, 1 M and 2 M NaCl and demineralised water while shaking, washed
with 70% (v/v) ethanol and stored at -20oC.
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Figure 1
Schematic representation of the manufacturing process of three different types of largediameter tubular scaffolds. Scaffolds were constructed using stainless steel mandrels (0
15 mm) and polystyrene tubing. A) single-layered scaffold; B) dual-layered scaffolds
constructed by compressing a single-layered scaffold around a mandrel (followed by EDC/
NHS crosslinking), and insertion into a polystyrene tubing filled with type I collagen
suspension; C) hybrid grafts made of collagen with synthetic polymer knitting. Polystyrene
moulds were casted and mandrels were inserted and secured (capping). Subsequently, the
tubing was frozen at -20oC in a custom-made aluminium block and subsequently lyophilised.
Scaffolds were obtained after removal of moulds and mandrels. Colour figure on p. 190
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scaffold, dual-layered constructs were prepared. First (non-crosslinked) singlelayered type I collagen scaffolds were made as described above. Next, the tubular
collagen scaffold's wall was evenly compressed around a stainless steel mandrel
to about 0.2 mm wall thickness, applying a rolling motion on a clean and smooth
surface, which was repeated 8 times. The compressed tubular collagen scaffold
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was removed from the mandrel and crosslinked by means of EDC/NHS (and
washed) as described above, but avoiding the MES/ethanol pre-incubation step to
prevent reswelling of the compressed layer. To apply a second porous layer, the
stainless steel mandrel was put back into the crosslinked and compressed tubular
collagen scaffold, and the construct was incubated in 2 M acetic acid for 1 h at
210C. Then, the mandrel with scaffold was placed in a mould containing deaerated
and homogenised 0.67% (w/v) type I collagen suspension in 0.25 M acetic acid.
Moulds were frozen for 4 h at -20oC (in the custom-made aluminium block), and
subsequently lyophilised. After lypohilisation, EDC/NHS crosslinking (with MES/
ethanol pre-incubation) was repeated as described above.
3)
Hybrid scaffold: Another method to reinforce porous tubular scaffolds is the
addition of man-made polymers. For the construction of tubular hybrid scaffolds,
the knitted PCL polymer sheet was wrapped around a stainless steel mandrel such
that the sheet's back (Fig. 2B) faced the mandrel, and the knitting direction (Fig.
2, KN direction) was orientated circumferentially. The polymer sheet was sutured
into a tubular form using 4-0 Perma-hand silk running sutures and 5 evenly spaced
triple square knots (Ethicon, New Jersey, USA). The tubularised knitting, with
mandrel, was incubated in 0.25 M acetic acid for 1 h at 210C, and subsequently
placed in a mould containing deaerated and homogenised 0.67% (w/v) type
I collagen 0.25 M acetic acid suspension. The casted moulds were frozen for 4
h at -20oC, and lyophilised. After lyophilisation, EDC/NHS crosslinking was
performed as described above.

Characterisation
Scannins electron microscopy (SEM)
SEM was used to analyse the morphology and structure of the tubular scaffolds.
Samples were lyophilised, or when seeded with cells, dehydrated with an
ascending series of ethanol solutions, and critically point-dried (Polaron, Quorom
Technologies, Rignmer, United Kingdom). Next, samples were fixed on a stub
with double-sided carbon tape and sputtered with an ultrathin gold layer in a
Polaron E5100 Coating System. Examination was performed in a JEOL SEM 6310
apparatus (JEOL Ltd, Tokyo, Japan) with an accelerating voltage of 15 kV.
Content of amine group after crosslinking
The degree of crosslinking was evaluated by the loss of primary amine groups
upon crosslinking which was measured by reaction with trinitrobenzene sulphonic
acid22.
Ultimate tensile strength (UTS) and suture retention
Avalidated home-made device was used to measure mechanical strengths23. Tubular
constructs were cut longitudinally and placed in-between two clamps. The force
applied to rupture was digitally recorded by a computer. All measurements were
performed under the same conditions at an elongation speed of 2.9 mm/min, with
sample length of 8 mm and pre-incubation of scaffolds for 16 h in demineralised
water (wet conditions). Measurements were repeated depending on the amount of
available material (single layered scaffold n=8; compressed single layer scaffold
n=3; dual-layered scaffold n=9; hybrid scaffold n=9; knitted synthetic polymer n=4
(both in the knitting direction and perpendicular to the knitting direction (PKN, Fig.
2A)). As a reference, adult porcine oesophagus (n=4, transported in 0.9% NaCl)
and commercially available SURGISIS-ES matrix (decellularised small intestinal
submucosa enhanced strength, COOK Medical TNC, Bloomington, USA) (n=5)
were used.
Suture retention was measured as described 24. Double square knotted 5-0 Prolene
sutures (Ethicon) were placed 2 mm at one end of the scaffolds whilst leaving 5 cm
extra suture thread at both ends of the thread. The setup was identical as described
above with scaffold samples clamped on one end and fixed suture threads. The
same conditions were used as described above (n=6).

148

Construction and in vivo vascularisation of large-diameter tubular scaffolds
Cell seeding and culture
Primary human oesophageal epithelial cells (pHEECs, Sciencell, Carlsbad, USA)
were seeded on glass slides and cultured in plastic petridishes (Greiner Bioone, Alphen aan de Rijn, The Netherlands) at 37oC/5%CO2/100% humidity in
Epilife medium (Cascade, Biologies, Portland, USA) containing 1% (v/v) human
keratinocyte growth supplement (Cascade Biologies) and penicillin/streptomycin
(Sciencell). Primary smooth muscle cells from human bladder (pHBSMCs,
Sciencell) were seeded on glass slides and cultured in plastic petridishes (Greiner
Bio-one) at 37oC/5%CO2/100% humidity in smooth muscle cell medium (SMCM,
Sciencell) containing 2% (v/v) foetal bovine serum, 1% (v/v) smooth muscle
growth supplement (SMCM, Sciencell) and penicillin/streptomycin. Epithelial cells
were stained for expression of cytokeratin 8+5 (1:20, RCK102, Mubioproducts,
Maastricht, The Netherlands). Smooth muscle cells were stained for expression of
smooth muscle actin (1:15000, α-SMA, Sigma, Steinheim, Germany) and desmin
(1:200, a-desmin, Biogenex, San Ramon, CA, USA), and developed using power
DAB (immunologic, Duiven, The Netherlands).
Scaffolds were disinfected by 4 washings with 70% (v/v) ethanol, followed by
six washings with sterile phosphate-buffered saline (PBS). Cell seeding was
performed for all three scaffold types (n=3). Before seeding, scaffolds' endings
were closed using running sutures. A 5 ml smooth muscle cell suspension was
abluminally seeded (pHBSMC: 5,000,000 cells/ml) onto the scaffolds. To promote
homogenous cell distribution, the seeded scaffolding was rotated 90 degrees every
15 min for 5 h. Medium was added and the seeded scaffold was cultured for 7
days at 37oC/5%CO2/100% humidity. For epithelial cell seeding, tubular scaffolds
were luminally seeded with pHEECS (400,000 cells/ml) by injecting 5 ml of cell
suspension into each scaffold's lumen. Again, rotation (as described above) was
performed to achieve homogenous cell distribution. After 5 h, the end-suturing of
the scaffolds was removed (facilitating medium distribution) and the construct was
cultured for an additional 7 days at 370C/5%.
To study the distribution of cells in the collagenous scaffolds, samples were frozen
in liquid nitrogen-cooled isopentane. Cryosections were cut (5 μιη) and stained with
polyclonal rabbit anti-bovine type I collagen (1:100, Chemicon, Massachusetts,
USA), cytokeratin 8+5 (1:20, RCK1020, smooth muscle actin (1:200, α-SMA)
and secondary Alexa488 fluorochrome-conjugated antibody (1:200, Molecular
Probes, Eugene, Oregon USA). Cell nuclei were visualised using 4',6-diamidino2-phenylindole (1:1000, DAPI, Molecular Probes). Sections were fixed in 100%
ethanol, air dried, and embedded in mowiol.
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In vivo biocompatibility and vascularisation after omentum wrapping
To study the in vivo biocompatibility of the tubular scaffolds, they were
implanted in sheep by wrapping in omentum (Mountain sheep, $, and age ~ 1
year). Anesthesia was induced by an intravenous injection of propofol (5 mg/
kg, Pharmacia, AstraZenaca, Germany) followed by tracheal intubation. The
sheep were maintained on general anesthesia with 1.5% (v/v) isoflurane (35%0 2
Isoflurance Nicholas Piramal, Nicholas Piramal India Ltd, UK). For analgesia,
flunixin (2 mg/kg, Schering Plough, Sante Animal, France) and sufentanil (4
μg/kg, Janssen Cilag, Nuess, Germany) were given intravenously followed by
a maintenance dosage sufentanil of 2 μg/kg/h. Heart rate, temperature, oxygen
saturation and carbon dioxide concentration of the expired air were monitored.
The abdomen was shaved, cleaned and aseptically prepared with iodine. After
a low midline laparotomy, the omentum was exteriorised. Disinfected scaffolds
were stented on endotracheal tube stents (Rusch Flexi-set PVC Endotracheal tube,
Rusch AG, Keman, Germany) and enwrapped within an omentum fold. Sutures
were placed along the omentum fold to prevent unwrapping and to fix the tubular
scaffolds before the omentum was interiorised. Subsequently, the wound was
closed: the abdominal wall and skin were closed in three layers using 2-0 vicryl
continuous sutures for the peritoneum, 1-0 vicryl for the fascia and 1-0 polyester
sutures for the skin. Depomycin (20 mg/kg, subcutaneous, Intervet, Boxmeer, The
Netherlands) was administered preoperatively and maintained postoperatively
for 3 to 5 days via intramuscular injections. To provide postoperative analgesia,
buprenorphine (10 μg/kg, intravenous, Schering Plough, Segre, France) and
flunixin (2 mg/kg, intramuscular) were given for three days. After 6 weeks, the
animals were sacrificed after anaesthesia by administration of 10 ml 10% KCl
intravenously. The tubular scaffolds with omentum tissue were explanted, fixed
(4% formalin) and paraffin-embedded for (immuno)histological analysis.
Histology
Paraffin sections were cut (5 μιη) and haematoxylin and eosin staining (H&E) was
used to visualise the general morphological features of in vitro seeded scaffolds
and of explanted scaffolds. Masson Trichrome staining was applied to visualise
collagen (green), cytoplasm (red) and cell nuclei (black) in explanted scaffolds.
Possible calcification was analysed by van Kossa staining 25 .
Immunohistology
Paraffin sections were cut (5 μιη). Immunohistochemical staining was performed
for smooth muscle actin (a differentiation marker for smooth muscle cells), type
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IV collagen (a marker for basement membranes) and HIFI alpha (a marker for
hypoxia). In brief, sections were deparaffinised by xylene and hydrated in a
degrading series of ethanol. Antibody retrieval was performed by treatment with
10 mM Tris/1 mM EDTApH 8.8 for 40 min (950C)(SMA) or by boiling in 10 mM
sodium citrate pH 5.5 for 10 min (type IV collagen and HIF-1 alpha). After blocking
endogenous peroxidase activity with 0.3% H 2 0 2 , sections were incubated for 16 h
at 40C with monoclonal mouse anti-human α-smooth muscle actin (1:400, SigmaAldrich, Steinheim, Germany), polyclonal rabbit anti-human type IV collagen
(1:100, Abeam, Cambridge, United Kingdom) or monoclonal mouse anti-human
HIFI alpha (1: 500, Abeam). After PBS washings, sections were incubated for 1 h
with appropriate biotinylated secondary antibodies (1: 400, Vectastain Elite ABCkit, Vectorlabs, Burlingame, CA, USA). After washings with phosphate-buffered
saline (pH 7.4), sections were developed with 3,3'-diaminobenzidine (DAB) as
a chromogen. Sections were dehydrated in an increasing series of ethanol and
mounted with entellan.
RESULTS
Scaffold construction and morphology
All tubular scaffolds displayed a homogenous sponge-like appearance; homogeneity
was facilitated by the freezing of casted moulds in an aluminium block (Fig. 1 ).
Tubular scaffolds 4 to 5 cm in length were prepared. For the construction of
dual-layered scaffolds, non-crosslinked single-layered scaffolds were evenly
compressed and directly submerged in the crosslinking solution which retained
their compressed shape after crosslinking. Subsequently, incubation in 2M acetic
acid facilitated adhesion of the porous collagen layer. For the hybrid construct
containing the polymer knitting, a similar procedure was followed, using 0.25 M
acetic acid to wet the polymer for subsequent adhesion.
Before and after crosslinking, the wetted single- and dual-layered scaffolds tended
to collapse when laid down on a flat surface (Fig. 3 A, B). In contrast, the lumen
of hybrid scaffolds incorporating the more rigid knitting remained open, even
when non-crosslinked (Fig. 3C). The polycaprolactone (PCL) polymer structure
was prepared by knitting the thread into sheets according to a stockinet structure
(Fig. 3). Knittings, and therefore the hybrid scaffold as well, displayed anisotropic
behaviour while handling: elasticity in the knitting direction and rigidity
perpendicular to the knitting direction (for quantification see section 'mechanical
characterisation'). These mechanical characteristics of the polymer knitting were
incorporated into the scaffold such that peristaltic movements may be facilitated.
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Figure 3
Macro- and microscopic images of the three types of scaffolding. Single- and dual-layered
scaffolds tend to collapse when placed on a flat surface, and were kept open with tweezers
for imaging (A, B). The hybrid graft remained open (C). All three types of scaffolding
had highly porous structures (D-F). The single-layered scaffold was porous throughout
(D). The luminally placed compressed collagen layer (in the dual-layered scaffold) was
recognisable by a denser structure compared to the surrounding porous collagen layer (E,
white dotted line indicates boundary). The polymer knitting was recognisable and fully
incorporated into the scaffold's wall in the hybrid scaffold (F, white arrows). Bars represent
100 μιη in D, E and F. Colourfigureon p. 191
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Scanning electron microscopy (SEM)
SEM analysis of all scaffolds displayed highly porous material with pore sizes
ranging from 50-120 pm (Fig. 3B, D, F). In dual-layered scaffolds, both layers were
attached, the boundary being clearly recognisable (Fig 3D). In hybrid scaffolds,
the polymer knitting was fully incorporated in the collagen layer and collagen was
found attached to the knittings (Fig 3F).
TNBS assay
The three different scaffolds (single-layered, dual-layered and hybrid scaffolds)
showed a decrease in free amine groups of 47±5%, 61±1% and 39±1% (n=3)
respectively, compared to non-crosslinked samples. Single compressed scaffolding
showed a decrease of 68% (n=3).
Table 1
Mechanical properties of various structures. The polymer knitting displayed anisotropic
behaviour.
Ultimate tensile strength (kPa)

Suture retention (N)

Single-layered
48±31

0.35±0.06

112±28

0.52±0.09

433±116
2800±305 (PKN)
1560±317(KN)

3.73±1.13
-

Dual-layered
Hybrid
Polymer knitting
Oeosphagus
438±107
SURGISÌS-ES
5970±702

8.73±1.3

Mechanical characterisation
Ultimate tensile strengths, defined as the strength at specimen rupture, are presented
in Table 1. Values (mean ± SD) were 48±31 kPa for the single-layered scaffold,
112±28 kPa for the dual-layered scaffold, 525±126 kPa for the compressed layer
only, and 433±116 kPa for the hybrid scaffold. For native porcine oesophagus
438±107 kPa was found and for SURGISIS-ES 5970±702 kPa. Hybrid scaffolds
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were equally strong as native porcine oesophagus. The polymer knitting of the
hybrid scaffold displayed anisotropic mechanical behaviour, which was quantified
as 1.6±0.3 MPa (mean± SD) in the knitting direction, and 2.8±0.3 perpendicularly
toit.
To evaluate suturability in case of applications in surgery, suture retention
experiments were performed (Table 1). Commercially available acellular small
intestine submucosa (SURGISIS-ES) was superior in strength, whereas hybrid
scaffolds measured up to 4 Ν in force. Single- and dual-layered scaffolds had less
suture strength. The suturing was pulled through the hybrid scaffold; specimens
ruptured by disentanglement of the polymer knitting.
Figure 4
Differentiation characteristics of the cells used for in vitro cytocompatibility testing.
Oesophageal cells specifically stained for cytokeratin 8+5 (A). Smooth muscle cells specifically
stained for SMA (B) and desmin (B, inset). Bar represents 50 μιη. Colourfigureon p.191
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Cytocompatibility
To study cytocompatibility of the tubular scaffolds, both epithelial and smooth
muscle cells were used. In culture dishes, the primary epithelial oesophageal
cells expressed cytokeratins 8+5 and the primary smooth muscle cells expressed
smooth muscle actin and desmin (Fig. 4). After luminal seeding and culture of
epithelia cells onto the three different tubes, a homogenous cell distribution was
found at the luminal side, cells expressing cytokeratin 8+5 (Fig. 5A). Infiltration of
cells into the scaffold was especially restricted for dual-layered and hybrid grafts.
Smooth muscle cells, seeded at the abluminal side of the different tubes, infiltrated
deeper into the scaffold (Fig. 5B). Cells did, however, not express actin or desmin
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staining. SEM analysis revealed elongated smooth muscle cells on the porous type
I collagen structure (Fig. 5C).
Figure 5
Analysis of tubular scaffolds seeded with epithelial and smooth muscle cells. A: Staining for
type 1 collagen (green, scaffold material) and cytokeratin 8+5 (red, oesophageal cells). B:
Smooth muscle cells, visualised by DAPI staining (blue). C: Scanning electron microscopy
of scaffold seeded with smooth muscle cells which show an elongated form. Bar represent
250 μηι in A and B, and 10 μm in C. L: lumen. A: ablumen. Colourfigureon p.192
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Biocompatibility and vascularisation by omentum wrapping
All three sheep successfully underwent surgery without complications. One animal,
however, was sacrificed after 11 days due to wound rupturing and subsequent
wound infection. The two other animals were sacrificed 6 weeks post-surgery as
scheduled. Single- and dual-layered scaffolds required placement of stents in their
lumen to retain lumen patency; hybrid scaffolds did not require stent placement,
but stents were placed to provide a standardised environment to all implants
(Fig. 6). Integration of the omentum with the tubular scaffolds was observed in
all cases and gross peeling of the implanted biomaterial was not possible in any
of the biomaterials. The omental fold placed over the tubular scaffolds had the
same morphological appearance and the same macroscopical vascularisation as
the omentum that did not directly cover the biomaterials. No adhesions of the
omentum were observed at the time of explantation. In the tubular scaffolds, cells,
including fibroblasts, had infiltrated and matrix material was deposited (Fig. 7). No
calcification was seen in any scaffold (e.g. Figure 7 C). In the case of the hybrid
scaffold, more inflammatory cells were found near the synthetic polymer. Blood
vessel ingrowth and vascularisation was substantial and mature blood vessels
were found throughout the construct (see for immunostaining for the basement
membrane component type IV collagen and smooth muscle actin Fig. 8 A and
,B). Staining for HIF-1 alpha was absent, except for some slight staining in areas
around the polymeric structures in the hybrid scaffolds (Fig. 8C).
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Figure 6
Photographs of scaffold implantation and omentum wrapping in sheep. A: exteriorised
omentum and three different tubular scaffolds enwrapped in omentum (white arrowheads).
Sutures were placed to prevent the omentum from unwrapping (white arrows). B: scaffolds
wrapped in omentum and stented with siliconised tubing (black arrow). Scaffolds were
marked with non-resolvable suturing thread (white arrowhead). Native vascularisation of
omentum was clearly visible on tubular scaffolding (black arrowhead). C: Scaffold after
explantation showing the omentum enwrapping the scaffold. Colourfigureon p. 192

Histological images of explanted scaffolds 6 weeks after implantation. Masson trichrome
staining (A), H&E (B) and van Kossa (C) for single-layered, dual-layered and hybrid
scaffolds, respectively. Absence of black staining in van Kossa staining indicates absence
of calcification. Dotted lines indicate the boundary between scaffold and omentum.
Black arrows: confluent luminal lining; black arrowheads: imprint of synthetic polymer.
Bar represents 200 μιτι. L: lumen. Colourfigureon p. 192
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Figure 8
Immunohistochemical images of explanted scaffolds 6 weeks after implantation. Staining
for smooth muscle actin (SMA), type IV collagen (Col IV) and HIF-1 alpha for the single
layered (A), dual layered (B) and hybrid (C) scaffolds, respectively. Mature blood vessels
were found as positive staining was seen for both SMA and type IV collagen (black
arrowheads in A and B, respectively). Near absence of HIF-1 alpha staining indicated
normoxic conditions. Dotted line indicates the boundary between scaffold and omentum
(A, insert). Black arrowheads in C point out the imprint of synthetic polymer in hybrid
scaffolding. Bars represent 200 μιη or 50 μιυ (inserts). L: Lumen. Colourfigureon p.192

DISCUSSION
Tissue engineering of the gastroenterological tract holds promise for a number
of diseases, including cancer and congenital defects. Donor tissue is generally
used for replacement of removed bowel segments. In the search for alternatives,
we developed and characterised different large-diameter tubular, collagen-based,
biomaterials in a controlled manner, and investigated their compatibility both in
vitro and in vivo. Type I collagen is the most abundant extracellular matrix protein
in the body and was therefore the basic molecule of choice for scaffolding. Collagen
was purified and used in its fibrillar form. The production process allows for a large
variation in tube diameter, wall thickness and/or length by simply changing the
moulding- and casting tools 24. Lyophilisation of the casted collagen suspensions
lead to a defined porous microenvironment into which cells from surrounding tissue
may infiltrate for graft remodelling. The open structure of the collagen scaffolds
may facilitate in vivo cell influx, allowing formation of new tissues. The tubular,
porous collagen scaffolds could be reinforced by addition of a second layer such as
a compressed collagen layer, and a synthetic polymer layer (hybrid grafts). Hybrid
grafts were superior with respect to ultimate tensile strength. Cytocompatibility was
demonstrated using in vitro cell seeding experiments, with primary oesophageal
epithelial cells expressing cell-specific molecules. Previously, we have also shown
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cytocompatibility of collagen-based scaffolds with respect to isolated primary
oesophagus epithelial cells 26. Primary oesophageal cells have been seeded on flat
bovine collagen sheets, which were sutured into a tubular shape 27. In the present
study, we directly constructed tubular scaffolds, without the need of additional
tubularisation. Vascularisation was achieved in vivo by omentum wrapping.
The tubular scaffolds thus obtained may be instrumental in the regeneration of
parts of the GI track, by providing a vascularised tubular substrate for epithelisation
at the luminal side, and in growth of smooth muscle cells on the abluminal
side. To stimulate specific processes (e.g. epithelial or muscle cell growth and
differentiation, angiogenesis, maturation of blood vessels) growth factors may be
added to the scaffolds as was shown for basic fibroblast growth factor and vascular
endothelial growth factor2829. Incorporation of growth factors can be facilitated by
covalent attachment of heparin (which binds large number of growth factors) to the
scaffolds using the EDC/NHS crosslinking procedure.
In conclusion, different large-diameter tubular scaffolds were constructed for use
in tissue engineering of the GI track. The collagenous scaffolds were biocompatible
and could be vascularised in vivo by omentum wrapping. As such, scaffolds
generate new possibilities for surgical reconstruction and regenerative medicine in
the field of gastroenterology. Additional steps will be undertaken to bring the level
of tubular scaffold production to medical grade and to apply tubular scaffolds in a
preclinical setting.
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SUMMARY
Natural materials in tissue engineering
The field of tissue engineering and tissue regeneration is strongly rising on the
national and international stage. In this field, the use and application of natural
components has a pivotal role. Native tissues contain the extracellular matrix
(ECM), the natural environment of cells, which harbours a myriad of molecules with
each having its own specific function. For example, type I collagen gives structure
and rigidity to tissue whereas elastin provides elasticity. Glycosaminoglycans,
such as heparin or heparan sulphate, are important for tissue hydration, signalling
processes, by the binding and modulation of growth factors and morphogens
(Chapter 2).
The aim of this thesis was to construct and evaluate specific tubular matrices/scaffolds
to achieve regeneration of functional tissues using a 'bottom-up approach '. Therefore,
tubular scaffolds were fabricated from highly pure starting material, namely type
I collagen fibrils, elastin fibres, glycosaminoglycans and/or growth factors. In
construction of scaffolds the native tissue provides the blue print with regard to size,
diameter, and localisation of the different natural components.
Construction of tubular scaffolds
Tubular scaffolds were constructed by the moulding of mandrels and polystyrene
tubes, and the casting with protein suspensions. Freezing, and subsequent
lyophilisation resulted in highly porous tubular scaffolds. Both the inner and outer
diameter could be adjusted by selecting differently sized mandrels and moulds.
Many parameters are important, such as the kind of materials used, the method of
freezing and/or the addition of natural or synthetic components (Chapter 3).
Scaffolds could be mechanically strengthened by chemical crosslinking (EDC/
NHS) and supplementation with heparin during crosslinking leads to covalent
attachment of the GAG to the scaffolds. The process of moulding/casting techniques
was developed further by executing cycles of casting, freezing, freeze-drying and
air drying, resulting into scaffolds with a layered structure (Chapter 4).
Many tubular organs harbour an innate layered structure. Blood vessels for
instance, have a three-layered architecture (intima, media and adventitia) in which
elastin is mainly found in the first two layers (intima/media), and type I collagen
mainly in the latter two layers (media/adventitia). In analogy, triple-layered tubular
scaffolds were constructed from elastin fibres and type I collagen fibrils (Chapter
4), and they were evaluated in vivo as substitutes for porcine arteries (Chapter 5).
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Monolayered and heparinised tubular scaffolds from type I collagen were
supplemented with the heparin-binding growth factors VEGF, FGF-2 en HB-EGF.
Supplemented scaffolds (COL-X, COL-XH-GF) were evaluated in a rabbit model
for the regeneration of urethra (Chapter 6).
Also, large tubular scaffolds were constructed for the regeneration of hollow
organs, including a knitted layer of synthetic polymer fibres. These scaffolds
were evaluated for their biocompatibility and vascularisation in omenta of sheep
(Chapter 7).
In vivo evaluation of tubular scaffolds
The triple-layered elastin/collagen scaffold designed to function as a blood vessel
substitute sustained the blood transport function for more than one week after
implantation in vivo in porcine arteries. Histochemical stainings demonstrated
ingrowth of body's own cells and a degree of confluency was observed for
endothelial lining emanating from the native vessel. Fibrin was found in the inner
highly porous elastin layer, which was most probably the cause for layered thrombi
found at one month.
Monolayered tubular scaffolds, with and without heparin and growth factors
(COL-X or COL-XH-GF), were successful in the regeneration of urethra tissue
in artificial 1 cm lesions in rabbits. Growth factor supplementation resulted in
an increase of cellular infiltration and proliferation. In the COL-XH-GF group
more gland formation was seen 12 weeks after implantation in comparison to the
COL-X group. After 6 months, scaffolds were almost completely degraded by the
body. In both experimental groups, however, scaffolds were not able to trigger the
generation of new muscle tissue.
Large-diameter tubular scaffolds, reinforced with synthetic polymer knittings, are
of great interest for the generation of large hollow organs, such as oesophagus,
trachea, and intestine/bowel. Vascularisation of the relatively large biomaterials
is a key issue. Therefore biocompatibility and vascularity were investigated using
omental wrapping of sheep. After 11 days, ingrowth of functional blood vessels
was seen, and more mature blood vessels were found after a 6 weeks implantation
period.
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GENERAL CONCLUSIONS
Tubular and molecularly-defined scaffolds were constructed from highly-purified
type I collagen fibrils, elastin fibres, glycosaminoglycan(s) (heparin) and/or
growth factors according to native organs' blue print. Scaffolds were evaluated in
vivo, as substitutes for blood vessels, urethra, and large-diameter hollow organs.
The construction, characterisation and application of defined tubular scaffolds may
prove to be a valuable asset to the new field of molecular tissue engineering and
regenerative medicine.

FUTURE PROSPECTS
Tubular scaffolds that mimic the native ECM, and that are based on highly pure
natural molecules like type I collagen, elastin, glycosaminoglycan(s) and growth
factors, are important to thefieldsof biomaterials and tissue engineering. Especially
the controlled fabrication and localisation of specific components may add to the
new field of molecular tissue engineering and regenerative medicine.
Tubular scaffolds with a closed luminal layer created using electrospinning, during
which ultrathin fibres are spun, may be made. Synthetic polymers may be added
to reinforce the ultrathin fibres. The electrospinning of a blood vessel equivalent,
with a smooth inner layer of elastin peptides, may lead to longer patencies in vivo.
In tissue engineering, special attention is needed for the regeneration of muscle
tissue, possibly by the adding or replacing of growth factors, or by cellularising the
scaffolds with autologous muscle cells by means of in vitro perfusion cell seeding
techniques. In the latter case, the time period of cell harvesting, cell seeding,
construct culture and in vivo implantation needs to be as limited as possible.
Furthermore, long-term studies are required in preclinical models. For instance,
in the case of the urethra, regeneration (after scaffold implantation) during the
development of a young to an adolescent animal deserves extra attention.
Large-diameter scaffolds need to be evaluated to a greater extent in new clinical
models for oesophagus and/or trachea regeneration. This may be done by performing
a 'flap' procedure, during which the biomaterial is enwrapped in omentum for
a given period and subsequently placed in the desired organ position. Tubular
scaffolds may find application in the regeneration of many organs. An additional
clinical application of large-diameter scaffolds may be found in the construction
of urostoma (a surgical procedure according to Bricker). Here, the bioscaffold may
function as urine collector and stoma.
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The most ultimate form of tissue generation is the fascinating growth and
development of the embryo. Many lessons may be learned from the molecular
processes in the earliest development of tissue/organs, and may possibly be applied
in tissue engineering and regenerative medicine. The same holds for phenomena
in the animal world, like the regeneration of limbs in salamander. Furthermore,
the field of molecular biology and the screening of explanted scaffold/tissue at
the RNA-level may give important data on whether indeed molecular pathways
are 'switched on' or not, as intended by e.g. growth factor supplementation.
Concluding, the interdisciplinary field of molecular tissue engineering and the
application of the tubular scaffolds hold many potent applications and possibilities
for the future.
Recent additonal EU regulations, as depicted by the European Medicines Agency
(EMA), concerning a new group of products besides medical devices and
pharmaceuticals, are formed by the advanced therapy medical products (ATMP).
This involves EU ATMP regulation 1394/2007. In the future, this will enable
companies in the field of tissue engineering and regenerative medicine to develop
prototypes to a clinical level.
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SAMENVATTING
Weefseltechnologie en natuurlijke materialen
Het veld van weefseltechnologie en weefselregeneratie maakt een sterke
ontwikkeling door op nationaal en internationaal vlak. Hierbij is het gebruik en
de toepassing van natuurlijke componenten van groot belang. Natief weefsel
bevat een extracellulaire matrix (ECM), de natuurlijke omgeving van cellen,
welke bestaat uit een myriade van moleculen waarvan ieder zijn eigen specifieke
functie heeft. Zo geeft collageen type 1 structuur en rigiditeit aan weefsel, terwijl
elastine zorgt voor de rekbaarheid en elasticiteit ervan. Glycosaminoglycanen,
zoals héparine of heparansulfaat, zijn van belang voor hydratatie van weefsel en
de sturing van moleculaire processen. Zo binden groeifactoren/morfogenen aan tal
van glycosaminoglycanen (Hoofdstuk 2).
Het doel van dit proefschrift is regeneratie van specifiek weefsel mogelijk te maken
door het aanbieden van een correcte matrix aan het lichaam door middel van
een 'bottom-up approach '. Daartoe worden tubulaire scaffolds gefabriceerd van
hoogzuiver uitgangsmateriaal, namelijk collageen type I fibrillen, elastinevezels,
glycosaminoglycanen en groeifactoren. Hierbij dient het natieve weefsel als
blauwdruk voor de te construeren scaffold betreffende grootte, diameter en lokatie
van de natuurlijke componenten.
Constructie van tubulaire scaffolds
Tubulaire scaffolds werden gemodelleerd door het storten van eiwitsuspensies
in polystyreenbuizen om mandrellen. Het invriezen, gevolgd door vriesdrogen,
resulteerde in gecontroleerde fabricage van hoogporeuze tubulaire scaffolds.
Zowel de binnen- en buitendiameter van deze tubulaire scaffolds konden worden
veranderd door de keuze in mandrei en mal. Tal van parameters zijn belangrijk,
zoals het materiaal, de manier van invriezen en/of de toevoeging van natuurlijke
of synthetische componenten (Hoofdstuk 3).
Scaffolds konden mechanisch verstrekt worden door chemisch crosslinken (EDC/
NHS), en toevoeging van héparine gedurende crosslinking leidde tot covalente
binding van deze aan de scaffolds. Dit proces van modelleren werd verder uitgebreid
door cycli van storten, vriezen, vriesdrogen en (lucht)drogen, resulterende in
scaffolds met een gelaagde structuur.
Veel tubulaire organen kennen een gelaagdheid als natieve structuur. Bloedvaten
bijvoorbeeld, hebben een drielaagse architectuur, te weten de intima, media en
adventitia, waarbij elastine zich voornamelijk in de eerste twee lagen (intima/media)
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bevindt, en collageen type I in de laatste twee (media/adventitia). Dientengevolge,
werden drielaagse tubulaire scaffolds gefabriceerd van collageen type Ifibrillenen
elastine vezels (Hoofdstuk 4), welke vervolgens werden geëvalueerd als vasculaire
prothese in de arteriën van varkens (Hoofdstuk 5).
Enkellaagse en gehepariniseerde tubulaire scaffolds van collageen type I konden
verder gesupplementeerd worden door de toevoeging van de heparine-bindende
groeifactoren VEGF, FGF-2 en HB-EGF. Gesupplementeerde scaffolds (COLXH-GF) werden vergeleken met niet-gesupplementeerde scaffolds (COL-X) in
een konijnenmodel ter regeneratie van de urethra (Hoofdstuk 6).
Tevens werden grote diameter tubulaire scaffolds gemaakt voor de regeneratie van
holle organen, met ondermeer een gebreide laag van synthetische vezels. Deze
scaffolds werden geëvalueerd voor hun biocompatibiliteit en vascularisatie in
omenta van schapen (Hoofdstuk 7).
In vivo evaluatie van tubulaire scaffolds
Het drielaagse elastine/collageen construct (bloedvat) ontworpen als vasculair
substituut voldeed voor meer dan een week na implantatie in vivo in de arteriën van
varkens. Histologische kleuringen demonstreerde ingroei van lichaamseigen cellen
en endotheliale groei komende vanuit de natieve arteriën. Fibrine werd gevonden
in de hoogporeuze en binnenste elastinelaag van de scaffold en is de mogelijke
oorzaak voor het ontstaan van gelaagde thrombi een maand na implantatie.
Enkellaagse tubulaire scaffolds, al dan niet gesupplementeerd met héparine
en groeifactoren (COL-X of COL-XH-GF), waren succesvol in de regeneratie
van urethra (plasbuis) weefsel na het aanbrengen van 1 cm laesies in konijnen.
Groeifactortoevoeging zorgde voor een versnelde proliferatie en infiltratie door
lichaamseigen cellen. In de COL-XH-GF groep werd meer kliervorming gevonden
na 12 weken implantatie dan in de groep zonder groeifactoren. Na 6 maanden
waren de scaffolds (nagenoeg) volledig afgebroken door het lichaam. Echter, in
beide experimentele groepen waren scaffolds niet in staat de aanmaak van nieuw
spierweefsel te initiëren.
Grote-diameter tubulaire scaffolds, mogelijk versterkt met een synthetische
polymeerlaag, zijn van belang voor de regeneratie van holle organen, zoals
slokdarm, luchtpijp en darm. Vascularisatie van het relatief grote biomateriaal is
daarbij van groot belang. De biocompatibiliteit en vascularisatie werden onderzocht
na toepassing van omentum wrapping (Hoofdstuk 7). Na 11 dagen was ingroei van
functionele bloedvaten te zien, en meer mature bloedvaten werden gevonden na
een implantatieperiode van 6 weken.
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ALGEMENE CONCLUSIES
Tubulaire en moleculair gedefineerde scaffolds werden gecontroleerd gefabriceerd
van collageen type Ifibrillen,elastinevezels, glycosaminoglycanen (héparine) en/of
groeifactoren, uitgaande van de structuur van de natieve organen. De gefabriceerde
scaffolds werden in vivo geëvalueerd als scaffolds voor de regeneratie van het
bloedvat, de urethra, en grote diameter holle organen. De constructie, karakterisatie
en applicatie van deze tubulaire scaffolds zijn een waardevolle toevoeging voor het
nieuwe veld van moleculaire regeneratieve geneeskunde.

TOEKOMSTVERWACHTINGEN
Tubulaire scaffolds die de natieve extracellulaire matrix nabootsen en die
gebaseerd zijn op hoogzuivere natuurlijke moleculen zoals collageen type I,
elastine, glycosimanoglycanen en groeifactoren, zijn belangrijk in de velden van
biomaterialen en regeneratieve geneeskunde. In het bijzonder de gecontroleerde
fabricage en locatie van de specifieke componenten zijn van belang in de
moleculaire regeneratieve geneeskunde.
Tubulaire scaffolds met een gesloten luminale zijde, gecreëerd door middel van
electrospinning, zouden gemaakt kunnen worden. Synthetische polymeren zouden
toegevoegd kunnen worden ter versterking van de gesponnen ultradunne draden.
Het electrospinnen van een bloedvatprothese, met een gesloten luminale laag, kan
leiden tot langere doorgankelijkheid in vivo.
In de regeneratieve geneeskunde is er extra aandacht nodig voor de regeneratie
van spierweefsel, mogelijk door scaffoldsupplementatie met andere groeifactoren
of door cellularisatie van scaffolds met autologe spiercellen door het toepassen
van in vitro perfusietechnieken. In het laatste geval, zal de tijdsperiode tussen
celoogsten, celzaaien, cel/scafifold kweken en in vivo implantatie zo kort mogelijk
gehouden moeten worden. Verder zijn er lange termijn studies nodig aangaande de
preklinische modellen, cellulair of acellulair. Bijvoorbeeld bij de urethra, verdient
de regeneratie (na scaffold implantatie) tijdens de ontwikkeling van een jong tot
adolescent extra aandacht.
Grote-diameter bioscaffolds moeten verder geëvalueerd worden voor mogelijke
toepassing bij slokdarm- en/of luchtpijpregeneratie. Dit kan bijvoorbeeld door het
uitvoeren van een 'flap' procedure waarbij na omentum wrapping, het omentum
met geïmplanteerde bioscafifold in de gewenste orgaanpositie gebracht wordt.
Een andere klinische toepassing van grote-diameter bioscaffolds kan gevonden
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Samenvatting, algemene conclusies en toekomstverwachtingen
worden in het aanleggen van een urostoma (een chirurgische procedure volgens
Bricker). Hierbij kan het bioscafifold zowel als urine-opvang en stoma dienen.
De ultieme vorm van weefselgeneratie betreft de fascinerende groei en ontwikkeling
van het embryo. Vele lessen zouden getrokken kunnen worden uit deze processen
in de vroegste ontwikkeling van weefsel, en mogelijk toegepast worden in de
regeneratieve geneeskunde. Hetzelfde geldt voor fenomenen in de dierenwereld,
bijvoorbeeld de regeneratie van hele ledematen bij salamanders. Daarnaast is
het moleculair-biologisch veelbelovend om geëxplanteerd weefsel/scaffolds te
screenen op RNA-niveau en te onderzoeken of daadwerkelijk gewenste moleculaire
paden 'aangezet' worden of niet, zoals bedoeld bij groeifactor supplementatie.
Met gebruikmaking van deze nieuwe technieken bieden de hier geconstrueerde
tubulaire scaffolds in de toekomst vele mogelijkheden in het interdisciplinaire veld
van de moleculaire regeneratieve geneeskunde.
Recente additionele EU regulering, uitgegeven door de European Medicines
Agency (EMA), beschijft de regulering rondom een nieuwe groep van producten
naast medische hulpmiddelen en pharmaceutica, welke wordt gevormd door de
zogenoemde advanced therapy medical products (ATMP), te weten EU regulering
ATMP 1394/2007. Toekomstgewijs, zal dit bedrijven in het veld van de regneratieve
geneeskunde in de gelegenheid stellen prototypes te ontwikkelen op een klinisch
niveau.
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